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ABSTRACT: The advanced glycation endproduct carboxymethyllysine and its precursor fructoselysine are present in heated,
processed food products and are considered potentially 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).
KEYWORDS: advanced glycation end product, 16S rRNA analysis, interindividual differences, intraindividual differences,
human gut microbiota, new approach methodologies, temporal variability
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its precursor fructoselysine.26,27 Because of the potential
hazardous effects of AGEs on human health, gut microbial
metabolism could serve as a metabolization or bioremediation28 pathway potentially leading to detoxification�depending on metabolite formation and the contribution to toxicity of
the parent compound�since at least part of the dietary
fructoselysine and/or carboxymethyllysine can reach the
colon.29 Furthermore, it has been shown that substantial
interindividual differences in human bacterial degradation of
fructoselysine exist,23 and also interindividual differences in
carboxymethyllysine degradation have been reported in a
number of individuals.22,24
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),30 and it can
change over time and, among others, following xenobiotic
exposure, which can have consequences for its functioning.31
While the most fundamental metabolic functions of the
microbiota are considered to be temporally stable and
conserved among individuals despite differences in composition,31 in a previous study, we reported large interindividual
differences in the kinetics of gut microbial degradation of

INTRODUCTION
Glycation products are formed during heat processing and
storage of food products and are abundantly present in the
Western diet1,2 and include advanced glycation end products
(AGEs) and their precursors such as Amadori products. They
are formed by nonenzymatic glycation reactions between
amino acids and reducing sugars (i.e., the Maillard reaction3)
and can be present in food in both their protein-bound as well
as in their free forms.1,2 One of the most abundant AGEs in the
Western diet is carboxymethyllysine, which can be formed via
oxidation of the Amadori product fructoselysine4 or via
reactions of reactive dicarbonyls (i.e., glyoxal and 3deoxyglucosone) with the amino acid lysine.5,6 Dicarbonyls
can again be formed via various pathways, including lipid
oxidation.7 Besides the presence of AGEs in the diet, they are
also formed endogenously in the human body.1,2 Dietary
exposure to AGEs is reported to contribute to AGE levels in
plasma8−11 and tissues.11−13 In addition, exposure to dietary
AGEs has been associated with increased markers of negative
health effects such as inflammation and endothelial dysfunction.14 However, the actual contribution of dietary AGEs
toward adverse health effects remains debated.15 In addition,
alterations in gut bacterial profiles are reported to be induced
by exposure to heat-treated diets which are high in
AGEs.11,16−21 The gut microbiota can also affect AGEs by
metabolism thereof. It has been shown that human gut bacteria
in fecal slurries�either pooled or individual�can degrade
AGEs and their precursors in vitro under anaerobic
conditions,22,23 with single bacterial strains reportedly able to
metabolize specific AGEs such as carboxymethyllysine24,25 and
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fructoselysine.23 Given the dynamic nature of the microbiota32
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 differences as well as
intraindividual differences of gut microbial degradation of
fructoselysine and carboxymethyllysine and compare their
metabolism. 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
which is a relevant and novel addition to previous research.
In addition, total bacterial cell load in these fecal samples was
quantified and microbial composition was characterized by 16S
rRNA amplicon sequencing and correlated with the respective
degradation capacities.

■
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optimized using pooled human fecal slurries. This was done to achieve
linear reactions over the amount of fecal slurry and over time, with
incubation times as short as possible to remain as close as possible to
the human fecal material. Saturating substrate concentrations were
selected to facilitate detection of maximum degradation rates and
comparison between all performed anaerobic incubations using
individual human fecal slurries. For fructoselysine, the optimization
of experimental conditions was previously described,23 resulting in
anaerobic incubations of 1 h with 5% individual fecal slurry in PBS
(i.e., 0.0125 g/mL) with a final, saturating substrate concentration of
125 μM fructoselysine (being ≥2-fold higher than the Km of the
pooled human fecal slurries). 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 (Supporting Information Figure S1A). Saturating substrate
concentrations were selected (Supporting Information Figure S1B).
This resulted in the anaerobic incubations of individual fecal samples
being performed with 20% individual human fecal slurries in PBS (i.e.,
0.05 g/mL) for 3 h with a final, saturated substrate concentration of
80 μM carboxymethyllysine. All experiments were performed in at
least technical duplicates and were repeated three times. Control
incubations of the substrate in PBS showed that the substrates were
stable without addition of human fecal slurries (Supporting
Information Figure S1C). Blank incubations (anaerobic incubations
without the substrate) showed that no background release of
fructoselysine or carboxymethyllysine occurred during the anaerobic
incubations with human fecal slurry (data not shown).
Quantification of Fructoselysine and Carboxymethyllysine
by LC−MS/MS. 80 μL of 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 the 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 mass spectrometer (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 was
injected onto a Phenomenex Polar-RP Synergi column (30 × 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 described.23 For carboxymethyllysine, 1 μL of supernatant
was injected onto a Waters Acquity BEH Amide column (2.1 × 100
mm, 1.7 μm) 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, reached 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 D4carboxymethyllysine 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. D4Carboxymethyllysine 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. For quantification of carboxymethyllysine
concentrations present in the samples, the area ratio of carboxymethyllysine and a known concentration of D4-carboxymethyllysine
was determined and further quantified via the area ratios of an
external calibration curve which was prepared in the same way as the

