
Bi-directional interactions 
between the gut microbiota
and dietary glycation products

Bi-directional interactions betw
een the gut m

icrobiota and dietary glycation products 
Katja van D

ongen Katja C.W. van Dongen

INVITATION
For attending the public defence 

of my thesis entitled:

Bi-directional interactions 
between the gut microbiota 

and dietary glycation 
products

On Friday
10th of June 2022

At 1:30 p.m.

In the Omnia Auditorium of 
Wageningen University

Building 105
Hoge Steeg 2

6708 PH Wageningen

Katja van Dongen
katja.vandongen@wur.nl

vandongen.katja@gmail.com

Paranymphs
Marta Baccaro

marta.baccaro@wur.nl

 Annelies Noorlander
annelies.noorlander@wur.nl

Katja van Dongen
katja.vandongen@wur.nl

vandongen.katja@gmail.com

Paranymphs
Marta Baccaro

marta.baccaro@wur.nl

 Annelies Noorlander
annelies.noorlander@wur.nl



Propositions 

 

 
1. Risk assessment of dietary glycation products should take endogenous levels into 

account. 
(this thesis) 
 

2. Exposure to dietary glycation products modifies gut microbial activity to better 
degrade these process contaminants.  
(this thesis) 
 

3. The systems evaluating research performance in academia hamper scientific 
progress.  
 

4. Use of volunteers introduces an inclusion bias in human intervention studies.  
 

5. Developments to enable safe utilization of human feces for agricultural purposes 
get insufficient priority. 
 

6. The increased interest for research on personalized nutrition reflects societal 
individualization.  
 

7. Privatization of primary- and secondary education in the Netherlands is an 
undesirable consequence of problems in public education.  

 

 

 

 

 

Propositions belonging to the thesis, entitled 

 

‘Bi-directional interactions between the gut microbiota and dietary glycation products’.  

 

Katja C.W. van Dongen 
Wageningen, June 10th 2022 

 



Bi-directional interactions 
between the gut microbiota and 

dietary glycation products

Katja C.W. van Dongen



Thesis committee

Promotor
Prof. Dr I.M.C.M. Rietjens
Professor of Toxicology 
Wageningen University & Research

Co-promotors
Dr K. Beekmann 
Scientist, Toxicology 
Wageningen University & Research

Dr C. Belzer
Associate professor at the Laboratory of Microbiology
Wageningen University & Research

Other members
Prof. Dr E. Feskens, Wageningen University & Research
Prof. Dr D. Marko, University of Vienna, Austria
Dr J. Penders, Maastricht University 
Dr S.P.J. van Leeuwen, Wageningen University & Research

This research was conducted under the auspices of the Graduate School VLAG (Advanced 
Studies in Food Technology, Agrobiotechnology, Nutrition and Health Sciences)



Bi-directional interactions between the gut 
microbiota and dietary glycation products

Katja C.W. van Dongen

Thesis
submitted in fulfilment of the requirements for the degree of doctor 

at Wageningen University  
by the authority of the Rector Magnificus,  

Prof. Dr A.P.J. Mol, 
in the presence of the  

Thesis Committee appointed by the Academic Board 
to be defended in public
on Friday 10 June 2022 

at 1.30 p.m. in the Omnia Auditorium.



Katja C.W. van Dongen 
Bi-directional interactions between the gut microbiota and dietary glycation products,  
222 pages.

PhD thesis, Wageningen University, Wageningen, the Netherlands (2022)
With references, with summary in English

ISBN 978-94-6447-197-7
DOI https://doi.org/10.18174/568269



Table of contents

Chapter 1	 General introduction 	 7

Chapter 2	 Differences in kinetics and dynamics of endogenous versus exogenous 
advanced glycation end products (AGEs) and their precursors	 21

Chapter 3	 An in vitro model for microbial fructoselysine degradation shows 
substantial interindividual differences in metabolic capacities of 
human fecal slurries	 45

Chapter 4	 Inter- and intraindividual differences in the capacity of the human 
intestinal microbiome in fecal slurries to metabolize fructoselysine and 
carboxymethyllysine	 71

Chapter 5	 Differences in gut microbial fructoselysine degradation activity 
between breast-fed and formula-fed infants	 97

Chapter 6	 Dietary advanced glycation endproducts (AGEs) increase their 
concentration in plasma and tissues, result in inflammation and 
modulate gut microbial composition in mice; evidence for reversibility	 125

Chapter 7	 General discussion	 149

References	 	 169

Summary/Samenvatting	 201
Summary	 203
Samenvatting	 205

Acknowledgements	 209

About the author	 217
Curriculum Vitae	 219
List of publications	 220
Overview of completed training activities	 221





General introduction





GENERAL INTRODUCTION	 9

1

1.1 Background information 

Dietary habits change throughout time1, which can be driven by multiple factors such as 
technical innovations2 and/or environmental and health concerns3. These changes in dietary 
habits can also result in other and possibly new emerging risks relevant for food safety. For 
example, since the industrial revolution the numbers of (highly) processed food products 
that are part of the habitual Western diet increased2. The processing of food products has 
several advantages including easier access to food products, increased shelf lives and reduced 
microbial hazards4. However, besides the aforementioned advantages, during these food 
processing operations and also during home food preparation (e.g., roasting, frying) food 
process contaminants can be formed. Examples of these include acrylamide5, furans6 and 
glycation products. Glycation products have been found in a variety of food products (e.g. 
baked products, fried potatoes, infant formula), are formed upon heating, and comprise a wide 
diversity of individual compounds7–9. These include early stage Maillard reaction products, 
such as the Amadori product fructoselysine, which are again precursors for more advanced 
products including the advanced glycation end products (AGEs), such as carboxymethyllysine10. 
Especially in the Western diet the dietary intake of AGEs and their precursors is high11. AGEs 
have been associated with adverse health effects12, which will be further introduced in the 
following section (1.2). AGEs and their precursors are interesting and relevant compounds to 
investigate for several reasons. First of all, upon dietary exposure to AGEs and their precursors, 
they can reach the gut microbiota. This may lead to interactions with the gut microbiota, which 
could affect the toxicokinetics of the dietary constituent or have toxicodynamic consequences. 
Toxicokinetics refers to the absorption, distribution, metabolism and excretion (ADME) 
characteristics of a compound, while toxicodynamics refers to the effect of the respective 
compound on host health which can be exerted directly or possibly mediated via the gut 
microbiota (Figure 1.1). The role of the gut microbiota in host health and disease has been 
increasingly studied over the past years and will be further introduced later in this chapter 
(Section 1.3). In addition, AGEs and their precursors are an interesting group of compounds to 
study as besides being present in food, they can also be formed inside the body (endogenous 
formation). AGEs have been associated with multiple health effects. However, whether these 
are causal relations, what the underlying mechanisms are and to what extent these health 
effects can be attributed to endogenous or exogenous glycation products remains unclear.

The work presented in this thesis provides information regarding the relevance of the 
differences in toxicokinetics and toxicodynamics of exogenous as compared to endogenous 
glycation products (AGEs and their precursors) when evaluating the toxicological characteristics 
of dietary glycation products (Chapter 2) and focuses on the interactions between exogenous 
dietary AGEs and their precursors and the gut microbiota (Chapters 3 – 6), all studied from 
a toxicological perspective. Also in the field of toxicology increased interest has been shown 
in the role of the gut microbiota and its relevance for new toxicity testing strategies, which 
requires an interdisciplinary approach13. More information on the gut microbiota will be 
provided in Section 1.3.

The current chapter of this thesis provides an introduction into glycation products (Section 1.2), 
the gut microbiota (Section 1.3) and how toxicological and microbial research can be combined 
(Section 1.4). Eventually, the aim and outline of this thesis will be presented (Section 1.5).
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Figure 1.1 Dietary advanced glycation end products (AGEs) and their precursors can interact with the (human) gut 
microbiota bi-directionally. The gut microbiota can metabolize at least some of the dietary AGEs and precursors and 
thus have consequences for their toxicokinetic characteristics. In addition, exposure of dietary AGEs and precursors 
seem to result in effects on the gut microbiota itself and thus represent a toxicodynamic effect. Besides possible 
effects of dietary AGEs and their precursors on host health as mediated via the gut microbiota, dietary exposure to 
AGEs and precursors can also directly affect host health. 

1.2 Glycation products 

Glycation products can be formed upon heating and include compounds that are derived 
from the Maillard reaction. These comprise Amadori products (e.g. fructoselysine) which 
are early stage products formed via non-enzymatic reactions by binding of the carbonyl 
group of a reducing sugar to the amino group of an amino acid which can again turn into 
AGEs (e.g. carboxymethyllysine)9,14 (Figure 1.2). In addition, reactive α-dicarbonyls, also 
often referred to as α-oxoaldehydes or just dicarbonyls as in this thesis, can react with 
the amine group of an amino acid which also leads to AGE formation (e.g. methylglyoxal, 
glyoxal, 3-deoxyglucosone)9. Whether the respective amino acid is in its free, peptide- or 
protein-bound form determines the formation of a free, peptide- or protein-bound AGE 
or precursor15. When multiple amino acid residues are involved in AGE formation, cross-
linking AGEs can be formed which can result in cross-linking of proteins9. The involvement 
of different combinations of substances (i.e. different amino acids, reducing sugars, reactive 
dicarbonyls) in the formation of (precursors of) AGEs leads to an overall heterogenous group 
of compounds, of which only 5-10 derivatives have been actually detected and quantified 
in food10. These include AGEs such as carboxymethyllysine, carboxyethyllysine, MG-H1 and 
the precursor fructoselysine7,8. Whether the respective glycation product is a low molecular 
mass (LMM) (e.g. free) or high molecular mass (HMM) compound (e.g. protein-bound, cross-
linked), is of relevance as the molecular mass can affect the toxicokinetic and toxicodynamic 
properties15. 

Human internal exposure to AGEs can result from exogenous dietary AGEs and their 
precursors, but also from endogenous formation of AGEs. This will be further introduced in 
the following paragraph.
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1.2.1 Exogenous and endogenous AGEs and their precursors
As mentioned above, exogenous AGEs and their precursors can be present in the diet and 
are formed upon heating. Endogenous AGEs are in general formed via the same mechanisms 
as exogenous AGEs but at slower rates due to lower physiological temperatures. Many 
associations of AGEs with adverse health effects in humans and animals have been 
reported12, such as cardiovascular diseases16, diabetes17 and effects on the gastrointestinal 
tract18 including effects on the gut microbiota composition19,20. Exposure to dietary AGEs has 
also been associated with adverse biological effects12,21,22 while also associations between 
endogenous AGE levels and adverse biological effects have been reported23–25. In addition, 
some dietary exogenous glycation products, such as for example carboxymethyllysine, MG-
H1 and fructoselysine have been found to accumulate in plasma, organs (e.g. kidney, liver) 
and tissues26–30. However, the aforementioned associations between exogenous dietary 
AGEs and precursors, endogenous AGEs and adverse health effects are not observed 
consistently12. Differences in tested materials in human and animal studies (e.g. providing a 
heated diet high in AGEs versus administration of individual AGEs) could lead to differences 
in ADME characteristics and biological effects, as these differ between individual AGEs and 
precursors since they depend for example on whether the compounds are present in their 
LMM or HMM form15. The differences in toxicokinetics and toxicodynamics of different 
AGEs and precursors are reviewed and described in more detail in Chapter 2, in which 
characteristics of LMM and HMM glycation products and also of their dicarbonyl precursors 
are evaluated considering their exogenous or endogenous nature. The toxicodynamic effects 
of AGEs may relate to three mode of actions which are: binding to the receptor for AGEs 
(RAGE), dicarbonyl stress resulting in endogenous AGE formation, cross linking and protein 
damage, and interactions with the gut microbiota. This is also discussed in more detail in 
Chapter 2 and related to the LMM or HMM forms of endogenous and exogenous AGEs and 
precursors. 

Considering the differences in toxicokinetics and toxicodynamics of different AGEs and their 
precursors, there is a need for data relevant for individual glycation products. In this thesis 
especially the AGE carboxymethyllysine and its precursor fructoselysine are studied which 
are further introduced in the following paragraphs. 

1.2.2 Fructoselysine 
Fructoselysine is formed via a reaction between the reducing sugar glucose and the amino 
acid lysine, which is formed via a reversible Schiff base that rearranges into the Amadori 
product fructoselysine14 (Figure 1.2). From fructoselysine, carboxymethyllysine (see Section 
1.2.3) can be formed via the Hodge pathway (a series of dehydration, fragmentation, 
oxidation and cyclization reactions)14. The daily intake of both free and protein-bound 
fructoselysine in the Western diet is reported to be 500-1,000 mg, corresponding to 7.1-
14.3 mg/kg bw/day for a 70 kg adult11. When ingested, dietary fructoselysine seems to be 
bioavailable to some extent, as in rats 60% of the orally administered LMM fructoselysine 
could be recovered in urine31,32. HMM dietary fructoselysine exposure of rats resulted in a 
dose-dependent increase of fructoselysine in plasma, liver and kidney, of which the form 
(i.e. LMM or HMM fructoselysine) was not further characterized30. Humans who consumed 
a test meal high in fructoselysine (actual form not specified) excreted only ±3% of the 
ingested dose in urine and ±1% in feces within the 72 hours following intake33. The fate 
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of the remaining >95% was not elucidated. In vitro intestinal absorption experiments with 
Caco-2 monolayers showed that free fructoselysine is transported, albeit poorly, via simple 
diffusion34 and dipeptide bound fructoselysine can be partially absorbed via the peptide 
transporter PEPT135. HMM fructoselysine seems to be absorbed inefficiently and needs to 
be degraded to LMM forms prior to absorption by enzymes derived from the host and or/
microbiota in the intestinal tract12,31,36. In infants, excretion of fructoselysine upon exposure 
through administration of heat-treated milk protein was reported to be in urine up to 16% of 
the dose and in feces up to 55% of the dose37. Fecal excretion of fructoselysine seems to be 
higher in formula-fed (FF) infants compared to adults (fecal fructoselysine excretion being 
55% of the dose for infants compared to 1% of the dose for adults)33,37. 

The incomplete recovery of orally administered fructoselysine implies that fructoselysine 
is metabolized in the body, and considering the low intestinal absorption this is likely to 
occur in the intestinal tract19,33. Gut microbiota present in fecal samples have been reported 
to be able to degrade fructoselysine as shown by in vitro small batch fermentations with 
human fecal samples11. In addition, specific microbes have been reported to be able 
to degrade fructoselysine (i.e. Escherichia coli38, Bacillus subtilis39, and Intestinimonas 
butyriciproducens AF21140). The latter studies revealed genes involved in the bacterial 
degradation of fructoselysine into fructoselysine-6-phosphate (i.e. frlD and yhfQ), which 
can subsequently be further metabolized by bacteria and eventually result in production of 
bacterial metabolites such as the short chain fatty acid (SCFA) butyrate as in the case for I. 
butyriciproducens40. 

Considering toxicodynamic effects, fructoselysine itself has not been shown able to interact 
with RAGE41. However, fragmentation of fructoselysine can lead to formation of the 
reactive dicarbonyls glyoxal and 3-deoxyglucosone14,42,43, which can consequently lead to 
so-called dicarbonyl stress and to newly formed (HMM) AGEs (Figure 1.2). In addition, as 
previously mentioned, fructoselysine is of relevance as it is a direct precursor for the AGE 
carboxymethyllysine which is further introduced in the following paragraph.

1.2.3 Carboxymethyllysine
Besides formation via rearrangement of fructoselysine, the AGE carboxymethyllysine can 
be formed via reactions between lysine and the dicarbonyls glyoxal or 3-deoxyglucosone9,44 
(Figure 1.2). The daily intake of dietary carboxymethyllysine is reported to be 2.1 mg/day in 
a Western diet, corresponding to a daily intake of 0.3 mg/kg bw for a 70 kg adult11. Systemic 
uptake of dietary carboxymethyllysine seems to occur at least to some extent. In rats, orally 
administered HMM carboxymethyllysine was excreted in urine (26-29% of the dose) as well 
as in feces (15-22% of the dose)30, likely being absorbed following intestinal degradation of 
the HMM form to the LMM form. Another study in rats reported comparable recoveries of 
carboxymethyllysine in urine upon oral exposure to HMM or LMM carboxymethyllysine45. 
However in humans no increases in urinary carboxymethyllysine were found upon providing 
a diet rich in carboxymethyllysine, of which the actual form, LMM or HMM, was not 
specified46. In vitro studies with Caco-2 monolayers showed that LMM carboxymethyllysine 
can be absorbed, albeit slow34. 
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Considering the incomplete recovery of orally administered carboxymethyllysine and the 
possible degradation of HMM carboxymethyllysine into LMM carboxymethyllysine upon 
interaction with digestive enzymes36, at least part of dietary administered carboxymethyllysine 
seems to be metabolized, possibly by the gut microbiota as carboxymethyllysine seems to 
reach the colon. Indeed, gut microbiota present in fecal samples have been reported to 
partly degrade carboxymethyllysine11, and different individual bacterial strains have been 
reported to degrade carboxymethyllysine as well (i.e. Escherichia coli47, Cloacibacillus 
eryverenis48). 

Figure 1.2 The Amadori product fructoselysine can be formed via reaction of lysine and glucose, and possible 
rearrangement reactions can result in formation of the advanced glycation end product (AGE) carboxymethyllysine. 
Reactive dicarbonyls (e.g. 3-deoxyglucosone, glyoxal and methylglyoxal) are also involved in AGE formation, for 
example a reaction between 3-deoxyglucosone or glyoxal with lysine can result in formation of carboxymethyllysine. 
Dicarbonyls can be formed via multiple pathways and also by fragmentation of early Maillard reaction products 
such as the Amadori product fructoselysine.

Considering toxicodynamic effects, carboxymethyllysine seems able to interact with RAGE 
but only in its HMM form and not in its free form41,49. Interactions with RAGE can lead to 
adverse effects, such as a pro-inflammatory response50. Relevant for both fructoselysine and 
carboxymethyllysine is that their exposure to the gut microbiota can lead to an additional 
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toxicodynamic effect. Multiple studies reported alterations in gut microbiota composition 
upon a heated diet rich in AGEs19,20,51 and upon oral exposure to carboxymethyllysine alone as 
well52. Alterations of gut microbiota have been linked to disease53 and thus it seems relevant 
to consider this effect when evaluating possible adverse effects of dietary AGEs. Besides this 
possible role for the gut microbiota in toxicodynamic effects of AGEs, the gut microbiota 
can also affect toxicokinetic properties (i.e. being involved in metabolism) as introduced 
above. The bi-directional interactions between dietary derived glycation products and the 
gut microbiota will be studied in this thesis, and thus the gut microbiota will be further 
introduced in the following section. 

1.3 Gut microbiota

The human microbiome consists of trillion microorganisms which are dominated by bacteria 
but also include fungi, archaea, protozoa and viruses54. These microorganisms are located 
on and in the host organism being present for example on the skin, in saliva and with 
the highest amounts in the gastrointestinal tract54. The lower part of the gastrointestinal 
tract (e.g. the colon) harbors the highest microbial densities compared to upper parts 
of the gastrointestinal tract (e.g. the small intestine)55. The gut microbiota consists of a 
high diversity of different bacteria which encode a broad diversity of enzymes56, and the 
gut microbiota play an important role in host health and disease57. For example the gut 
microbiota can synthesize essential vitamins and nutrients, is involved in digestion and 
plays a central role in bacterial colonization resistance and the immune system56. The gut 
microbiota can transform dietary ingested compounds (e.g. xenobiotics and nutrients) 
while on the other hand exposure to these ingested chemicals can also possibly affect the 
gut microbiota itself58. The latter can possibly induce a perturbation of the gut microbiota 
leading to an alternative, possibly unhealthy state57 which is often referred to as dysbiosis59.

The gut microbiota develops over age, depends on environmental factors and the host 
genotype60–62. Consequently, interindividual as well as interspecies differences considering 
the gut microbiota exist63. In the following sections the human and infant gut microbiota are 
further introduced followed by a section on possible methods to study interactions between 
dietary derived compounds and the gut microbiota. 

1.3.1 Human gut microbiota 
In humans, the colon harbors the highest density of bacterial cells in the gastrointestinal 
tract55 of which the majority belongs to the bacterial phyla Firmicutes and Bacteroidetes64. 
The human genome is exceeded by the gut microbial genome by two orders of magnitude54,65 
and the subsequent diversity of biochemical and metabolic activities of the gut microbiota 
complement those of the host65. The human gut microbiota has been reported to be related 
to multiple diseased states including (chronic) gastrointestinal disorders, type 2 diabetes 
and obesity66–68. The human gut microbiota composition varies amongst individuals while, 
in spite of this variation, generic metabolic pathways were reported to remain relatively 
stable amongst a healthy human population67. The diet has been proposed to play a major 
role in shaping the gut microbial composition and function62. In addition to differences 
in gut microbiota between individuals, differences within one individual exist as well (i.e. 
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temporal variability)69. These intraindividual differences reflect the dynamic characteristics 
of the gut microbiota, as the gut microbiota is not a static ecosystem but changes over 
time69. These changes occur during ageing (e.g. the infant gut microbiota is distinct from 
the adult human gut microbiota, see Section 1.3.2) but for example also upon changes in 
dietary habits69. In addition, as mentioned above, exposure to exogenous compounds (e.g. 
dietary or pharmaceutical-derived chemicals) can induce dysbiosis59. An obvious example 
of this is the administration of antibiotics which affect the gut microbiota composition70, 
but also foodborne chemicals such as mycotoxins have been reported to affect the gut 
microbiota71. In addition, the metabolic capacity of the gut microbiota has been reported to 
be comparable in activity to that of the liver65 and can be involved in biotransformation of 
dietary, industrial-derived and pharmaceutical-derived exogenous compounds as has been 
reported for e.g. polyphenolic compounds, melamine and certain anti-inflammatory drugs56. 
Together this comprises the possible bi-directional interactions between the gut microbiota 
and exogenous (dietary) derived constituents (i.e. toxicodynamics and toxicokinetics), and 
makes the gut microbiota a relevant “organ” to study from a toxicological perspective13. 
Models to study the role of the gut microbiota are further introduced in Section 1.3.3. 

1.3.2 Infant gut microbiota
The gut microbiota is shaped throughout life, with infancy being reported as a crucial time 
frame in human life for gut microbiota development72. The gut microbiota development 
in early life is of importance for infant health but can also have consequences later in 
life73,74. Multiple factors drive the infant gut microbiota development such as the mode of 
delivery, antibiotic use, host factors and the feeding mode75. Differences in the infant gut 
microbiota upon breast-feeding or formula-feeding have been reported and can be both of 
compositional and functional nature76–79. Reported differences between the gut microbiota 
of breast-fed (BF) and formula-fed (FF) infants include differences in the presence of specific 
Bifidobacterium spp.72 and reported differences in the fecal metabolome77,78. Exclusive 
breastfeeding is recommended by the World Health Organization during the first six months 
of life80 and offers complete nutrition for the infant81. The composition of breast milk is 
used as a reference for infant formula development, such as the presence of human milk 
oligosaccharides (HMOs) in breast milk82 which are considered as key bioactive components83 
and known to influence the composition of the infant gut microbiota84. Advances have been 
made in infant formula development, such as including products which aim to mimic some 
of the benefits of HMOs (e.g. fructo-oligosaccharides, FOS, and galacto-oligosaccharides, 
GOS)83,85. However, despite several developments, the differences between the complex 
human milk composition and infant formula have not yet been overcome, and also include 
differences induced by food processing. Extensive heating is applied during the production 
process of infant formula to ensure microbial safety, which also introduces the formation of 
processing contaminants such as glycation products86, including fructoselysine. Compared 
to human breast milk, fructoselysine is present in ~239-fold higher levels in infant formula87 
and this results in differences in dietary exposure to fructoselysine of BF and FF infants. 
Whether this difference in dietary fructoselysine exposure as part of the different types of 
nutrition (i.e. breast milk and infant formula) can be related to differences in the infant gut 
microbiota is further investigated in Chapter 5. 
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1.3.3 Models to study the gut microbiota
Different aspects of the gut microbiota can be studied. As mentioned above, both the role 
of the gut microbiota in metabolism can be studied (toxicokinetics) as well as the effect on 
the gut microbiota itself (toxicodynamics). Depending on the research question, a suitable 
model can be selected. Both in vitro as well as in vivo models exist, which all have advantages 
and disadvantages. 

In this thesis, an in vitro model is applied to study toxicokinetics. The model consists of 
anaerobic incubations of fecal samples with the substrate of interest (Chapters 3, 4, 5). 
Fecal samples have been widely applied to study the gut microbiota and present major 
advantages over the use of samples directly taken from the gut (e.g. by naso- and oro-
intestinal catheters88), as the collection of fecal samples is easier, cheaper and implies less 
discomfort for the donating volunteer. These advantages also make it relatively easy to collect 
samples from multiple individuals, enabling the study of inter- as well as intraindividual 
differences. It is of interest to note that although fecal samples are not sampled directly 
from the colon several studies reported that the microbiota in fecal samples are comparable 
to those in the colon89–91, supporting the use of the anaerobic fecal incubations as a model 
for metabolism by the human gut microbiota. In Chapter 6 an in vivo mice model was used 
to study toxicodynamics, since the in vitro model applied in the other chapters does not 
include a host compartment. The latter is needed when the role of the gut microbiota in 
host health, for example upon dietary exposure, is of interest, as an in vivo model can cover 
the interplay between the gut microbiota and the host92 and can thus be of relevance to 
study toxicodynamic effects. A mice model was used since these have been widely applied 
before to study specific or generic interactions between the gut microbiota, the host and 
e.g. diets or pharmaceuticals92. 

The bacterial composition of the fecal samples studied in this project has been analyzed by 16S 
rRNA amplicon sequencing. With this widely used method, primers target a variable region 
of a gene of interest which is amplified and subsequently sequenced, in order to assess the 
bacterial taxonomy of the sample of interest93. This is a relatively fast and affordable method 
to obtain information on the bacterial composition. However, the taxonomic resolution 
is often limited to genus level and thus does not provide all information as bacteria can 
differ up to species and strain level93. With metagenomic sequencing all microbial genomes 
within the sample of interest are sequenced which can provide information on a higher 
taxonomic resolution compared to 16S rRNA amplicon sequencing94. However, metagenomic 
sequencing is more cost- and time intensive compared to 16S rRNA amplicon sequencing93. 

Another option to gain information on the actual functional output is to measure the 
metabolome in fecal samples or upon in vitro experiments. This metabolomics approach 
provides a functional readout of the gut microbiota91, often obtained by the application 
of mass-spectrometry techniques95. With this approach a wide range of small molecules 
resulting from biochemical pathways can be measured96. The metabolome can provide 
insights in effects induced by an exogenous exposure on the gut mcirobiota95,97 and might 
thus be suitable to study toxicodynamics. Mass-spectrometry techniques can also be applied 
to quantify a specific, targeted chemical of interest, as done in this thesis. This can be used 
to quantify the toxicokinetic effects of the gut microbiota on the substrate of interest. Inter- 
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and intraindividual differences in substrate depletion and metabolism attributed to the gut 
microbiota can be quantified, and in vitro obtained data can be further extrapolated to the 
in vivo situation, as will be introduced in the following section (1.4). 

1.4 Integrating microbiological research in toxicological test strategies

Current developments in toxicological test strategies aim to improve prediction of adverse 
events, to reduce the use of in vivo animal tests, and to develop human relevant methods for 
risk assessment. In line with this, the term new approach methodologies (NAMs) has been 
introduced which refers to methodologies that combine the use of in vitro assays and in 
silico methods, to facilitate extrapolation of in vitro obtained results to the in vivo situation 
by QIVIVE (quantitative in vitro to in vivo extrapolation), the latter for example by using 
physiological based kinetic (PBK) models98,99. PBK models describe the ADME characteristics 
of a chemical by using mathematical equations and by including different compartments 
of the human body. These ADME characteristics (describing toxicokinetics) are relevant for 
the eventual toxicological outcome of the chemical of interest. Metabolism can for example 
be described by obtaining in vitro Michaelis-Menten kinetic parameters (i.e. Vmax, Km and 
kcat)99 which can be used as input parameters in a PBK model100. Considering the metabolic 
capacity of the gut microbiota as introduced in Section 1.3, it would be relevant to also be 
able to describe the role of the gut microbiota for toxicokinetics, when this is applicable for 
the chemical of interest. Previous studies have indeed successfully included a compartment 
of the gut microbiota in a PBK model100,101. The in vitro anaerobic fecal incubations used 
in this thesis were optimized to be able to describe and quantify gut microbial metabolic 
activities, in order to enable adequate kinetic quantification of interindividual as well 
as intraindividual differences. With this approach focusing on the quantification of gut 
microbial kinetics, the role of the gut microbiota can be integrated in toxicity test strategies. 
Moving from composition to function in gut microbial research91 will be a prerequisite for 
toxicological test strategies.

1.5 Aim and outline of the thesis 

The aim of this thesis was to characterise effects of selected foodborne glycation 
products on the gut microbiota and vice versa, and of interindividual and intraindividual 
differences in gut microbial reactions using the Amadori product fructoselysine and the 
AGE carboxymethyllysine as the model compounds. This will contribute to the better 
understanding of this bi-directional interaction between the gut microbiota and AGEs and 
their precursors known to be present in food.

In this chapter, Chapter 1, background information and the aims and outline of the thesis 
are presented.
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To better understand the potential toxicity of foodborne glycation products, toxicokinetics 
and toxicodynamics of both exogenous and endogenous AGEs and their precursors 
are compared and reviewed in Chapter 2 taking into account the differences in these 
characteristics for HMM and LMM compounds.  

In Chapter 3 the gut microbial metabolism of the LMM AGE precursor fructoselysine was 
quantified. A human-based in vitro model consisting of anaerobic fecal incubations was 
applied to quantify interindividual differences in the kinetics of gut microbial fructoselysine 
degradation and SCFA formation. 16S rRNA amplicon sequencing of the applied human fecal 
samples was performed to obtain insight in microbial taxa of possible relevance.

In Chapter 4 a similar in vitro approach was applied to study interindividual differences but 
also intraindividual differences in the gut microbial degradation activities of both the LMM 
AGE carboxymethyllysine and its LMM precursor fructoselysine. Intraindividual differences 
were quantified to include the dynamic aspects of the gut microbiota. The gut microbial 
degradation activities of fructoselysine and carboxymethyllysine were compared, and 
microbial taxa of possible relevance in these reactions were analyzed by 16S rRNA amplicon 
sequencing.

In Chapter 5, functional differences in the gut microbial fructoselysine degradation 
activities of BF and FF infants were evaluated, in view of their different diets and resulting 
fructoselysine exposures. This study aimed to provide combined insight in the bi-directional 
interaction between the gut microbiota and dietary fructoselysine exposure. 

In Chapter 6 in vivo toxicodynamic effects of a heated diet high in AGEs on the gut microbiota 
of mice were assessed, in addition to the effects of the AGE exposure on the AGE levels in 
plasma, kidney and liver, and the question of whether the observed effects were reversible. 

Finally in Chapter 7, the results of the previous chapters are discussed in some more detail 
and placed in a wider perspective. The effects of dietary AGEs and their precursors on 
human health are discussed, as well as the applicability domain of the applied in vitro model 
and how to move from association to causation. In addition, dietary and gut microbiological 
research is discussed from a toxicological perspective and future research perspectives for 
dietary glycation products related to human health are provided.
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Abstract

Advanced glycation end products (AGEs) and their precursors are a heterogenous group of 
compounds being associated with adverse health effects. AGEs can be formed endogenously 
and in exogenous sources including food. This review investigates the roles of endogenously 
versus exogenously formed AGEs in the potential induction of adverse health effects, 
focusing on differences in toxicokinetics and toxicodynamics of low molecular mass (LMM), 
high molecular mass (HMM) AGEs and their (dicarbonyl) precursors. Based on the available 
data, exogenous LMM AGEs seem to be bioavailable and together with their precursors 
they may contribute to dicarbonyl stress and protein cross linking resulting in formation of 
endogenous AGEs. Bioavailability of exogenous HMM AGEs and precursors appears limited, 
while these can bind to the AGE receptor (RAGE), initiating adverse health effects. Together, 
this suggests that adverse health effects via RAGE-binding in relevant tissues will more 
likely result from endogenously formed AGEs. Effects on gut microbiota composition and 
functionality induced by AGEs and their precursors is proposed as a third mode of action. 
Overall, there is a need for studies which better discriminate between free and peptide 
or protein-bound AGEs and their precursors in order to enable further elucidation of the 
contributions of these different types of glycation products to the ultimate biological effects.

Keywords: ADME; dicarbonyls; gut microbiota; RAGE; cross-linking; dicarbonyl stress

List of abbreviations: ADME absorption, distribution, metabolism, excretion; AGE 
advanced glycation end product; AGE-R1 oligosaccaharyltransferase-48; AGE-R2 80K-H 
phosphoprotein; ALE advanced lipoxidation end product; BSA bovine serum albumin; CEL 
Nɛ-(carboxyethyl)-lysine; CML Nɛ-(carboxymethyl)lysine; FL fructoselysine; HbA1C glycated 
hemoglobin; HMF hydroxymethylfurfural; HMM high molecular mass; LC-MS/MS liquid 
chromatography tandem mass spectrometry; LDL low density lipoproteins; LMM low 
molecular mass; MAPK mitogen-activated protein kinases; MG-H1 Nδ-(5-hydro-5-methyl-
4-imidazolon-2-yl)-ornithine; NF-κB nuclear factor-kappa B; NOD non-obese diabetic; Nrf2 
nuclear factor erythroid 2-related factor 2; PUFA polyunsaturated fatty acid; RAGE receptor 
for AGE; ROS reactive oxygen species; Short chain fatty acid short chain fatty acid; sRAGE 
soluble RAGE
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2.1 Introduction 

Glycation products are a heterogenous group of compounds which include advanced 
glycation end products (AGEs) and their precursors such as Amadori products and reactive 
dicarbonyls. AGEs have been associated with adverse health effects (i.e. chronic diseases, 
atherosclerosis, inflammation) in both human and animal studies23–25. AGEs can be formed 
endogenously (i.e. in the host) but are also abundantly present in exogenous sources 
such as food products and tobacco smoke12. Especially in the Western diet AGEs and their 
precursors are abundant102,103. The question remains however to what extent exogenous 
glycation products contribute to the endogenous AGE pool and to the associated potential 
adverse health effects. This review aims to provide a state-of-the-art overview of the 
toxicokinetics and toxicodynamics of endogenously formed and exogenous dietary AGEs and 
their precursors in order to evaluate their potential contributions to the adverse effects on 
human health, herein distinguishing between free, low molecular mass (LMM), and protein-
bound, high molecular mass (HMM) glycation products and their dicarbonyl precursors. 

First, an overview of the types of glycation products considered in this review will be 
presented. The second section of this review will give an overview of the toxicokinetics of 
exogenous and endogenously formed AGEs and their precursors. The third section of the 
review provides an overview of the toxicodynamics and modes of action in the host. Finally, 
the findings will be discussed and recommendations for future research will be provided. 

2.2 Endogenous and exogenous glycation products

Exposure to glycation products results from endogenous formation or from intake of glycation 
products formed exogenously and present in for example food or cigarette smoke. Due to 
the involvement of various precursors (e.g. dicarbonyls), multiple amino acid residues, and 
the formation of free and peptide- or protein-bound AGEs and precursors, the glycation 
products formed are a heterogenous group of compounds, consisting of cross-linked and 
non-crosslinked, HMM and LMM AGEs and precursors. HMM glycation products refer to 
products formed by reaction with a protein-bound amino acid residue while LMM glycation 
products refer to products formed by reaction with a free amino acid residue. 

2.2.1 Exogenous formation of AGEs and their precursors 
Exogenous AGEs and their precursors present in food products (i.e. bread, milk (powder), 
processed food products) can be formed at high rates during heating applied to improve the 
quality and taste of the product, its shelf life, for safety reasons, or to produce the desired food 
product12. During this process, AGEs and their precursors are formed via multiple pathways 
of the non-enzymatic Maillard reaction9,104–107. First of all, the carbonyl group of a reducing 
sugar can bind to the amino group of a free, protein-bound or peptide-bound amino acid, 
forming a (reversible) Schiff base that spontaneously forms so-called Amadori products. 
These Amadori products are relevant precursors for AGEs as they can rearrange into AGEs 
via the Hodge pathway, which is a series of reactions including dehydration, fragmentation, 
oxidation and cyclization106,108. In addition to formation of AGEs via the Hodge pathway, the 
Schiff base or the covalently-bound Amadori product precursors can also be decomposed 
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via the Namiki pathway into reactive dicarbonyls, also referred to as α-oxoaldehydes (i.e. 
methylglyoxal, glyoxal, 3-deoxyglucosone)106,108,109. These reactive dicarbonyls can react with 
an unbound or bound amino acid and in this way form AGEs. Among the most abundant 
and most frequently studied Amadori products and AGEs in food are fructoselysine (FL), 
which is formed from glucose and lysine8, and Nɛ-(carboxymethyl)lysine (CML)110 which is 
formed by rearrangement from FL or via a reaction between lysine and the dicarbonyls 
glyoxal or 3-deoxyglucosone, respectively. Other AGEs include compounds like pyrraline, 
hydroxymethylfurfural (HMF), Nɛ-(carboxyethyl)-lysine (CEL) and Nδ-(5-hydro-5-methyl-4-
imidazolon-2-yl)-ornithine (MG-H1) (Figure 2.1). 