MATERIALS AND METHODS

Chemicals and Reagents. Carboxymethyllysine (CAS: 5746-043) and N-ε-fructoselysine (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 SigmaAldrich (Steinheim, Germany). Formic acid (99−100%, analytical
grade, CAS: 64-18-6) was purchased from Merck (Darmstadt,
Germany). Phosphate-buffered saline (PBS) was purchased from
Gibco (Paisley, UK). Acetonitrile (ACN; UPLC/MS grade; CAS: 7505-8) 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 inbetween over a total maximum period for all 3 donations of 16 weeks,
corresponding to ST2 and ST3; see Supporting Information Table S1
for the sampling times of each individual). Volunteers were not
pregnant, did not suffer from chronic gastrointestinal diseases, and did
not use antibiotics 3 months prior to donation. Fecal samples were
immediately processed after donation as described before23 and
stored at −80 °C after a 4× 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 described.23 In short, pooled or individual
human fecal slurries were mixed with anaerobic PBS and
carboxymethyllysine or fructoselysine in optimized experimental
conditions as described in more detail below. 50 μL of this mixture
was 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). Incubations were
performed in anaerobic PBS to avoid bacterial growth and keep the
bacterial composition as close to the original fecal composition as
possible. Given that this use of PBS limits the available nutrients to
those present in the fecal samples, incubations were carried out for
only a limited time period namely up to at most 3 h. Samples were
centrifuged at 15,000 × g for 15 min at 4 °C, and the resulting
supernatants were used for subsequent analysis by liquid chromatography−tandem mass spectrometry (LC−MS/MS).
The experimental conditions that have been applied for the
anaerobic incubations with individual human fecal slurries were
11760
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incubation samples using commercially available carboxymethyllysine
and D4-carboxymethyllysine. Concentrations of fructoselysine present
in the samples were achieved by an external calibration curve for
which samples were prepared in the same way as the fecal incubation
samples using commercially available fructoselysine. For fructoselysine, use of an internal standard was not essential because the matrix
effect of the fecal material was shown to be negligible when
comparing fructoselysine calibration curves made in PBS or in fecal
slurries. For carboxymethyllysine, a matrix effect was more obvious
due to the higher concentration of fecal slurry applied in these
incubations. 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/1 × 1012 bacterial cells/
h.
Bacterial Taxonomic Profiling by 16S rRNA Gene Amplicon
Sequencing. DNA was isolated from the fecal slurries using a beadbeating procedure in combination with the customized MaxWell 16
Tissue LEV Total RNA Purification Kit (XAS1220; Promega Biotech
AB, Stockholm, Sweden). DNA isolates underwent triplicate
polymerase chain reaction (PCR) reactions of the 16S ribosomal
RNA (rRNA) gene V4 region (515-F; 806-R) with a library approach
as described before.11,23 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 Quantitative PCR. To quantify the
total bacterial load in each individual fecal slurry, quantitative PCR
(qPCR) was performed based on a previously described method.33
Triplicate qPCR reactions consisted of 1 μL of DNA isolate (1 ng/
μL) and 9 μL of 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 s, annealing at 60 °C for 30 s, and
elongation at 72 °C for 15 s. 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., 4.234) 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 settings,35 generating de novo
exact match sequence clusters (ASVs; amplicon sequence variants).
The SILVA 16S rRNA gene reference database36 release 132 was used
to assign taxonomy. R (version 4.0.2) was used for further data
analysis using the Phyloseq package37 (version 1.34.0) to combine the
ASV table with the phylogenetic tree and metadata. A relative
abundance cutoff 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. Microbiome package38 (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 Phyloseq,37 Stats, and Ape39 (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 (FDR) using the
Microbiome package.38
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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.