Reactive dicarbonyls are involved in the formation of multiple AGEs. The dicarbonyl glyoxal 
can form CML by reacting with lysine side chains44. By reacting with a cysteine group, the 
irreversible end-product S-carboxymethylcysteine can be formed111. If glyoxal reacts with 
arginine, more complex reactions occur leading to multiple glyoxal-arginine derived AGEs 
(i.e. carboxymethylarginine, the intermediates G-DH1 (N-(3,4-dihydroxy-1-imidazolidin-
2-yl)ornithine) and G-DH2 ((5-(4,5-dihydroxy-2-imino-1-imidazolidinyl)norvaline)) and 
the subsequent imidazolone-derivatives G-H1, G-H2, G-H3)9 (Figure 2.1). The dicarbonyl 
methylglyoxal is also involved in formation of multiple AGEs. Reaction with lysine residues 
can lead to CEL formation112, while reactions with arginine residues can give rise to multiple 
products depending on the number of nitrogen atoms involved in cyclization and the pH. As 
such, MG-H1, MG-H2 (2-amino-5-(2-amino-5-hydro-5-methyl-4-imidazolon-1-yl)pentanoic 
acid) or MG-H3 (2-amino-5-(2-amino-4-hydro-4-methyl-5-imidazolon-1-yl)pentanoic acid) 
can be formed113 (Figure 2.1). The dicarbonyl 3-deoxyglucosone can form the AGEs CML 
and pyrraline by reacting with lysine residues114–117. When 3-deoxyglucosone reacts with 
arginine residues, multiple products can be formed including 3DG-H1 (N-(5-hydro-5-(2,3,4,-
trihydroxybutyl)-4-imidazolon-2-yl)orthinine), 3DG-H2 (5-(2-amino-5-hydro-5-(1,2,3-
trihydroxybutyl)-4-imidazolon-1-yl)norvaline) and 3DG-H3 (5-(2-amino-4-hydro-4-(2,3,4-
trihydroxybutyl)-5-imidazolon-1-yl)norvaline)118 (Figure 2.1).

When dicarbonyls such as glyoxal, methylglyoxal and 3-deoxyglucosone react with two 
amino acid residues (both lysine or arginine) this leads to imidazole cross-linked AGEs such 
as GODIC (N6-(2-{[(4S)-4-ammonio-5-oxido-5-oxopentyl]amino}-3,5-dihydro-4H-imidazol-4-
ylidene)-L-lysine) and GOLD (6-{1-[(5S)-5-ammonio-6-oxido-6-oxohexyl]imidazolium-3-yl}-L-
norleucine) resulting from reactions with glyoxal, MODIC (2-ammonio-6-({2–[4-ammonio-5-
oxido-5-oxopently)amino]-4-methyl-4,5-dihydro-1H-imidazol-5-ylidene}amino)hexanoate) 
and MOLD (6-{1-[(5S)-5-ammonio-6-oxido-6-oxohexyl]-4-methyl- imidazolium-3-yl}-L-
norleucine) with involvement of methylglyoxal and DODIC (N 6 -{2-{[(4S)-4-ammonio-5-
oxido-5-oxopentyl]amino}-5 -[(2S,3R)-2,3,4-trihydroxybutyl]-3,5-dihydro-4H-imida-zol-4-
ylidene}-L-lysinate) and DOLD (1,3-di(Nε-lysino)-4-(2,3,4-trihydroxybutyl)-imidazolium) 
involving 3-deoxyglucosone9 (Figure 2.1). When adduct formation or crosslinking occurs in 
proteins, HMM AGEs are formed.

In addition to the above mentioned major pathways of AGE formation, dicarbonyls and thus 
eventually AGEs can also be formed via lipid peroxidation of polyunsaturated fatty acids 
(PUFAs)9 or via autoxidation of monosaccharides (i.e. Wolff pathway)25,119. 
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2.2.2 Endogenous formation of AGEs and their precursors 
In endogenous formation of AGEs and their precursors, the same pathways as described 
above that proceed via non-enzymatic reactions are involved, although they occur at lower 
rates compared to exogenous formation due to the lower physiological temperatures. In 
addition, specific endogenous AGE formation pathways include glycolysis and the so-called 
polyol pathway. 

General metabolism of glucose or fructose via glycolysis can lead to formation of reactive 
metabolites including glyceraldehyde and methylglyoxal. Glyceraldehyde 3-phosphate 
and dihydroxyacetone phosphate, formed via glycolysis, can spontaneously and non-
enzymatically degrade to methylglyoxal120,121. The formed methylglyoxal can react with (un)
bound amino groups resulting in AGE formation. The AGE pentosidine can be formed by 
rearrangement of pentose-derived Amadori product precursors, but can also be formed 
in a reaction between lysine or arginine residues with e.g. ascorbate, 3-deoxyglucosone 
or glyceraldehyde9. The polyol pathway is active under hyperglycemic conditions and 
involves sorbitol formation from glucose. Sorbitol can be oxidized to fructose via sorbitol 
dehydrogenase25,116. Over-activation of this pathway leads to an increase in dicarbonyl 
formation via accumulation of upstream metabolites such as fructose25. 

Besides the above-mentioned endogenous glycation product formation pathways, 
endogenous lipid peroxidation, resulting from reactive oxygen species (ROS)-induced lipid 
peroxidation of PUFAs in biological membranes, can also lead to increased dicarbonyl 
and subsequent AGE formation9. AGEs formed via reactive dicarbonyls produced by lipid 
peroxidation are also referred to as ALEs (advanced lipoxidation end products), which in 
some cases can lead to the same reaction products because lipid peroxidation may result in 
the same reactive dicarbonyls9. In this review, we focus on the AGEs while ALEs which are 
formed exclusively and only following lipid peroxidation are not explicitly included.

Specific for endogenous Amadori product precursor and AGE formation is the formation 
of glycated albumin and hemoglobin (HbA1C), the latter having a widespread use as a 
biomarker to monitor glycemic control122. The Amadori product glucosyllysine can form 
a cross-linking adduct with arginine side chains, forming glucosepane9, which is the most 
abundant cross-linking AGE found in extracellular matrix related to ageing and diabetic 
complications123,124. Another example is the AGE pyrraline which can form cross-links with 
cysteinyl thiol groups or other pyrraline adducts under oxidative conditions.

2.3 Toxicokinetics

Several studies have reported on toxicokinetics of AGEs and their precursors using either in 
vitro, animal or human based models. One important aspect to consider when evaluating 
literature studies is which analytical methods were used for quantifying and characterizing 
the studied glycation products10. General methods such as immuno-based methods or 
methods based on fluorescence which are unable to differentiate between the different 
glycation products have been frequently used, while more recently the application of liquid 
chromatography tandem mass spectrometry (LC-MS/MS) methods provides possibilities to 
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quantify and characterize individual AGEs and their precursors. In this section, we provide an 
overview of toxicokinetic characteristics of AGEs and their precursors published in literature 
based on the more specific and therefore preferred LC-MS/MS based methods, unless data 
using these methods were unavailable. 

Figure 2.1. Structural formulas of AGEs and their precursors mentioned in-text including both non-crosslinked and 
cross-linked AGEs, Amadori product precursors and dicarbonyl precursors. Part of the structures visualized in blue 
show the structure of abbreviated side-chains. Abbreviations: AGE = advanced glycation end product; LMM = low 
molecular mass; HMM = high molecular mass. Structural formulas were compiled with ChemDraw 18.

2.3.1 Absorption
Studies reporting urinary excretion, plasma or tissue levels of AGEs upon their oral 
administration provide support for the absorption and systemic bioavailability of exogenous 
AGEs and their precursors26,27,125–128. However, these studies often do not quantify the actual 
levels of LMM glycation products and protein-bound glycation products consumed by the 
study subjects. Some studies however do characterize whether the AGEs or precursors 
dosed are given in their LMM or HMM. These studies reveal that dietary LMM glycation 
products like free FL are readily absorbed and bioavailable. In rats for example up to 60% 
of orally administered LMM labelled FL was recovered in urine31. In contrast, urinary FL 
excretion upon oral intake of LMM FL appeared to be substantially lower reported to amount 
to generally less than 10% of the dose in both rats and adult human, tested 3 up to 10 days 
upon exposure30,129,130. 

In young children, the excretion of FL upon administration of heat-treated milk protein was 
reported to be somewhat higher amounting to levels up to 16% of the dose in urine and up to 
55% in feces37, but in this study the % of LMM versus HMM FL and/or the potential presence 
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of dicarbonyl precursors in the administered heat treated milk sample remained undefined. 
The difference in absorption and bioavailability upon oral intake between LMM and HMM 
forms of the same AGE or precursor can be ascribed to the fact that HMM AGEs themselves 
cannot be absorbed efficiently but need to be degraded to LMM forms first by host and/
or microbiota derived enzymes from the intestinal tract before being absorbed12,31,131,132. In 
line with the results for FL and these considerations, also free or dipeptide-bound CML was 
shown to be readily absorbed in vitro and in rats, while HMM CML may be absorbed less 
efficiently in mice due to insufficient release by the digestive enzymes and/or microbiota 
derived enzymes12,131–133, with up to 30% of ingested casein-linked CML excreted in urine of 
rats30. 

In another study, 2 week oral exposure of mice to a diet containing 9.4-fold higher levels of 
total CML (exact form not defined) compared to the control diet, exposure to the diet high 
in CML did not result in an increase in LMM or HMM CML in the systemic circulation, whilst 
administration of a single oral dose of free LMM CML to rats resulted in an increase of free 
LMM CML in plasma reaching a Cmax at 1 hour134. Another study on the uptake of CML in rats 
reported comparable recoveries for total CML in urine upon dosing HMM or LMM CML, 
suggesting that CML in both forms may be absorbed to a similar extent45.

The limited systemic availability of HMM CML is also supported by the observation that 
dosing a diet rich in Maillard reaction products to adolescents did not result in an increase 
in urinary CML levels while fecal CML levels were 2.86 fold higher135. For other AGEs this may 
be different although studies using diets with Maillard reaction products cannot be fully 
conclusive when they do not discriminate between the levels of LMM or HMM AGEs and/
or the presence of precursors actually consumed by the volunteers. In the case of exposure 
to HMM dietary AGEs and precursors via consumption of a diet rich in Maillard reaction 
products, proteolytic breakdown and/or metabolic degradation of the HMM protein-bound 
AGEs in the intestinal tract may be required to facilitate absorption and subsequent urinary 
excretion32. The fact however that consumption of a diet free of Maillard reaction products 
lowers the urinary excretion of free LMM pyrraline and FL by values up to 90% and that of 
free LMM pentosidine by 40% 32 supports that LMM AGEs or LMM AGE precursors originating 
form dietary exposure are bioavailable and may provide a substantial contribution to 
endogenous LMM AGEs and their precursors. In a study dosing eight diabetic patients with 
an AGE rich diet generated by heating chicken egg white with fructose at 90oC, a substantial 
increase in crosslinking AGE reactivity in serum and urine was detected a few hours post 
dosing27 also supporting that at least part of the exposed AGEs and/or their precursors 
may be bioavailable. Given this result it is of interest to note that a study in which 500 
micromole of methylglyoxal were ingested by human volunteers did not result in an increase 
of excreted methylglyoxal in 24 hours collected urine, while incubations of methylglyoxal in 
an in vitro simulated gastric and intestinal digestion model without gut bacteria revealed 
that only 20% of the initial methylglyoxal could be recovered after 8 hours136. Based on 
these results the authors concluded that dietary methylglyoxal is rapidly degraded during 
the digestion process in the intestine, and therefore of no influence on the systemic levels 
of methylglyoxal. A comparable study with 3-deoxuglucosone however led to an increase 
in urinary excretion of this AGE precursor, supporting that the compound is bioavailable137.
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It should be noted however, that in other in vitro studies with simulated gastrointestinal 
digestions mimicking the upper part of the gastrointestinal tract including oral, gastric and 
small intestinal phases reported dicarbonyl compounds and also dietary HMM AGEs to be 
almost unaltered138,139. Additional small batch fermentations with individual fecal slurries, 
however, resulted in decreasing concentrations of 3-deoxyglucosone, methylglyoxal and 
glyoxal138.

In vitro studies using Caco-2 cell layers provided evidence that some free AGEs including 
CML are most likely transported across the intestinal barrier via passive diffusion34, whereas 
for dipeptide bound AGEs active apical transporters, like the human intestinal peptide 
transporter (hPEPT1), may play a role, after which intracellular hydrolysis results in release 
of the free AGEs transferred via passive diffusion to the systemic circulation35,140,141.

Taken together, it appears that only LMM AGEs and LMM AGE precursors may end up in 
the systemic circulation and contribute to the endogenous exposure12. Zhao et al. (2019) 
speculated that free AGEs might be less bioavailable than peptide-bound AGEs as uptake 
of free AGEs via diffusion can be slow and might be rate limiting while peptide-bound AGEs 
can enter the systemic circulation via multiple routes (e.g. paracellular, via hPEPT1)142. HMM 
protein-bound AGEs themselves are not absorbed efficiently but first require degradation to 
LMM forms, while bioavailability of LMM AGE precursors can contribute to the formation of 
endogenous LMM and HMM AGEs.

2.3.2 Distribution
Once absorbed, the LMM AGEs and precursors are detectable in plasma and distributed to 
various tissues including liver and especially the kidneys where they appear to accumulate. 
For example upon dosing of casein-bound FL to rats, the levels of protein-bound FL in whole 
kidneys were increased over 17- and 33-fold above control values (at low dose of 71.4 mg/
day and high dose of 474 mg/day, respectively) while those in whole liver increased by 
only 1.1 and 1.4-fold30. Upon dosing casein-CML in a low and high dose (40 mg/day and 
127.3 mg/day, respectively), concentrations of CML in whole kidney increased 269 and 
741-fold and in liver tissue 1.0 and 1.2-fold for low and high dose, respectively30 pointing 
at differences between these two model compounds and their major accumulation in the 
kidney compared to the liver. A high percentage of the FL, amounting to up to 27% of high 
dose casein FL administered to the rats, appeared to accumulate in the kidneys, while for 
the casein-CML administered rats this value amounted to only 1.4%. Levels of FL in kidney 
and liver after the control diet were higher compared to CML levels in the tissues after the 
control diet, indicating endogenous FL formation as FL content in the control diet was below 
the limit of detection (0.3 pmol)30. It is important to note that prior to absorption casein-
bound FL and CML were likely degraded to LMM forms in the intestine.

For FL this relatively high level of distribution to the kidney as compared to the liver has 
been ascribed to the possible involvement of active transporters into the kidney129, while 
uptake in the liver may proceed be limited to passive diffusion143. Later studies concluded 
that macrophage scavenger receptors expressed by liver endothelial cells are involved in 
uptake and subsequent lysosomal degradation of AGEs in the liver via endocytosis as studied 
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using uncharacterized AGE-BSA (bovine serum albumin) 144. However the contribution of this 
system is debated to be also dependent on the sites and degree of the glycated proteins145 
and occurs slowly and is impaired by AGE-BSA exposure itself146.

In a study with mice, long-term exposure for 30 days to 13C2-labelled BSA-bound CML 
administered through the diet (at a dose of 40 mg/kg bw/day) compared to a low exposure 
in the control group (0.3 mg/kg bw/day) resulted in high accumulation of 13C2-labelled CML 
in kidney, ileum, colon and lungs, and increased accumulation, although with up to 39-fold 
lower levels, in brain, testis, heart, muscle and liver tissue29. However, no distinction was 
made within this study between protein-bound and free levels of CML accumulating in the 
tissues as this was not part of the analysis. 12C2-CML levels measured in kidney, ileum, colon 
and lungs – potentially both from exogenous and endogenous origin – were 5 to 9-fold 
lower compared to the 13C2-levels exclusively from dietary origin29. These results show that 
dietary, protein-bound HMM CML significantly increased CML levels in multiple tissues, with 
high accumulation in the kidney, ileum, colon and lungs. In general, relevant to consider 
for distribution of AGEs to certain tissues is an AGE-exposure induced increase in the 
permeability of endothelial cells147. 

Upon oral administration of free CML (at a dose of 60 mg/kg bw/day) to rats fed a high fat diet 
for 12 weeks an increase in protein-bound CML levels was reported in the kidney (2.07-fold), 
heart (1.27-fold), lung (1.19 fold), pancreas (1.70-fold), and muscle (1.48-fold), whereas no 
statistical increase was found in the liver and spleen133. In a similar study from the same 
authors, oral administration of free CML (60 mg/kg bw/day for 12 weeks) combined with a 
regular diet and not a high fat diet as in their other study, a significant increase in protein-
bound CML compared to the control was found in kidney (2.06-fold), liver (1.55-fold), heart 
(1.86-fold) and the lungs (1.41-fold) but not in the spleen, pancreas and serum148. It has to 
be noted that the dose of free CML administered in these studies is far above the normal 
estimated total (both free and protein-bound) dietary CML intake of 0.034−0.252 mg/kg 
bw/day for adults21. Given these generally less than 2-fold increases in the tissue levels of 
protein-bound CML upon long term intake of a dose level of free CML that exceeds normal 
dietary intake 2 to 3 orders of magnitude, this result implies that increases in tissue levels of 
protein-bound CML upon normal dietary intake of free CML may be negligible. 

Other studies reported that higher AGE content of the diet resulted in an increased AGE 
level in serum23. In another study in 20 overweight but healthy individuals a two-week 
low AGE diet resulted in a decrease in the AGEs MG-H1, CML and CEL in their free form 
in urine but not in protein-bound levels in serum as measured by LC-MS/MS149. In a study 
with 261 adults, no correlation was found between dietary intake as assessed by a dietary 
recall and serum and urinary CML, quantified using immunobased methods150. The CODAM 
study included 450 individuals and found a positive correlation between dietary intake of 
protein-bound CML, CEL and MG-H1 and their free levels in both plasma and urine, but 
-again- not with their protein-bound form26. This indicates that – at least in humans – upon 
dosing protein-bound HMM AGEs degradation to LMM peptide-bound or free forms is a 
prerequisite for systemic availability. 
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A recent study in mice did distinguish between protein-bound and free CML, CEL and MG-
H1 in both the diet and in tissues and plasma. A heated diet was orally administered for 10 
weeks and compared to a standard diet. The heated diet contained increased levels of both 
free AGEs and protein-bound AGEs, with the latter covering the largest proportion. After 10 
weeks of dietary intervention both free and protein-bound CML and CEL were increased in 
plasma in the mice receiving the heated diet, while MG-H1 was only increased in its free 
form. In liver only free CML and free MG-H1 were increased, while in kidney CML, CEL and 
MG-H1 were increased in their free form and only CML was increased in its protein-bound 
form151. This corroborates that free AGEs might be the preferred form in which protein-
bound AGEs become bioavailable. In addition, the results for the three AGEs characterized 
in the study (i.e. CML, CEL and MG-H1) differed in their responsive patterns in both plasma 
and tissues, pointing at AGE specific kinetics and the importance of characterizing and 
measuring individual AGEs in both protein-bound and free forms. 

In a study on the improvement of insulin resistance in human type 2 diabetic patients by 
restriction of glycation products in the diet it was reported that compared with nondiabetic 
healthy control individuals, the type 2 diabetic patients showed significantly higher fasting 
blood glucose, and higher serum levels of CML and methylglyoxal before the intervention. 
In these diabetic subjects a 50% dietary AGE restriction resulted in lower levels of serum 
CML and methylglyoxal and also of intracellular methylglyoxal compared to the levels 
before the intervention. Healthy subjects on the AGE restricted diet also showed reduced 
serum CML and methylglyoxal levels but intracellular levels of CML and methylglyoxal were 
unaffected. Thus, for both diabetic and healthy subjects there appeared to be a significant 
association between dietary AGEs and AGE level in serum152. A difference in serum CML and 
methylglyoxal levels upon intake of a diet high or low in total CML and methylglyoxal was 
also reported in non-obese diabetic (NOD) mice, supporting a correlation between ingested 
AGEs and AGEs in the systemic circulation153, although it remains to be established whether 
the endogenous and exogenous levels refer to the same form of the AGEs. In similar studies 
in diabetic or apolipoprotein E-deficient (apoE-/-) mice a difference in serum and in one of the 
studies also urinary levels of CML and methylglyoxal-derived AGEs was reported following 
several weeks of low versus high AGE diet153–157. In all these studies the AGEs were detected 
by immunological techniques so a differentiation between free or protein-bound AGEs and 
thus between LMM and HMM AGEs could not be made, which could have been achieved by 
appropriate sample preparation combined with LC-MS/MS10. 

2.3.3 Metabolism 
Given the different nature of free LMM and protein-bound HMM AGEs their metabolism also 
proceeds in a different way. Upon oral intake, protein-bound exogenous HMM AGEs may be 
absorbed after enzymatic digestion into LMM AGEs, resulting in systemic exposure to the 
LMM AGEs, with the heating-induced AGE-mediated change in protein structure potentially 
to some extent hampering degradation by the digestive enzymes in the gastrointestinal tract 
(e.g. gut proteases)12. Upon oral intake also the LMM AGEs and the LMM AGE precursors 
may be degraded by the intestinal microbiota, thereby reducing their bioavailability. It was 
reported for example that 3-10% of orally administered bound Amadori rearrangement 
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products are excreted in urine while only 1-3 % appear in feces, indicating that a substantial 
part (about 80%) can be degraded by the gut microbiota142,158. Thus, the majority of orally 
ingested AGEs may serve as gut bacterial nutrients.

Sofar, some bacterial taxa (i.e. Bacillus subtilis, Escherichia coli and Intestinimonas 
butyriciproducens AF211) were shown to (partially) degrade FL with an identified key 
enzyme being a kinase (encoded by frlD/yhfQ)39,40,159. FL can for example be converted 
into fructoselysine 6-phosphate followed by conversion to lysine and glucose-6-phosphate 
by E. coli159 and result in further production of the short chain fatty acid butyrate by 
I. butyriciproducens AF21140. An intracellular enzyme fructosamine 3-kinase found in 
mammalian but not in bacterial cells can phosphorylate FL into fructosamine 3-phosphate 
which turns into lysine and the reactive dicarbonyl and AGE-precursor 3-deoxyglucosone119,160.

Using anaerobic fecal incubations with different free LMM AGEs and their precursors 
including FL, CML, pyrraline, and maltosine, it was demonstrated that the level of conversion 
varies with the glycation product studied, while also showing substantial interindividual 
variability11,161. While conversion of FL was complete within a few hours, maltosine was 
hardly degraded, while the conversion of CML and pyrraline amounted to about 60 and 20% 
upon 24 hours incubation with fecal slurries11. 

Once in the systemic circulation, AGEs can be partly taken up by liver cells and catabolized162,163, 
depending on their structure and size. In addition, conversion by the glutathione dependent 
glyoxalase system may provide a pathway for detoxification of especially the dicarbonyl AGE 
precursors such as methylglyoxal and glyoxal. It has been reported that more than 99% 
of endogenously formed methylglyoxal can be converted by this glyoxalase system into 
harmless products such as lactate164, which is present in mammalian cells136. It is of interest 
to note that the activity of the glyoxalase system is influenced by a genetic polymorphism165 
and operates under control of the nuclear factor erythroid 2-related factor 2 (Nrf2) 
transcription factor166. 

There are also several receptors that play a role in the detoxification of AGEs including 
oligosaccaharyltransferase-48 (AGE-R1), 80K-H phosphoprotein (AGE-R2) and macrophage 
scavenger receptors, all known to be present in mammalian cells. AGE-R1 is present on 
the cell surface of monocytes and macrophages and is able to bind AGEs and induce 
their endocytosis119,167. AGEs that have been endocytosed are modified in the cell by 
lysosomal degradation119,168,169. The degradation of AGEs likely includes the formation of 
LMM AGEs from HMM AGEs, while other studies report new intracellular formed AGEs 
in macrophages170. The LMM AGEs and their precursors are thought to be soluble in the 
serum and cleared by the kidney119,171 (see section on excretion). It has also been shown 
that increased activation of AGE-R1 is related to increased turnover of AGEs in plasma and 
tissues12. There are studies where AGE-R1 was found able to inhibit the effects that RAGE 
activation has on oxidative stress and inflammatory actions by suppressing nuclear factor-
kappa B (NF-κB) and mitogen-activated protein kinases (MAPK) phosphorylation. AGE-R1 
expression levels can be downregulated by a long-term high AGE burden12,172. This has also 
been suggested for AGE-R2, a receptor present on T-lymphocytes172. AGE-R2 is a protein 
which has not been proven to directly bind AGEs. However, it seems to be involved in the 
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degradation of AGEs by the activation of intracellular signaling. Lastly, the soluble variant 
of RAGE, sRAGE, is thought to help prevent AGE accumulation. sRAGE is not entirely similar 
to RAGE as it consists merely of the extracellular parts of the receptor and is present in the 
circulation. This receptor is thought to bind the same ligands as RAGE12,168. The absence of 
the intracellular parts cause that the AGE binding to sRAGE does not induce the cellular 
signaling cascade that would be induced upon binding to RAGE, and sRAGE could thus 
function as a decoy receptor. The binding of AGEs to sRAGE may potentially prevent the 
interaction between AGEs and RAGE thus eliminating some of the activity168. Possible other 
functions of sRAGE are still unknown173.

Some studies report on degradation of specific AGEs. Intravenous administration of for 
example radiolabeled pentosidine to rats resulted in a recovery of 80% of the radioactivity in 
urine of which only a limited amount (20%) appeared to be intact pentosidine. The authors 
concluded that free pentosidine is catabolized or modified in the proximal tubule and that 
the kidney plays a role in pentosidine degradation174. The nature of the degradation products, 
whether this process is also relevant for other AGEs and their precursors, and whether the 
products formed present a detoxification or contribute to AGE-associated kidney damage 
remains to be elucidated. 

2.3.4 Excretion
Some HMM AGEs might not be fully hydrolyzed by digestive enzymes or microbiota-
derived enzymes, and this may result in substantial fecal excretion. Saturation of these 
intestinal degradation processes upon increasing dose levels results in increased relative 
fecal excretion with increasing dose levels30. For FL efficient degradation of both its free 
and protein-bound form by gut microbiota has been established with, depending on the 
experimental set-up, almost complete degradation within a few hours11,40,159,161,175, while 
degradation of other LMM and HMM AGEs and precursors by intestinal microbiota as well 
as the pathways involved in these degradations remain to be further characterized. The 
relatively high fecal excretion of up to 55% of the administered dose of FL in young children37 
has been ascribed to their different intestinal microbial communities and activity suggested 
to result from their lower extent of adaptation to chronic dietary intake of heat-treated 
proteins30. 

Once in the systemic circulation AGEs and their precursors are mainly excreted via the kidneys 
into urine. Especially LMM AGEs and their precursors are readily eliminated from the body 
by renal excretion via glomerular filtration119,171. The renal clearance of an intravenous dose 
of free CML or CEL in rats was rapid with over 87% recovery in urine within 2 hours176. This 
excretion via glomerular filtration will be less relevant for HMM AGEs119,171. In humans, free 
pyrraline and pentosidine were recovered in the urine at 50 and 60% of the dietary doses 
respectively, while consumption of HMM pentosidine resulted in only 2% urinary recovery 
of pentosidine32. This limited urinary recovery of the HMM AGE is likely to be (in part) due 
to the limited bioavailability of HMM AGEs upon dietary intake. 

In a study in rats there was a trend of increasing urinary excretion of free CML with increasing 
dietary levels of heat processed proteins, with 4-19% of the CML present in the diet (actual 
form not characterized) being recovered in urine. The increasing trend made the authors 
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conclude that the urinary CML was preliminary of dietary origin177. Another study with rats, 
already referred to in the section on absorption, concluded that recovery of CML in urine 
was independent of the molecular mass of the administered CML, suggesting, in contrast to 
most other data, comparable ADME characteristics between LMM and HMM CML45.

Important to note is that some studies reported that upon their excretion by glomerular 
filtration free CML and pentosidine and especially also peptide bound LMM AGEs could 
be reabsorbed in the proximal tubule174,178–180. Tissue accumulation and/or binding of LMM 
AGEs to tissue proteins corroborates to the accumulation of HMM AGEs12 as mentioned in 
the section on distribution. 

2.3.5 Conclusions on ADME characteristics
Altogether, most studies indicate substantial differences in the ADME characteristics of 
LMM AGEs and AGE precursors versus protein-bound HMM AGEs and precursors. These 
differences result in different kinetics of exogenous versus endogenously formed glycation 
products, as summarized in Figure 2.2. Upon oral intake exogenous HMM AGEs and 
precursors show limited if any bioavailability so that systemic exposure to HMM AGEs is 
expected to result mainly from endogenously formed AGEs. In the gastrointestinal tract 
exogenous HMM AGEs and precursors are degraded to LMM AGEs and precursors which can 
become systemically available. Once in the systemic circulation especially LMM AGEs and 
precursors are cleared via urinary excretion. Elimination and clearance of HMM AGEs rather 
depends on receptor mediated transport into cells where they can be degraded via lysosomal 
degradation. Endogenous HMM AGEs may result from exposure to endogenously formed 
or exogenously provided AGE precursors including the reactive dicarbonyls like glyoxal, 
methylglyoxal, or 3-deoxyglucosone, although one could also argue that these reactive AGE 
precursors in food may readily react with proteins and amino acids in the food matrix before 
being ingested. This would leave endogenous production of the reactive AGE precursors 
and possibly exposure to LMM glycation products as a major source for endogenous HMM 
AGE formation. The production of these endogenous reactive AGE precursors may be 
enhanced for example upon exposure to high levels of glucose181, via degradation of FL160, in 
individuals with diabetes182–185, or upon ageing186. In general, interspecies and interindividual 
differences in toxicokinetic properties are likely to exist and remain to be characterized to a 
further extent.

Based on these toxicokinetic considerations, systemic and tissue levels of HMM AGEs may 
result mainly from endogenous formation, while LMM AGEs and precursors may originate 
from both endogenous and exogenous sources. Effects of dietary exogenous HMM AGEs 
themselves may thus be limited to the intestinal tract and/or result from their LMM 
intestinal degradation products.
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Figure 2.2. Overview of toxicokinetic characteristics of exogenous and endogenous glycation products including 
advanced glycation end products (AGEs) and Amadori products (AP), distinguishing between their low molecular 
mass (LMM) free and peptide-bound form (green), high molecular mass (HMM) protein-bound form (blue) and 
their reactive dicarbonyl precursors (yellow). 

2.4 Toxicodynamics

The modes of action generally reported to play a role in the ultimate potential adverse 
health effects of AGEs include 1) dicarbonyl stress resulting in cross-linking and damage to 
protein structures and functions, and 2) interactions with AGE receptors (RAGEs) inducing 
pathways leading to adverse effects. These two pathways are of different importance for 
LMM AGEs and AGE precursors versus HMM AGEs. In addition, 3) toxicodynamic effects 
of AGEs and their precursors on gut microbiota composition and/or gut barrier integrity 
provide another potential link between dietary exposure to glycation products and possible 
pathological consequences. 

2.4.1 Dicarbonyl stress resulting in cross-linking and protein damage
Early in the process of production of glycation products, dicarbonyls can be formed e.g. via 
decomposition of Amadori products via the Namiki pathway or as products of glycolysis. 
These dicarbonyls are reactive compounds. Accumulation of such dicarbonyls can not only 
result in AGE production but also in what is referred to as dicarbonyl stress163, which can 
have negative effects on health. Dicarbonyls are able to react with body proteins and amino 
acids, leading to the formation of AGEs and cross-linking of proteins. Baynes and Thorpe 
(1999) confirmed that increased production of endogenous AGEs in diabetes is linked to 
increased cross-linking of body proteins187. Dicarbonyls have been reported to react with 
for example amino groups of proteins of the connective tissue matrix and the basement 
membranes162,188. The respective components are long-lived proteins so that damage 
formed may accumulate over time189. In the case of very high AGE concentrations, short-
lived plasma proteins can be affected as well, such as for examples low density lipoproteins 
(LDL) and immunoglobulins189. 
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Cross-linking of body proteins can have many physiological consequences. It results in 
altered structure and function of the proteins189,190. Additionally, the proteins are less easily 
degraded190. The AGE cross-linking of proteins such as collagen is related to an increase 
in stiffness in tissues that are rich in these proteins189. This includes arterial stiffness, 
stiffness in lung tissue, joints, and extracellular matrix. Stiffness in these tissues has been 
associated with diseases including hypertension, cataract, dementia, atherosclerosis, 
glomerulosclerosis, emphysema and joint pain162. Cross-linking of body proteins is related 
to complications in diabetes and increased cardiovascular risk188. 

Dicarbonyl stress has also been associated with damage in the kidney, vascular damage and 
accelerated atherosclerosis development162,163,191. Development of atherosclerosis occurs not 
only because of cross-linking but also because AGEs formed in the matrix of vessel walls are 
thought to be able to ‘trap’ LDL. This leads to decreased uptake and degradation of LDL in the 
kidney, which in turn promotes the lipoprotein accumulation and atherosclerosis163,189. Raj et 
al. (2000) also concluded that LDL, when bound to the extracellular matrix as a result of AGE 
formation, can be oxidized162. This results in the formation of toxic degradation products of 
LDL. These oxidized LDL particles can lead to the formation of antibodies which bind to AGEs 
in vessel walls, and thereby contribute to vascular inflammation and atherosclerosis192. In 
addition, dicarbonyl stress can lead to oxidative stress and inflammation and also induce 
carbonylation of biomolecules such as DNA, and thus damage DNA193–195.

The reactive dicarbonyls causing protein crosslinking are precursors of AGEs that may 
originate from both exogenous and endogenous sources. However, given the high reactivity 
of these dicarbonyls it can also be foreseen that when formed in food upon heating they 
may be scavenged via reactions with food matrix proteins forming AGEs in the food before 
the food is actually consumed. Relatively low levels of dicarbonyls (0-40 mg/kg food) were 
indeed found in certain food products in a recently presented dietary dicarbonyl database 
where the three major dicarbonyls methylglyoxal, glyoxal and 3-deoxyglucosone were 
quantified in multiple food products. The presence of relatively lower levels of dicarbonyls 
in certain food products was explained by the presence of potential scavengers such as 
polyphenols or protein residues in the food product. However, multiple food products 
contained relatively high levels of dicarbonyls (40-2990 mg/kg) (i.e. cake, dried fruit, candy 
bars)196. It remains to be investigated if these dicarbonyls would be scavenged when these 
food products are consumed combined with other dietary compounds.

2.4.2 Interactions with receptors 
Circulating AGEs can bind to AGE receptors (RAGEs) on cell surfaces. RAGEs can be found 
on cells in the cardiovascular system, including heart tissue, endothelial cells, white blood 
cells, lung tissue, neural tissue and the intestinal tract12,197. Following the binding of AGE to 
RAGE, the transcription factor, NF-κB is activated12,109. Activation of NF-κB leads to activation 
of NADPH oxidase, which increases oxidative stress, and activates an inflammatory cascade. 
This cascade consists of elevated expression of proinflammatory cytokines, growth factor 
and adhesive molecules, which are molecules that interact with leukocytes109. Oxidative 
stress also contributes to endogenous formation of AGEs. ROS involved in oxidative stress can 
damage proteins, possibly accompanied by the production of more AGEs168 and increased 
infiltration of macrophages198. Besides the inflammatory response and increased oxidative 
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stress, the activation of NF-κB causes proliferative, fibrotic, angiogenic, thrombogenic and 
apoptotic reactions. These reactions can contribute to the development of cardiovascular 
diseases109,163. The combination of chronic inflammation, oxidative stress and high AGE 
content has been shown to promote chronic kidney disease and kidney damage171. Animal 
studies suggested that the combination of these factors can even be involved in tumor 
development199. 

It was found that not all AGEs have the same affinity to RAGE. Free CML and CEL do not 
interact with RAGE41,49 and the presence of a polypeptide backbone was found to be required 
in order to interact with RAGE as tested with both synthesized LMM CML (~ 1 kDa)41 and 
HMM CML (>30 kDa)41,49,200. The early Amadori product FL was shown to not interact with 
RAGE at all, not in its free, LMM or HMM form41. 

Studies on the effect of dietary AGE exposure and expression of cytokines have reported 3.5-
fold increased expression of various cytokines upon providing an AGE rich diet to mice201. 
Interestingly, the heated diet induced a stronger inflammatory response than the unheated 
diet enriched with CML, suggesting that free AGEs may not be the AGEs responsible for 
induction of the inflammatory response. The involvement of RAGE in these processes was 
shown in a study in which RAGE knock out mice did not show production of inflammatory 
cytokines, endothelial dysfunction and aortic stiffening upon 9 months exposure to a diet 
enriched in HMM CML-BSA202. 

Finally the RAGE-dependent release of serotonin by human parietal cells in vitro was shown 
to be affected by HMM AGEs whilst free CML showed a RAGE-independent increase in 
serotonin release203. Another in vitro study with RAGE-expressing HEK-293 cells showed 
a comparable RAGE-dependent effect on cellular p38 MAP kinase activation by free and 
casein-linked HMM CML, although it should be noted that also non-AGE type products from 
heating, such as N-methylpyridinium, appeared able to induce this effect204.

Other receptors interacting with AGEs include AGE-R1, AGE-R2, macrophage scavenger 
receptors and the soluble form of RAGE (sRAGE)144,163. These receptors have different 
functions from RAGE. As discussed in Section 2.3.3, AGE-R1, AGE-R2 and macrophage 
scavenger receptors are involved in endocytosis and subsequent degradation of AGEs12,168. 

It is thought that exogenous HMM AGEs, provided they can reach the systemic circulation, 
can bind to RAGE similarly as endogenously produced AGEs205. However, given the potential 
limited bioavailability of HMM AGEs their role in activation of the RAGE receptors may be 
limited compared to that of endogenously formed HMM AGEs, except in the gastrointestinal 
tract where RAGE expression is generally low197 but is upregulated under pathophysiological 
conditions206. 

2.4.3 Alterations of gut microbiota composition and/or gut barrier integrity
A third mode of action potentially involved in the toxicodynamics of AGEs includes their 
effect on the gut microbiota composition and activity. Such effects may result in a decrease 
or increase of the abundance of specific bacteria, which in turn may have no, positive, or 
negative health implications, such as for example an effect on inflammation. Increasingly 
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links between alterations in gut microbiota composition and disease have been reported207. 
Multiple studies showed an effect of exposure to exogenous AGEs on gut microbiota 
composition, both in experimental animals and humans. Table 2.1 presents an overview, and 
reveals that upon dietary exposure to a (heated) diet rich in AGEs several studies reported 
a decrease in the relative abundance of Lactobacillus spp.51,151,208,209, while others showed an 
increase in the genus Akkermansia210,211 and/or Allobaculum211–213 or Dubosiella151. Effects 
on host health directly linked to these AGE-mediated gut microbial alterations remain to 
be established and understood. Such effects may potentially result from alterations in 
gut microbial production of short chain fatty acids (SCFAs) (Table 2.1)208,211,212,214,215, or of 
other fecal bacterial metabolites210,214 although evidence for such an underlying mode of 
action remains to be substantiated. Nevertheless, and whatever the underlying mode of 
action, given the important role of the gut microbiota in human health and disease216 an 
AGE-mediated effect on the gut microbiota could prove to represent an additional mode 
of action for AGE-mediated health effects. Obviously, free AGEs and precursors, reactive 
dicarbonyls, dipeptide bound AGEs and precursors resulting from digestion, and HMM AGEs 
and precursors may all affect the gut microbiota in different ways. An important condition to 
further elucidate such effects is to distinguish between all these AGEs and their precursors 
when characterizing exposure; this information is not always provided in the studies listed 
in Table 2.1. 

In addition to alterations in gut microbiota profiles20,52, exposure to exogenous AGEs can 
induce other effects in the intestine. It was found that intestinal epithelial integrity was 
affected by exposure to dietary AGEs, as shown by altered gene expression of several tight 
junction proteins210,212, potentially resulting in increased systemic exposure to exogenous 
(HMM) AGEs or increased systemic infiltration of bacteria and microbial metabolites or 
components217. Overall, the potential effects of exogenous dietary glycation products on the 
intestinal microbiota and the potential consequences for metabolite formation, intestinal 
inflammatory processes and barrier integrity218, support the relevance of including the 
gut microbiota composition, function and dynamic (local) effects combined with intestinal 
translocation studies in future glycation product exposure studies19. 
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2.5 Discussion

The present review aimed to provide an overview of the toxicokinetics and toxicodynamics 
of AGEs and their precursors, distinguished based on their molecular mass, in order to 
evaluate the potential contribution of both endogenous and exogenous dietary glycation 
products on human health. Table 2.2 presents an overview of the major differences in the 
toxicokinetics and toxicodynamics of endogenously formed versus exogenous glycation 
products. From this overview it follows that the contribution of exogenous glycation 
products to the potential adverse health effects may be limited for various reasons.

First of all, the systemic bioavailability of HMM AGEs and their precursors upon their oral 
intake may be limited. The extent to which they are degraded in the digestive track remains 
to be quantified and may vary for each HMM glycation product12. In contrast LMM AGEs and 
precursors present in food may become bioavailable, although for the reactive dicarbonyl 
precursors this may to some extent be hampered by the fact that upon their formation upon 
heating of food they may already react and be scavenged by amino acids and proteins present 
in the food matrix or diet before or when the food is actually consumed. For CML which is 
known to be a major AGE in heat processed foods, it was demonstrated that exposure to 
free CML at levels that exceeded an average dietary intake by 2 to 3 orders of magnitude 
resulted in an increase in tissue protein-bound CML levels to only a limited extend (less than 
2-fold or not at all)133, suggesting that at the much lower average dietary intake levels these 
increases may be negligible. However, it should be noted that this result may be different 
upon a life-long dietary exposure to AGEs. Other LMM AGEs or precursors, like for example 
FL may show higher levels of bioavailability but the extent to which they contribute to 
formation of endogenous protein-bound HMM AGEs remains to be established. 

The limited systemic bioavailability of HMM AGEs and precursors may limit the contribution 
of exogenous glycation products to adverse effects induced via RAGE receptors, since RAGE 
affinity of AGEs appeared to be mainly dependent on the size of the AGE with protein- or 
peptide-bound CML or protein- or peptide-bound CEL interacting with RAGE, while free CML 
or free CEL did not41,49. Only in the intestinal tract orally ingested HMM AGEs may be able to 
activate RAGE, while for systemic effects rather endogenous formation of HMM AGEs may 
dominate the induction of adverse health effects via RAGE. 

In addition, AGEs and their precursors, including those in their HMM form, may affect the 
composition and activity of the gut microbiota. This would provide another mode of action 
for AGE mediated effects on host health since effects on the gut microbiota are known to 
influence host health in both beneficial and adverse ways216,219,220. The importance of this 
mode of action in the processes underlying the potential health effects of AGEs remains to 
be studied to a further extent, although various studies already reported an effect of AGEs 
on the composition and activity of the intestinal microbiota (Table 2.1). Also, the relative 
importance of dicarbonyl stress versus the role of RAGE activation remains to be elucidated 
and may vary for the adverse effect under consideration.

Based on our reviewed findings we identified multiple research needs for the future. First 
of all, it is important that future studies invest in better characterization of the exposure 



KINETICS AND DYNAMICS OF ENDOGENOUS VERSUS EXOGENOUS GLYCATION PRODUCTS� 41

2

material actually tested, and of the urinary, fecal, tissue, or plasma AGE and precursors levels 
measured, identifying and quantifying the AGEs and precursors by analytical techniques 
that enable quantification of the different glycation product and of at least the HMM AGEs 
and precursors, LMM AGEs and precursors and dicarbonyl precursors. The absence of this 
information for both the test materials as well as the AGE related biomarkers and endpoints 
quantified hampers interpretation of the results presented and confuses the discussions on 
the role of exogenous AGEs as compared to endogenous AGEs in the overall health effects. 
This information will prove essential to quantify the respective contributions of exogenous 
versus endogenous glycation products to the AGE induced health effects. In addition, 
considering the heterogeneity of the glycation products, as also reflected in different ADME 
outcomes, AGEs and their precursors cannot be grouped together but specific, individual 
information is required for a proper evaluation, especially considering ADME properties. 
The use of in vitro models can help to increase the understanding of toxicokinetic and 
toxicodynamic properties of individual AGEs and precursors as in vitro assays provide better 
possibilities than in vivo studies to test multiple individual as well as mixtures of glycation 
products. LC-MS/MS based analytical techniques, such as proteomics, can be a valuable 
addition to further elucidate the nature of the HMM AGEs as well as of AGE modified 
cellular targets. Furthermore, it remains to be elucidated if reactive dietary dicarbonyls are 
scavenged by for example the food matrix before reaching the systemic circulation, and 
also to what extent they can actually become systemically available. Given the results of 
the present overview it seems prudent to conclude that when considering studies focusing 
on a role of exogenous AGEs and precursors in adverse human health effects to focus on 
either effects in the gastrointestinal tract (including effects on the gut microbiota) and/or 
effects induced by exposure to AGEs or their precursors known to be bioavailable and able 
to increase systemic endogenous AGE levels and/or dicarbonyl stress.

To conclude, based on the current state-of-the-art, the role of exogenous HMM AGEs and 
precursors seems to be restricted by their limited bioavailability to local effects on the 
intestine including its microbiota, unless being degraded to their LMM form.An important 
role is probably left for reactive dicarbonyl AGE precursors and as a consequence the 
endogenously formed AGEs. This implies that an important route for future research could 
be the role of especially reactive AGE dicarbonyl precursors and the endogenous pathways 
leading to their bioavailability, formation and detoxification. The direct contribution of 
reactive AGE dicarbonyl precursors to dicarbonyl stress and their indirect contribution to 
endogenous HMM AGE formation and subsequent RAGE activation remains to be further 
studied.



42	 CHAPTER 2

Table 2.2 Overview of main characteristics for toxicokinetics and toxicodynamics of endogenous and exogenous 
AGEs. Abbreviations: AGE = advanced glycation end product; LMM = low molecular mass; HMM = high molecular 
mass

Endogenous glycation products Exogenous glycation products
Toxicokinetics
Contribute to the AGE level 
in the systemic circulation. 

Yes Partly, mainly for LMM AGEs and 
precursors and dicarbonyl precursors 
and for HMM AGEs and precursors 
upon digestive degradation to their 
LMM form

Can be cleared from the 
systemic circulation. 

Yes, HMM via lysosomal degradation 
and LMM via glomerular filtration

Yes, mainly LMM AGEs and precursors 
and dicarbonyl precursors via 
glomerular filtration

Toxicodynamics

Can cause damage by cross-
linking.

Yes, especially the dicarbonyl precursors Yes, especially the dicarbonyl 
precursors

Can cause damage by 
binding to RAGE.

Yes, especially the HMM AGEs HMM AGEs only in the gastrointestinal 
tract or upon digestive degradation to 
LMM AGEs

Can affect gut microbiota 
composition and/or the 
intestinal barrier.

No Yes, differences between LMM and 
HMM glycation products remain to be 
established
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Abstract

Fructoselysine is formed upon heating during processing of food products, and being a key 
intermediate in advanced glycation end product formation considered to be potentially 
hazardous to human health. Human gut microbes can degrade fructoselysine to yield the 
short chain fatty acid butyrate. However, quantitative information on these biochemical 
reactions is lacking, and interindividual differences therein are not well established. 
Anaerobic incubations with pooled and individual human fecal slurries were optimized and 
applied to derive quantitative kinetic information for these biochemical reactions. Of 16 
individuals tested, 11 were fructoselysine metabolizers, with Vmax, Km and kcat-values varying 
up to 14.6-fold, 9.5-fold, and 4.4-fold, respectively. Following fructoselysine exposure, 10 
of these 11 metabolizers produced significantly increased butyrate concentrations, varying 
up to 8.6-fold. Bacterial taxonomic profiling of the fecal samples revealed differential 
abundant taxa for these reactions (e.g. families Ruminococcaceae, Christenellaceae), and 
Ruminococcus_1 showed the strongest correlation with fructoselysine degradation and 
butyrate production (ρ ≥ 0.8). 

This study highlights substantial interindividual differences in gut microbial degradation of 
fructoselysine. The presented method allows for quantification of gut microbial degradation 
kinetics for foodborne xenobiotics, and interindividual differences therein, which can be 
used to refine prediction of internal exposure.

Key words: Amadori product, human gut microbiota, interindividual differences, Michaelis-
Menten kinetics, short chain fatty acid (SCFA) 

List of abbreviations: 13C-3NPH-HCl, 13C6-3-nitrophenylhydrazine hydrochloride; 3NPH-
HCl, 3-nitrophenylhydrazine hydrochloride; ADME, absorption, distribution, metabolism, 
excretion; AGE, advanced glycation end-product; ASV, amplicon sequence variant; CE, 
collision energy; EDC, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide; IS-SCFA, 13C 
isotope labelled derivatized SCFA standard; ISTD, internal standard; kcat, catalytic efficiency; 
Km, Michaelis-Menten constant; LDA, linear discriminant analysis; LEfSe, LDA effect size; 
MRM, multiple reaction monitoring; PERMANOVA, permutational multivariate analysis 
of variance; PBK, physiologically based kinetic; RAGE, receptor for advanced glycation end 
products; Vmax, maximum velocity
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3.1 Introduction 

Fructoselysine is the most abundant Amadori product in food products and is formed 
during heating in the processing and preparation of food products129. Fructoselysine is 
formed via the Maillard reaction by a non-enzymatic reaction between a reducing sugar 
(i.e. glucose) and the amino group of protein-bound or free lysine14, as depicted in Figure 
3.1. It occurs in a variety of food products, such as baked products, fried potatoes and infant 
formula221,222, with a total daily intake in the Western diet reported to be 500 - 1,000 mg 
free and protein-bound fructoselysine (corresponding to 7.1-14.3 mg/kg bw/day for a 70 kg 
adult)223. The presence of fructoselysine in food raises a concern, as it is a key intermediate 
in the formation of the advanced glycation end product (AGE) carboxymethyllysine224. Also, 
fragmentation of fructoselysine can result in formation of reactive α-dicarbonyls (i.e. glyoxal, 
3-deoxyglucosone)14,42,43 which, in turn, can form new (protein-bound) AGEs27,225. AGEs have 
been associated with several (chronic) diseases and inflammation, such as the development 
of atherosclerosis, the onset of diabetes complications, and Crohn’s disease12,25,217,226,227. Both 
free- and protein-bound AGEs can cause oxidative stress228, and glycation of proteins can 
alter their structure and function, in addition to turning them into agonists for the receptor 
for AGEs (RAGE) which, upon activation, exerts pro-inflammatory responses125,226. While 
the interactions with RAGE appear to occur mainly if not only with AGEs bound to high 
molecular weight proteins49,229, there is currently no consensus on which biological effects 
can be attributed to free AGEs or AGEs bound to low molecular weight proteins230. While 
endogenously formed AGEs are certainly an important source of internal AGE exposure, 
AGEs and precursors present in food have been reported to contribute significantly to 
the endogenous AGE and precursors pool, both in plasma and tissues17,26,27,125,148. A dose-
dependent increase of fructoselysine has been reported in plasma, liver and kidney 
resulting from dietary, protein-bound fructoselysine exposure in experimental animals30. 
It is also reported that fructoselysine and several free or (peptide)bound AGEs can reach 
the colon as they have a low (systemic) bioavailability15. Free fructoselysine is transported, 
albeit poorly, via simple diffusion over Caco-2 monolayers in vitro34 and dipeptide bound 
fructoselysine partially via the peptide transporter PEPT135. In human volunteers fed a meal 
rich in protein-bound fructoselysine, only ±3% of ingested fructoselysine was excreted in 
urine, and only ±1% recovered in feces, implying a high degree of metabolism129,130. Together, 
this suggests that colonic microbiota metabolize the majority of ingested fructoselysine19,129. 
This is supported by in vitro incubations with human fecal samples223 which show that the 
intestinal microbiota can metabolize fructoselysine, in addition to few specific isolated 
bacterial strains which are reported to be able to degrade fructoselysine, i.e. Escherichia 
coli159, Bacillus subtilis39, and Intestinimonas butyriciproducens AF21140. I. butyriciproducens 
AF211, isolated from human feces, was also shown to produce the short chain fatty acid 
(SCFA) butyrate from fructoselysine40. Butyrate, together with acetate and propionate 
represent the major SCFAs in the colon231. These gut microbial fermentation products have 
several important functions for (intestinal) host health231–233, implying that fructoselysine 
might be converted by gut bacteria into beneficial metabolites. However, only ±10% of 
65 fecal samples in the Human Microbiome Project contained I. butyriciproducens AF211 
genes in the deep metagenome40,67, and the other bacteria identified might only be capable 
of performing certain steps in this complex process, suggesting the potential existence of 
interindividual differences. To date, no data on the catalytic efficiencies, and interindividual 
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differences in gut microbial fructoselysine degradation, along with SCFA formation have 
been reported. In this study, an in vitro method was optimized and applied to derive the 
catalytic efficiency of fructoselysine degradation and accompanying SCFA production, to 
quantify interindividual differences therein, and to investigate associations with bacterial 
composition based on 16S rRNA amplicon sequencing. 

Figure 3.1 Fructoselysine (4) formation via reaction between the ε-amino moiety of lysine (1) and glucose (2), to 
form the so-called Schiff base (3), which subsequently undergoes an Amadori rearrangement reaction to yield 
fructoselysine (4). 

3.2 Materials and methods

Chemicals and reagents
Fructoselysine (CAS: 21291-40-7) was purchased from Carbosynth Limited (Berkshire, 
UK). 3-Nitrophenylhydrazine hydrochloride (3NPH-HCl; CAS: 636-95-3), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide (EDC; CAS: 25952-53-8), pyridine anhydrous 
(CAS: 110-86-1), glycerol (CAS: 56-81-5), sodium propionate (CAS: 137-40-6) and sodium 
butyrate (CAS: 156-54-7) were purchased from Sigma-Aldrich (Steinheim, Germany). Formic 
acid (99-100%, analytical grade; CAS: 64-18-6) and sodium acetate anhydrous (CAS: 127-
09-3) were purchased from Merck (Darmstadt, Germany). 13C6-3-nitrophenylhydrazine 
hydrochloride (13C-3NPH-HCl; CAS: 1977535-33-3) was obtained from Cayman Chemicals 
(Ann Arbor, USA). PBS was purchased from Gibco (Paisley, UK). Acetonitrile (ACN; UPLC/
MS grade; CAS: 75-05-8) was obtained from BioSolve BV (Valkenswaard, the Netherlands). 

Collection of human fecal samples
Fresh fecal samples were collected from 16 human individual volunteers (12 females, 
4 males) aged between 24 and 64 years of Caucasian, Asian, and Hispanic demographic 
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origin. Volunteers were not pregnant, did not suffer from chronic gastrointestinal diseases 
and did not use antibiotics three months prior to donation. Fecal samples were collected 
fresh in fecal collection tubes and were immediately processed in an anaerobic environment 
(85% CO2, 5% H2, 10% N2). After a four times dilution (w/v) in anaerobic storage buffer (10% 
glycerol in PBS), samples were filtered using a SpinCon system (Meridian Bioscience), which 
was centrifuged for 5 min at 3,000 xg at 10 °C. After filtration, samples were homogenized 
before aliquots were prepared and stored at -80 °C until further use. This study was assessed 
by the Medical Ethical Committee of Wageningen University and judged to not fall under 
the Dutch ‘Medical Research Involving Human Subjects Act’. Participants granted informed 
consent before participation in this study. 

Incubations of the fecal slurries with fructoselysine
All fecal incubations were performed under anaerobic conditions at 37˚C. Experimental 
conditions were optimized by assessing linearity of fructoselysine degradation over time and 
over the amount of pooled fecal slurry, which consisted of equal amounts of the 16 individual 
fecal samples. 40 µM fructoselysine was incubated with 2.5%, 5% or 10% pooled fecal slurry 
in anaerobic PBS, in a volume of 50 µL per Eppendorf tube in technical triplicates for 0, 20, 40, 
60 and 80 minutes. 5% Fecal slurry, corresponding to 0.0125 g feces/mL, and an incubation 
time of 60 minutes were selected for further experiments to derive Michaelis-Menten 
kinetics of fructoselysine degradation of both pooled and individual human fecal slurries. 
These were incubated in technical duplicates with increasing fructoselysine concentrations 
ranging from 0-400 µM for the pooled and 0-600 μM for the individual incubations (added 
from 50 times concentrated aqueous stock solutions). These exposure concentrations cover 
the range of physiological relevant fructoselysine concentrations (81-162 µM) reached by 
the reported daily intake, taking into account the volume of the colon and the dilutions 
applied in the anaerobic incubations. For detection of SCFA formation, pooled or individual 
fecal slurries (5%) were incubated in technical triplicates with a final concentration of 400 
μM or 600 μM fructoselysine, respectively, in parallel to the solvent control. To terminate 
the reactions and to precipitate proteins, particles, and microorganisms 50 µL cold ACN (1:1) 
were added to the incubations. The remaining mixture was vortexed, stored on ice for at 
least 15 minutes, and centrifuged for 15 min at 18,000 xg at 4ºC. Supernatants were further 
processed for fructoselysine or SCFA measurement as described below. All incubations as 
described above were performed 3 times. 

Fructoselysine measurement
The supernatants of the incubation samples were transferred to UPLC vials and analyzed 
by LC-MS/MS for fructoselysine quantification using a Shimadzu Nexera XR LC-20AD SR 
UPLC system coupled to a Shimadzu LCMS-8040 triple quadrupole MS (Kyoto, Japan). 2 µL 
supernatant were injected onto a Phenomenex Polar-RP Synergi column (30 x 2 mm, 2.5 
µm) at 40 ºC. The mobile phase consisted of a gradient made from ultrapure water with 
0.1% (v/v) formic acid and ACN with 0.1% (v/v) formic acid at a flow rate of 0.3 mL/min. The 
gradient started with 95% ACN for 2.5 min, to reach 0% ACN at 4 min, and was subsequently 
kept at 0% ACN until 6 min, followed by a shift to 100% ACN from 6 to 7.8 min returning to 
95% ACN at 8.1 min and kept at these initial conditions up to 14 min. Under these conditions 
fructoselysine eluted at 5.6 min. The LCMS-8040 coupled with an ESI source was used for 
MS/MS identification. Positive ionization for multiple reaction monitoring (MRM) mode was 
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used. Fructoselysine was quantified using precursor to product transition m/z 309.2 à 84.2 
(collision energy (CE) = -31 V) which was the most intense fragment ion. MRM transitions m/z 
309.2 à 291.1 (CE = -11 V), m/z 309.2 à 273.1 (CE = -15 V) and m/z 309.2 à 225.2 (CE = -17 
V) were used as reference ions. An external calibration curve in matrix was prepared using 
a commercially available standard. Peak areas were integrated using LabSolutions software 
(Shimadzu). The amount of fructoselysine degraded during incubation was calculated and 
expressed in µmol/h/g feces.

SCFA measurement 
SCFAs in the supernatants of the incubation samples were derivatized and subsequently 
measured by LC-MS/MS, based on a previously described method with minor adaptations234. 
In short, 40 µL of the supernatant was mixed with freshly prepared 20 µL 200 mM 3NPH
HCl in 50% ACN and 20 µL 120 mM EDC-6% pyridine in 50% aqueous ACN solution in small 
glass tubes. After mixing, the tubes were placed with a cap in a 40 ºC heating block and 
incubated for 30 min and afterwards placed on ice for 1 min. The mixture was diluted 
with 320 µL nanopure water. To 90 µL of this diluted mixture, 10 µL of 13C isotope labelled 
derivatized SCFA standard mix (IS-SCFA mix) (prepared as described below) was added as 
internal standard (ISTD) to account for analytical variability. The IS-SCFA mix was created by 
using 13C-3NPH-HCl instead of 3NPH-HCl and a mixture of the SCFAs acetate, propionate and 
butyrate resulting in final concentrations after derivatization of 500 μM, 400 μM and 400 
μM, respectively. Further steps for the derivatization procedure were similar as described 
above. After the reaction, this IS-SCFA mix was aliquoted and stored at -80ºC in glass vials 
until use. For quantification of the SCFAs, a calibration curve was prepared by derivatizing 
a concentration range of a mixture of acetate, propionate and butyrate with the same 
procedure as described above. To 90 μL of these derivatized SCFA standards, 10 μL of the IS-
SCFA mix were added which resulted in a final concentration of 50 μM for acetate-13C-3NPH 
and 40 μM for propionate-13C-3NPH and butyrate-13C-3NPH. 

A Shimadzu Nexera XR LC-20AD XR UPLC system coupled to a Shimadzu LCMS-8045 triple 
quadruple mass spectrometer (Kyoto, Japan) was used for analysis of the SCFAs. 10 µL of 
sample were injected onto a Phenomenex Kinetex C18 column (50 x 2.1 mm, 1.7 µm) at 40 ºC. 
The mobile phase consisted of a gradient made from ultrapure water with 0.1% (v/v) formic 
acid and ACN with 0.1% (v/v) formic acid at a flow rate of 0.6 mL/min. The gradient started 
with 10% ACN to reach 20% ACN at 4 min, followed by a shift to 100% ACN reached at 4.1 
min, and was subsequently kept at 100% ACN until 7.5 min, returning to 10% ACN at 7.6 min 
and kept at these initial conditions up to 10 min. Under these conditions, acetate-3NPH and 
its ISTD acetate-13C-3NPH eluted at 1.3 min, propionate-3NPH and its ISTD propionate-13C-
3NPH eluted at 2.3 min and butyrate-3NPH and its ISTD butyrate-13C-3NPH at 3.9 min. The 
LCMS-8045 was equipped with an ESI source and used for MRM quantification in negative 
ion mode. The following MRM transitions from precursor to product per compound were 
selected for quantification: acetate-3NPH m/z 194.0 à 137.1 (CE=17.0 V), acetate-13C-
3NPH m/z 200.1 à 143.1 (CE=17.0 V), propionate-3NPH m/z 208.1 à 137.0 (CE=19.0 V), 
propionate-13C-3NPH m/z 214.1 à 143.1 (CE=19.0 V), butyrate-3NPH m/z 222.1 à 137.0 
(CE=19.0 V) and butyrate-13C-3NPH m/z 228.1 à 143.1 (CE=19.0 V). The ratio of peak area in 
the unknown sample was divided by the peak area of the corresponding ISTD was used for 
quantification using the constructed calibration curve with ISTD IS-SCFA mix. 
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DNA isolation, PCR amplification of the 16S rRNA gene and sequencing 
DNA from the fecal samples was isolated by applying a double bead-beating procedure 
in combination with the customized MaxWell® 16 Tissue LEV Total RNA Purification Kit 
(XAS1220; Promega Biotech AB, Stockholm, Sweden). DNA isolates were quantified and 
purity (OD 260/280 ratio) was assessed with a DeNovix DS-11 FX+ Spectrophotometer / 
Fluorometer (DeNovix Inc., Wilmington, USA) combined with the Qubit® dsDNA BR Assay Kit 
(Invitrogen, Carlsbad, USA). DNA isolates were further processed in triplicate PCR reactions 
to amplify the 16S ribosomal RNA (rRNA) V4 region of each sample combined with unique 
barcoded sequences to identify individual samples. PCR product formation was confirmed 
by gel electrophoresis and after pooling triplicate PCR products they were purified using the 
CleanPCR kit (CleanNA, Waddinxveen, the Netherlands). A detailed description can be found 
in the Supplementary materials. 200 ng of each purified barcoded sample was pooled in one 
library and subsequently sequenced (Illumina NovaSeq 6000, paired-end 150 bp; Eurofins 
Genomics Europe Sequencing GmbH, Konstanz, Germany). The 16S rRNA gene sequencing 
raw data has been deposited in the European Nucleotide Archive under accession number 
PRJEB39539.

Microbiota data analysis and processing 
Sequences of the 16S rRNA gene were analyzed using NG-Tax 2.0 pipeline235 with default 
settings, generating de novo exact match sequence clusters (ASVs; amplicon sequence 
variants). Taxonomy was assigned using the SILVA236 16S rRNA gene reference database 
release 132. Further data analysis was performed using R version 3.6.1. Using the Phyloseq 
package237 (version 1.30.0) the OTU table with the phylogenetic tree and the metadata 
were constructed. OTUs with a relative abundance >0.1% in one of the individual samples 
were included for further data analysis. Microbiome composition plots were created using 
the Microbiome package (version 1.8.0)238. Beta diversity (Bray-Curtis dissimilarities) was 
assessed with Phyloseq and its statistical significance with permutational multivariate 
analysis of variance (PERMANOVA) applying the Adonis function (999 permutations) of Vegan 
package239 version 2.5-6. Taxa present in one of the fecal samples with a relative abundance 
>1% were used for correlations and differential abundance testing. Spearman’s rank 
correlation of the relative abundance data per taxa were made, with use of the Microbiome 
package, with the Vmax and SCFA values obtained in the present study, and correlations ρ 
≥0.5 were included. Significant correlations after false discovery rate (FDR) correction for 
multiple testing were indicated (p-values were set to 0.1 or 0.05). The web-based tool Linear 
Discriminant Analysis (LDA) Effect Size (LEfSe)240 was used to identify differential abundance 
taxa based on the relative abundance between the two assigned groups (i.e. fructoselysine 
metabolizers and non-metabolizers) of the fecal samples. Statistically significant differentially 
abundant taxa (p-value was set to 0.05 or 0.01 for the Kruskal-Wallis test) with an effect size 
of the logarithmic LDA score > 2.0 were included. 

Data analysis of fructoselysine degradation and SCFA formation
The data for the degradation of fructoselysine with increasing fructoselysine substrate 
concentrations were fitted to the standard Michaelis-Menten equation: V= Vmax * [S]/(Km+[S]) 
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with [S] being the substrate concentration (μM), Vmax (µmol/h/g feces) being the apparent 
maximum velocity and Km (μM) being the apparent Michaelis-Menten constant. This was 
done using GraphPad Prism 5 Version 5.04 (2010) software (San Diego, CA, USA). The kcat 
was determined as Vmax/Km and describes the catalytic efficiency.

For comparison of SCFA and fructoselysine concentrations in these studies, statistics 
between the different treatment conditions were evaluated by multiple paired t-tests or 
one-way ANOVA tests followed by Tukey’s post-hoc test, where a criterion of a p-value lower 
than 0.05 was considered to be significant using Microsoft Excel 2016 or GraphPad Prism 5 
Version 5.04 (2010). Structural formulae were drawn using ChemDraw 18.0. 

3.3 Results

Fructoselysine degradation by the human gut microbiota using pooled fecal slurries 
Fructoselysine was degraded by the human gut microbiota in the pooled fecal slurry. After 
optimization of the incubation conditions with respect to time and the amount of fecal slurry 
(Figure 3.2), Michaelis-Menten kinetics Km, Vmax, and kcat (i.e. Vmax/Km) were determined for the 
pooled human fecal slurries. Optimized experimental conditions consisted of 5% fecal slurry 
with an incubation time of 60 minutes at which fructoselysine degradation was still linear 
in time and over fecal slurry concentrations (Figure 3.2). Figure 3.3 shows concentration-
dependent fructoselysine degradation by the pooled fecal slurries. From these data a Vmax of 
5.1 ± 0.6 µmol/h/g feces, a Km of 88.1 ± 28.7 μM and a kcat of 58.3 mL/h/g feces were derived 
(Table 3.1).

Interindividual differences in fructoselysine degradation by the human gut microbiota
Based on the results obtained for the pooled human fecal samples, kinetic parameters were 
determined for all 16 individual fecal slurries. Seven substrate concentrations ranging up to 
5 times the Km of the pool were used to measure the concentration-dependent degradation 
of fructoselysine and to derive the kinetic constants (Figure 3.4, Table 3.1). 
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Figure 3.2 Time-dependent fructoselysine (40 μM) 
degradation by increasing concentrations of pooled 
human fecal slurry. Data points show the average±SD 
from 3 repeated experiments.

Figure 3.3 Concentration-dependent degradation 
of fructoselysine following anaerobic incubation of 
fructoselysine in 5% pooled human fecal slurry over 60 
min. Data points show the average±SD from 3 repeated 
experiments.
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Fecal slurries from 5 out of the 16 individuals showed minimal to no activity towards 
fructoselysine degradation (i.e. individuals 1, 10, 13, 15, 16; hereafter referred to as non-
metabolizers), compared to 11 out of 16 individuals where fructoselysine degradation was 
observed (i.e. individuals 2, 3, 4, 5, 6, 7, 8, 9, 11, 12, 14; hereafter referred to as metabolizers). 
For the fecal slurries from these latter 11 individuals, interindividual differences in kinetics 
for fructoselysine degradation were observed, with up to 14.6-fold, 9.5-fold and 4.4-fold 
differences in the Vmax, Km and kcat (i.e. Vmax/Km) values, respectively. Low concentrations of 
baseline fructoselysine were present in fecal slurries (i.e. 1-10 µM); there was no correlation 
between these fructoselysine concentrations and the ability to degrade fructoselysine 
(Supplementary materials Figure S3.1). 
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Figure 3.4 Concentration-dependent degradation of fructoselysine following anaerobic incubations of 5% fecal 
slurries from 16 individuals (metabolizers: red; non-metabolizers: blue). Data points show the average ± SD from 
3 repeated experiments.
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Table 3.1 Kinetic parameters (Vmax, Km and kcat) of fructoselysine degradation by the human gut microbiota of pooled 
and individual human fecal slurries from 16 individuals studied in vitro. Data are the average from 3 repeated 
experiments. NA: no or minimal activity for fructoselysine degradation, of which the kinetic parameters could not 
be assessed.

Fecal slurry Vmax 
(µmol/h/g feces)

Km  
(μM)

kcat 
(mL/h/g feces)

Pool 5.1 ± 0.6 88.1 ± 28.7 58.3
Individual 1 NA NA NA
Individual 2 6.7 94.1 71.5
Individual 3 7.8 97.0 80.3
Individual 4 11.0 131.0 84.1
Individual 5 2.7 20.5 132.7
Individual 6 4.1 89.6 46.1
Individual 7 6.4 51.4 124.7
Individual 8 2.2 13.7 163.7
Individual 9 0.8 20.1 37.5
Individual 10 NA NA NA
Individual 11 7.0 48.5 144.1
Individual 12 2.0 53.3 37.9
Individual 13 NA NA NA
Individual 14 3.9 49.0 80.5
Individual 15 NA NA NA
Individual 16 NA NA NA

SCFA formation upon fructoselysine conversion by the human gut microbiota 
Given that fructoselysine degradation has been described to result in SCFA formation, 
and predominantly butyrate40, the changes in the levels of the SCFAs acetate, propionate 
and butyrate upon incubation of fecal slurries from the 16 individuals with fructoselysine 
were quantified. To this end, the incubations were first optimized with pooled fecal 
slurries for time dependent SCFA formation in incubations with and without fructoselysine 
(Supplementary materials Figure S3.2). Results obtained revealed that all three SCFAs 
increased in concentration over time, both in fructoselysine exposed and non-exposed fecal 
incubations. Compared to the corresponding control incubations with pooled fecal slurries 
without added fructoselysine, incubations with fructoselysine addition showed the largest 
increase in butyrate formation (1.49-fold) after 6 hours incubation (Supplementary materials 
Figure S3.2), and this incubation time was therefore selected for further experiments 
with the individual fecal slurries to quantify SCFA formation. Because SCFA formation 
was not assessed for linearity over time (Supplementary materials Figure S3.2) their 
formation is expressed per 6 hours of incubation. To allow comparison of SCFA formation 
between individuals, individual fecal slurries were incubated with a high concentration of 
fructoselysine (600 µM) to assure saturation of its degradation for all individuals (based on 
Figure 3.4), and the concentrations of butyrate, acetate and propionate were determined. 
Concentrations increased in the individual fecal control incubations without fructoselysine 
exposure (except for acetate where 5 individuals did not show an increase) during 6 hours of 
incubation, and addition of fructoselysine led to a significant additional increase of butyrate 
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and acetate (Figure 3.5). Interindividual differences were observed in the concentrations 
of butyrate, acetate and propionate determined after 6 hours of incubation in both the 
samples without and with added fructoselysine (Supplementary materials Figure S3.3). 
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Figure 3.5 Concentrations of butyrate, acetate and propionate in 5% fecal slurries of 16 human individuals at t=0 
and after 6 hours of incubation with fructoselysine (600 µM) or without (solvent control). Each symbol represents 
the data of one individual sample, averaged from 3 repeated experiments (metabolizers: red; non-metabolizers: 
blue). ANOVA was performed followed by Tukey’s post-hoc test: * p < 0.05; ** p < 0.01; *** p < 0.001.

In all but one sample of the metabolizers (i.e. number 12) there was a significant 
fructoselysine-dependent increase in butyrate concentrations during 6 hours of incubation. 
In 8 out of the 11 metabolizers there was as significant fructoselysine-dependent increase 
in acetate concentrations, and only in one of them for propionate. Only in one of the 5 
non-metabolizers there was a significant fructoselysine-dependent increase in SCFA 
concentrations (i.e. acetate; number 15) for 6 hours incubation. 

Butyrate concentrations for the 11 metabolizers increased on average with 40.4 ± 17.5 μM 
after exposure to fructoselysine compared to 20.0 ± 8.5 μM in the solvent control during the 
6 hours of incubation. For the non-metabolizers, during the 6 hours of incubation butyrate 
concentrations increased with 6.0 ± 2.6 μM after exposure to fructoselysine compared to 
2.2 ± 0.7 μM in the solvent control (Supplementary materials Table S3.1). 

Comparison of fructoselysine degradation and SCFA formation
To combine the results of individual fructoselysine degradation data with the formation of 
SCFAs, obtained Vmax values for fructoselysine degradation were correlated to the changes 
in SCFA concentrations observed upon incubation with fructoselysine corrected for the 
level of formation in the corresponding non-exposed incubations. The fructoselysine-
dependent increases in SCFA concentrations were transformed to a comparable unit as used 
for fructoselysine degradation (µmol formed/6 h/g feces). Linear regression revealed that 
fructoselysine degradation is predominantly associated with butyrate formation (R2 = 0.762; 
Figure 3.6), and to a lesser extent with acetate (R2 = 0.236) and propionate formation (R2 
= 0.006). Based on the slope of these correlations it can be inferred that on average per 
1 mole of fructoselysine degraded per hour about 0.24 mole of butyrate is present in the 
incubation sample after 6 hours of incubation.
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Figure 3.6 Correlation of the Vmax for fructoselysine degradation (µmol degraded/h/g feces) and fructoselysine 
dependent SCFA formation corrected for the level of formation in the corresponding incubations performed 
without added fructoselysine determined at t=6h (µmol formed/6h/g feces), experimentally obtained using fecal 
slurries from 16 human individuals. For samples for which no fructoselysine degradation was observed, the Vmax for 
fructoselysine degradation was set at 0.

Taxonomic profiling of the human fecal samples and its association with fructoselysine 
degradation and SCFA formation
To assess if the observed interindividual differences in fructoselysine degradation and SCFA 
formation are associated with bacterial composition, fecal samples were characterized using 
16S rRNA gene sequencing. This analysis revealed that the individual fecal samples differed in 
the relative abundance of the top 10 taxa present at phylum and family level (Supplementary 
materials Figure S3.4). To compare the bacterial composition of metabolizers with non-
metabolizers, Bray-Curtis β-diversity was assessed and showed differences in bacterial 
composition between samples (Figure 3.7). As shown in Figure 3.7, metabolizers and non-
metabolizers did not form two clear, separate clusters. However, PERMANOVA analysis of the 
centroids of the two groups revealed a significant difference between metabolizers and non-
metabolizers (p-value <0.01), suggesting that differences in bacterial composition between 
the two groups do exist, which was investigated further by differential abundance testing. 
This was performed by applying LEfSe. Taxa that differed significantly between metabolizers 
and non-metabolizers with an effect size of the logarithmic LDA score >2.0 were identified. 
This revealed 15 genera of 9 families that differed significantly (p-value <0.05) between the 
two groups (Figure 3.8). Three genera (Ruminococcus_1, Christensenellaceae_R7_group, 
Ruminococcaceae_UCG_002) and one family (Christensenellaceae) had a p-value below 0.01. 
These were all present in a relative abundance of on average 1-1.8% in the metabolizers and 
0-0.1% in the non-metabolizers. These ratios and quantified average relative abundances 
for metabolizers and non-metabolizers were found to be comparable for the identified taxa 
Alistipes, Lachnospiraceae ND3007 group, Akkermansia and Rikenellaceae. The significantly 
different family Ruminococcaceae was highly abundant with an average relative abundance 
of 24% in the metabolizers and 14% in the non-metabolizers. The significantly different 
family Veilonellaceae had an average relative abundance of 2.5% in the metabolizers 
versus 6% in the non-metabolizers. The significantly different phylum Proteobacteria was 
present with an average relative abundance of 1.2% in the metabolizers versus 2% in the 
non-metabolizers, while other phyla (e.g. Firmicutes, Bacteroidetes) were not significantly 
different between the two groups.
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Figure 3.7 Beta diversity PCoA plot of Bray-Curtis 
dissimilarities of the 16 human fecal samples, divided 
in metabolizers (red circles) and non-metabolizers 
(blue triangles) based on experimentally obtained 
Vmax values of fructoselysine degradation.

Figure 3.8 LEfSe results of the significant different taxa 
found by comparing the metabolizers (red) with the 
non-metabolizers (green), ranked to their effect size. 
Nomenclature is based on the highest achievable taxonomic 
resolution level. The log10 LDA score threshold was set to 
2.0 and the alpha value was set to 0.05. The taxa which 
remained significantly different by lowering the alpha value 
to 0.01 are marked (*). 

To identify possible relations between the relative abundance of taxa and the experimentally 
obtained Vmax of fructoselysine degradation or the fructoselysine-dependent SCFA 
production, Spearman’s rank correlation was performed. In Figure 3.9 taxa correlating with 
one or more of the parameters with ρ ≥ 0.5 are shown. Taxa which were also identified by 
LEfSe analysis were labelled grey. Several taxa were found to have a correlation with one or 
more parameters. For example, the relative abundance of the genus Ruminococcus_1 was 
correlated to Vmax with ρ=0.81 and butyrate formation with ρ=0.80. The correlation was 
weaker with acetate formation (ρ=0.57) and not observed for propionate (ρ=0.19) formation. 
In addition, Lachnospiraceae NK4A136_group, [Eubacterium] eligens group, [Eubacterium] 
coprostanoligenes group, Barnesiella, Ruminococcaceae UCG-002 and Christenellaceae R-7 
group were found to have a correlation with both the Vmax for fructoselysine degradation (ρ 
= 0.67 to 0.75), and butyrate formation (ρ = 0.57 to 0.79), but only a slight or no correlation 
with acetate formation (ρ = 0.15 to 0.51) and propionate formation (ρ = -0.22 to 0.20). This 
observation of a higher correlation with butyrate than with acetate or propionate formation 
is in line with the observed correlations between fructoselysine degradation (Vmax values) 
and SCFA production shown in Figure 3.6, which revealed butyrate as the predominant SCFA 
formed upon fructoselysine degradation.
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Interindividual differences in SCFA levels in human fecal samples
Quantified initial concentrations of SCFAs in the fecal samples, scaled up from measurements 
in the diluted fecal slurries (Supplementary materials Figure S3.5), differed remarkably 
between individuals. It was assessed if the initial SCFA concentrations are predictive for 
the fructoselysine-dependent or -independent SCFA formation in incubations. Correlations 
of the initial SCFA concentrations with the produced SCFA concentrations revealed that 
initial SCFA concentrations are not associated with (R2 <0.15) and thus not predictive for 
fructoselysine-dependent or fructoselysine-independent SCFA formation in the fecal slurry 
incubations (Supplementary materials Figure S3.6). 
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Figure 3.9 Taxa correlating with the metadata (Vmax, butyrate, acetate or propionate) of each individual 
(Spearman’s rank correlation). Taxa with ρ ≥ 0.5 for one or more parameters (Vmax, butyrate, acetate or propionate) 
are shown. Statistically significant correlations after FDR correction are marked (* if p-values < 0. 1; ** if p-value < 
0.05). The intensity of the color corresponds to the correlation coefficient. Taxa also identified by LEfSe analysis are 
indicated with a grey box.
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3.4 Discussion 

In this study, human gut microbial degradation of fructoselysine and accompanying 
formation of SCFAs were quantified in vitro using anaerobic fecal incubations, which enabled 
the characterization of interindividual differences in this metabolic process. In line with 
previous observations, fructoselysine degradation by human fecal slurries was observed223. 
Optimization of the incubation conditions to define linear conditions in time and with the 
amount of fecal slurry enabled definition of the kinetic parameters of this degradation, both 
of the pooled and individual human fecal slurries. Substantial differences in fructoselysine 
degradation were observed between individuals, and non-metabolizers and metabolizers of 
fructoselysine could be identified. Vmax and Km values for fructoselysine degradation varied 
up to 14.6-fold and 9.5-fold, respectively, in the group of metabolizers. Fecal samples from 
5 of the 16 individuals (i.e. 31.3%; the non-metabolizers) appeared to be unable to degrade 
fructoselysine. In the current study, there was no association between the amount of 
fructoselysine already present in feces and the ability to metabolize fructoselysine, perhaps 
because this first characteristic is obviously also dependent on actual fructoselysine intake, 
which was not assessed in this study.

For the first time, we quantified Michaelis-Menten kinetics and interindividual differences 
of fructoselysine degradation by the human gut microbiota, using human fecal slurries. The 
results can be compared to data reported by Bui et al. (2015) on interindividual differences 
in the presence of microbiota derived genes considered relevant for this degradation40. 
It was reported that only ±10% of the human intestinal microbial metagenomes of 65 
subjects analyzed in the Human Microbiome Project67 are equipped with genes from I. 
butyriciproducens AF211 shown to be involved in fructoselysine degradation40. The fact 
that the percentage of individuals in the present study able to degrade fructoselysine was 
substantially higher than 1-2 out of 16 indicates that also other genes, metabolic pathways, 
and/or microorganisms are likely to be involved in the degradation. Sofar, few other 
bacterial strains (i.e. B. subtilis and E. coli) next to I. butyriciproducens AF211 were shown 
to (partially) degrade fructoselysine39,159. However, in this study, application of 16S rRNA 
amplicon sequencing did not identify any of these three taxa in the human fecal samples, 
which might be due to e.g. absence of the taxa, presence in low abundance in the fecal 
samples, which has been reported before for E. coli in healthy populations241,242, or primer 
choice. In general, the results of the present study provide further support for the hypothesis 
that additional, yet unidentified bacterial strains present in the human gut are also 
capable or involved in fructoselysine degradation. Several taxa were found to be positively 
correlated with both the Vmax of fructoselysine degradation and fructoselysine-dependent 
produced butyrate formation, where Ruminococcus_1 showed a strong correlation (ρ ≥ 
0.8) with both parameters and might be a relevant microbe for these studied reactions, 
as it was also assigned as a biomarker for the metabolizers in the LEfSe analysis. Species 
belonging to the genus Ruminococcus_1 have been reported to ferment carbohydrates 
and fibers, and produce acetate and other substrates for butyrate producing species243,244. 
Other taxa for which their abundance was identified to correlate with individuals’ Vmax and 
butyrate formation data (Lachnospiraceae NK4A136 group, [Eubacterium] eligens group, 
Barnesiella, Christenellaceae R7 group, Coprococcus_2, Alistipes) have also been associated 
with SCFA production and/or carbohydrate fermentation245–248. Overall, the correlation 
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data and LEfSe analysis suggest that fructoselysine degradation seems to be performed by 
multiple microorganisms which would imply facilitation by a larger, coherent diversity. This 
is probably also a result from cross-feeding, with involvement of a large part of the microbial 
community, including low-abundant taxa249. 

Based on the correlation of SCFA formation with fructoselysine degradation, of the 
three SCFAs measured, butyrate appeared to be the preferred product of fructoselysine 
degradation. While propionate formation showed no correlation with fructoselysine 
degradation, acetate formation was weakly correlated with its degradation. Despite the 
low correlation of fructoselysine degradation with acetate formation, acetate showed 
the highest increase of the three SCFAs upon incubation with fructoselysine compared to 
incubations without added fructoselysine. This might be due to the fact that acetate itself 
is an important substrate for microbial cross-feeding, and can be formed and utilized by 
several other metabolic pathways occurring simultaneously in the incubations249,250. After the 
6 hours of incubation, in the metabolizers on average 0.24 moles of butyrate were formed 
per mole of fructoselysine degraded per hour, based on the individuals’ Vmax values. This 
is less than the 3 moles of butyrate which have been reported to be potentially produced 
from 1 mole of fructoselysine by I. butyriciproducens AF21140. These differences may be 
explained by the fact that this reported 3:1 ratio was observed for single strain incubations 
and a long incubation time (i.e. 7 days), compared to the fecal slurries and relatively short 
incubation times used in the present study. In the incubations with fecal slurries, a more 
diverse bacterial composition may have facilitated different metabolic pathways and 
swift further catabolism of SCFAs formed67. The observed alterations in SCFA levels after 
fructoselysine exposure in the present study are in agreement with reports of higher SCFA 
levels in rat feces after exposure to fructoselysine and similar compounds251. It is of interest 
to note that there was also SCFA formation in the anaerobic fecal slurry incubations without 
added fructoselysine, indicating that either constituents of the fecal samples themselves or 
the glycerol present in the storage buffer252 provided carbon sources to support this SCFA 
production by the microbiota. 

Given the potential hazardous aspects of fructoselysine, the most abundant Amadori 
product in food223, and the generally perceived beneficial effects of butyrate for human 
host health, the degradation of fructoselysine by the human gut bacteria is proposed to 
be a detoxification pathway, with, as shown in the present study, significant interindividual 
differences. While dietary fructoselysine appears to potentially form a hazard to human 
health, being a key intermediate in AGE formation (i.e. carboxymethyllysine) and reported 
to contribute to formation of reactive α-dicarbonyls in vivo, more insight in the adverse 
properties of fructoselysine and AGEs present in food, and the consequences of exposure 
for human health is needed. The present results will facilitate the definition of internal 
exposure concentrations and understanding interindividual differences therein. 

The optimized in vitro method defined in this study can be used for quantification and 
assessment of interindividual differences in the metabolic capacity of the human gut 
microbiota. The model provides a way to quantify individual kinetic parameters relevant to 
absorption, distribution, metabolism and excretion (ADME) properties and can be applied 
to other (foodborne) chemicals or pharmaceuticals. The resulting data can be integrated 
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in physiologically based kinetic (PBK) models used to extrapolate in vitro data to in vivo 
predictions, after scaling of the fecal incubations to the entire microbial content of the gut. 
There is increasing awareness for the role of the intestinal microbiome in human safety and 
risk assessments, and a need to develop suitable models that can be incorporated in new 
generation toxicity testing and risk assessment moving towards the use of human-based in 
vitro models as alternatives to animal experimentation13. While longer, continuous culturing 
techniques might be required to study the effects of foodborne chemicals on the intestinal 
microbiome, the described methodology is an effective and efficient way to characterize the 
contribution of the gut microbiome to chemical toxicokinetics. In addition, interindividual 
differences can be quantified as shown in the present study, which indicated substantial 
interindividual differences in fructoselysine degradation and accompanying SCFA formation. 
This highlights the large interindividual differences present in the metabolic capacity of the 
human gut microbiota which can affect ADME properties and therewith health effects of 
(foodborne) chemicals in humans. 
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3.5 Supplementary materials

Supplemental Methods 
Detailed description of methods: DNA isolation, PCR amplification of the 16S rRNA gene 
and sequencing 
DNA from the fecal samples was isolated by transferring fecal samples to sterile bead-beating 
tubes containing 0.25 g zirconia beads (0.1mm) and three glass beads (2.5 mm), with 300 
µL STAR buffer. The tubes containing the fecal samples were applied to bead-beating for 
three cycles of 1 minute, 5 m/s and incubated for 15 min on a heated shaker (95 ˚C, 900 
rpm). After centrifugation (15 min at 4 ˚C, 15 000 rpm) the supernatant was transferred to 
sterilized Eppendorf tubes, and 200 µL STAR buffer was added to the remaining pellets and 
were applied to the bead-beating procedure. Afterwards, supernatants originating from one 
fecal sample were combined and 250 µL was applied to the customized MaxWell® 16 Tissue 
LEV Total RNA Purification Kit (XAS1220; Promega Biotech AB, Stockholm, Sweden). Purified 
DNA was eluted in 50 µL nuclease free water and the quantity and purity (OD 260/280 
ratio) was assessed with DeNovix DS-11 FX+ Spectrophotometer/Fluorometer (DeNovix Inc., 
Wilmington, USA) and the Qubit® dsDNA BR Assay Kit (Invitrogen, Carlsbad, USA). Template 
DNA was diluted to 20 ng/µL and subjected to triplicate PCR reactions to amplify the 16S 
ribosomal RNA (rRNA) V4 region for each sample with a total volume of 35 µL per reaction. 
0.7 µL Of V4 primers (515-F GTGYCAGCMGCCGCGGTAA, 806-R GGACTACNVGGGTWTCTAAT; 
10 µM each) were, together with a unique barcoded primer to allow for parallel sequencing 
of different samples, mixed with 7 µL 5x Phusion Green HF buffer, 0.7 µL dNTPs mixture, 0.35 
µL Phusion Hot start II DNA polymerase (2U/µl, ThermoScientific, the Netherlands) and 25.5 
µL nuclease free water to form the master mix. Applied PCR cycling conditions consisted 
of a 30 second denaturation step at 98 ˚C, followed by 25 cycles of 10 seconds at 98 ˚C, 
10 seconds at 50 ˚C and 10 seconds at 72 ˚C. The PCR reaction finished with an extension 
step of 7 min at 72 ˚C. PCR product formation was confirmed by gel electrophoresis (1% 
agarose gel). Triplicate PCR products per sample were pooled and subsequently purified 
using the CleanPCR kit (CleanNA, Waddinxveen, the Netherlands). After quantification with 
the Qubit® dsDNA BR Assay Kit, 200 ng of each purified barcoded sample was pooled in one 
library and subsequently sequenced (Illumina NovaSeq 6000, paired-end 150 bp; Eurofins 
Genomics Europe Sequencing GmbH, Konstanz, Germany). 
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Supplemental Tables
Table S3.1 Increases in SCFA concentration (μM) determined after 6h of incubation with and without 600 μM 
fructoselysine, compared to the initial concentration of the respective SCFAs present at time 0. Negative values 
indicate a decrease in concentration. Data shown are averages ± SEM from 3 repeated experiments. Variation 
within one group (i.e. metabolizers and non-metabolizers) is indicated with averages ± SD. 

Butyrate (μM) Propionate (μM) Acetate (μM)

Sample 
number

Solvent 
control

Fructose-
lysine 

(600 μM)

Solvent 
control

Fructose-
lysine 

(600 μM)

Solvent 
control

Fructose-
lysine 

(600 μM)
1 2.1 ± 1.2 9.5 ± 3.9 4.4 ± 1.1 6.2 ± 1.2 -4.7 ± 5.8 29 ± 13.1

2 24.7 ± 4.8 49 ± 5.7 25.9 ± 2.3 24.8 ± 1.0 41.3 ± 15.8 83.4 ± 13.7

3 28.9 ± 2.5 45 ± 4.4 16 ± 3.5 16.6 ± 3.0 23.1 ± 12.3 73.6 ± 18.5

4 25.7 ± 10.2 59.5 ± 8.4 11.9 ± 2.8 13.9 ± 2.1 15.2 ± 20.2 50.4 ± 13.9

5 23.2 ± 3.9 33.8 ± 5.1 12.4 ± 3.0 12.8 ± 2.7 10.6 ± 15.3 43.7 ± 19.3

6 18.3 ± 4.4 34.5 ± 2.0 12.5 ± 4.2 11.9 ± 5.3 22 ± 20.4 50 ± 27.5

7 34.4 ± 7.4 69.6 ± 8.0 19.2 ± 3.7 17.6 ± 2.6 25.8 ± 24.7 74.6 ± 19.4

8 10.8 ± 2.8 23.1 ± 1.8 11.8 ± 4.2 11.2 ± 3.2 22 ± 22.2 55.2 ± 20.6

9 6 ± 1.7 10.1 ± 2.1 24.9 ± 2.3 30.3 ± 2.8 1.2 ± 12.9 38.9 ± 18.7

10 1.6 ± 0.4 2.8 ± 1.1 8 ± 3.1 5.6 ± 3.4 -1.1 ± 18.7 10.8 ± 19.5

11 19.3 ± 6.4 52.2 ± 10.4 17.5 ± 2.4 26.1 ± 2.6 17.6 ± 14.6 86.6 ± 21.4

12 10.8 ± 2.0 22.9 ± 6.5 19.3 ± 3.1 22 ± 2.8 28.4 ± 19.6 71.5 ± 22.3

13 1.4 ± 0.7 6.6 ± 2.2 15.3 ± 5.2 19.1 ± 6.8 -5.1 ± 12.0 28.2 ± 25.3

14 18 ± 3.8 45.1 ± 5.8 10.6 ± 0.7 21.8 ± 3.8 -16.2 ± 6.2 60.3 ± 25.2

15 3.1 ± 0.9 7.9 ± 3.1 17.9 ± 5.0 19.6 ± 4.0 -1.9 ± 24.0 26.9 ± 22.1

16 2.8 ± 1.4 3.1 ± 1.7 26.6 ± 5.2 25.4 ± 6.4 25.4 ± 19.0 48.7 ± 25.0

All 
individuals 
(n=16)

Average 14.4 29.7 15.9 17.8 12.7 52.0

SD 10.7 21.2 6.1 7.0 15.2 21.4

Metabolizers 
(n=11)

Average 20.0 40.4 16.5 19.0 17.4 62.6

SD 8.5 17.5 5.0 6.4 10.2 16.2

Non-
metabolizers 
(n=5)

Average 2.2 6.0 14.4 15.2 2.5 28.7

SD 0.7 2.6 7.8 7.9 11.5 12.0
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Supplemental Figures
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Figure S3.1 Fructoselysine concentrations (µM) quantified in 16 individual human fecal slurries grouped for 
non-metabolizers (n=5) and metabolizers (n=11), based on their experimentally assessed ability to degrade 
fructoselysine. Each data point represents one individual. 
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Figure S3.2 SCFA levels in pooled human fecal slurries after exposure to fructoselysine, glucose and lysine or the 
solvent control over time. For statistical analysis ANOVA was performed followed by Tukey’s post-hoc test: * p <0.05;  
** p < 0.01; *** p <0.001.
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Figure S3.3 SCFA concentrations in fecal slurries at t=0 and at t=6h. Data points represent the average ± SD of 3 
repeated experiments. Multiple paired t-tests were performed at 6h incubation of fructoselysine exposure (600 
μM) compared to the solvent control: * p < 0.05; ** p < 0.01.
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Figure S3.4 Bacterial composition plots showing the relative abundance of the top 10 taxa present both at Phylum 
(upper plot) or Family (lower plot) level. The individual fecal samples assessed are divided into “metabolizers” and 
“non-metabolizers”, referring to their capability to degrade fructoselysine in this study in vitro. 
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Figure S3.5 Initial concentrations (t=0) of the SCFAs acetate, propionate, and butyrate in the 16 human fecal 
samples, scaled up from measurements in the incubation samples.
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Abstract

The advanced glycation end product (AGE) carboxymethyllysine and its precursor 
fructoselysine contaminate heated, processed food products and are considered hazardous 
for human health. Upon dietary exposure, they can be degraded by human colonic gut 
microbiota, reducing internal exposure. Pronounced interindividual and intraindividual 
differences in these metabolic degradations were found in anaerobic incubations with 
human fecal slurries in vitro. The average capacity to degrade fructoselysine was 27.7-
fold higher than that for carboxymethyllysine, and degradation capacities for these two 
compounds were not correlated (R2=0.08). Analysis of the bacterial composition revealed 
that interindividual differences outweighed intraindividual differences, and multiple genera 
were correlated with the individuals’ carboxymethyllysine and fructoselysine degradation 
capacities (e.g. Akkermansia, Alistipes). 

The results of the present study show that the capacity for intestinal microbial degradation 
of these two compounds can be substantial, likely reducing internal exposure levels and thus 
the potential hazards related to dietary exposure of carboxymethyllysine and fructoselysine. 

Key words: advanced glycation end product, 16S rRNA analysis, interindividual differences, 
intraindividual differences, human gut microbiota, new approach methodologies, temporal 
variability

List of abbreviations: ACN acetonitrile; AGE advanced glycation end product; ASVs amplicon 
sequence variants; CE collision energy; CV coefficient of variation; ENA European Nucleotide 
Archive; FDR false discovery rate; LC-MS/MS liquid-chromatography mass-spectrometry; 
MRM multiple reaction monitoring; qPCR quantitative polymerase chain reaction; rRNA 
ribosomal RNA; SCFA short chain fatty acid; ST sampling time 
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4.1 Introduction 

Glycation products are formed during heating and processing of food products, are 
abundantly present in the Western diet12,230 and include advanced glycation end products 
(AGEs) and their precursors such as Amadori products. They are formed by non-enzymatic 
glycation reactions between amino acids and reducing sugars (i.e. the Maillard reaction104) 
and can be present in food in both their protein-bound as well as in their free form12,230. 
One of the most abundant AGEs in the Western diet is carboxymethyllysine, which can be 
formed via rearrangement of the Amadori product fructoselysine or via reactions of reactive 
dicarbonyls (i.e. glyoxal and 3-deoxyglucosone) with the amino acid lysine9,44. Besides the 
presence of AGEs in the diet, they are also formed endogenously in the human body12,230. 
Dietary exposure to AGEs is reported to contribute to AGE levels in plasma22,151,253,254 and 
tissues29,133,151. In addition, exposure to dietary AGEs has been associated with increased 
markers of negative health effects such as inflammation and endothelial dysfunction23. 
However, the actual contribution of dietary AGEs towards adverse health effects remains 
debated. In addition, alterations in gut bacterial profiles are reported to be induced by 
exposure to heat-treated diets which are high in AGEs51,151,208–210,212,255. The gut microbiota 
can also affect AGEs by metabolism thereof. It has been shown that human gut bacteria in 
fecal slurries can degrade AGEs and their precursors in vitro161,223,256, with single bacterial 
strains reportedly able to metabolize specific AGEs such as carboxymethyllysine,47,48 and 
its precursor fructoselysine38,40. Because of the potential hazardous effects of AGEs on 
human health, gut microbial metabolism could serve as a potential detoxification pathway. 
Furthermore it has been shown that substantial interindividual differences in human 
bacterial degradation of fructoselysine exist161, and also interindividual differences in 
carboxymethyllysine degradation have been reported in a number of individuals48,256. 

The human gut microbiota is a complex and dynamic ecosystem with large interindividual 
differences in composition. The microbiota composition is mainly shaped by environmental 
factors (e.g. diet and lifestyle)62, and it can change over time and, among others, following 
xenobiotic exposure, which can have consequences for its functioning67. While the most 
fundamental metabolic functions of the microbiota are considered to be temporally stable 
and conserved among individuals despite differences in composition67, in a previous study 
we reported large interindividual differences in the kinetics of gut microbial degradation 
of fructoselysine161. Given the dynamic nature of the microbiota257, and being reactive to 
a plethora of host and environmental factors it is of interest to also assess the temporal 
variability of gut microbial degradation activities. Therefore, in the present study we aim to 
quantify interindividual as well as intraindividual differences of gut microbial degradation 
of fructoselysine and carboxymethyllysine. To this end, in vitro anaerobic incubations with 
fecal samples collected from multiple individuals at different sampling times spread over 3 to 
16 weeks were performed with both fructoselysine and carboxymethyllysine as substrates. 
Total bacterial cell load in these samples was quantified and microbial composition was 
characterized by 16S rRNA amplicon sequencing and correlated with the respective 
degradation capacities. 
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4.2 Materials and Methods

Chemicals and reagents
Carboxymethyllysine (CAS: 5746-04-3) and fructoselysine (CAS: 21291-40-7) were purchased 
from Carbosynth Limited (Berkshire, UK). D4-labelled carboxymethyllysine was purchased 
from Buchem BV (Apeldoorn, the Netherlands). Glycerol (CAS: 56-81-5) was purchased 
from Sigma-Aldrich (Steinheim, Germany). Formic acid (99-100%, analytical grade, CAS: 64-
18-6) was purchased from Merck (Darmstadt, Germany). PBS was purchased from Gibco 
(Paisley, UK). Acetonitrile (ACN; UPLC/MS grade; CAS: 75-05-8) was obtained from BioSolve 
BV (Valkenswaard, the Netherlands). 

Collection of human fecal samples
Fresh fecal samples were collected from 20 human volunteers (11 females, 9 males), aged 
between 19 and 64 years, at sampling time one (ST1). Of these individuals, 13 donated a 
sample again on two later occasions (8 females, 5 males, aged between 24 and 65 years old; 
with ≥3 weeks in-between over a total maximum period for all 3 donations of 16 weeks; 
corresponding to ST2 and ST3; see Supplementary Materials Table S4.1 for the sampling 
times of each individual). Fecal samples were immediately processed after donation as 
described before161 and stored at -80 ̊C after a 4x dilution (w/v) in anaerobic storage buffer 
consisting of 10% glycerol in PBS until further use. All participants granted informed consent 
before participation in this study. The study design was assessed by the Medical Ethical 
Committee of Wageningen University and judged to not fall under the Dutch ‘Medical 
Research Involving Human Subjects Act’.  

Anaerobic incubations of fecal slurries with carboxymethyllysine and fructoselysine
Anaerobic incubations with human fecal slurries and fructoselysine or carboxymethyllysine 
were performed as previously described161. In short, pooled or individual human fecal 
slurries were mixed with anaerobic PBS and carboxymethyllysine or fructoselysine. 50 µL 
of this mixture were divided over Eppendorf tubes and incubated at 37°C for the required 
duration, after which reactions were stopped by addition of 50 µL ice-cold ACN, and stored 
on ice for >15 min. All handlings were performed inside an anerobic chamber (85% N2, 10% 
CO2 and 5% H2)(Bactron EZ anaerobic chamber). Samples were centrifuged at 15,000 x g for 
15 min at 4 °C, and resulting supernatants were used for subsequent analysis by LC-MS/MS.   

Optimization of experimental conditions for the incubations of human fecal slurries and 
fructoselysine was previously described161, resulting in anaerobic incubations of one hour 
with 5% individual fecal slurry in PBS (i.e. 0.0125 g/mL) with a final, saturating concentration 
of 125 µM fructoselysine. For carboxymethyllysine degradation, experimental conditions 
were optimized with pooled human fecal samples containing equal amounts of 20 
individual human fecal samples collected at ST1. With this pooled fecal slurry, experimental 
conditions were optimized to achieve linear degradation of carboxymethyllysine over 
increasing percentage of fecal slurry and over time (Supplementary Materials Figure S4.1A). 
Subsequent anaerobic incubations of individual fecal samples were performed with 20% 
individual human fecal slurries in PBS (i.e. 0.05 g/mL) for 3 hours with a final, saturated 
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substrate concentration of 80 µM carboxymethyllysine (Supplementary Materials Figure 
S4.1B). All experiments were performed in at least technical duplicates and were repeated 
three times.  

Quantification of fructoselysine and carboxymethyllysine by LC-MS/MS
80 µL supernatants of the anaerobic fecal slurry incubations were transferred into LC-MS/MS 
vials. In addition, for carboxymethyllysine, 10 µL of 120 µM aqueous D4-carboxymethyllysine 
was added as internal standard. Fructoselysine and carboxymethyllysine concentrations 
were quantified using a Shimadzu Nexera XR LC-20AD SR UPLC system coupled to a 
Shimadzu LCMS-8040 triple quadrupole MS (Kyoto, Japan). The LCMS-8040 coupled with 
an ESI source was used for MS/MS identification. Positive ionization for multiple reaction 
monitoring (MRM) mode was used. For fructoselysine, 2 µL of supernatant were injected 
onto a Phenomenex Polar-RP Synergi column (30 x 2 mm, 2.5 µm), at which fructoselysine 
eluted at 5.6 min and was quantified using the precursor to product transition m/z 309.2 > 
84.2 (collision energy (CE) = -31 V), which was the most intense fragment ion, as previously 
described161. For carboxymethyllysine, 1 µL of supernatant was injected onto a Waters 
Acquity BEH Amide column (2.1 x 100 mm, 1.7µm) at 40 °C. The mobile phase consisted of a 
gradient made from solvent A (i.e. ultrapure water with 0.1% formic acid (v/v)) and solvent B 
(i.e. ACN with 0.1% formic acid (v/v)). The gradient started with 75% B, to reach 12.5% B at 5 
min and was subsequently kept at 12.5% B until 11 min, followed by a shift to reach 95% B at 
12 min, which was kept stable until 17 min before returning to the initial start conditions at 
18 min keeping these conditions up to 24 min. The initial flow of 0.3 mL/min was decreased 
to 0.15 mL/min from 5 to 5.5 min, and remained 0.15 mL/min up to 11 min before returning 
to the initial flow of 0.3 mL/min at 17 min. Under these conditions, carboxymethyllysine 
and D4-carboxymethyllysine eluted at 4.6 min. Carboxymethyllysine was quantified using 
the precursor to product transition m/z 204.9 > 84.2 (CE = -21 V). MRM transitions m/z 
204.9 > 130.2 (CE = -12 V) and m/z 204.9 > 56.1 (CE = -39 V) were used as reference ions. 
D4-carboxymethyllysine was quantified using the MRM transition m/z 208.9 > 88.1 (CE = 
-21 V), while MRM transitions m/z 208.9 > 134.2 (CE = -12 V) and m/z 208.9 > 56.1 (CE = -42 
V) were used as reference ions. External calibration curves were prepared in the same way 
as described for the unknown samples for quantification of concentrations present in the 
samples. Peak areas were integrated using LabSolutions software (Shimadzu). The amount 
of degraded fructoselysine or carboxymethyllysine during incubation was calculated and 
expressed in µmol degraded/g feces/hour and µmol degraded/1x1012 bacterial cells/hour.

Bacterial taxonomic profiling by 16S rRNA gene amplicon sequencing 
DNA was isolated from the fecal slurries using a bead-beating procedure in combination 
with the customized MaxWell® 16 Tissue LEV Total RNA Purification Kit (XAS1220; Promega 
Biotech AB, Stockholm, Sweden). DNA isolates underwent triplicate PCR reactions of the 16S 
ribosomal RNA (rRNA) gene V4 region (515-F; 806-R) with a library approach as described 
before151,161. PCR products were purified, pooled and sequenced (Illumina NovaSeq 6000, 
paired-end, 70 bp; Eurofins Genomics Europe Sequencing GmbH, Konstanz, Germany). 

Total bacterial load by qPCR 
To quantify the total bacterial load in each individual fecal slurry, quantitative PCR (qPCR) 
was performed based on a previously described method258. Triplicate qPCR reactions 



76	 CHAPTER 4

consisted of 1 µL DNA isolate (1 ng/µL) and 9 µL reaction mixture (composed of 62.5% 
iQ SYBR Green Supermix, 2.5% forward primer (10 µM), 2.5% reverse primer (10 µM) and 
32.5% nuclease free water. The following set of primers for total bacterial 16S rRNA genes 
were used: 1369-F (5’-CGG TGA ATA CGT TCY CGG-3’) and 1492-R (5’-GGW TAC CTT GTT ACG 
ACT T-3’). A purified DNA isolate of Escherichia coli was used to create a standard curve to 
facilitate quantification. The amplification program started at 95 °C for 10 min, followed 
by 40 cycles of denaturing at 95 °C for 15 sec, annealing at 60 °C for 30 sec and elongation 
at 72°C for 15 sec. The program ended with a melt curve from 60 °C to 95 °C. A CFX-384 
Touch Real-Time PCR detection system (Bio-Rad, California, USA) was used. Data analysis 
was performed with the CFX manager (Bio-Rad). Quantified copy numbers of total 16S rRNA 
genes/g fecal sample were divided by the average 16S rRNA genes per bacterium (i.e. 4.2259) 
and thus transformed to total bacterial load/g fecal sample.

Data analysis
Sequences of the 16S rRNA gene were analyzed using NG-Tax 2.0 pipeline with default 
settings235, generating de novo exact match sequence clusters (ASVs; amplicon sequence 
variants). The SILVA 16S rRNA gene reference database236 release 132 was used to assign 
taxonomy. R (version 4.0.2) was used for further data analysis, using the Phyloseq package237 
(version 1.34.0) to combine the ASV table with the phylogenetic tree and metadata. A relative 
abundance cut-off of 0.1% of a taxa in one of the individual samples was used to include 
ASVs for further analyses, unless mentioned otherwise. When desired, relative abundance 
data were transformed into absolute abundance data by multiplying the relative abundance 
of a taxa within one sample with the corresponding total bacterial load/g fecal sample, 
as quantified by qPCR. The Microbiome package238 (version 1.12.0) was used to create 
composition plots of the top taxa present in the samples, sorted with hierarchical clustering 
based on Bray-Curtis beta diversity dissimilarities using the average linkage approach using 
all taxa present in the samples. Belonging dendrograms were created with the packages 
Phyloseq237, Stats and Ape260 (version 5.4.1). Spearman’s rank correlations of fructoselysine 
and carboxymethyllysine degradation with microbial taxa which were present at a relative 
abundance of >1% in one of the samples and glomerated at genus level were made. P values 
were adjusted for multiple testing with the Benjamini & Hochberg false discovery rate using 
the Microbiome package238.

Quantified amounts of degraded fructoselysine and carboxymethyllysine of three repeated 
experiments were averaged and standard deviations were calculated using GraphPad Prism 
5.0. Individual amounts of degraded fructoselysine and carboxymethyllysine were corrected 
for the applied weight of feces used in the incubations and/or the total bacterial cell load 
per gram feces and expressed per hour. For the latter, the percentage of total substrate 
degraded was quantified using the total substrate added relative to the average total 
bacterial cell load set as 100%. Outliers were identified using IBM SPSS Statistics version 25 
using a multiplier of 3.0. Statistically significant differences in the amount of fructoselysine 
or carboxymethyllysine degraded per sampling time were assessed with an ANOVA test 
combined with a Tukey’s multiple comparison post-hoc test. Unless otherwise stated, results 
were found to be statistically significant when P-values were <0.05. 
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4.3 Results

Interindividual and intraindividual differences in gut microbial carboxymethyllysine 
degradation profiles in vitro
Interindividual differences in carboxymethyllysine degradation were investigated for all 
collected individual fecal samples, i.e. 20 individual fecal samples donated at a first sampling 
time (i.e. ST1) and fecal samples donated by 13 of these 20 individuals at two other sampling 
times (i.e. ST2 and ST3). Anaerobic incubations were performed with individual human 
fecal slurries based on optimized experimental conditions (i.e. with final concentrations of 
0.05 g feces/mL and 80 µM of carboxymethyllysine; see Supplementary Materials Figure 
S4.1). The amount of carboxymethyllysine degraded per hour was expressed relative 
to the total bacterial load in the samples as quantified by qPCR, which were in line with 
literature261 (for bacterial load of samples see Supplementary Materials Figure S4.2; for 
carboxymethyllysine degradation per g feces see Supplementary Materials Figure S4.3). For 
individual 1, ST1 was assessed as being an outlier and thus excluded from further analyses. 
Overall, the degradation capacities of the individual fecal slurries tested ranged from no or 
minimal carboxymethyllysine degradation to a maximum of 0.83 µmol carboxymethyllysine 
degradation/1x1012 bacterial cells/h (Individual 5, ST2), the latter resulting in 65% of the 
added substrate being degraded under the experimental conditions applied. Average 
carboxymethyllysine degradation for the different sampling times for the 13 individuals that 
donated 3 times were not significantly different and were in the same range, i.e. 0.09 (ST1), 
0.3 (ST2) and 0.15 (ST3) µmol carboxymethyllysine degradation/1x1012 bacterial cells/h 
(Figure 4.1), resulting in 7%, 24% and 12% of the added substrate being degraded under the 
experimental conditions applied, respectively. 

Figure 4.1 Amount of carboxymethyllysine degraded after anaerobic incubation of individual human fecal 
samples (0.05 g/ml final concentration) with 80 µM carboxymethyllysine, expressed per hour. ST1, ST2 and ST3 
indicate different sampling times, and the number in brackets refers to the number of individuals who donated 
at these different sampling times. For ST1 this is a total of 20 individuals, whereof 13 individuals donated at two 
additional sampling times, which are separately visualized in the second column ST1(13). Scatter dots indicate 
average values of three independent experiments for each individual fecal sample. Center bars and whiskers 
indicate mean values with the standard deviation. Open symbols refer to an identified outlier. N.s. refers to not 
statistically significant. 
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Intraindividual variability in carboxymethyllysine degradation capacities were further 
quantified for the 13 individuals who donated at ST1, ST2 and ST3, as shown in Figure 
4.2. The capacity to degrade carboxymethyllysine differed within most individuals over 
time. As such, several individuals were not always able to degrade carboxymethyllysine 
(i.e. Individuals 2, 4, 7, 10, 11, 12) while other individuals mainly showed differences 
in the amount being degraded (i.e. Individuals 1, 3, 5, 6, 8, 9, 13). The largest absolute 
difference of carboxymethyllysine being degraded was for individual 5 with a difference of 
0.68 µmol/1x1012 bacterial cells/h between sampling time ST1 and ST2, corresponding to a 
difference of 54% of the added substrate being degraded under the experimental conditions 
applied. Almost no difference of carboxymethyllysine degradation between different 
sampling times was detected for individual 4 between sampling times ST2 and ST3 (with a 
negligible difference of 0.002 µmol/1x1012 bacterial cells/h).  

When expressing the degradation per gram feces instead of bacterial load (see Supplementary 
Materials Figure S4.3), inter- and intraindividual differences ranged from no to minimal 
carboxymethyllysine degradation to a maximum of 0.48 µmol carboxymethyllysine/g 
feces/h being degraded, the latter resulting in 91% of the added substrate being degraded 
under the experimental conditions applied. Comparing the amount of bacterial cells/g 
feces with the amount of degraded carboxymethyllysine/g feces/h confirms that there is 
no correlation between the absolute number of bacteria in the samples and the ability to 
degrade carboxymethyllysine (R2=0.059; see Supplementary Materials Figure S4.4A). 
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Figure 4.2 Intraindividual differences in degradation of carboxymethyllysine upon anaerobic incubations with 
individual human fecal slurries (final concentration of 0.05 g/mL), shown for 13 individual donors sampled at three 
sampling times (i.e. ST1, ST2 and ST3). The data represent the average ± SD of three repeated experiments. * Refers 
to Ind 1 ST1 which was assessed as an outlier.
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Interindividual differences and intraindividual differences in fructoselysine human gut 
microbial degradation profiles in vitro
To allow comparison of carboxymethyllysine degradation to degradation of its precursor 
fructoselysine, interindividual and intraindividual differences in fructoselysine degradation 
were quantified using previously optimized experimental conditions161 at a saturated 
substrate concentration of fructoselysine (i.e. with final concentrations of 0.0125 g feces/
mL and 125 µM of fructoselysine) using the same individual human fecal samples as for 
carboxymethyllysine. The amount of fructoselysine degraded per hour was expressed 
relative to the total bacterial load in the samples as quantified by qPCR (for bacterial load 
of samples see Supplementary Materials Figure S4.2; for fructoselysine degradation per 
g feces see Supplementary Materials Figure S4.5). The value from Individual 1, ST1 was 
assessed as an outlier and therefore excluded from further analyses. Overall, interindividual 
differences in the degradation capacity of the individual fecal slurries tested ranged from 
no or only minimal degradation to 19.63 µmol fructoselysine degradation/1x1012 bacterial 
cells/h (Individual 10, ST3), the latter resulting in 82.5% of the added substrate being 
degraded under the experimental conditions applied. Average fructoselysine degradation 
for the different sampling times for the 13 individuals that donated 3 times were not 
statistically significantly different and were in the same range, i.e. 4.8 (ST1), 5.3 (ST2) and 
4.4 (ST3) µmol/1x1012 bacterial cells/h (Figure 4.3), resulting in 20%, 22% and 18% of the 
added substrate being degraded under the experimental conditions applied, respectively. 

Intraindividual variability in fructoselysine degradation capacities were further quantified 
within the 13 individuals who donated at ST1, ST2 and ST3, as shown in Figure 4.4. The 
capacity to degrade fructoselysine differed within most individuals over time; all samples 
from Individual 7 degraded no or only very little fructoselysine, and two individuals 
showed a relatively stable capacity to degrade fructoselysine for all three sampling times 
(i.e. Individuals 4 and 5). The largest absolute difference of fructoselysine being degraded 
was within individual 10 with a difference of 17.5 µmol/1x1012 bacterial cells/h between 
sampling times ST2 and ST3, corresponding to a difference of 74% of the added substrate 
being degraded under the experimental conditions applied. Almost no absolute difference 
in degraded fructoselysine between different sampling times was detected for individual 
12 between sampling times ST1 and ST2 (with a difference of 0.01 µmol/1x1012 bacterial 
cells/h). 



80	 CHAPTER 4

Figure 4.3 Amount of fructoselysine degraded after anaerobic incubation of individual human fecal samples (0.0125 
g/mL final concentration) with 125 µM fructoselysine per hour. ST1, ST2 and ST3 indicate different sampling times, 
and the number in brackets refers to the number of individuals who donated at these different sampling times. 
For ST1 this is a total of 20 individuals, whereof 13 individuals donated at two additional sampling times, which 
are separately visualized in the second column ST1(13). Scatter dots indicate average values of three independent 
experiments. Center bars and whiskers indicate mean values with the standard deviation. Open symbols refer to an 
identified outlier. N.s. refers to not statistically significant.  
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Figure 4.4 Intraindividual differences in degradation of fructoselysine upon anaerobic incubations with individual 
human fecal slurries (final concentration of 0.0125 g/mL), shown for 13 individual donors sampled at three 
sampling times (i.e. ST1, ST2 and ST3). The data represent the average ± SD of three repeated experiments * Refers 
to Ind 1 ST1 which was identified to be an outlier.
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When expressing fructoselysine degradation per gram feces instead of bacterial load (see 
Supplementary Materials Figure S4.5), inter- and intraindividual differences ranged from 
no to minimal fructoselysine degradation to a maximum of 5.4 µmol fructoselysine/g 
feces/h being degraded, resulting in 54% of the added substrate being degraded under the 
experimental conditions applied. Comparing the amount of bacterial cells/g feces with the 
amount of degraded fructoselysine/g feces/h confirms that there is no correlation between 
the absolute number of bacteria in the samples and the ability to degrade fructoselysine 
(R2=0.002; see Supplementary Materials Figure S4.4B). 

Comparison of carboxymethyllysine and fructoselysine degradation
Figure 4.5 presents a linear regression analysis of the amount of fructoselysine and 
carboxymethyllysine degraded/1x1012 bacterial cells/h. This reveals that there is no correlation 
between the capability to microbially degrade fructoselysine and carboxymethyllysine for 
all individual collected fecal samples (R2=0.084 for degradation/1x1012 bacterial cells/h, see 
Figure 4.5; for degradation/g feces/h R2=0.253, see Supplementary Materials Figure S4.6). 
Overall, fructoselysine was degraded faster than carboxymethyllysine (i.e. on average 27.7-
fold faster when expressed relative to the bacterial load; 23.4-fold faster when expressed per 
gram feces). Regarding intraindividual differences, fructoselysine and carboxymethyllysine 
showed comparable relative variability amongst all sampled individuals (CV = 85% for 
fructoselysine; CV = 112% for carboxymethyllysine; n=45). 
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Figure 4.5 Linear regression between the amount of fructoselysine and carboxymethyllysine degraded during 
anaerobic incubations with individual human fecal slurries. A total of 45 individual donated fecal samples were 
included consisting of 19 individuals (sample ST1) whereof 13 individuals donated at two additional sampling times 
(i.e. ST2 and ST3). Blue circles refer to ST1; green circles to ST2; red circles to ST3. Individual 1, ST1 was excluded 
from the analysis as it was assessed as an outlier.  

Assuming a total transit time in the colon of 24 hours262 and a total fecal mass of 128 grams 
per 24 hours263 the experimentally obtained in vitro average degradation capacities of all 
individuals can be extrapolated to the in vivo situation. This analysis can reveal whether the 
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estimated daily intake (EDI) of carboxymethyllysine and fructoselysine, amounting to 0.3 
mg/kg bw/day for carboxymethyllysine and 7.1-14.3 mg/kg bw/day for fructoselysine223, 
can be completely degraded in the colon (see Supplementary Materials Table S4.2). For 
carboxymethyllysine 18 of the 46 tested fecal samples had degradation capacities too low 
to completely degrade the estimated daily intake, and 11 of the 20 donors who donated a 
fecal sample (once or more) had degradation capacities too low to completely degrade the 
EDI at one or more sampling times. For fructoselysine, depending on the level of intake, 8-20 
of the 46 tested fecal samples had degradation capacities too low to completely degrade 
the EDI. 4-10 Of the 20 donors who donated a fecal sample (once or more) had degradation 
capacities too low to completely degrade the EDI at one or more sampling times (see 
Supplementary Materials Table S4.2). 

Interindividual and intraindividual differences in human gut microbial composition 
Bacterial taxonomic profiling by 16S rRNA amplicon sequencing revealed interindividual 
and intraindividual differences in bacterial composition of the collected fecal samples. Bray-
Curtis beta diversity dissimilarities (Supplementary Materials Figure S4.7) show a variance 
of 19.7% on the first PCoA axis and a variance of 12.9% on the second PCoA axis. This is in 
line with literature264, indicating that the variation observed in the cohort of this study is 
representative.  Composition plots of the absolute abundance of the main taxa at phylum and 
family level (Figure 4.6) and genus level (Supplementary Materials Figure S4.8) combined 
with hierarchical clustering of Bray-Curtis beta diversity dissimilarities of the full dataset 
indicate, with some exceptions, that most individuals clustered together over their three 
sampling times. This indicates that interindividual differences in overall microbial composition 
of the collected samples seem to be larger than intraindividual differences, as reported in 
literature261,265,266. Firmicutes appeared to be the highest abundant phylum present in most 
samples followed by Bacteroidetes. The families Lachnospiraceae, Ruminococcaceae and for 
some individuals Prevotellaceae, Bacteroidaceae or Bifidobacteriaceae accounted for the 
largest abundance of the microbial taxa present in the collected samples. Supplementary 
Materials Figure S4.9 shows relative abundance data at phylum, family and genus level. 

Associations of bacterial taxa with carboxymethyllysine and fructoselysine degradation 
profiles 
To explore potential relationships between specific bacterial genera and carboxymethyllysine 
or fructoselysine degradation, a Spearman’s rank correlation analysis was performed with 
genera present with a relative abundance >1% in one of the individual fecal samples. Based 
on absolute bacterial abundances as quantified via total bacterial cell load, multiple genera 
showed a statistically significant correlation to carboxymethyllysine and/or fructoselysine 
degradation expressed per gram feces/h (Figure 4.7). The following genera showed a 
positive correlation with fructoselysine degradation, ordered by increasing adjusted 
P-value: Akkermansia (ρ = 0.49; P-value = 0.029), Megasphaera (ρ = 0.43; P-value = 0.085), 
Eubacterium_ruminantium_group (ρ = 0.42; P-value = 0.085) and Bifidobacterium (ρ = 0.41; 
P-value = 0.088). Fructoselysine degradation correlated negatively to Sutterella (ρ = 0.52; 
P-value = 0.028). Carboxymethyllysine degradation was positively correlated with Alistipes 
(ρ = 0.49; P-value = 0.028) and Akkermansia (ρ = 0.47; P-value = 0.031). Detailed correlation 
plots of all statistically significant correlations are provided in the Supplementary Materials 
Figure S4.10, while all genera correlated were additionally visualized in a heatmap in 
Supplementary Materials Figure S4.11.
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Figure 4.7 Spearman’s rank correlation analysis of bacterial genera with the amount of degraded fructoselysine 
and carboxymethyllysine per gram feces per hour. Bacterial genera present with a relative abundance >1% in one 
of the individual fecal samples were included and were transformed into absolute abundance (using quantified 
total bacterial cell load by qPCR). Only taxa with one or more statistically significant correlation after correction for 
multiple testing (FDR) were included in this heatmap, and indicated as follows: ** P-value < 0.05; * P-value <0.1. 

4.4 Discussion

In this study we report interindividual and intraindividual differences in gut microbial 
degradation of the AGE carboxymethyllysine and its precursor fructoselysine (Figure 4.9). 
We show that fructoselysine is more readily degraded than carboxymethyllysine, and there 
appears to be no correlation between the degradation of the two.

Upon application of in vitro anaerobic incubations with individual human fecal slurries, 
pronounced interindividual differences in this microbial degradation capacity were found 
for both fructoselysine and carboxymethyllysine, ranging from no degradation at all to 
almost complete degradation of the substrates, added at saturating concentrations, under 
the employed experimental conditions. Interindividual differences in these microbial 
degradation capacities have been previously reported in literature as well, although for a 
lower number of individuals, of which the experimentally obtained microbial degradation 
capacities were largely in line with our results161,223. The substantial intraindividual 
differences for fructoselysine and carboxymethyllysine quantified in this study are, to the 
best of our knowledge, the first reported. Thus, this information on temporal variability 
within these degradation capacities, elucidated by analysis of fecal samples collected at 
different sampling times (3-16 weeks in between), could not be compared to studies in 
literature. 

Interindividual differences and the (in)ability to microbially degrade fructoselysine has been 
discussed previously40, where the gene code yhfQ, coding for fructoselysine kinase involved 
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in bacterial degradation of fructoselysine40, was identified and shown to be present in the 
fecal metagenomes of only some individuals (~10%)40,67. Via this pathway, fructoselysine 
can be phosphorylated into fructoselysine-6-phosphate40 which can be further metabolized 
by microbes and in some cases yield short chain fatty acids (SCFAs) from it40. However, the 
interindividual differences in the presence of this gene (yhfQ) only partially explain the 
quantified interindividual differences in fructoselysine degradation in the present study 
(since 95% of the tested fecal samples degraded the added fructoselysine at least to some 
extent). Another gene code coding for fructoselysine kinase has been identified as well (i.e. 
frlD39,159), which is involved in microbial degradation of fructoselysine as well. Little has been 
reported about microbial degradation pathways of carboxymethyllysine. It is hypothesized 
that degradation pathways  involve decarboxylase, oxidase or 5-aminopentanamidase267. 
However, this remains to be further investigated and confirmed.

Despite fructoselysine being a precursor for carboxymethyllysine, there was no correlation in 
the ability to microbially degrade the two substrates. Also, fructoselysine was degraded more 
efficiently than carboxymethyllysine as has been reported before223, which, taken together, 
emphasizes that different metabolic pathways possibly present in different microbes are 
involved. In addition to this, the more efficient fructoselysine degradation might also be 
partly explained by a generally higher dietary exposure to fructoselysine (intake ± 7.1-14.3 
mg/kg bw/day) compared to carboxymethyllysine (intake ± 0.3 mg/kg bw/day)223 and a 
potentially resulting microbial adaptation. This exposure-induced metabolic capacity is also 
proposed in a study where a small set of fecal metagenomes of breast fed and formula fed 
infants was analyzed for the presence of enzymes known to be involved in fructoselysine 
metabolism268. Infants who consumed more formula, which, unlike breast milk, contains 
high levels of fructoselysine, had a higher expression of those degrading enzymes in their 
feces269, indicating that pathways involved in fructoselysine metabolism can be induced by 
exposure. The observed intraindividual differences in this study imply that possibly also 
in adults fructoselysine degradation activities might be driven by exposure. However, this 
remains to be further investigated, for example upon controlled dietary changes.

The observed inter- and intraindividual differences in degradation activities of the substrates 
are possibly partly due to differences in the abundances of specific bacterial species. A 
potential role was identified for the genera Akkermansia, Megasphaera, Bifidobacterium 
and Eubacterium_ruminantum_group in fructoselysine degradation, while for 
carboxymethyllysine degradation the genera Alistipes and Akkermansia might be involved 
based on our experimental results. In literature, multiple bacteria have been reported to 
be involved in fructoselysine degradation (i.e. Intestinimonas butyriciproducens, Bacillus 
subtilis, Escherichia coli39,40,159) and carboxymethyllysine degradation (i.e. Escherichia coli, 
Oscillibacter, Cloacibacillus evryenis47,267). The variety of bacteria identified in literature and 
the present study indicates that probably multiple bacteria in an ecosystem are responsible 
for the differences in microbial degradation activities instead of one specific bacteria.

Some metabolites formed upon bacterial carboxymethyllysine degradation have been 
identified (i.e. 5-(carboxymethylamino)pentanoic acid, 2-amino-6-(formylmethylamino)
hexanoic acid, carboxymethyl-cadaverine and N-carboxymethyl-Δ1-piperideinium ion)47,267, 
however this accounted for <10% of the concentrations of carboxymethyllysine actually being 
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degraded. This reveals that probably other, currently unknown metabolites are also formed 
upon carboxymethyllysine degradation. Possible SCFA formation has been hypothesized 
however in the present study we could not experimentally confirm this (data not shown), 
partly due to high SCFA background levels in the fecal slurries of our experimental set-
up. For fructoselysine, the SCFA butyrate has been shown to be an important metabolite 
formed by I. butyriciproducens40 and butyrate production also correlated with fructoselysine 
degradation by human fecal slurries161. Future studies on metabolite formation upon 
carboxymethyllysine and fructoselysine degradation are recommended to identify whether 
this degradation actually is a detoxification pathway, as metabolites formed might be 
systemically available and can mediate effects of the gut microbiota on host health270. 

Inter- and intraindividual differences in fructoselysine and carboxymethyllysine gut 
microbial degradation can potentially affect internal exposure levels, as not all individual 
tested fecal slurries were able to completely degrade the intake at the level of the EDI 
when extrapolating the in vitro obtained data to the in vivo situation. Quantification of 
interindividual differences in toxicokinetic data with the presented in vitro model might 
thus, depending on the research question, be a valuable contribution to human-based in 
vitro methodologies of modern toxicological risk assessment strategies, as it can add to 
host metabolism. Altogether the results of the present study show that the capacity for 
intestinal microbial degradation of these two compounds can be substantial, likely reducing 
internal exposure levels and thus the potential hazards related to dietary exposure of 
carboxymethyllysine and fructoselysine. 

Figure 4.9 Chemical structures of fructoselysine and carboxymethyllysine presented in their free form. 
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4.5 Supplementary Materials

Supplemental Tables

Table S4.1 Fecal collection sampling times per individual. Fecal samples were collected at three sampling times 
(i.e. ST1, ST2 and ST3) of which ST1 is referred to as the first sampling time and indicated as week 0. The Δt shows 
the number of weeks the sample was donated compared to ST1. 

Individual ST2 (Δt compared to ST1 in weeks) ST3 (Δt compared to ST1 in weeks)
1 9 12
2 3 6
3 3 16
4 3 6
5 6 9
6 6 9
7 3 6
8 3 6
9 6 9
10 3 6
11 3 9
12 3 9
13 3 6



88	 CHAPTER 4

Ta
bl

e 
S4

.2
 C

al
cu

la
tio

n 
of

 sc
al

in
g 

th
e 

in
 v

itr
o 

de
te

rm
in

ed
 d

eg
ra

da
tio

n 
pa

ra
m

et
er

s t
o 

th
e 

in
 v

iv
o 

sit
ua

tio
n

Da
ily

 
in

ta
ke

 
(m

g/
kg

 
bw

) 

Da
ily

 in
ta

ke
 

(µ
m

ol
)a

In
 v

itr
o 

de
gr

ad
ati

on
 

ca
pa

ci
tie

s p
er

 
ho

ur
b,

c  

In
 v

itr
o 

de
gr

ad
ati

on
 

ca
pa

ci
tie

s p
er

 2
4 

ho
ur

sb,
d  

In
 v

iv
o 

de
gr

ad
ati

on
 

ca
pa

ci
ty

 (µ
m

ol
)e

%
 O

f t
ra

ns
it 

tim
e 

fo
r c

om
pl

et
e 

de
gr

ad
ati

on
 o

f 
th

e 
da

ily
 in

ta
ke

N
um

be
r o

f 
in

co
m

pl
et

e 
de

gr
ad

ati
on

s o
ut

 
of

 4
6 

in
di

vi
du

al
sh

N
um

be
r o

f 
in

co
m

pl
et

e 
de

gr
ad

ati
on

s o
ut

 
of

 2
0 

in
di

vi
du

al
si

Fr
uc

to
se

 ly
sin

ef
7.

1-
14

.3
16

12
.1

-3
24

6.
8

1.
64

39
.4

4
50

48
.1

3
31

.9
-6

4.
3

8-
20

4-
10

Ca
rb

ox
ym

et
hy

lly
sin

eg
0.

3
10

2.
8

0.
07

1.
69

21
6.

01
47

.6
18

11
a  A

ss
um

in
g 

an
 a

ve
ra

ge
 b

od
y 

w
ei

gh
t f

or
 a

du
lts

 o
f 7

0 
kg

27
1 .

b  E
xp

re
ss

ed
 a

s µ
m

ol
/g

 fe
ce

s/
h.

c  D
eg

ra
da

tio
n 

ca
pa

ci
tie

s w
er

e 
ex

pe
rim

en
ta

lly
 o

bt
ai

ne
d 

in
 th

e 
pr

es
en

t s
tu

dy
 a

nd
 re

pr
es

en
t t

he
 a

ve
ra

ge
 o

f a
ll 

te
st

ed
 fe

ca
l s

am
pl

es
 e

xc
lu

di
ng

 th
e 

ou
tli

er
 In

di
vi

du
al

 1
 S

T1
.

d  T
ra

ns
fo

rm
ed

 to
 to

ta
l t

ra
ns

it 
tim

e 
in

 th
e 

co
lo

n 
w

hi
ch

 e
qu

al
s 2

4 
ho

ur
s26

2 .
e 
A 

to
ta

l f
ec

al
 m

as
s o

f 1
28

 g
ra

m
s p

er
 2

4 
ho

ur
s w

as
 a

ss
um

ed
26

3 . 
f  M

ol
ec

ul
ar

 w
ei

gh
t i

s 3
08

.3
 g

/m
ol

.
g  M

ol
ec

ul
ar

 w
ei

gh
t i

s 2
04

.2
 g

/m
ol

. 
h N

um
be

r o
f i

nd
iv

id
ua

l c
ol

le
ct

ed
 fe

ca
l s

am
pl

es
 te

st
ed

 (n
=4

6)
 w

ith
 d

eg
ra

da
tio

n 
ac

tiv
iti

es
b  to

o 
lo

w
 to

 c
om

pl
et

el
y 

de
gr

ad
e 

th
e 

da
ily

 in
ta

ke
a

i N
um

be
r o

f i
nd

iv
id

ua
ls 

w
ho

 d
on

at
ed

 a
 fe

ca
l s

am
pl

e 
at

 le
as

t o
nc

e 
(n

=2
0)

 w
ith

 o
ne

 o
r m

or
e 

sa
m

pl
in

g 
tim

es
 (i

.e
. S

T1
, S

T2
 a

nd
/o

r S
T3

) w
ith

 d
eg

ra
da

tio
n 

ac
tiv

iti
es

b  to
o 

lo
w

 to
 

co
m

pl
et

el
y 

de
gr

ad
e 

th
e 

da
ily

 in
ta

ke
a



INTER- AND INTRAINDIVIDUAL DIFFERENCES IN MICROBIAL DEGRADATION ACTIVITIES� 89

4

Supplemental Figures
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Figure S4.1 Optimization of experimental conditions using pooled human fecal slurries. Linearity of 
carboxymethyllysine (CML) degradation over percentage of fecal concentration at 3 hours of anaerobic incubation 
with 40 µM CML (A) and selection of a saturated substrate concentration of CML (µM) at 3 hours incubation using 
20% pooled human fecal concentration. 
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Figure S4.2 Total bacterial cell load per gram fecal sample, as collected per individual (indicated by initial numbers 
on x-axis labels) at different sampling times (i.e. ST1, ST2 and ST3). Total bacterial cell load was determined by 
qPCR, and data represent the average ± SD of three technical replicates. 
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Figure S4.3 Amount of carboxymethyllysine degraded after anaerobic incubation of individual human fecal 
samples (0.05 g/ml final concentration) with 80 µM carboxymethyllysine, expressed per hour. ST1, ST2 and 
ST3 indicate different sampling times, ST1 includes 20 individual donated fecal samples, ST2 and ST3 each 13 
individually donated fecal samples. Scatter plots (A) show general spread in the populations with the center 
bars of the scatter dots indicating mean values while whiskers indicate the SD. Bar plot (B) shows intraindividual 
differences in carboxymethyllysine degradation of 13 individual donors sampled at the three sampling times. All 
data points represent average values of three independent experiments. 
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Figure S4.4 Amount of degraded carboxymethyllysine (A) and fructoselysine (B) per hour of anaerobic incubation 
per gram feces correlated to the total bacterial load per gram fecal sample of each individual tested. Data points 
of the degradation represent an average value of three independent experiments.
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Figure S4.5 Amount of fructoselysine degraded after anaerobic incubation of individual human fecal samples 
(0.0125 g/mL final concentration) with 125 µM fructoselysine per hour. ST1, ST2 and ST3 indicate different 
sampling times; ST1 includes 20 individual donated fecal samples, ST2 and ST3 each 13 individually donated 
fecal samples. Scatter plots (A) show general spread in the populations with the center bars of the scatter 
dots indicating mean values while whiskers indicate the SD. Bar plot (B) shows intraindividual differences in 
fructoselysine degradation of 13 individual donors sampled at the three sampling times. All data points represent 
average values of three independent experiments.  
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Figure S4.6 Linear regression between the amount of fructoselysine and carboxymethyllysine being degraded by 
anaerobic incubations with individual human fecal slurries, presented as µmol degraded/g feces per hour. A total 
of 46 samples were included consisting of 20 individuals (sampling time ST1) whereof 13 individuals donated 
additionally twice more a fecal sample (sampling times ST2 and ST3).
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Figure S4.7 PCoA plot of Bray-Curtis beta diversity dissimilarities of 20 individual (Ind) collected human fecal 
samples (i.e. ST1), of which 13 individuals donated at two additional sampling times (i.e. ST2, ST3). Each data 
point represents one fecal sample, labelled and colored with the individual number and the different symbols 
refer to the three sampling times. 

 
Figure S4.7 PCoA plot of Bray-

number and the different symbols refer to the three sampling times.  

 

 

Figure S4.8 

present in the individual fecal samples (y-

Curtis dissimilarities using the average linkage approach with all taxa included.  

Figure S4.8 Absolute abundance of microbial taxa, assessed with 16S rRNA sequencing and qPCR, present in the 
individual fecal samples (y-axis labels consist of subject number and sampling time). The top 10 taxa present at 
genus level are shown, sorted based on hierarchical clustering of Bray-Curtis dissimilarities using the average 
linkage approach with all taxa included. 
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Figure S4.10 Detailed correlation plots of the statistically significant correlated genera with carboxymethyllysine 
(red) and fructoselysine (blue) degradation. 
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Figure S4.11 Spearman’s rank correlation analysis of bacterial genera with the amount of degraded fructoselysine 
and carboxymethyllysine as quantified per gram feces used in the incubation system, expressed per hour. Bacterial 
genera present with a relative abundance >1% in one of the fecal samples were included and were transformed 
into absolute abundance (using quantified total bacterial cell load by qPCR). Statistically significant correlations 
after correction for multiple testing (FDR) were indicated as follows: ** p-value < 0.05; * p-value <0.1.
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Abstract

The Amadori product fructoselysine is formed upon heating of food products and present 
in high amounts in infant formula while being almost absent in breast milk. The human 
gut microbiota can degrade fructoselysine for which interindividual differences have been 
described for adults. The aim of this study is to compare functional differences in microbial 
fructoselysine degradation between breast-fed (BF) and formula-fed (FF) infants, in view of 
their different diets and resulting different fructoselysine exposures. 

First, a publicly available metagenomic dataset with metagenome assembled genomes 
(MAGs) from infant fecal samples was analyzed and showed that query genes involved in 
fructoselysine degradation (frlD/yhfQ) were abundantly present in multiple taxa in fecal 
samples from both BF and FF infants, with a higher prevalence in the FF infants compared 
to the BF infants. Next, fecal samples from exclusively BF and FF infants were collected 
and anaerobically incubated with fructoselysine. Both groups were able to degrade 
fructoselysine, however the fructoselysine degradation activity was significantly higher by 
fecal samples from FF infants compared to fecal samples from BF infants. No significant 
differences in microbiota composition between the two groups were found. 

All together the current study provides evidence that the infant gut microbiota of both BF 
and FF infants is able to degrade fructoselysine and that infant formula feeding, leading to 
increased dietary fructoselysine exposure, seems to result in an increased fructoselysine 
degradation activity in the gut microbiota of infants. This indicates that the infant gut 
microbiota adapts towards dietary fructoselysine exposure. 

Keywords: in vitro model; infant formula; infant gut microbiota; metagenome assembled 
genomes; blastp; AGEs; adaptation

List of abbreviations: AGE advanced glycation end product; ASV amplicon sequence variant; 
BF breast-fed; CCA canonical correspondence analysis; CE collision energy; EDI estimated 
daily intake; FF formula-fed; LEfSe linear discriminant analysis (LDA) effect size; LC liquid 
chromatography; MAGs metagenome assembled genomes; MRM multiple reaction 
monitoring; MS mass spectrometry; PBS phosphate-buffered saline.
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5.1 Introduction

During the heating of food products, glycation products can be formed. These include 
the Amadori product fructoselysine, a precursor for the advanced glycation end product 
(AGE) carboxymethyllysine, which is produced via the non-enzymatic Maillard reaction 
from glucose and lysine residues during heating14,272. Depending on the nature of the lysine 
residue, free, peptide-bound and/or protein-bound fructoselysine can be formed. During 
the production process of infant formula, extensive heating is applied to ensure microbial 
safety by which also high levels of fructoselysine are formed273–275. In human breast milk, in 
contrast, fructoselysine is (almost) absent with ~239-fold lower levels compared to infant 
formula87. The question has been raised whether the fructoselysine degradation activity 
of infant gut microbiota adapts to these different exposure levels of fructoselysine due to 
the type of nutrition. It is known, for example, that the gut microbiota of formula-fed (FF) 
infants is distinct from that of breast-fed (BF) infants both with respect to its composition as 
well as its metabolic capacity61,79,276,277. In line with these observations, the aim of this study 
was to explore the ability of the infant gut microbiota to adapt towards different diets (BF or 
FF) with respect to their different levels of dietary derived fructoselysine.

Upon ingestion, fructoselysine can reach the colon and interact with gut microbiota129,130, 
resulting in its degradation as shown by in vitro fermentations with human fecal slurries161,223 
and with single bacterial strains39,40,278. In adults interindividual differences in microbial 
fructoselysine degradation have been reported161. An identified key enzyme in bacterial 
fructoselysine degradation is fructoselysine 6-kinase (encoded by frlD/yhfQ) which catalyzes 
ATP-dependent phosphorylation of fructoselysine into fructoselysine 6-phosphate, which 
can subsequently be converted into lysine and glucose 6-phosphate (Figure 5.1)39,40,278. The 
genes coding for the kinase (frlD/yhfQ) were identified in multiple microbes (i.e. Bacillus 
subtilis, Escherichia coli, Intestinimonas butyriciproducens39,40,278) and seems to be essential 
for bacterial fructoselysine degradation279.

 In FF infants aged 3 months, fecal fructoselysine excretion was reported to be 15.7 µmol/g 
feces while being absent in similar-aged BF infants269. The latter can be explained due to 
the absence of fructoselysine in breast milk, while the reported levels of fructoselysine in 
the feces of FF infants indicate that not all dietary exposed fructoselysine was absorbed 
or degraded by the gut microbiota. The composition of breast milk differs from infant 
formula in several ways280, including differences in fructoselysine levels. The gut microbiota 
can adapt towards dietary exposure, and in this study, it was investigated whether the 
ability of the infant gut microbiota to degrade fructoselysine also adapts towards different 
dietary fructoselysine exposure levels as part of different diets. To this end, a comparison 
in metagenomic differences and similarities of fructoselysine degradation genes between 
BF and FF infants was made with a publicly available metagenomic dataset61,281. In addition, 
BF and FF infant fecal samples were collected and compared for bacterial composition and 
in vitro metabolic activity to degrade fructoselysine. Fructoselysine levels were quantified 
in the infant formula of the FF infants to explore if differences in the consequent dietary 
fructoselysine exposure correlated with individuals’ fructoselysine degradation activities. 
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Figure 5.1 Pathway of fructoselysine degradation with identified genes involved. frlD/yhfQ encodes for 
fructoselysine kinase while frlB/yhfN encodes for fructosamine-6-phosphate deglycase. 

5.2 Materials and Methods

Chemicals and reagents 
Fructoselysine was purchased from Carbosynth Limited (Berkshire, UK). Glycerol, acetone, 
leucine aminopeptidase, pepsin, prolidase, pronase E and Tris were purchased from Sigma-
Aldrich (Zwijndrecht, The Netherlands). n-Hexane was from VWR international (Amsterdam, 
The Netherlands). Formic acid (99-100%, analytical grade) was purchased from Merck 
(Darmstadt, Germany). Phosphate-buffered saline (PBS) was obtained from Gibco (Paisley, 
UK). Methanol and acetonitrile (ACN), both in UPLC/MS grade were purchased from BioSolve 
BV (Valkenswaard, The Netherlands). 

Metagenomic dataset analysis
Metagenome Assembled Genomes (MAGs)281 were filtered for the infant sequences of a 
publicly available dataset61. The latter include metagenomic data from infants that are a 
few days, four months and twelve months old from various feeding backgrounds and birth 
modes. The nucleotide sequences were translated into amino acid sequences also based 
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on protein-coding gene prediction, using ‘Prodigal’282 (version 2.6.3) in normal mode using 
default parameters. The MAGs were concatenated and transformed into a database with 
the use of the ‘makeblastdb’ command of the ‘blast’283 (version 2.11.0) module. ‘Blastp’ was 
performed for the sequences presented in Supplementary Materials Table S5.1 against the 
created MAGs database. The taxonomy of the MAGs was based on the GTDB database284. 
Hits were filtered for evalue < 1E-15, which resulted in no removal of hits. No other filtering 
was performed on the hits meaning that the hits are not necessarily functional proteins.

The aligned hits of ‘blastp’ were retrieved in fasta files using the ‘seqinr’ package in R 
(version 4.0.2). Sequences were parsed for unique sequences per sequence, query gene 
and species name to avoid repetition in results. Alignment of amino acid sequences was 
performed with the build-in MUSCLE tool of MEGA (version 7.0.26) with default parameters. 
Aligned sequences were trimmed to equal lengths to avoid false divergence due to unequal 
lengths. The phylogenetic trees were created with the iqtree module (version 1.6.12). The 
Maximum-Likelihood model was used with the LG matrix285 for 2 classes, empirical amino acid 
frequencies and FreeRates heterogeneity. The phylogenetic trees were further annotated 
with the iTOL software (version 6.3.2)286. Prevalence of the query genes per feeding mode at 
4 months were calculated by dividing the number of subjects per species, query and feeding 
mode by the total number of subjects per feeding mode multiplied by 100. Subjects with a 
feeding mode not assessed at 4 months were removed for this purpose.

Collection and processing of infant fecal samples 
Infant fecal samples were collected and stored individually and assigned a random number. 
Parents from the infants granted informed consent before participation in this study. The 
study design was assessed by the Medical Ethical Committee of Wageningen University 
and judged not to fall under the Dutch ‘Medical Research Involving Human Subjects Act’. 
Fecal samples were collected from infants aged between 1 and 6 months who were either 
exclusively BF or FF (prior to introduction of solid foods), who did not receive antibiotics 
(when applicable up to 3 months prior to donation) and were born via vaginal childbirth. 
Fecal samples were scooped from the diaper into a sterile 50 mL filter top tube, which was 
directly stored in a BD GasPakTM EZ Anaerobe gas generating pouch system with indicator 
(BD, Maryland, USA) and transferred to the fridge (± 4°C). In addition, for the FF infants 
a scoop of formula powder was collected. Within 24 hours, the fecal sample was further 
processed to fecal slurry under anaerobic conditions and stored at -80°C after a 4x dilution 
(w/v) in anaerobic storage buffer (10% (v/v) glycerol in PBS; 0.25 g feces/mL) as described 
before161.

In vitro anaerobic incubations with fecal slurries 

Anaerobic incubations with the collected fecal slurries –individual or pooled– with 
fructoselysine were performed as previously described161. In short, two pools were created, 
containing equal amounts of either all FF infant fecal slurries or either all BF infant fecal 
slurries. 5% (v/v) Fecal slurry (final concentration of 0.0125 g feces/mL) from both pools 
were incubated in PBS for 0, 0.5, 1, 1.5, 2, 3 and 4 hours with fructoselysine at 430 µM under 
anaerobic conditions. These experimental conditions were based on previous research 
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using adult human fecal slurries161 and taking into account background fructoselysine 
concentrations in the pooled fecal samples of the FF infants so that the final concentration 
of fructoselysine was similar for the incubations with FF and BF samples.

Based on the pooled and previous results161, 5% (v/v) of infant fecal slurry (final concentration 
of 0.0125 g feces/mL) was found appropriate to study interindividual differences with 
all individual fecal slurries. To this end, background fructoselysine concentrations were 
quantified in these individual fecal slurries by LC-MS/MS as was done for the pool. The fecal 
slurries were subsequently incubated with a final concentration of 430 µM fructoselysine for 
0, 2, 3 and 4 h. After the desired incubation time, reactions were terminated by addition of 
ice-cold ACN (1:1) and the samples were stored on ice for at least 15 min. All handlings were 
performed inside an anaerobic chamber (85% N2, 10% CO2 and 5% H2, Bactron EZ anaerobic 
chamber). Samples were centrifuged at 15,000 x g for 15 min at 4°C, and fructoselysine 
concentrations in the supernatants were analyzed by LC-MS/MS. All anaerobic incubations 
were performed in technical duplicates and were repeated at least three times. 

Sample preparation of collected infant formula samples
Both protein-bound and free fructoselysine were quantified in the collected infant formula 
samples based on the procedure of Hegele et al.8. 

Total fructoselysine levels were quantified upon digestion. After weighing 1 g of milk powder, 
10 mL of 0.02N HCl was added, and the milk suspension was weighed again. After mixing 
the suspension repeatedly for at least 15 minutes at room temperature, 50 µL of the milk 
suspension was transferred to an Eppendorf cup containing 950 µL 0.02N HCl. The remaining 
milk suspension was reserved for protein determination, using the PierceTM BCA Protein 
Assay kit (Thermo Fisher Scientific, Illinois, USA), according to manufacturer’s instructions. 

To the milk suspension 18 µL of pepsin was added (1 mg/mL in 0.02N HCl) and the sample 
was subsequently incubated for 1 h at 37°C. This was repeated, and followed by an addition 
of 250 µL 2M Tris (pH 8.2) and 15 µL pronase E (1 mg/mL in 2M Tris (pH 8.2)) after which the 
sample was incubated for 1 h at 37°C. Again, 15 µL pronase E solution was added followed by 
incubation for 1 h at 37°C. Subsequently, 20 µL leucine aminopeptidase (7 U/mL in H2O) and 
10 µL prolidase (105 U/mL in 2M Tris (pH 8.2)) were added and the sample was incubated for 
24 h at 37°C. In the final step 15 µL pronase E was added and the incubation was continued 
for another 1 h at 37°C. The samples were stored at -20°C until sample preparation for the 
LC-MS/MS. After thawing, the samples were centrifugated (15,000 x g for 30 min) and 500 
µL of the supernatant was further prepared for LC-MS/MS as described below. An additional 
aliquot of each sample was spiked with fructoselysine for peak identification in the LC-MS/
MS measurement.

Infant formula was prepared for free fructoselysine quantification as follows. In short, 1 gram 
of milk powder was weighed in a Greiner tube and 10 mL of nanopure H2O was added to the 
powder and the milk solution was weighed again. After mixing the suspension repeatedly 
during at least 15 minutes at room temperature, 1 mL of milk suspension was transferred to 
another 15 mL Greiner tube and weighed again. 10 mL of ice-cold acetone/MeOH (1:1, v/v) 
was added, after which the sample was vortexed and stored at -20°C for 1 h. After thawing, 
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the sample was centrifugated (2,000 x g, 5 min) and the supernatant was transferred to 
a glass tube. The supernatant was evaporated slowly under a flow of nitrogen gas while 
the tube was put in a heat block set at lukewarm. The dry remnant was resuspended in 
1.4 mL nanopure H2O followed by adding 1.4 mL n-hexane. After vortexing the mixture 
thoroughly, it was kept at room temperature for 1 h until the separation between the two 
phases was sharp and clear, upon which the hexane fraction was removed. Then 500 µL of 
the water fraction was aliquoted and stored at -20°C until sample preparation for LC-MS/
MS carried out as described hereafter. An additional aliquot of each sample was spiked with 
fructoselysine for peak identification in the LC-MS/MS measurement.

Prior to LC-MS/MS measurement, samples were filtered. To this end, Nanosep 3K Omega 
Filters of Pall Corporation (VWR international) were washed 5 times with nanopure H2O 
combined with a centrifugation step (12,000 x g, 2 min) before filtering the samples. 
Nanopure H2O was removed from the filter and the filter was transferred to a clean 
Eppendorf tube and loaded with 200 µL sample. After repeated centrifugation at 12,000 x g 
for 1 min at least 100 µL filtered sample was collected. The digestion filtrates were 25 times 
diluted in nanopure H2O and the free analyte filtrates were undiluted. All filtrates were 
subsequently analyzed by LC-MS/MS. Preparation and measurement of the infant formula 
samples was repeated three times. 

LC-MS/MS method and data processing to quantify fructoselysine in infant fecal slurries 
and infant formula samples
Fructoselysine concentrations were quantified using a Shimadzu Nexera XR LC-20AD SR 
UPLC system coupled to a Shimadzu LCMS-8040 triple quadrupole MS (Kyoto, Japan) for the 
anaerobic incubation samples, or coupled to a Shimadzu LCMS-8045 triple quadrupole MS 
(Kyoto, Japan) for the infant formula samples. The MS coupled to an ESI source was used for 
MS/MS identification, using positive ionization for multiple reaction monitoring (MRM), as 
previously described161. 1 µL of either a milk or fecal incubation sample was injected onto 
a Phenomenex Polar-RP Synergi column (30 x 2 mm, 2.5 µm) at 40°C. The mobile phase 
consisted of a gradient made from solvent A (i.e., ultrapure H2O with 0.1% formic acid 
(v/v)) and solvent B (i.e., ACN with 0.1% formic acid (v/v)) at a flow rate of 0.3 mL/min. The 
gradient started with 95% ACN for 2.5 min, to reach 0% ACN at 4 min, and was subsequently 
kept at 0% ACN until 6 min, followed by a shift to 100% ACN from 6 to 7.8 min returning to 
95% ACN at 8.1 min and kept at these initial conditions up to 14 min. Fructoselysine eluted 
at 5.6 min. The precursor to product transition m/z 309.2 > 84.2 (collision energy (CE) = -31 
V) was used for quantification, while the transitions m/z 309.2 > 291.1 (CE = − 11 V), m/z 
309.2 > 273.1 (CE = − 15 V) and m/z 309.2 > 225.2 (CE = − 17 V) were used as reference 
ions. Calibration curves of pure fructoselysine were used for quantification of fructoselysine 
present in the samples. Peak areas were integrated using LabSolutions software (Shimadzu). 

The amount of degraded fructoselysine during the anaerobic incubations was expressed 
in µmol degraded/g feces and also in µmol degraded/1x1011 bacterial cells, or additionally 
relative to the duration of incubation, unless stated otherwise. Regarding the infant formula 
samples, quantified free fructoselysine was subtracted from the total fructoselysine 
quantified in the infant formula upon digestion to quantify the protein-bound fructoselysine 
levels. Protein-bound and free fructoselysine levels in infant formula were expressed per 
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mg protein in the infant formula. Data of three repeated experiments were averaged and 
standard deviations were calculated with GraphPad Prism 5.0. Outliers were identified per 
feeding mode and time point using IBM SPSS Statistics version 25 using a multiplier of 3.0. 
When applicable, results were considered to be statistically significant when P-values were 
<0.05.

DNA isolation, 16S rRNA amplicon sequencing, qPCR and data processing 
DNA was isolated from the fecal samples with a bead-beating procedure combined with the 
customized MaxWell® 16 Tissue LEV Total RNA Purification Kit (XAS1220; Promega Biotech 
AB, Stockholm, Sweden). The V4 region (515-F; 806-R)287,288 of the 16S ribosomal RNA 
(rRNA) gene was amplified by triplicate PCR reactions combined with a library approach as 
described before161. PCR products were purified, pooled and sequenced (Illumina NovaSeq 
6000, paired-end; Eurofins Genomics Europe Sequencing GmbH, Konstanz, Germany). 

With quantitative PCR (qPCR) reactions, the total bacterial load in each individual fecal 
slurry was quantified. Triplicate qPCR reactions were performed based on a previously 
described method258, where 1 µL DNA isolate (1 ng/µL) was mixed with 9 µL reaction mixture 
(containing 62.5% iQ SYBR Green Supermix, 2.5% forward primer (10 µM), 2.5% reverse 
primer (10 µM) and 32.5% nuclease free water). The total 16S rRNA gene was amplified 
with the following primer set: 1369-F (5’-CGG TGA ATA CGT TCY CGG-3’) and 1492-R (5’-
GGW TAC CTT GTT ACG ACT T-3’). A standard curve was made with purified DNA isolate 
from Escherichia coli for quantification. The amplification program started at 95°C for 10 
min, followed by 40 cycles of denaturing at 95°C for 15 sec, annealing at 60°C for 30 sec and 
elongation at 72°C for 15 sec, to end with a melt curve from 60°C to 95°C, using a CFX-384 
Touch Real-Time PCR detection system (Bio-Rad, California, USA). The CFX manager was 
used for data analysis. Quantified copy numbers of total 16S rRNA genes/g fecal sample were 
divided by the average 16S rRNA genes per bacterium (i.e. 4.2259) and further transformed to 
total bacterial load/g fecal sample.

Sequences of the 16S rRNA gene were further processed with the NG-Tax 2.0 pipeline 
with default settings235, generating de novo exact match sequence clusters (ASVs; amplicon 
sequence variants). Taxonomy was assigned with the SILVA 16S rRNA gene reference database 
release 132236. Data were further analyzed with R (version 4.0.2). The ASV table was combined 
with the phylogenetic tree and metadata using the Phyloseq package237 (version 1.34.0). 
Taxa present in at least one of the samples with a relative abundance >0.1% were included 
for further analyses, unless mentioned otherwise. By multiplying the relative abundance 
of a taxa within one sample with the corresponding total bacterial load as quantified by 
qPCR, absolute abundance data were created. Relative and absolute abundance plots of 
the top taxa were created with the Microbiome package238 (version 1.12.0). Bray-Curtis beta 
diversity was assessed with the Phyloseq package. Canonical correspondence analysis (CCA) 
was performed with the Vegan package239 with feeding mode and age used as constraining 
factors. Spearman’s rank correlations of fructoselysine degradation with microbial taxa 
present at a relative abundance of >0.1% in at least one of the samples and glomerated 
at genus and phylum level were made. P values were adjusted for multiple testing with 
the Benjamini & Hochberg false discovery rate using the Microbiome package238. The web-
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based tool to perform linear discriminant analysis (LDA) effect size (LEfSe) analysis240 was 
used to identify differential abundant taxa as previously described161. Results were found to 
be statistically significant when P-values were <0.05.

5.3 Results

Metagenomic differences and similarities of fructoselysine degradation genes between 
fecal samples from BF and FF infants 
To assess if fecal samples from BF and FF infants differ in their metabolic potential to 
degrade fructoselysine, a metagenomic dataset analysis was done with the metagenomes 
of a publicly available dataset61,281. For this purpose, the main focus was on the frlD/yhfQ 
genes (Figure 5.1) which were shown to be crucial for fructoselysine degradation, which is 
catalyzed by the corresponding enzyme279. 

The MAGs of fecal samples from BF and FF infants included in the dataset showed 
multiple hits with the query genes (frlD/yhfQ) and were grouped on phylogenetic basis to 
retrieve insight in which bacterial taxa might harbor these genes and could potentially be 
involved in fructoselysine degradation (iTol tree Supplementary Figure S5.1). Especially a 
great diversity of taxa of the phylum Firmicutes appeared to be relevant, and to a lesser 
extent Actinobacteria, while only a few taxa of the phyla Proteobacteria and Bacteroidetes 
appeared to be potentially involved in fructoselysine degradation. For some genera a 
diversity of species belonging to the same overarching genus appeared to be potentially 
involved, as was the case for e.g., Clostridium spp., Blautia spp., Collinsella spp. and others. 
This diversity of species indicates the possible necessity to increase resolution in order to 
identify differences in bacterial composition between the two groups. The genes involved 
in the second degradation step as shown in Figure 5.1 (frlB/yhfN) were also redundant in 
multiple species part of different overarching genera and phyla as shown in the phylogenetic 
tree (iTol tree Supplementary materials Figure S5.2).

When only including the data of the BF, FF and mixed-fed 4 months old infants of the 
dataset61, analysis revealed that the queries of frlD/yhfQ genes were present in multiple 
bacterial species and redundant in all diet groups. However, subject prevalence data (i.e. 
the number of subjects per feeding mode having a hit of the query genes per bacterial 
species) revealed that the query genes were in general present in a larger proportion of the 
microbiota of subjects in the FF infants, followed by those from the mixed feeding infants 
while they were lowest for the microbiota derived from the BF infants (Figure 5.2). 

Bacterial composition of collected fecal samples from BF and FF infants
The individual fecal samples collected in the present study were analyzed for their bacterial 
composition by 16S rRNA amplicon analysis. In total 20 infant fecal samples were collected 
consisting of 10 exclusively BF infants (aged between 8-21 weeks, average 16 weeks) and 
10 exclusively FF infants (aged between 7-21 weeks, average 13 weeks). The individuals 
of the two feeding modes did not result in two distinct clusters based on Bray-Curtis beta 
diversity dissimilarities (Supplementary materials Figure S5.3), indicating that the overall 
fecal bacterial composition did not differ between the two groups (FF and BF infants). 
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Figure 5.2 Heatmap of hits of the query genes against the included metagenome assembled genomes (MAGs), for 
infants aged 4 months. Subject prevalence indicates the percentage of subjects that have a hit of each query per 
bacterial species (y-axis) and feeding mode of infants (x-axis).

To see whether this was the case for specific bacterial taxa, bacterial composition plots 
were created at both phylum and genus level (for absolute abundances see Figure 5.3; for 
relative abundance plots see Supplementary materials Figure S5.4). This revealed that for 
most individuals, especially the genus Bifidobacterium was present in the individual fecal 
samples, which belongs to the phylum Actinobacteria, while for two individuals this genus 
was absent so these are considered as possible outliers (Individual 15 and 19). LEfSe analysis 
was performed to indicate differential abundant taxa between the two feeding modes, but 
no taxa were shown to be significantly different between the two groups with a LDA effect 
size > 2.0 (data not shown). This indicates that the feeding mode is, for this group of infants, 
not the main driver determining the variance in microbiota composition. This was confirmed 
by CCA analysis (canonical correspondence analysis) where age and feeding mode both did 
significantly explain some variation in the microbiota composition (adjusted P-values <0.05) 
but only for 8.7% and 6.8%, respectively (Supplementary materials Figure S5.5). 
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Figure 5.3 Absolute abundance of microbial taxa, assessed with 16S rRNA amplicon sequencing and qPCR, 
present in fecal samples either exclusively breast-fed (BF) or formula-fed (FF) infants. The top 10 taxa present at 
phylum (panel A) and genus (panel B) level are shown. Y-axis labels indicate feeding mode and subject number. 

Differences in fructoselysine degradation activities between BF and FF infant fecal 
samples in vitro
As the metagenomic dataset analysis revealed that fructoselysine degradation query 
genes were more prevalent in FF infants, it was investigated whether in vitro fructoselysine 
degradation activities by the collected fecal samples were also higher for the FF infants 
compared to the BF infants. First, pooled fecal slurries of both BF and FF infants were 
incubated anaerobically with fructoselysine up to four hours. The amount of fructoselysine 
degraded was corrected for the total bacterial cell load per gram feces as quantified by qPCR 
(for individuals’ total bacterial load see Supplementary Materials Figure S5.6). Both groups 
were able to degrade fructoselysine, but the fructoselysine degradation was significantly 
and on average about 6-fold higher in FF infants compared to the BF infants from 1.5 hours 
incubation onwards (P-value < 0.05) (degradation expressed per 1x1011 bacterial cells see 
Figure 5.4; degradation expressed per gram feces see Supplementary Materials Figure S5.7). 
For the first two hours of anaerobic incubation both groups seemed to have a lag phase. The 
largest absolute difference in fructoselysine degradation between FF and BF infants was 
observed at t=4 hours and amounted to 24.4 µmol/1x1011 bacterial cells. 

To assess whether interindividual differences in the fructoselysine degradation capacity of 
the BF and FF infant fecal samples exist, all infant fecal samples collected were incubated 
individually under the same experimental conditions for 2, 3 and 4 hours. Amounts of 
degraded fructoselysine were calculated per individual (see Supplementary Figure S5.8). 
Based on the feeding mode the amounts of degraded fructoselysine were compared per 
time point (expressed per 1x1011 bacterial cells (Figure 5.5) and expressed per gram feces 
(Supplementary Materials Figure S5.9). Identified outliers were excluded from further 
analyses (i.e. BF individual 12 at all time points, BF individual 20 at t=2h, FF individual 6 at 
t=4h). Comparing the two feeding modes at the different time points revealed that on group 

A B
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level, fecal samples from FF infants degraded on average significantly more fructoselysine 
compared to fecal samples from BF infants with an absolute difference of 14.9, 26.1 and 20.2 
µmol/1x1011 bacterial cells at t=2, t=3 and t=4 hours, respectively (P < 0.05). Interindividual 
differences in the fructoselysine degradation activities were observed in both feeding modes 
as shown in Figure 5.5, resulting in overlap in the range for the degradation capacity of the 
microbiota of the individuals from the two groups. This implies that it is not possible to 
distinguish between BF and FF infants based on in vitro obtained fructoselysine degradation 
activities on an individual level, while on average group level it is.

Figure 5.4 Amount of degraded fructoselysine upon anaerobic incubation of fructoselysine (in a final substrate 
concentration of 430 µM at t=0h) with pooled fecal slurries (final fecal concentration 0.0125 g/mL) of infants 
exclusively breast-fed (BF) or formula-fed (FF), containing 10 infant fecal samples per feeding mode per pool. 
Data points represent the average ± SD of three repeated experiments. Differences between the BF and FF results 
were assessed for statistical significance per time point by a 2-way ANOVA followed by Bonferroni post-hoc test: * 
p-value <0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001. 

Figure 5.5 Amount of degraded fructoselysine by individual fecal samples from exclusively breast-fed (BF) or 
formula-fed (FF) infants quantified at each anaerobic incubation time point (i.e. 2, 3 or 4 hours). Scatter dots 
indicate average values of three independent experiments for each individual fecal sample. Center bars indicate 
average values while whiskers indicate the standard deviation. Whether the values of the two feeding modes 
were significantly different for each respective incubation time was evaluated with an unpaired t-test: * p-value < 
0.05; ** p-value < 0.01. Identified outliers were excluded. 
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To assess whether the interindividual differences in fructoselysine degradation activity of 
the FF infants could be explained by different levels of fructoselysine in their collected infant 
formula powder, protein-bound and free fructoselysine levels were quantified (Figure 5.6). 
This revealed that in the formula powder the protein-bound proportion of fructoselysine 
(ranging from 107 – 342 µg/mg protein) was four orders of magnitude higher compared 
to the proportion of free fructoselysine (ranging from 21 - 68 ng/mg protein), and the 
quantified protein-bound levels were somewhat higher than previous reported data in 
literature275. However, the interindividual differences in fructoselysine degradation activity 
of the FF infant fecal samples could not be explained by the protein-bound fructoselysine 
levels in the respective infant formula samples as the correlation between these parameters 
was not strong (R2=0.4; Supplementary Materials Figure S5.10). 

Figure 5.6 Amount of fructoselysine quantified in collected infant formula samples analyzed in both free and 
protein-bound form of fructoselysine per mg protein present in the infant formula. Data points represent average 
values of three repeated analyses of one infant formula sample. 

The high levels of fructoselysine in the infant formula were also reflected in the fecal 
fructoselysine excretion levels with an average of 11.6 µmol/g feces for the FF infants 
(Supplementary Materials Figure S5.11), a result which is in line with literature269. The 
presence of a substantial amount of fructoselysine in the fecal samples collected from the 
FF infants indicates that the microbiota of the FF infants cannot degrade all fructoselysine 
ingested with the formula. This conclusion is corroborated by extrapolation of the in vitro 
degradation activities of the FF infants to the in vivo situation and comparing these to the 
estimated daily intake (EDI) as quantified based on the detected fructoselysine levels in 
infant formula. Only 28.6% of the amount of ingested fructoselysine originating from intake 
at the respective EDI, was estimated to be degraded by the obtained average degradation 
activity detected in the fecal samples from FF infants (Supplementary Materials Table S5.2). 
However, these results need to be interpreted with some caution as they are based on 
average values, estimations and assumptions (e.g. daily fecal weight).

To determine whether specific bacterial taxa present in the infant fecal samples were 
associated with fructoselysine degradation, a Spearman’s rank correlation analysis was 
performed with taxa present in a relative abundance >0.1% in at least one of the individual 
fecal samples when transformed to absolute abundance glomerated at phylum (Figure 5.7)  
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or genus (Supplementary materials Figure S5.12) level. This analysis revealed that the 
phylum Bacteroidetes was shown to be significantly correlated with the amount of 
fructoselysine degraded (for BF: ρ = 0.85; adjusted P-value = 0.018) while no genus was 
significantly correlated.  

Figure 5.7 Spearman’s rank correlation analysis of bacterial taxa at phylum level with the amount of degraded 
fructoselysine per gram feces per hour. This degradation rate represents the average degradation rate of 
the three measured incubation time points per individual fecal sample. Bacterial taxa present with a relative 
abundance >0.1% in one of the individual fecal samples were included and transformed into absolute abundance 
(using quantified total bacterial cell load by qPCR). P-values were adjusted for multiple testing by FDR and 
indicated as follows: * P-value < 0.05.

5.4 Discussion

In the present study, we show that the diet of infants affects the efficiency of the infant 
gut microbiota to degrade dietary derived fructoselysine. Fecal samples collected from 
FF infants showed a higher in vitro activity for microbial degradation of fructoselysine 
compared to the samples from BF infants. Search against a publicly available metagenome 
dataset revealed that sequences homologous to the ones of the functional genes involved 
in fructoselysine degradation are widely present in MAGs of both BF and FF infants, but 
with a higher prevalence in FF infants. The homologous sequences have a varying identity 
percentage to the query genes meaning functionality cannot be guaranteed, however, 
they were redundant amongst multiple bacterial species. Overall, the present study 
showed that fecal samples of infants exposed to different diets (i.e. breast milk and infant 
formula) resulting in different dietary fructoselysine exposures, differed in their microbial 



GUT MICROBIAL FRUCTOSELYSINE DEGRADATION BY BREAST-FED AND FORMULA-FED INFANTS � 111

5

fructoselysine degradation activity. The microbial fructoselysine degradation activity was 
on average 6-fold higher for the pooled fecal samples from the FF infants compared to the 
pooled fecal samples from the BF infants.

Fructoselysine is a food process contaminant formed upon heating and processing of food 
products, and is highly present in infant formula due to the heating processes applied during 
production273–275. The high levels of fructoselysine in infant formula are in contrast to the low 
to no levels of fructoselysine in human breast milk87. This has been confirmed by the large 
differences in fecal excretion of fructoselysine by the two feeding groups as observed in the 
present study and reported in literature269. This large difference in dietary fructoselysine 
exposure between BF and FF infants was accompanied by a higher microbial fructoselysine 
degradation activity of the fecal slurries from the FF infants, although the fecal slurries of 
the BF infants were also able to degrade fructoselysine. This is in line with the metagenomic 
dataset analysis as we observed sequences homologous to the relevant genes in question 
(frlD/yhfQ) also in the BF infant fecal samples, although with a lower corresponding 
prevalence as compared to the FF infant fecal samples. However, our observations are not 
completely in agreement with a previous study where two inoculates of BF infant fecal 
samples were unable to degrade fructoselysine, while two FF infants were able to do so268.  

In the present study the bacterial composition of the collected fecal samples did not 
differ significantly between the BF and FF infants, possibly as a higher resolution might be 
needed to characterize differences in their bacterial composition as also indicated upon the 
metagenomic dataset analysis. Similar to these observations, the interindividual differences 
in microbial fructoselysine degradation activity of both the BF and FF infant fecal samples 
could not be explained by differential abundance of specific bacterial genera, indicating that 
identical bacteria might be capable of multiple functionalities depending on the compounds 
they ferment and that multiple bacteria could be potentially involved. This is in line with 
the results of the metagenomic dataset analysis focused on the frlD/yhfQ genes, coding for 
a kinase, essential for microbial fructoselysine degradation279. The homologous sequences 
were widely present in different genera that are part of different phyla, both in the fecal data 
of BF and FF infants of the metagenomic dataset. In addition, at species level the sequences 
were found in different species that were part of the same overarching genus, indicating that 
differences in potential fructoselysine degradation activities can go up to at least species 
level. In line with the higher in vitro fructoselysine degradation activity of the fecal samples 
from the FF infants compared to the BF infant fecal samples, the potential genes involved 
in fructoselysine degradation (i.e. frlD/yhfQ) were found in a higher prevalence in feces 
from FF infants compared to that from BF infants. A previous study found genes involved in 
fructoselysine metabolism in metagenomes of most of the FF infants (56%) and only in some 
BF infants (10%)268. However, in this previous study the complete fructoselysine metabolism 
pathway was considered40 while the analysis of the present study focused on the first step 
in the fructoselysine degradation. 

The results combined show that the potential fructoselysine degradation function is 
redundant in the metagenomes of both BF and FF infant fecal samples, but that fecal samples 
collected from FF infants, which have been exposed to fructoselysine through their diet, 
showed a higher fructoselysine degradation activity in vitro compared to fecal samples from 
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BF infants. This suggests that direct dietary exposure might be responsible for an increase 
in activity of the microbes involved, which might also -at least partly- explain interindividual 
differences in fructoselysine degradation observed with adult human fecal samples161. 

The fructoselysine degradation activity of the FF infants (average 3.42 µmol/h/g feces) 
was comparable to the average of 16 individual adults (3.4 µmol/h/g feces) as shown in 
our previous study161. However, based on these degradation rates and the daily defecation 
rates, it was calculated that, due to the high fructoselysine intake by FF infants, only 28.6% 
of the estimated daily fructoselysine intake was expected to be microbially degraded. 
This estimation of incomplete fructoselysine degradation is supported by the quantified 
levels of fructoselysine still being present in the collected fecal samples of the FF infants. 
This incomplete fructoselysine degradation implies a direct exposure to fructoselysine 
in the intestine of the infants. Whether this can affect local intestinal health remains to 
be further investigated, as well as whether subsequent fructoselysine exposure affects 
microbial composition itself. In the present study the microbial composition of the collected 
fecal samples did not differ between the BF and FF infants, while diets high in AGEs have 
previously been reported to affect fecal microbiota composition51,151. However, it remains 
unclear whether those reported alterations can be exclusively attributed to the different 
AGE levels in the provided diets.  

In summary, a metagenomic dataset analysis revealed that particular genes involved 
in microbial fructoselysine degradation were present in fecal samples from both BF and 
FF infants, although with a higher prevalence in the fecal samples from the FF infants. 
Additional collected fecal samples from FF infants appeared to show a higher fructoselysine 
degradation activity in vitro compared to the collected fecal samples from BF infants, an 
observation that can likely be ascribed to relatively higher dietary fructoselysine exposure 
of the gut microbiota from the FF infants. This suggests that, at least for the AGE precursor 
fructoselysine, the (infant) gut microbiota can adapt towards exposures via the environment 
through e.g., the diet.
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5.5 Supplementary materials 

Supplemental tables
Table S5.1 Sequences used for blastp against the created MAGs (metagenome assembled genomes) database

Abbreviation Origin Protein name GenBank 
Accession No. 

Reference 

frlD Escherichia coli str. K-12 substr. MG1655  Fructoselysine kinase NP_417833.1  278

frlD Bacillus subtilis subsp. Subtilis str. 168  Fructoselysine kinase NP_391137.1  39

yhfQ Intestinimonas butyriciproducens str. AF211  Fructoselysine kinase ALP93343.1  40

frlB Bacillus subtilis subsp. Subtilis str. 168  Fructosamine-6-
phosphate deglycase

NP_391141.1  39

frlB Escherichia coli str. K-12 substr. MG1655  Fructosamine-6-
phosphate deglycase

NP_417830.4  278

yhfN Intestinimonas butyriciproducens str. AF211  Fructosamine-6-
phosphate deglycase

ALP93345.1  40

Table S5.2 Calculation of scaling the in vitro determined degradation parameters to the in vivo situation

Average 
fructoselysine 
in tested 
formula 
samples (mg/g 
protein) 

Daily 
intake 
(mg per 
24h)a

Daily 
intake 
(µmol per 
24h)b 

Average 
in vitro 
degradation 
capacities 
(µmol/g 
feces/h)c

In vivo 
degradation 
capacity in 
24h (µmol)d

% Of daily 
intake can be 
degraded in 
24h 

Formula-fed infants 205.1 2744.8 8903.0 3.42 2544.5 28.6

a Assuming 9.7% protein content per gram infant formula powder, 6 scoops each 4.6 g per bottle, 5 bottles a day. 
Based on ‘Nutrilon Zuigelingenvoeding 1’ online guidelines.
 b Molecular weight is 308.3 g/mol.
c Degradation capacities were experimentally obtained in the present study and represent the averaged individual 
degradation rates per feeding group which were assessed by averaging the three measured incubation time 
points per individual fecal sample of all tested fecal samples per feeding group
d Transformed by assuming a daily fecal mass of 31g over 24h289,290.
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Figure S5.3 PCoA plot of Bay-Curtis beta diversity dissimilarities of 20 individual fecal samples of exclusively 
breast-fed (BF; red circles) or formula-fed (FF; blue triangles) infants.

Figure S5.4 Relative abundance of microbial taxa, assessed with 16S rRNA amplicon sequencing and qPCR, 
present in infant fecal samples either exclusively breast-fed (BF) or formula-fed (FF). The top 10 taxa present at 
phylum (panel A) and genus (panel B) level are shown. Y-axis labels consist of feeding mode and subject number.
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Figure S5.5 Canonical correspondence analysis (CCA). Grey open circles represent bacterial taxa; closed circles 
represent the infant fecal samples (black breast-fed BF; orange formula-fed FF); blue triangles represent the 
centroids of the FF and BF infant fecal samples. Axis percentages represent the percentage of variation explained 
only by the constraining variables (i.e., feeding mode and age).
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Figure S5.6 Total bacterial cell load per gram fecal sample, as collected per individual for both feeding groups (FF 
formula-fed; BF breast-fed). Total bacterial cell load was determined by qPCR and data represent the average ± SD 
of three technical replicates.
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Figure S5.7 Amount of degraded fructoselysine upon anaerobic incubation of fructoselysine (final substrate 
concentration 430 µM) with pooled fecal slurries (final fecal concentration 0.0125 g/mL) of infants exclusively 
breast-fed (BF) or formula-fed (FF), containing 10 infant fecal samples per feeding mode. Data points represent the 
average ± SD of three independent repeated experiments. Differences between the BF and FF results were assessed 
for statistical significance per time point by a 2-way ANOVA followed by Bonferroni post-hoc test: * p-value <0.05; 
** p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001.
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Figure S5.9 Amount of degraded fructoselysine by individual fecal samples from exclusively breast-fed (BF) or 
formula-fed (FF) infants quantified at each anaerobic incubation time point (i.e. 2, 3 or 4 hours). Scatter dots 
indicate average values of three independent experiments for each individual fecal sample. Center bars indicate 
average values while whiskers indicate the standard deviation. Whether the values of the two feeding modes 
were significantly different for each respective incubation time was evaluated with an unpaired t-test. Identified 
outliers were indicated with an open symbol and excluded for further analyses.
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Figure S5.10 Correlation of amount of degraded fructoselysine of formula-fed infants and protein-bound 
fructoselysine levels in their infant formula. The rate of fructoselysine degradation represents the average 
degradation rate per individual of the three measured incubation time points. 



GUT MICROBIAL FRUCTOSELYSINE DEGRADATION BY BREAST-FED AND FORMULA-FED INFANTS � 121

5











 





 


 


 

  





 




 








Figure S5.11 Fructoselysine fecal excretion in exclusively formula-fed (FF) or breast-fed (BF) infant fecal samples. 
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Figure S5.12 Spearman’s rank correlation analysis of bacterial taxa at genus level with the amount of degraded 
fructoselysine per gram feces per hour. This degradation rate represents the average degradation rate of the 
three measured incubation time points per individual fecal sample. Bacterial genera present with a relative 
abundance >0.1% in one of the individual fecal samples were included and transformed into absolute abundance 
(using quantified total bacterial cell load by qPCR). P-values were adjusted for multiple testing by FDR.
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Abstract

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.

Keywords: dietary advanced glycation endproducts, gut microbiota, 16S rRNA sequencing, 
ultra-performance liquid chromatography tandem mass spectrometry 

List of abbreviations: AGEs Advanced glycation endproducts; ASV amplicon sequence 
variants; CEL Nε-(1-carboxyethyl)lysine; CML Nε-(carboxymethyl)lysine; CRP 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 randomized controlled trial; rRNA ribosomal RNA; 
3DG 3-deoxyglucosone 
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6.1 Introduction

Advanced glycation endproducts (AGEs) are abundantly present in processed food products 
and may contribute to beneficial effects on flavor, smell, and shelf life291. These dietary AGEs 
are formed during the non-enzymatic reaction between free amino acids and reducing 
sugars, via the so-called Maillard reaction104. There is increasing evidence in humans and 
animals that consumption of dietary AGEs contribute to AGEs measured in plasma26,292 and 
organs293 and that a diet high in dietary AGEs in humans has negative biological effects, such 
as low-grade inflammation, endothelial dysfunction, and insulin resistance294. However, 
it is currently unknown whether AGE accumulation in tissues and the negative biological 
effects associated with a high AGE diet are reversible. 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 
pathophysiology of obesity, diabetes, and cardiovascular disease295. Although there are 
some discrepancies, several animal studies have shown that a heat-treated diet high in 
dietary AGEs can modulate gut microbiota composition210,296–299. 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.

6.2 Material and methods

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 (Figure 6.1). 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 
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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). 

Figure 6.1 Design of the main study. dAGE: dietary AGE.

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 damage300,301. Livers and kidneys were homogenized 
using a Mini-bead beater homogenizer (Biospec) and 250 μl sodium phosphate buffer (0.1 
M) supplemented with protease inhibitor (Roche) and 0.02% Triton-x (Sigma-Aldrich). 
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 
before7,302. Additionally, free-,  protein-bound AGEs and the oxoaldehydes (also referred 
to as dicarbonyls) methylglyoxal (MGO), glyoxal (GO) and 3-deoxyglucosone (3DG) were 
analysed in pulverized animal diets as described previously303.

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 method304 (thus 0.06 pg/ml for IFN-γ and 1.5 pg/ml for IL-6). 
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Microbial 16S rRNA sequencing
DNA was isolated from the fecal pellets using a bead-beating procedure in combination 
with the customized MaxWell® 16 Tissue LEV Total RNA Purification Kit (XAS1220; Promega 
Biotech AB, Stockholm, Sweden) as described before305. 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 before305. 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 Genomics 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. 

Microbiota data processing and analysis 
Sequences of the 16S rRNA gene were analyzed using the NG-Tax 2.0 pipeline235 with default 
settings, which generates 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 
132236 was used to assign taxonomy. The program R (version 3.6.1) was used for further data 
analysis. The Phyloseq package237 (version 1.30.0) was applied to combine the ASV table with 
the phylogenetic 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 Phyloseq package. Relative abundance composition plots 
at phylum and genus level were created using the Microbiome package238. The web-based 
tool Linear Discriminant Analysis (LDA) Effect Size (LEfSe)240 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 package238 (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. 

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 inflammatory 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 previously306. 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 
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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 package239 (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 microbial 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.

6.3 Results

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) (Figure 6.2). 
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) (Figure 6.2). 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) (Figure 6.2). 

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 6.1). 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 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 6.1). 
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Figure 6.2 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

Table 6.1  Mice characteristics

Standard Chow Baked  
Chow

Switch  
Diet

P
standard
vs baked

P
standard
vs switch

P
Baked

vs 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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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 (Figure 6.3A). 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 
(Figure 6.3B). 

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 standard 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) (Figure 6.3C). 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) (Figure 6.3D). In kidney, free AGEs were higher after baked chow 
compared to standard chow, although the difference in free CML did not reach statistical 
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) (Figure 6.3E). 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) (Figure 6.3F). 
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Figure 6.3 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. * indicates 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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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 (Supplementary material Figure 
S6.1). 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 
(Figure 6.3A-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 (Figures 6.3E and 6.3F). 

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 
(Figure 6.4A). 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 (Figure 6.4A). We next combined the inflammatory markers into an overall 
inflammatory 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 (Figure 6.4B). 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 inflammatory z-score were not already increased after 5 weeks 
of baked chow compared to 5 weeks of standard chow (Supplementary materials Figure 
S6.2). 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 inflammatory 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 (Figure 6.4B). 
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Figure 6.4 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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Gut microbial composition is altered after feeding a baked chow diet, and is reversible 
Based on Bray-Curtis beta diversity dissimilarity distances, differences in overall microbial 
composition were shown in principal coordinate analysis (PCoA) plots from week 7.5 
onwards (Figure 6.5). 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 materials (Supplementary materials Figure S6.3). 

Standard_chow SwitchBaked_chow

Figure 6.5 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).

Relative abundance composition plots both on phylum level and genus level per sampling 
week showed differences between the different diet groups (Supplementary materials 
Figure S6.4), 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 sampling 
week from week 5 onwards. Differential abundant taxa were identified after comparing 
the microbial composition of the baked chow with the standard chow (Figure 6.6) and the 
switch with the standard chow (Supplementary materials Figure S6.5), and were visualized in 
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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, Akkermansiaceae) were enriched after the baked chow diet and three 
genera (i.e. Clostridiales_vadinBB60_group_uncultured, Roseburia and Faecalibaculum 
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, Lachnoclostridium, Roseburia, Ruminiclostridium_5, Ruminococcaceae_uncultured, 
Ruminococcaceae_UCG_009, Ruminococcaceae_UCG_014, Dubosiella, Faecalibaculum, 
Desulfovibrio with respective average relative abundances (%) 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 Desulfovibrionaceae) were assigned as enriched taxa for the baked chow group, while 
for the standard chow diet five genera (i.e. Bacteroides, Muribaculaeae_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, 
Lactobacillaea and Clostridiales_vadinBB60_group) were enriched. The analysis performed 
at week 10 identified four genera (i.e. Clostridium_sensu_stricto_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. 

Baked chow
Standard chow

Baked chow
Standard chow

Baked chow
Standard chow

Figure 6.6 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.

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 
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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 (Supplementary materials Figure 
S6.5) 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 respective 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 microbial composition 
as affected by the baked chow diet is a diet-dependent reversible change. 

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, inflammatory markers), Spearman’s rank 
correlations were determined after 5 and 10 weeks for mice fed the baked chow and the 
standard chow diet (Figure 6.7). In week 5, the genera Olsenella and Turicibacter showed 
a statistically 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 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 uncultured 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 determined at week 10 (Supplementary materials Figure S6.6). 
This revealed multiple statistically significant 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 positive 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 statistically significant results differed between Spearman’s rank 
correlations using microbiota composition data from week 7.5 or week 10, the overall trend 
in found correlations was comparable.  
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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. 

Figure 6.7 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.

6.4. 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 
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mainly in the form of dipeptides, instead of free amino acid AGEs35. 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 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 study26. However, 
randomized controlled trials (RCTs) in humans are still inconclusive as there are reports of 
both an increase in protein-bound AGEs in plasma22 and no change307 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)49,308,309. 

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 organs is already available in animal models, but free- and protein-bound AGEs have not 
been assessed simultaneously30,293,310,311. 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 available293. 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 dietary 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 respectively311,312. 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 precursors 
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 diet313 and Mastrocola 
et al. also observed a decrease in IL-10 after feeding a high AGE diet for 22 weeks in 4-week 
old mice298. 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 kidneys. Future studies could provide insight in 
a potential direct link between increased protein-bound levels in a specific tissue with the 
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origin of observed inflammation. Nonetheless, the increase in inflammation after the baked 
chow diet may provide some insight into the mechanisms 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 resistance314. 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 diet307. However, in humans, the 
increase in inflammation after a high-AGE diet is observed in some RCTs315 but not all16 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 accumulation 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 kidneys316, 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 extracellular 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 turnover317. Additionally, glycated proteins in 
food have been reported in some studies to show resistance to enzymatic breakdown in the 
gastrointestinal tract318 and this could also potentially apply to enzymatic protein turnover. 
Inflammation, 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 humans294, but also 
several negative clinical outcomes, such as insulin resistance307, weight gain319, and vertebral 
fractures320. 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 mice321, and has not been associated with 
specific functions before. However, Dubosiella belongs to the family Erysipelotrichaceae and 
was found to be related to Allobaculum stercoricanis321. The genus Allobaculum spp. was 
increased in relative abundance in two animal studies after a glycated or high AGE diet211,297, 
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 
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the high AGE diet. However, no specific genus was identified and it is relevant to note that 
old mice (15-month-old) were studied299. 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.208,210,296–298,322. However, not all animal 
studies found this contraction in Lactobacillus spp. or Bacteroides spp.299, 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 microbiota 
composition data from week 7.5 instead of week 10. Our data suggests that Dubosiella spp. 
are associated with a diet high 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 hypothesized 
explanation of the enrichment of Dubosiella spp. in the baked chow diet group is the 
utilization of AGEs as a substrate by the bacterium. Multiple bacterial strains were reported 
in literature to degrade CML. For example Cloacibacillus evryvenis323, isolated from human 
feces, and Escherichia coli strains324 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 composition due to the baked chow diet is reversible. In week 10, LEfSe analysis 
identified 3 genera (i.e. Dubosiella, Turicibacter and Ileibacterium) 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 
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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 standard chow diet, and food intake 
was lower of mice in the baked chow diet group. However, percentual increase of weight did 
not differ between groups, and in addition bacterial taxa associated with weight loss, such 
as Allobaculum325 or Akkermansia muciniphila326, 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 composition327. 

In summary, intake of dietary AGEs results in reversible elevated levels of AGEs in plasma and 
organs and alterations in the gut microbiota 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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Figure S6.1 Free and protein-bound AGEs in plasma, kidney and liver of mice after 5 weeks of the standard chow 
diet or baked chow diet. 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. * indicates p<0.05 for the difference between chow diets. n = 10 for both 
groups, except for plasma protein-bound AGEs in the standard chow group, where n = 9.
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Figure S6.2 Inflammatory mediators in plasma of mice after 5 weeks of standard chow or baked chow. 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 difference 
between chow diets. N = 9 for the standard chow group, n = 10 for the baked chow group.

Figure S6.3 Principal coordinate plots (PCoA) of Bray-Curtis’ beta diversity dissimilarities of the fecal pellets for 
week 0 and week 2.5. 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).
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Figure S6.4 Bacterial composition plots with the relative abundance of the top 11 taxa at phylum (panel A) and 
genus level (panel B) of each sampling week; taxa are labelled as “other” refer to taxa not present in this top 11. 
The x-axis represents the mice sampled per diet group (baked chow diet; standard chow diet; switch diet).  
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Standard chow
Switch

Standard chow
Switch

Figure S6.5 LEfSe results of the significant taxa found by comparing the mice with the switch diet (red) to the 
standard chow diet (green), sampled in week 5, 7.5 and 10. 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.

***** **

*

**

** **

Baked chow and standard chow group

Figure S6.6 Heatmap of Spearman’s rank correlation coefficient of relative abundance microbial composition data 
of week 7.5 with relevant clinical parameters measured at week 10, 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). pb: protein-bound. 
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7.1 Overview of the results and main findings

Glycation products comprise advanced glycation end products (AGEs) and their precursors 
such as the Amadori product fructoselysine, and are a heterogenous group of compounds 
formed non-enzymatically upon heating of food products in a reaction between amino-acid 
residues and reducing sugars, or via reactive dicarbonyls, as described in Chapter 1. As such, 
high levels of especially protein-bound AGEs and free AGEs and their precursors can be 
found in food products, often derived from lysine and arginine residues. Upon ingestion 
part of the dietary low molecular mass (LMM) free AGEs or precursors can be taken up and 
enter the systemic circulation, while another fraction can reach the colon and interact with 
gut microbiota. High molecular mass (HMM) protein-bound AGEs and precursors are not 
easily or not at all taken up by intestinal cells and they probably do not directly contribute 
to plasma levels of protein-bound AGEs108. After ingestion, they are digested in the intestinal 
tract, releasing among others LMM AGEs and precursors, or reach the colon where they 
can also interact with the gut microbiota. Besides arising from exposure to dietary glycation 
products (called exogenous exposure as they are formed outside the body), glycation 
products can also be formed inside the body (called endogenous exposure). While following 
the same pathways of formation as exogenous glycation products, formation of endogenous 
glycation products is slower due to the lower (physiological) temperatures. Adverse health 
effects have been associated with the presence of AGEs inside the body23–25, however, 
the contribution of exogenous glycation products to the level of endogenously detected 
AGEs and the accompanying effects on health are debated as further discussed in Section 
7.2.1 below. In Chapter 2 of the thesis an overview of the similarities and differences of 
exogenous and endogenous AGEs and their precursors, both in their kinetics as well as 
their potential role in induction of adverse health effects is presented. The distinction 
between LMM glycation products, HMM glycation products and the dicarbonyl precursors 
was emphasized as they differ in their toxicokinetic and toxicodynamic properties. Indeed, 
the bioavailability of exogenous LMM AGEs and their precursors, and possibly the reactive 
dicarbonyl precursors, seems to be higher than the bioavailability of HMM AGEs, of which 
the bioavailability appears to be limited. Yet, especially the HMM AGEs seem to activate 
the AGE receptor (RAGE), which is considered to be the first step in a relevant mode of 
action, inducing inflammation and oxidative stress that appear to underly at least some 
of the adverse health effects associated with AGEs12. LMM AGEs and precursors do not 
seem to bind to RAGE, but can possibly contribute to endogenous HMM AGE formation. 
Furthermore, LMM AGEs and their precursors appear to be cleared from the systemic 
circulation by urinary excretion, leading to a debate on their contribution to the adverse 
health effects. Unabsorbed exogenous LMM AGEs and precursors and exogenous HMM 
AGEs -possibly partly cleaved into LMM AGEs in the upper intestinal tract- are hypothesized 
to possibly induce local effects on the intestinal tissues (e.g. intestinal barrier integrity) and 
interact with the gut microbiota. This can result in the alteration of microbial composition 
which can possibly underly associated adverse health effects, although causal relations 
remain to be established as further discussed in Section 7.2.3 below. On the other hand, the 
gut microbiota itself can also contribute to metabolism of AGEs and precursors and degrade 
these exogenous compounds. 
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To gain insight in the metabolism of glycation products by the gut microbiota, an in 
vitro model with human fecal slurries was optimized in Chapter 3. Using this model, the 
Michaelis-Menten kinetic parameters (i.e. Vmax, Km and kcat) for gut microbial degradation 
of the LMM precursor fructoselysine were determined for 16 individuals. Fructoselysine 
is an Amadori product formed from glucose and lysine and is a key intermediate in the 
formation of the AGE carboxymethyllysine. The results showed that in the population of 
donors of fecal samples, there are microbial non-metabolizers and microbial metabolizers 
of fructoselysine, with the microbial metabolizers showing interindividual differences in the 
kinetic parameters. These interindividual differences can contribute to overall differences in 
ADME (absorption, distribution, metabolism and excretion)-characteristics of fructoselysine. 
The amount of degraded fructoselysine was associated with formation of the short chain 
fatty acid (SCFA) butyrate, which is considered a beneficial bacterial metabolite for intestinal 
and human health. Multiple bacterial taxa were positively correlated with fructoselysine 
degradation which raised the question whether genes involved in bacterial fructoselysine 
degradation are widespread amongst different taxa, which is amongst others further 
investigated in Chapter 5. Overall, the in vitro model is considered suitable to study gut 
microbial degradation of fructoselysine and interindividual differences therein, as further 
discussed in Section 7.2.2 below, and was used for further studies described in this thesis.

Besides interindividual differences in composition67 and specific metabolic activities of the 
gut microbiota64, temporal variability and thus intraindividual differences are also inherent 
to the dynamic aspects of the gut microbiota328. In Chapter 4 it was investigated whether, in 
addition to interindividual differences, these intraindividual differences are also evident for 
microbial degradation of fructoselysine, as well as for the LMM AGE carboxymethyllysine. 
Carboxymethyllysine can be formed by rearrangement of fructoselysine or by reaction of 
the dicarbonyls glyoxal or 3-deoxyglucosone with lysine residues. 20 Individuals donated a 
fecal sample of which 13 individuals donated two additional fecal samples (with an interval 
of ≥3 weeks between sampling times), enabling the quantification of temporal variability. 
Pronounced interindividual and intraindividual differences were found for both fructoselysine 
and carboxymethyllysine degradation, representative for the challenging dynamic properties 
of the gut microbiota, as further discussed in Section 7.2.4 below. In addition, the average 
capacity to microbially degrade fructoselysine compared to carboxymethyllysine was much 
higher (27.7-fold) and the capacities were not correlated, showing the need for toxicokinetic 
data of individual AGEs and precursors as probably different pathways and bacteria govern 
the metabolism. Indeed, also for the results obtained in Chapter 4, multiple bacteria were 
positively correlated with the ability of an individual to degrade carboxymethyllysine and/or 
fructoselysine (e.g. Akkermansia spp. and Alistipes spp.) of which causal relations remain to 
be established as further discussed in Section 7.2.3 below. The results of this study further 
showed that average degradation capacities of both fructoselysine and carboxymethyllysine 
would be sufficient to completely degrade amounts consumed upon exposure at the level 
of the estimated daily intake (EDI). The data obtained in this chapter described inter- and 
intraindividual differences in microbial degradation of a foodborne AGE and its precursor 
and will be further discussed in Sections 7.2.2 and 7.2.4. 

It was hypothesized that the differences in average degradation capacities between 
fructoselysine and carboxymethyllysine as well as the observed inter- and intraindividual 
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differences might be a result of microbial adaptation to dietary exposure. To gain more 
insight in the effect of dietary exposure on specific gut microbial activities, the capacity 
to degrade fructoselysine of fecal samples collected from breast-fed (BF) and formula-fed 
(FF) infants was compared in Chapter 5. Breast milk generally contains no or only minute 
amounts of fructoselysine, unlike infant formula which contains high levels of fructoselysine 
due to the heating applied during production procedures87. First, fructoselysine degradation 
capacities were compared between the two feeding groups by searching for genes involved 
in fructoselysine degradation (i.e. frlD and yhfQ) in the metagenome assembled genomes 
(MAGs) of a publicly available dataset including data for fecal samples of both BF and FF 
infants61,281. The query genes linked to fructoselysine degradation were found in both the 
BF and FF infants and were redundant in multiple bacterial species, implying a widespread 
presence of these genes. However, in FF infants the prevalence of the involved genes (frlD/
yhfQ) was higher compared to the BF infants. Further, bacterial taxonomic profiling of 
additional infant fecal samples collected from both exclusively BF and exclusively FF infants 
revealed no significant differences in overall bacterial composition between the two feeding 
groups. Nevertheless, anaerobic incubations with the collected infant fecal slurries revealed 
that samples from FF infants degraded higher amounts of fructoselysine compared to 
samples from BF infants. Together this shows that, at least for fructoselysine, the infant gut 
microbiota seems to be able to adapt towards environmental exposures, in this case the 
diet. This links again to the dynamic aspects of the gut microbiota as further discussed in 
Sections 7.2.4 and 7.2.5 below.

This dynamic aspect of the gut microbiota was also observed in Chapter 6 where mice 
were exposed to a baked chow (shown to be higher in the AGEs carboxymethyllysine, 
carboxyethyllysine and MG-H1, especially in their HMM form) or a standard chow up to 10 
weeks. Bacterial composition was assessed in the collected fecal samples at multiple time 
points, which showed significant differences between different feeding regimens. Especially 
Dubosiella spp. was increased in the baked chow group. In the switch group (i.e. 5 weeks of 
baked chow diet followed by 5 weeks of the standard chow diet) these differences in bacterial 
composition seemed to be reversible, as the baked chow diet affected bacterial composition 
but –at least in this study– this seemed to be reversed when returning to the standard chow 
diet. This seems to illustrate a bacterial adaptation to the diet. Whether this altered gut 
microbiota composition can have consequences for host health remains to be established, 
as further discussed in Sections 7.2.3 and 7.2.5 below. Another important finding of this 
study was that the three analyzed AGEs (i.e. carboxymethyllysine, carboxyethyllysine and 
MG-H1) accumulated in plasma (both in their free and protein-bound form), liver (mainly 
in their free from) and kidney (both in their free and protein-bound form). These levels 
returned to levels comparable to the controls upon returning to the standard chow diet. 
This indicates that accumulation of these AGEs due to dietary exposure might be reversible 
upon returning to a diet lower in AGEs, at least in mice, which is possibly relevant for adverse 
health effects due to dietary exposure. 	

Overall, the research presented in this PhD thesis provided novel insights but also raised 
several items, which deserve further discussion as presented in the following sections. 
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7.2 General discussion and future perspectives

In this section, the research conducted in this thesis will be discussed and placed in a 
wider perspective. First of all, in Section 7.2.1 research considering the effects of dietary 
AGEs and their precursors on human health will be discussed, how literature data can be 
interpreted and that exogenous AGE exposure needs to be evaluated relative to endogenous 
AGE production. In Section 7.2.2 the applied in vitro model using human anaerobic fecal 
incubations is discussed. The use of fecal samples, the applicability domain of the model 
and how to extrapolate the obtained in vitro data to the in vivo situation deserves further 
attention. In this thesis, associations between microbiota composition and other outcomes 
were made. The use of these associations and how to move to a causal relation is discussed 
in Section 7.2.3. In general, the research conducted in this thesis touches upon several 
aspects of dietary and gut microbiological research, such as the dynamic aspects of the gut 
microbiota, which will be discussed from a toxicological perspective in Section 7.2.4. Finally, 
in Section 7.2.5, future research perspectives covering dietary glycation product research 
related to human health are presented.

7.2.1 Effects of dietary glycation products on human health 
Multiple studies report increased AGE levels in plasma and/or tissues upon increased 
exposure to dietary AGEs and their precursors26,27,125 and multiple adverse health effects 
have been reported to be induced by or associated with intake of exogenous and/or 
increased levels of endogenous AGEs, including e.g. cardiovascular diseases16, diabetes17, 
effects on gut microbiota composition19,20 and on the intestine18. However, there is no 
general consensus on whether dietary AGEs and their precursors contribute to these 
adverse health effects. This can be partially attributed to difficulties in characterization of 
the glycation products and resulting exposure in available human and animal studies, which 
complicates the interpretation of reported results. Another important reason for the lack 
of consensus is that -besides being present in foods- AGEs and their precursors can also be 
formed endogenously (i.e. inside the human body), which makes it a challenge to distinguish 
between effects attributed to exogenous or endogenous glycation products. These aspects 
were already addressed to some extent in Chapter 2 and will be further discussed in this 
section.

Characterization of glycation products
First of all, it needs to be considered that glycation products are a heterogenous group of 
compounds which include AGEs and precursors such as the Amadori product fructoselysine, 
and thus can have different toxicokinetic properties (as also shown in Chapters 2, 4 and 
6) and probably also different toxicodynamic properties (as also presented in Chapter 2). 
Accordingly, it is important to properly characterize the glycation products to which study 
objects are exposed. This can be achieved by use of LC-MS/MS techniques. However, in 
many studies (in humans, animals and in vitro) unspecific methods are used such as for 
example ELISA (enzyme-linked immunosorbent assay) assays, where one antibody is used 
to measure the heterogenous group of AGEs while the recognized epitopes often remain 
unknown10, or methods based on immunofluorescence while not all glycation products 
exhibit fluorescence properties329. Often a sum measure to quantify AGEs (i.e. ‘total AGE 
content’) is used, often using one AGE as surrogate for all, such as carboxymethyllysine, 
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instead of chemically characterizing individual AGEs and their precursors10. In addition, no 
distinction is made between LMM and HMM glycation products with these methods, while 
they have different toxicokinetic and toxicodynamic properties as also evaluated in Chapter 
2. Individual characterization of the different types of glycation products is important to 
adequately characterize exposure via the diet or to characterize the endogenous levels in 
biological matrices (i.e. AGE levels in plasma and other biological fluids, tissue homogenates 
and secretions). Since in many studies this has not been done, the reported results are 
difficult to interpret. Specific chemical analytical methods such as targeted LC-MS/MS 
approaches, combined with sample preparation to liberate the HMM AGEs and precursors 
(e.g. hydrolysis, enzymatic digestion), can characterize individual glycation products8. 
This method is currently the state-of-the-art to use10, and is useful for known AGEs and 
precursors. Considering the heterogeneity of the glycation products and the presence of 
probably many unknowns, other untargeted analytical techniques can be of possible use as 
further discussed in section 7.2.5 below.

Dietary exposure to AGEs and their precursors in human and animal studies
Another source of uncertainty can be found in the exposure conditions themselves. 
Especially in human trials but also in e.g. rodent studies (as in Chapter 6), a heated diet is 
often used as a source of dietary AGEs. The applied heating procedures can have possible 
drawbacks on many other aspects of the diet such as vitamin content, formation of other 
process related contaminants such as acrylamide, PAHs (polycyclic aromatic hydrocarbons), 
furans, potentially interfering with the observed biological effects330. On the other hand, 
in some cases diets applied to decrease intake of dietary glycation products are evaluated 
as ‘virtually free of Maillard compounds’32,136 by avoidance of certain food products (e.g. 
baked and roasted food products), without any further analytical assessments. In addition, 
especially for human intervention trials, dietary AGE exposure assessment is often done 
with a database approach where dietary AGE exposure is estimated based on food intake 
of the participants and a database containing measured AGE levels in food products7. 
However, also within product groups differences in quantified glycation product levels exist 
and home-cooking procedures can also introduce formation of AGEs and their precursors. 
Thus, measuring duplicate diet studies would be preferred over studies in which exposure 
is determined based on this estimation procedure using food questionnaires and default 
glycation product levels in food. Furthermore, some human trials did not assess compliance 
to the intervention, did not control for caloric intake or nutritional value when comparing a 
diet high or low in AGEs, and in case of cross-over designs, carry-over effects were not always 
controlled16,149,331. Of course, when designing intervention trials or other in vivo studies, 
especially including human subjects, choices need to be made as these interventions are 
in general costly and resources are typically not unlimited. However, the above-mentioned 
factors causing inaccuracies and uncertainties make the studies difficult to interpret or 
compare and thus to reach a consensus on the possible risk of dietary AGEs and their 
precursors. 

Exogenous versus endogenous glycation products
To elucidate if dietary, exogenous AGEs and their precursors contribute to effects associated 
with the AGEs in the human body, a first step is to quantify their relative contribution. Once 
in the human body, exogenous AGEs and their precursors are expected to have the same 
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mode of action as endogenous glycation products, when they are the exact same type. To 
understand associations between AGE levels in biological matrices (i.e. AGE levels in plasma 
and other biological fluids, tissue homogenates and secretions), health effects and dietary 
AGE and precursor exposure data, and to see whether effects observed can be attributed to 
exogenous or endogenous AGEs and precursors, it is essential to elucidate the kinetic fate 
of endogenous and exogenous glycation products. As discussed in Chapter 2, when doing 
this a distinction should be made between LMM and HMM AGEs. In addition, this evaluation 
needs to be done for individual compounds as the heterogeneity of the AGEs and their 
precursors can also result in differences in their toxicokinetic characteristics, like observed 
in Chapter 4 and 6. 

Toxicokinetics of LMM and HMM AGEs have been reviewed in Chapter 2. In case of absorption 
some discrepancies between in vitro data (e.g. Caco-2 transwell culture data) and in vivo 
data exist, as in in vivo studies exogenous exposure to AGEs and their precursors result 
in their entering the systemic circulation at least partially, while in vitro studies describe 
for some LMM AGEs and precursors limited uptake29,36. Thus, at least part of the dietary 
exposed exogenous AGEs and precursors can be absorbed as also shown in Chapter 6, where 
both LMM and HMM AGEs were found to be increased in the systemic circulation of mice 
upon a baked chow diet high in the measured AGEs carboxymethyllysine, carboxyethyllysine 
and MG-H1, which were present in the diet mainly in their HMM form. When entering the 
systemic circulation, it is also of use to know how and where these AGEs deposit: in plasma, 
tissues or organs, intra- or extracellular. In Chapter 6 both LMM and HMM AGEs ended up 
especially in plasma and kidney (carboxymethyllysine, carboxyethyllysine) which seemed 
to reflect only a temporary increase which appeared to be associated to the exposure 
diet as shown by introducing the switch diet. In Chapter 2 it was concluded, based on the 
toxicokinetic and toxicodynamic data available, that the effects of exogenous HMM AGEs 
and precursors seem to be limited to local effects on the gut microbiota and intestine due 
to their relatively low bioavailability, unless being digested into their LMM form, while LMM 
AGEs and precursors once absorbed can be cleared by renal excretion. Thus, whether the 
increased levels of HMM AGEs detected in the systemic circulation and tissues analyzed 
in Chapter 6 originate as such from the diet, or are formed at an increased level upon 
exposure to a diet high in HMM AGEs but also in their dicarbonyl precursors, and/or result 
from degradation of the dietary HMM AGEs to LMM AGEs that upon absorption gives rise to 
increased formation of endogenous HMM AGEs, remains to be elucidated.  

When assessing the risk for dietary AGEs and their precursors, dicarbonyl precursors are 
important to consider as well. Dicarbonyls are also present in the diet196 and can also be 
produced endogenously. The dicarbonyls (e.g. methylglyoxal, glyoxal, 3-deoxyglucosone) are, 
as explained earlier, important reactive precursors in the formation of AGEs. The (dietary) 
dicarbonyls can thus again, like other dietary components (such as artificial sweeteners332) 
or diets having a high glycemic load333, enhance endogenous formation of AGEs or possibly 
induce other biological effects. Thus, as indicated above, the significantly higher level of 
dicarbonyls in the baked chow diet as compared to the chow diet in Chapter 6, may have 
contributed to the higher endogenous HMM AGE levels. The possible relevance of these 
reactive dietary dicarbonyls will be further discussed in section 7.2.5. 
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Interactions between exogenous, dietary glycation products and the gut microbiota 
From toxicokinetic data available, it is clear that at least part of the exogenous dietary AGEs 
and their precursors reach the gut microbiota. Experimentally obtained data presented in 
this thesis (Chapter 3, 4, 5) show that –at least for fructoselysine and carboxymethyllysine– 
if not absorbed, they can be degraded by the human gut microbiota, which was estimated 
(as further discussed in Section 7.2.2) to result on average in almost a complete degradation 
when intake would be at the level of the EDI. However, inter- and intraindividual differences 
in the degradation of these two model glycation products by the human gut microbiota 
were found. It is also of interest to note that the microbial degradation of the dietary 
LMM AGEs and their precursors can lead to formation of metabolite production that may 
have secondary effects, either positive or negative, on host health40,47,54,267 as shown for 
fructoselysine degradation which was associated with butyrate production (Chapter 3). The 
metabolic pathways involved and potential biological effects of the metabolites formed from 
dietary glycation products remain of interest for future studies. In addition, it is relevant 
to further elucidate whether exogenous glycation product-exposure induced effects on the 
microbiota composition -as also shown in mice in Chapter 6- are a potential mode of action 
and contribute to effects, adverse or beneficial, on human health or rather only represent an 
adaptation of the gut microbiota to the diet (as hypothesized in Chapter 5) or both. How to 
additionally study interactions between dietary glycation products with the gut microbiota 
related to human health will be further discussed in Sections 7.2.4 and 7.2.5.

Overall, it is clear that there are several challenges regarding interpretation of the results 
of dietary glycation product-induced adverse health effect studies, and at this point no 
definite conclusion can be given whether dietary AGEs and their precursors causally affect 
or link with specific human health effects. Future research perspectives on this aspect will 
be further discussed in Section 7.2.5. 

7.2.2 Applicability domain of anaerobic fecal incubations and in vitro to in vivo 
extrapolation
The data shown in this thesis as obtained by the use of anaerobic in vitro fecal incubations 
have been used to quantify inter- and intraindividual differences in gut microbial metabolic 
activities. The in vitro model used (i.e. small anaerobic batch incubations with human fecal 
slurries and the substrate of interest in PBS) is a simple and fast model which is shown to be 
useful to study kinetics of gut microbial metabolism of foodborne substrates for different 
individuals. A similar set-up has been shown suitable to also study interspecies differences in 
gut microbial metabolism of foodborne mycotoxins334,335. However, as for all in vitro models, 
this model represents a specific aspect of an overall complex physiological process, and for 
the application and extrapolation of the data to humans in vivo certain assumptions have to 
be made; these, as well as other (dis)advantages of the model compared to other (in vitro) 
methodologies are discussed in more detail in this paragraph. 

The use of fecal samples
For the in vitro model of the present thesis, fecal samples were used as a source of gut 
microbial communities based on the premise that this is sufficiently representative of the 
colonic microbiota as previously reported89–91. The intestinal tract harbors microbiota which 
can differ between, for example, its upper and lower parts336. These differences include 



158	 CHAPTER 7

microbial densities and composition, along with differences in e.g. pH, oxygen and available 
nutrients337. Fecal samples have been widely used to represent colonic fermentations and 
have a major advantage of being relatively easy to sample with relatively low discomfort for 
the subject. Nevertheless, it would be ideal to take samples directly from the intestine itself, 
potentially even enabling characterization of metabolism in different parts of the GI tract. 
This can be done with for example naso- and oro-intestinal catheters88, a luminal brush, or 
sampling from ileostomy patients338. However, these methods are invasive, time and cost 
intensive and often require prior to the procedure a bowel preparation (cleansing) with 
corresponding effects on the gut microbiota338. New developments in this field have been 
made and ingestible sampling devices are promising339 but still several challenges need to 
be overcome before these methods can be used on a larger scale338. When shown to be 
effective, this will pave way for new developments in gut microbiota research, providing 
insights in the role of the different microbiota communities in different parts of the intestinal 
tract. 

Fermentation models
The in vitro anaerobic incubations of the fecal slurries in PBS performed in this thesis were 
all of short duration time (<6 hours) and thus considered static fermentations. This was done 
with the intention to retain the microbiota composition as close as possible to the original 
sample and is considered an advantage for gut microbial toxicokinetic studies. In addition, 
the selected set up remained as easily accessible as other in vitro toxicokinetic models, which 
are widely used and proven to be useful (e.g. incubations with human liver microsomes and 
S9 fractions)340–342. On the other hand, more complex continuous multi-stage fermentation 
models exist, such as the SHIME (Simulator of the Human Intestinal Microbial Ecosystem), 
the TIM-2 model (TNO intestinal model-2) and other larger fermentation systems343. These 
fermentation systems can also be inoculated with fecal samples. With nutrient supply 
and including different external conditions in multiple compartments, various parts of 
the intestine can be mimicked343–346. Between the set-up of these multi-stage models 
differences exist as well (e.g. in the included segments of the gastro intestinal tract)343, but 
stable and sufficiently reproducible bacterial communities are produced as reported344,347. 
These continuous models could prove to be more suitable to study the effects of exogenous 
compounds on the gut microbiota (i.e. toxicodynamics) in vitro, compared to static batch 
fermentations as used in this thesis. However, the complexity of continuous models and 
time- and cost-intensiveness would make these models less preferred over the static batch 
fermentations to study toxicokinetics and/or for studies including multiple individuals. 
Another interesting option would be to combine both types of models, by using a continuous 
model to expose a stable microbial community to a substance of interest, and use a sample 
from the formed, possibly perturbated community to further study kinetic reactions of 
interest with small batch fermentations. In this way both toxicodynamic and toxicokinetic 
properties of the gut microbiota can possibly be studied. However, this remains to be further 
investigated. Another available method is applying defined synthetic microbial communities 
instead of fecal samples, which consist of a consortium of selected bacteria which are known 
to be present in the gut348. In this way, fermentation conditions are more controlled343 which 
might be useful e.g. for comparing effects of different foodborne components. However, 
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considering the large interindividual differences in the gut microbiota and that still many 
bacteria in the gut are not identified yet would make this a less preferred model to obtain 
an overall overview of the effects on and of the intestinal microbiota. 

Extrapolating the obtained in vitro data to the in vivo situation
Overall, the presented in vitro model is suitable to study individual gut microbial reaction 
kinetics. The application of this in vitro model fits within the New Approach Methodologies 
(NAMs) for toxicity testing349, and considering the metabolic potential of the gut microbiota 
reportedly being comparable to the liver350 it is a relevant in vitro model which can be 
applied in modern 21st century toxicity testing strategies. To use the obtained in vitro kinetic 
data for the in vivo situation, the data need to be extrapolated. When combining this with 
data originating from other in vitro and in silico models, ADME properties of a foodborne 
chemical of interest can be described in a physiologically based kinetic (PBK) model. PBK 
models have been shown useful to describe in vivo kinetics of a compound of interest99 and 
may include a gut microbiota compartment to predict in vivo plasma Cmax or AUC (area under 
the curve) levels taking metabolism by the gut microbiota into account100,101. In this thesis, in 
vivo gut microbial degradation was estimated based on the obtained in vitro data by using 
the following assumption. As such, the amount of degraded substrate per gram feces was 
calculated for a total, average defecation mass of 128 g/day263 assuming to come from a 
total of 24 hours transit time, and thus considered to represent the total colonic microbiota 
content per individual adult. For infants this was 31 g per 24 hours289,290. However, it should 
be noted that with this approach, an average is used while large interindividual differences 
for defecation mass have been reported263.

The in vitro model presented in this thesis has been used to describe and quantify the 
AGE degradation activities by the human gut microbiota as a whole (“what happened”). 
This showed to be a suitable approach to study inter- and intraindividual differences in gut 
microbial degradation activities. In addition, the obtained individual degradation activities 
were associated to multiple bacteria present in the used fecal samples as characterized by 
16S rRNA amplicon sequencing. This was done to gain more insight in the bacteria involved 
in these microbial reactions (“who did it”). However, to fully understand and explain these 
associations, and to move to a causal relation, extra steps should be taken in addition to the 
applied strategy in this thesis. This will be further discussed in the following Section 7.2.3.

7.2.3 Moving from association to causation in gut microbiological research
In this thesis, microbial composition as assessed by 16S rRNA amplicon sequencing was 
correlated to other study outcomes. To gain insight in possible roles of specific bacteria 
in the metabolic conversions studied, microbial degradation activities of fructoselysine 
and carboxymethyllysine were correlated to the bacterial composition of the used fecal 
samples (Chapters 3, 4, 5). In Chapter 6 the aim was to explore whether specific members 
of the gut microbiota were associated with accumulation of AGEs in plasma and organs 
of the host induced upon dietary exposure to a heated diet high in AGEs. The value of the 
obtained associations and possible next steps to move towards identifying causal relations 
will be discussed in this section, and the associations with toxicokinetic and toxicodynamic 
endpoints will be addressed separately.
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Gut microbial metabolism of foodborne substances can be relevant from a toxicological 
perspective. However, to increase understanding of the gut microbial ecology (and the 
functioning of that “organ”) it would also be useful to identify which microbes are involved 
or possibly even responsible for these metabolic activities and via which pathways and 
mechanisms compounds of interest are converted by the gut microbiota. Therefore, 
associations were made of the rates of fructoselysine or carboxymethyllysine degradation 
with the microbial composition data obtained via 16S rRNA amplicon sequencing. This 
resulted in identification of multiple bacteria showing a high correlation to the amounts 
of degraded substrate during the course of the measurements, which can serve as a first 
step in identifying microbes involved in these reactions. However, several shortcomings 
are inherent to 16S rRNA amplicon sequencing. For example, the analysis lacks functional 
annotation91, the assigned taxonomy depends on the used database235 and only a region 
of the genome is sequenced. In addition, only bacteria present in a relative abundance of 
>0.1% in one of the analyzed samples were included for the association analyses, possibly 
resulting in scarce genera to go unnoticed. Furthermore, inherent to associations is that 
these can be confounded. Thus, the obtained associations alone will not provide a definite 
answer to “who did it” and more steps are necessary to identify a causal relation between 
bacteria and functional processes, when this knowledge is desired. A possible way forward 
is for example performing enrichments of fecal slurries with the substrate of interest over 
a longer time period including multiple transfers, combined with molecular or other -omics 
approaches to gain insight in the underlying mechanisms of the microbe(s) that is (are) thus 
preselected. For fructoselysine, this was done in an elegant way by Bui et al.40 who identified 
Intestinimonas butyriciproducens AF211 to grow efficiently on fructoselysine as a substrate. 
This microbe was found able to degrade fructoselysine and metabolize it into SCFAs (butyrate 
and acetate). With a proteomics approach key steps in this metabolic pathway were 
identified. This approach can provide useful mechanistic information on a specific function 
by a bacterium isolated from the human gut. However, identification of one single metabolic 
functional microbe does probably not cover all degradation activities measured with the 
anaerobic fecal incubations, as in Chapter 5 it was shown that the potential of a specific 
function (in this case fructoselysine degradation genes) was redundantly present amongst 
multiple species. In addition, studying one single bacterium does not provide information 
on its functioning in the gut microbial ecosystem, where e.g. cross-feeding mechanisms or 
other microbe-microbe interactions are shown to be of high importance. 

The associations reported in Chapter 6 aimed to explore whether specific bacteria of the 
altered gut microbiota composition were associated with toxicokinetic or toxicodynamic 
effects on the host (i.e. accumulation of AGEs in biological matrices, induction of inflammation 
markers) induced by a heated diet high in AGEs. Similarly, in literature numerous studies 
report associations between gut microbiota composition and a certain host phenotype 
(e.g. a diseased state)351. Often it remains unclear whether the gut microbiota composition 
predisposes the associated host phenotype or the other way around, or if the relation 
is causal at all352. Moving from an association to an understood causal relation would be 
relevant to increase understanding of the role of the gut microbiota (composition) in host 
health. This would be relevant information in order to evaluate for example toxicodynamic 
effects by foodborne compounds on the gut microbiota, to identify biomarkers in human 
feces for a certain diseased state and when moving towards a (dietary) therapeutical 
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approach. The challenging dynamic and individual aspects inherent to the gut microbiota 
complicate this shift towards establishing a causal relation especially in research focusing 
on humans. Probably a combination of in vitro, in vivo and human studies is necessary to 
prove a causal relationship. For example, combining information from a rodent gnotobiotic 
model (i.e. germ-free model or with known, possible humanized colonized microbes) with 
e.g. -omics techniques focusing on different informational levels, in vitro host-microbe 
studies and human based associations can be elucidated as the approach is able to provide 
information from several perspectives in different in vivo and in vitro systems. Another 
possible option would be to focus on mechanistic underpinning of an outcome via occurring 
key events based on e.g. in vitro and in silico methods, establishing a certain “outcome 
pathway”, like done in the field of toxicology (adverse outcome pathways; AOPs)353,354. 
Although AOPs assume a linear direction, and thus do not include e.g. feedback loops353, 
use of such a systematic approach to assess health effects mediated via the gut microbiota 
could be of use.  

Another complicating challenge when correlating gut microbiota to a host phenotype is that 
the host phenotypes reported to correlate with the gut microbiota are often multifactorial 
diseases which evolve over a longer period of time (e.g. inflammatory bowel disease, 
obesity, diabetes type 2, Alzheimer’s disease). This is also often the case for research 
studying adverse or beneficial health effects of dietary compounds. An additional challenge 
for dietary research is that the dietary compounds in question –like the glycation products– 
are difficult to test individually as they are part of a complex mixture of AGEs and precursors 
present in a complete diet, in contrast to e.g. pharmacological compounds such as antibiotics 
which are easier to investigate individually. The challenges and perspectives for studying 
dietary-microbiological interactions from a toxicological perspective will be discussed in the 
following Section 7.2.4. 

7.2.4 Dietary and gut microbiological research from a toxicological perspective 
A lot of research has been conducted to assess interactions of dietary components with the 
gut microbiota and (human) host health. Also in the field of toxicology the gut microbiota is 
receiving increased attention13,58. The gut microbiota has the ability to metabolize exogenous 
compounds (e.g. foodborne compounds, pharmaceuticals), as also shown in this thesis. In 
addition, the gut microbiota plays an important role in human health which can be affected 
via an alteration of composition and/or function (often referred to as dysbiosis)59. This can 
affect human health and possibly cause disease. As dysbiosis can be induced by exogenous 
exposure, there is a potential role for dietary glycation compounds in toxicology. However, if 
and to what extent these compounds pose a risk and how this can be evaluated remains to 
be established13. Nevertheless the results of the present thesis reveal that when considering 
the toxicity of dietary glycation products the role of the gut microbiota should be taken into 
account. This, however, brings several challenges. These will be discussed in this section, 
with emphasis on dietary AGEs and their precursors.

First of all, temporal intraindividual variability in gut microbial activity was observed 
in Chapter 4, in addition to interindividual differences. This difference is relevant for 
toxicokinetics as it can play a role in microbial degradation activities as established for 
fructoselysine and carboxymethyllysine (Chapter 4). Consequently, this metabolism by the 



162	 CHAPTER 7

gut microbiota can possibly affect the systemic uptake of a compound and thus internal 
exposure levels. In Chapter 4 intraindividual differences were observed within a period of 
3-16 weeks, and were hypothesized to be induced by, among others, differences in dietary 
exposure to the substrate prior to fecal sampling, as supported by results of Chapter 5. These 
relatively quick adaptations of the gut microbiota were also reflected in the alterations of 
the gut microbiota composition in mice upon a 5-week baked chow diet high in AGEs, which 
seemed to be reversible following a control diet for 5 subsequent weeks (Chapter 6). It is 
known that diet is an important environmental factor shaping the gut microbiota, and this 
can possibly affect toxicokinetics, as shown for fructoselysine and carboxymethyllysine in 
the present thesis.

In addition to the observed inter- and intraindividual variability, it is relevant to study 
different age groups in dietary-microbiological research from a toxicological perspective. 
For example, diets of infants differ from adults and consequently also can affect the gut 
microbiota in a different way. In Chapter 5, breast milk and infant formula having different 
contents of fructoselysine as consumed by BF and FF infants resulted in different in vitro 
fructoselysine microbial degradation activities between the infants fed by these two 
different feeding modes. In addition, calculations revealed that the EDI of fructoselysine by 
FF infants was unlikely to be completely degraded; on average only 29% of the fructoselysine 
amount provided by intake at the level of the EDI was estimated to be degraded based on 
the rates of fructoselysine by the respective fecal samples. This was in contrast to adults for 
whom at an intake at the level of the EDI on average all estimated dietary fructoselysine 
was estimated to be degraded. This difference could mainly be explained by the different 
EDIs, with FF infants on a bodyweight basis consuming approximately 30-fold higher levels 
of fructoselysine compared to adults. It was also of interest to note that fecal samples from 
BF infants were able to degrade fructoselysine as well, even without substantial dietary 
fructoselysine exposure through breast milk87. This indicates that (part of) the enzymes 
involved in fructoselysine degradation may be multifunctional and/or constitutively 
expressed for other reasons. However, this remains to be further investigated. 

In order to study toxicodynamic effects of foodborne or other exogenous compounds on the 
gut microbiota it is important to establish a relevant adverse effect that can be quantified. 
Dysbiosis is often used to refer to an altered bacterial composition59. However, the definition 
of a “normal” or healthy gut microbiota is not set in stone and can be difficult to define, 
also because of the inter- and intraindividual differences present. Furthermore, it can be 
argued whether microbial composition alone is sufficient and informative enough to assess 
dysbiosis and potential health consequences. Bacterial composition and function are not 
necessarily related67, and thus to assess toxicodynamic effects on the gut microbiota based 
on bacterial metabolites (e.g. present in the feces such as SCFAs) might be a more suitable 
outcome measure. For example, a metabolomic pattern or biomarker metabolite which 
reflects or is known to initiate an adverse health effect of possible toxicological concern can 
possibly be used to evaluate (the chances on) a toxicodynamic effect. The fecal metabolome 
provides a functional readout of the gut microbiota and reflects the interplay between the 
diet, gut microbiota and the host91,355, and can thus possibly be of use to represent the 
interplay between the gut microbiota and the host91. As such, the fecal metabolome has 
been found useful to study antibiotic-induced effects in rats and metabolite alterations 
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were detected equally well in feces as in cecum content89. A heated diet high in AGEs 
induced effects on the cecal metabolome in mice and altered the level of phenylalanine, 
tryptophan and tyrosine metabolites as previously reported210. In another study multiple 
metabolic pathways (related to e.g. amino acid and energy metabolism) were altered in the 
mice fecal metabolome upon exposure to a heated diet high in AGEs compared to a diet 
low in AGEs255. The extent, however, to which these changes can be considered adverse 
towards host health remains to be elucidated. Providing a potential promising endpoint, 
studying exogenously-induced effects on the fecal metabolome needs further investigation, 
including establishments of proper dose-response behavior. In addition to further facilitate 
the application of studying the fecal metabolome, guidelines or standardization of outcome 
measures and study set ups (both in vitro and in vivo) are needed to enable comparison. For 
example for in vivo studies, it is known that the microbial composition of mice is -besides 
being different from humans- affected by multiple factors, including the animal vendor, 
strain or stock, environmental factors such as housing and of course the diet356. This should 
be standardized as much as possible or at least considered. For in vitro studies, human-
based assays can be used but in addition also should be standardized in terms of e.g. set-up, 
incubation conditions to be applied, number of different individuals to be included, and 
relevant outcome measures. 

In toxicology, there is increasing attention for the role of the gut microbiota. As described 
above, several aspects and challenges are important to consider when studying dietary-
microbiological interactions from a toxicological perspective and can be helpful in providing 
direction for microbiological-dietary research from a toxicological perspective. Considering 
the dietary AGEs and their precursors, it has been shown that the gut microbiota can be 
involved in toxicokinetics and possibly in toxicodynamics as well. However, information 
is lacking to evaluate whether exposure to these dietary glycation products poses a risk 
to human health, also because the relative importance of the dietary exposure relative 
to endogenous formation remains to be elucidated, and more research is needed on the 
possible underlying pathways and modes of action. Future research perspectives on this 
aspect are further discussed in the following Section 7.2.5. 

7.2.5 Future research perspectives for the potential effects of dietary glycation products 
on human health 
Toxicokinetics
To understand whether dietary glycation product exposure poses a risk to human health, 
internal exposure resulting from exogenous exposure needs to be assessed and compared 
with endogenous formation levels (as discussed in section 7.2.1). AGEs and their precursors 
are a heterogenous group of compounds including HMM and LMM forms, and also 
reactive precursors like the dicarbonyls, and more work should be done on evaluating the 
toxicokinetics of all these individual glycation products. For many compounds that are part of 
the heterogenous group of glycation products (Chapter 1, 2), information on e.g. absorption 
from the intestine is partially or completely lacking. In vitro intestinal barrier models with 
e.g. Caco-2 cells or intestinal organoids357 can be of use to quantify intestinal absorption 
rates and compare these between the different AGEs and their precursors. In addition, gut 
microbial degradation activities of multiple individual glycation products which have not 
been evaluated yet, such as carboxyethyllysine and MG-H1, can be quantified with the in 
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vitro model presented in this thesis (as shown for fructoselysine and carboxymethyllysine in 
Chapters 3, 4 and 5). When also assessing in vitro digestion of individual glycation products 
in the upper intestinal tract up to the small intestine, such as previously done with the TIM-
1 model (TNO intestinal model 1 covering the upper gastrointestinal tract)139, a completer 
picture of what happens in the complete gastrointestinal tract can be provided.

When absorbed, it would be relevant to know whether and to what extent urinary excretion 
occurs to evaluate possible accumulation in vivo. Human studies can also address this 
question358, but with in vitro models there is the advantage that one individual glycation 
product can be tested without interference of other possible confounding dietary 
components. In addition in vitro approaches allow testing of more compounds in a relatively 
easy and fast way. It should be noted that for kidney clearance, an impaired or diseased 
model can be useful to include since kidney failure (e.g. as a complication of diabetes) 
impairs kidney function and can affect urinary excretion of AGEs and their precursors300,359. 
For example, in diabetic subjects with impaired kidney function, altered levels of urinary 
excretion of AGEs were reported360,361. 

When absorbed and not excreted, AGEs and precursors can accumulate in organs as reported 
for the kidney and the liver148,362. In some cases accumulation of both LMM and HMM AGEs 
have been reported, like in Chapter 6. However, whether this can be attributed to direct 
exogenous exposure or via (indirect) endogenous formation remains to be elucidated. 
Mechanistic in vitro studies can be of use combined with e.g. uptake studies with different 
cell types to elucidate whether absorbed exogenous AGEs and precursors can enter the 
cells or stimulate endogenous formation in another way. Isotope-labelled in vivo studies 
are also useful to determine whether accumulation in e.g. tissues and organs is a result of 
exogenous exposure or rather the result of elevated endogenous formation, as previously 
shown in literature29. Isotope labelled HMM carboxymethyllysine was orally administered 
to mice and resulted in carboxymethyllysine accumulation with the highest levels in kidney, 
intestine and lungs29.

In addition, when levels of glycation products are quantified with LC-MS/MS often only 
a few individual compounds are included. However, more glycation products exist with 
possible different ADME characteristics. A possible approach to identify these could include 
untargeted metabolomics approaches363 or proteomics364. These analytical techniques can 
be applied to characterize the applied dietary exposure as well as to characterize biological 
matrices (e.g. plasma and secretions), and possibly result in better understanding of the 
presence and distribution of the different AGEs and their precursors and accompanying 
health effects. Finally, insight in the potential scavenging of reactive dicarbonyls by dietary 
components and/or intestinal content seems relevant as well.

Toxicodynamic effects
Besides studying metabolism of glycation products by the gut microbiota, an additional 
step forward to further understand health effects induced by exogenous AGEs and their 
precursors would be to further study possible toxicodynamic effects on the gut microbiota. 
As shown in Chapter 6 and in literature, a heated diet which also contained increased 
dietary AGEs altered microbiota composition. Whether this can result in secondary 



GENERAL DISCUSSION� 165

7

adverse (or beneficial) health effects remains uncertain. Like discussed in Sections 7.2.3 
and 7.2.4, additional outcome measures and study set-ups are necessary to investigate a 
causal relation and to understand involved mechanisms. To elaborate on that, an in vitro 
alternative to study this would be to expose (fecal) microbial communities to individual 
glycation products, collect supernatants containing possibly formed bioactive metabolites 
and subsequently expose in vitro cell models to this mixture, incorporating an intestinal 
barrier, to study secondary health effects. 

Toxicodynamic effects exerted on or via the gut microbiota can be one possible underlying 
mode of action for the various diseases where a role of AGEs has been suggested, in addition 
to for example binding to RAGE and elevated dicarbonyl stress12. Defining relevant outcome 
measures and to identify the underlying mode of actions of individual LMM and HMM 
AGEs and their precursors in the various diseases where a role of AGEs has been suggested 
remains a topic of further investigation. In vitro methods can possibly be of use to further 
elucidate this and to provide mechanistic information365. Other dietary compounds of high 
interest are the reactive dicarbonyls as further discussed in the following section.    

A potential role for reactive dicarbonyls
As discussed in Section 7.2.1, other characteristics of the diet like a high glycemic load333 
or the presence of other dietary components such as reactive dicarbonyls, which are AGE 
precursors, can also result in AGE formation or pose a risk for human health themselves. 
Elevated in vivo levels can lead to dicarbonyl stress366 which due to the reactive properties 
of the dicarbonyls can lead to AGE formation upon reacting with amino acid moieties of a 
protein367, resulting in cross-linking of proteins and modification of DNA368–370. 

In Figure 7.1371 it is shown that the three major dicarbonyls methylglyoxal, glyoxal and 
3-deoxyglucosone can activate the nuclear factor erythroid 2-related factor 2 (Nrf2)-pathway 
in a concentration-dependent manner, in contrast to LMM carboxymethyllysine (data not 
shown), as tested in the Nrf2-CALUX (chemically activated luciferase expression) assay372. 
Methylglyoxal appeared to be the strongest Nrf2 inducer, followed by 3-deoxyglucosone 
and finally glyoxal. Nrf2 is a transcription factor playing a vital role in the Nrf2-electrophile 
responsive element (EpRE) signaling pathway which regulates expression of defense 
mechanisms, including glutathione production. The glyoxalase system, active in detoxification 
of especially the dicarbonyls methylglyoxal, glyoxal366, is dependent on glutathione which can 
bind to methylglyoxal and glyoxal non-enzymatically or via glutathione-S-transferases373,374. 
3-Deoxyglucosone is reported to be mainly detoxified via NADPH dependent aldo-keto 
reductases375. Despite the presence of cellular dicarbonyl detoxification mechanisms, 
dicarbonyls present in the human body were suggested to play a role in the development 
of multiple disorders (e.g. diabetes, cardiovascular diseases, neurodegenerative diseases)376 
and their high intrinsic electrophilic reactivity raises the need for risk assessment of the 
dicarbonyls. Since dicarbonyls can be formed both endogenously and exogenously as 
explained in Chapter 1 and 2, the question arises, like for AGEs, whether exogenous 
dietary dicarbonyls pose a risk for human health relative to the endogenous dicarbonyls. 
A recent study presented a database with 223 foods and drinks with quantified levels of 
methylglyoxal, glyoxal and 3-deoxyglucosone enabling the performance of an exposure 
assessment for dietary dicarbonyls and estimated the dietary intake to be ~9, ~3 and  
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~3 mg/day for 3-deoxyglucosone, methylglyoxal and glyoxal, respectively196. As also discussed 
in Chapter 2, some studies show that the dietary dicarbonyls are absorbed137, however 
based on the limited data available this seems to differ between dicarbonyls136 as dietary 
exposure of methylglyoxal to human volunteers did not seem to affect urinary excretion 
while for 3-deoxyglucosone dietary exposure did seem to increase urinary 3-deoxyglucosone 
levels136,137. When exposed through the diet, it is conceivable that dicarbonyls in the diet 
are scavenged by other dietary compounds (e.g. amino acids, phenolic compounds, thiol 
moieties of proteins) before reaching the intestinal tract or even before being ingested 
due to their high reactivity. Also inside the intestinal tract it is conceivable that they react 
with other compounds originating from the diet or the body inside the intestine367 and 
possibly affect the gut microbiota or the intestinal cells138. A comparison of their reactivity 
towards different scavenging materials (e.g. amino acids, glutathione, other food-derived 
compounds) would be relevant information to evaluate their bioavailability, similar to what 
has been done for melanoidins377. Overall, the risk of exogenous dietary dicarbonyls should 
be evaluated in view of both dicarbonyl stress as well as endogenous AGE production. 
Furthermore, since LMM AGEs and precursors such as fructoselysine can degrade again 
into dicarbonyls (3-deoxyglucosone and glyxoal375,378), dietary exposure to these precursors 
should also be considered when evaluating the hazards or risks of dietary dicarbonyls. 
Clearly absence of all this information hampers current risk assessment on dietary AGEs and 
their precursors.

Figure 7.1 Induction of Nrf2-mediated luciferase gene expression in the Nrf2-CALUX assay (blue bars) and in 
the control Cytotox-CALUX assay (red bars) by methylglyoxal (A), glyoxal (B) and 3-deoxyglucosone (C). Data 
bars represent a mean value of three independent replicate experiments, while error bars represent the SEM. 
Statistically significant induction was evaluated with a Student’s t-test and was indicated as following: * p < 0.05 
and ** p < 0.01. CALUX: chemically activated luciferase expression. BDS (Amsterdam) is acknowledged for the use 
of the U2OS Cytotox and Nrf2 CALUX cells. This data was experimentally obtained and is presented in Zheng, L., 
van Dongen, K.C.W. et al., 2022. 
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7.3 Overall conclusion 

Glycation products comprise AGEs and their precursors and are a heterogenous group of 
compounds that include compounds such as fructoselysine and carboxymethyllysine, the 
model compounds of the present thesis. Studying their toxicokinetics and toxicodynamics 
holds several challenges, especially also because they are present in exogenous sources as 
well as formed endogenously. How and in which form (i.e. LMM or HMM) test substances 
are applied in in vivo and in in vitro studies needs to be much better characterized, in order 
to facilitate interpretation and comparison of study results. This will help to evaluate the 
toxicokinetics of AGEs and their precursors as well as to identify the underlying modes of 
actions in the various suggested diseases that have been related to AGEs and their precursors, 
which still needs further elucidation. Thus, to firmly establish the possible hazards and risk 
of exogenous dietary AGEs and their precursors requires further investigations.  

In this thesis, bi-directional interactions between glycation products and the gut microbiota 
have been studied. Inter- and intraindividual differences in microbial degradation activities 
of fructoselysine and carboxymethyllysine were elucidated and quantified. The in vitro 
method using anaerobic fecal incubations was shown to be useful to study in vitro microbial 
degradation kinetics of these (foodborne) compounds. Microbial adaptation towards dietary 
exposure seemed to occur as shown by the results on fructoselysine degradation activities in 
incubations with fecal sample from BF and FF infants, and by the putative reversible altered 
microbiota composition in mice upon returning to the control diet after being exposed to 
a heated chow diet high in AGEs. To what extent this dynamic aspect of the gut microbiota 
affects the ultimate hazards and risks of dietary exogenous AGEs and their precursors 
remains an interesting topic for future research. It also remains to be established to what 
extent the dietary exogenous AGEs and their precursors as compared to the endogenous 
formation of AGEs add to the overall exposure, and what dietary components can drive 
this endogenous formation. The results of the present study reveal that dietary AGEs do 
influence the endogenous levels and may influence the gut microbiota. Better quantification 
of qualitative and quantitative kinetic and dynamic characteristics of individual AGEs and 
precursors appears essential for adequate future hazard and risk evaluation.
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Summary

Glycation products comprise a heterogenous group of compounds which can be 
formed upon thermal processing of food products and include advanced glycation end 
products (AGEs), such as carboxymethyllysine, and their precursors such as the Amadori 
product fructoselysine and α-dicarbonyl compounds like methylglyoxal, glyoxal and 
3-deoxyglucosone. Besides being present in exogenous dietary sources, glycation products 
can also be produced endogenously inside the human body. AGEs have been associated with 
the development of multiple adverse health effects, such as diabetes and cardiovascular 
diseases, but whether exposure to exogenous dietary AGEs and their precursors contributes 
to these effects remains debated. In Chapter 2 an overview was presented of the 
toxicokinetics and toxicodynamics of exogenous and endogenous AGEs and their precursors 
which are of relevance to consider when evaluating whether exposure to exogenous dietary 
glycation products can contribute to the adverse health effects associated with AGEs. It was 
concluded that better characterization of the tested AGEs and precursors, and to distinguish 
between their low molecular mass (LMM) and high molecular mass (HMM) forms, as well 
as quantification of the exposure from endogenous formation relative to that resulting from 
dietary intake are all of importance to provide a definite conclusion on whether dietary 
exposure to glycation products can contribute to the adverse health effects associated 
to AGEs. In addition, it was concluded that part of the AGEs and their precursors remain 
unabsorbed upon dietary exposure and can reach the colon. Consequently at least part of 
the AGEs and their precursors can interact with the gut microbiota in a bi-directional manner. 
This can affect the toxicokinetics of the AGEs and their precursors but on the other hand 
can also result in exerted toxicodynamic effects by altering the gut microbiota composition 
and possibly function. The aim of this project was to characterize these interactions of the 
gut microbiota with selected dietary glycation products and vice versa, and to characterize 
inter- and intraindividual differences in gut microbial reactions using the Amadori product 
fructoselysine and the AGE carboxymethyllysine as model compounds.   

In Chapter 3 16 individual human fecal samples were collected and anaerobically incubated 
with fructoselysine. Upon optimization of this applied in vitro model, interindividual 
differences in the Michaelis-Menten kinetic parameters of fructoselysine degradation were 
quantified. This resulted in the identification of microbial non-metabolizers and microbial 
metabolizers of fructoselysine, with the latter group showing interindividual differences 
with Vmax, Km and kcat-values varying up to 14.6-fold, 9.5-fold and 4.4-fold, respectively. 
In addition, significantly increased production of the short chain fatty acid butyrate was 
quantified following fructoselysine exposure. Multiple bacterial genera were positively 
correlated with fructoselysine degradation and butyrate production, showing that the 
potential to convert fructoselysine may originate from multiple bacterial genera.

Besides reported and observed interindividual differences in the gut microbiota composition 
and its metabolic functions, intraindividual differences in these parameters can exist as well. 
The gut microbiota is a dynamic ecosystem and thus intraindividual temporal differences 
are of possible relevance for its functioning. In Chapter 4 both inter- and intraindividual 
differences in gut microbial degradation of the AGE carboxymethyllysine and its precursor 
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fructoselysine were quantified. Three fecal samples were collected from 13 individual human 
volunteers over a time frame with an interval of ≥3 weeks between fecal sample donations. 
Pronounced inter- and intraindividual variation was observed in both carboxymethyllysine 
and fructoselysine degradation. However, the average capacity to degrade fructoselysine 
was 27.7-fold higher compared to that for carboxymethyllysine, and the two degradation 
rates were not correlated (R2=0.08), showing the need to evaluate toxicokinetics for 
individual AGEs and precursors instead of evaluating them on a group level. In addition, 
again multiple bacterial genera were correlated with the individuals’ carboxymethyllysine 
and fructoselysine degradation activities, corroborating that showing that the potential 
to convert fructoselysine and carboxymethyllysine may originate from multiple bacterial 
genera.

Considering the dynamic aspects of the gut microbiota, it was evaluated whether different 
dietary exposures could affect fructoselysine degradation activities, thereby potentially 
contributing to the intra- and interindividual differences. Fructoselysine is present in high 
levels in infant formula while being absent in breast milk. Functional differences in microbial 
fructoselysine degradation were compared between breast-fed (BF) and formula-fed (FF) 
infants in Chapter 5, in view of their different exclusive diets and consequent different 
dietary fructoselysine exposures. A publicly available metagenome dataset analysis with 
metagenome assembled genomes (MAGs) from infant fecal samples showed that genes 
involved in microbial fructoselysine degradation were present in multiple taxa in both BF 
and FF infant fecal samples but were higher prevalent in fecal samples from FF infants 
compared to the BF infants. Further collection of individual fecal samples from exclusively BF 
and FF infants showed that both groups were able to degrade fructoselysine anaerobically 
but fecal samples from the FF infants resulted in a significantly higher degradation activity 
compared to the BF infants. This indicated that the infant gut microbiota adapts towards 
dietary fructoselysine exposure. 

This dynamic adaptive aspect of the gut microbiota was also observed in Chapter 6 in which 
mice were exposed to a heated diet high in AGEs which resulted in an altered gut microbiota 
composition compared to mice exposed to the control diet. Exposure to the heated diet 
high in AGEs followed by the control diet (i.e. the switch group) showed that the altered 
gut microbiota composition was reversible and adapted to the dietary exposure. This 
reversibility was also observed for the accumulation of the tested AGEs in plasma, kidney 
and liver (as analyzed in their protein-bound and free form), a result that also pointed to at 
least partial bioavailability of the dietary AGEs and/or their precursors that appeared to be 
enriched in the heated chow diet. 

Overall, it can be concluded that the bi-directional relation of the gut microbiota with 
exogenous AGEs and their precursors is of relevance when evaluating their toxicokinetic 
and toxicodynamic characteristics. To accurately evaluate the hazards and risks of dietary 
exposure to AGEs and precursors, better characterization and quantification of the applied 
test substances and biological outcomes, and also of the exposure from endogenous 
formation relative to that resulting from dietary intake, are essential.               
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Samenvatting

Glycatieproducten zijn een heterogene groep verbindingen die gevormd kunnen worden 
door verhitting en opslag van voedselproducten. Onder deze glycatieproducten vallen 
de gevorderde glycatieproducten (de zogenoemde “advanced glycation end products”, 
afgekort AGEs) zoals carboxymethyllysine, en hun voorlopers zoals het Amadori-product 
fructoselysine en α-dicarbonyls zoals methylglyoxal, glyoxal en 3-deoxyglucosone. Deze 
stoffen zijn aanwezig in exogene bronnen, zoals voeding, maar kunnen ook endogeen 
gevormd worden, in het menselijk lichaam. AGEs zijn in verband gebracht met verschillende 
nadelige gezondheidseffecten, zoals diabetes en hart- en vaatziekten. Of blootstelling aan 
exogene glycatieproducten, bijvoorbeeld via voeding, bijdraagt aan deze nadelige effecten 
staat nog ter discussie. In Hoofdstuk 2 is een overzicht gegeven van de toxicokinetiek en 
toxicodynamiek van exogene en endogene AGEs en hun voorlopers. De toxicokinetiek 
en toxicodynamiek zijn beiden van belang wanneer er wordt geëvalueerd of exogene 
glycatieproducten uit voeding bij kunnen dragen aan nadelige gezondheidseffecten die in 
verband worden gebracht met AGEs. Op basis van het gegeven overzicht is geconcludeerd dat 
verschillende verbeterpunten noodzakelijk zijn voordat een definitieve conclusie getrokken 
kan worden of blootstelling aan glycatieproducten via de voeding bij kan dragen aan de 
nadelige gezondheidseffecten die in verband worden gebracht met AGEs. Dit omvat onder 
andere dat de geteste AGEs en hun voorlopers beter gekarakteriseerd moeten worden, en 
wordt er aangeraden om de stoffen op basis van molecuulgewicht te onderscheiden. Verder 
is het van belang om een onderscheid te maken in de relatieve bijdrage van endogene en 
exogene blootstelling en om dat te kwantificeren. Ook wordt er geconcludeerd dat een deel 
van de AGEs en hun voorlopers die via voeding in het menselijk lichaam komen, niet direct 
opgenomen worden en dus de colon kunnen bereiken. De AGEs en hun voorlopers kunnen 
vervolgens in twee richtingen (bi-directioneel) in interactie komen met de darmbacteriën: 
enerzijds kan dit de toxicokinetiek van de glycatieproducten beïnvloeden, en anderzijds 
kan dit ook leiden tot een toxicodynamisch effect doordat de darmbacterie-compositie en 
mogelijk functie kunnen veranderen. Het doel van dit project was om deze bi-directionele 
interacties tussen de darmbacteriën en glycatieproducten uit voeding te bestuderen, en om 
inter- en intra-individuele verschillen te karakteriseren in de reacties tussen darmbacteriën 
waarbij het Amadori product fructoselysine en de AGE carboxymethyllysine als modelstoffen 
worden gebruikt.

In Hoofdstuk 3 zijn interindividuele verschillen in de Michaelis-Menten kinetische parameters 
gekwantificeerd van de microbiële afbraak van fructoselysine. Hiervoor zijn fecale samples 
van 16 vrijwilligers verzameld en met fructoselysine geïncubeerd onder anaerobe 
omstandigheden. Hieruit bleek dat niet alle fecale samples van de individuen fructoselysine 
konden afbreken. In de fecale samples van de individuen die wel fructoselysine konden 
afbreken verschilden de Vmax, Km en kcat-parameters tot 14.6, 9.5 en 4.4 keer, respectievelijk. 
Ook werd er significant meer butyraat, een kortketenig vetzuur, gekwantificeerd na 
blootstelling aan fructoselysine. Meerdere bacteriële genera waren positief gecorreleerd 
met zowel fructoselysine afbraak als butyraat productie. Dit liet zien dat meerdere bacteriën 
waarschijnlijk in staat zijn om fructoselysine om te zetten.
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De samenstelling van de darmbacteriën en bijbehorende metabolische functionaliteiten 
kunnen verschillen tussen mensen (inter-individueel), maar ook binnen een mens (intra-
individueel). Dit komt doordat de microbiota in de darm een dynamisch ecosysteem is, en 
dus kan veranderen over tijd. In Hoofdstuk 4 zijn zowel inter- als intra-individuele verschillen 
gekwantificeerd in de microbiële afbraak van carboxymethyllysine en fructoselysine, door 
meerdere fecale samples van 13 individuen te incuberen die verzameld zijn over een langere 
tijdsperiode (≥3 weken tussen de verschillende collectie momenten). Zowel de inter- als intra-
individuele verschillen voor zowel de microbiële afbraak van carboxymethyllysine als van 
fructoselysine waren opvallend, en gemiddeld genomen was de capaciteit om fructoselysine 
af te breken 27.7 keer groter vergeleken met carboxymethyllysine. De degradatiesnelheden 
van beide stoffen waren niet aan elkaar gecorreleerd (R2=0.08), wat de noodzaak laat zien 
om de toxicokinetiek van glycatieproducten individueel te beoordelen in plaats van op 
groepsniveau. Ook waren meerdere bacteriële genera positief gecorreleerd aan de afbraak 
van carboxymethyllysine en fructoselysine, wat kon bekrachtigen dat meerdere bacteriën 
betrokken zijn bij deze metabolische reacties. 

In Hoofdstuk 5 werd verder onderzocht in hoeverre voeding effect heeft op de gekwantificeerde 
individuele verschillen. In kunstvoeding voor baby’s zijn grote hoeveelheden fructoselysine 
gevonden, terwijl in moedermelk fructoselysine niet of nauwelijks aanwezig is. Om dit 
verschil in blootstelling aan fructoselysine verder te onderzoeken en te relateren aan de 
(potentiële) microbiële afbraak van fructoselysine zijn fecale samples van borst-gevoede 
(BV) en kunst-gevoede (KV) baby’s vergeleken. Ten eerste werd een openbare metagenoom 
dataset analyse uitgevoerd met metagenoom geassembleerde genomen (metagenome 
assembled genomes; MAGs) van fecale samples van baby’s. Dit liet zien dat genen die 
betrokken zijn bij fructoselysine afbraak zich kunnen bevinden in verschillende bacteriële 
taxa in fecale samples van zowel BV als KV baby’s, maar dat deze in een hogere prevalentie 
aanwezig zijn in de fecale samples van KV baby’s. Fecale samples van exclusief BV en KV 
baby’s werden vervolgens verzameld en anaerobe incubaties lieten zien dat beide groepen 
fructoselysine konden afbreken, maar dat de microbiële fructoselysine afbraak door fecale 
samples van KV baby’s significant hoger was. Dit duidde erop dat de darmbacteriën van 
baby’s zich aanpassen aan fructoselysine blootstelling via voeding.

Deze dynamische karakteristieken van de darmbacteriën zijn ook in Hoofdstuk 6 
waargenomen, waarin muizen zijn blootgesteld aan een verhit dieet met daardoor 
verhoogde AGE waarden. Dit leidde tot een verandering in de samenstelling van de 
darmbacteriën in vergelijking tot de controle groep. De muizen in de schakel groep kregen 
na het verhitte dieet verhoogd in AGEs het controle dieet, waaruit bleek dat de verandering 
in de samenstelling van de darmbacteriën omkeerbaar was en dat de darmbacteriën zich 
aanpassen aan het dieet. Naast deze gevonden omkeerbaarheid in de samenstelling van de 
darmbacteriën bleek dit ook zo te zijn voor de ophoping van geanalyseerde AGEs in plasma, 
nieren en de lever (in zowel de eiwitgebonden als de vrije vorm). Dit duidt er op dat ten 
minste een gedeelte van de AGEs en/of de voorlopers vanuit het verhitte dieet opgenomen 
kunnen worden.

Over het algemeen kan worden geconcludeerd dat de bi-directionele interactie tussen de 
darmbacteriën en exogene glycatieproducten relevant is bij het bepalen en evalueren van 
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de toxicokinetiek en toxicodynamiek. Om mogelijke gevaren en risico’s van blootstelling aan 
AGEs en voorlopers via de voeding nauwkeurig te evalueren is het nodig om de toegepaste 
blootstellingen en biologische uitkomsten beter te karakteriseren en kwantificeren. 
Daarnaast is het ook van belang om exogene blootstelling via voeding relatief aan endogene 
formatie te evalueren. 
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