■

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, that is, 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 carboxymethyllysine; see Supporting Information
Figure S1). 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 the
literature40 (for bacterial load of samples, see Supporting
Information Figure S2; for carboxymethyllysine degradation
per g feces, see Supporting Information Figure S3). 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/1 × 1012
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 three times were not significantly
different and were in the same range, that is, 0.09 (ST1), 0.3
(ST2), and 0.15 (ST3) μmol carboxymethyllysine degradation/1 × 1012 bacterial cells/h (Figure 1), resulting in 7, 24,
and 12% of the added substrate being degraded under the
experimental conditions applied, respectively. Background
levels of carboxymethyllysine in the individual fecal slurries
ranged from 0.5−5 μM and were not correlated with the
amount of degraded carboxymethyllsyine (R2 = 0.075, see
Supporting Information Figure S4A).
Intraindividual variability in carboxymethyllysine degradation capacities was further quantified for the 13 individuals
who donated at ST1, ST2, and ST3, as shown in Figure 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, and 12), while other individuals mainly showed
differences in the amount being degraded (i.e., individuals 1, 3,
5, 6, 8, 9, and 13). The largest absolute difference of
carboxymethyllysine being degraded was for individual 5 with a
difference of 0.68 μmol/1 × 1012 bacterial cells/h between
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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 Supporting Information Figure S5A).
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 conditions23 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 Supporting Information Figure S2; for
fructoselysine degradation per g feces, see Supporting
Information Figure S6). 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/1 × 1012 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 three times was not statistically
significantly different and was in the same range, that is, 4.8
(ST1), 5.3 (ST2), and 4.4 (ST3) μmol/1 × 1012 bacterial
cells/h (Figure 3), resulting in 20, 22, and 18% of the added
substrate being degraded under the experimental conditions
applied, respectively. Background levels of fructoselysine in the
individual fecal slurries ranged from 4.7−11.5 μM and were

Figure 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.

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/1 ×
1012 bacterial cells/h).
When expressing the degradation per gram feces instead of
bacterial load (see Supporting Information Figure S3), interand intraindividual differences ranged from no to minimal
carboxymethyllysine degradation to a maximum of 0.48 μmol
carboxymethyllysine/g feces/h being degraded, the latter

Figure 2. Intraindividual differences in the 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.
11762
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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/1 × 1012 bacterial cells/h).
When expressing fructoselysine degradation per gram feces
instead of bacterial load (see Supporting Information Figure
S6), 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 Supporting Information Figure
S5B).
Comparison of Carboxymethyllysine and Fructoselysine Degradation. Linear regression analysis of the amount
of fructoselysine and carboxymethyllysine degraded/1 × 1012
bacterial cells/h revealed that there is at best a limited
correlation between the capability to microbially degrade
fructoselysine and carboxymethyllysine for all individual
collected fecal samples (R2 = 0.084 for degradation/1 × 1012
bacterial cells/h, see Figure S7A; for degradation/g feces/h R2
= 0.253, see Supporting Information Figure S7B). 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
among all sampled individuals [coefficient of variation(CV) =
85% for fructoselysine; CV = 112% for carboxymethyllysine; n
= 45].
Assuming a total transit time in the colon of 24 h41 and a
total fecal mass of 128 g per 24 h,42 the experimentally
obtained in vitro average degradation capacities of all
individuals can be extrapolated to the in vivo situation. This

Figure 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.

not correlated with the amount of degraded fructoselysine (R2
= 0.001; see Supporting Information Figure S4B).
Intraindividual variability in fructoselysine degradation
capacities was further quantified within the 13 individuals
who donated at ST1, ST2, and ST3, as shown in Figure 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/1 × 1012 bacterial
cells/h between sampling times ST2 and ST3, corresponding

Figure 4. Intraindividual differences in the 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.
11763
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Figure 5. Absolute abundance of microbial taxa, assessed with 16S rRNA amplicon 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 phylum (panel A) and family (panel B) levels are provided,
sorted based on hierarchical clustering of Bray−Curtis dissimilarities using the average linkage approach with all taxa included.

Figure 6. 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 are indicated as follows: ** P-value < 0.05; * P-value <0.1.

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 (Supporting Information Figure S8)
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 the
literature,44 indicating that the variation observed in the cohort
of this study is representative. Composition plots of the
absolute abundance of the main taxa at the phylum and family
levels (Figure 5) and the genus level (Supporting Information
Figure S9) 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 the overall microbial composition

analysis can reveal whether the estimated daily intake (EDI) of
carboxymethyllysine and fructoselysine, amounting to 0.3−1.1
mg/kg bw/day for carboxymethyllysine and 7.1−14.3 mg/kg
bw/day for fructoselysine,22,43 can be completely degraded in
the colon (see Supporting Information Table S2).53 For
carboxymethyllysine, depending on the level of intake, 18−39
of the 46 tested fecal samples had degradation capacities too
low to completely degrade the EDI, and 11−19 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
Supporting Information Table S2).
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Figure 7. Chemical structures of fructoselysine and carboxymethyllysine presented in their free form.

of the collected samples seem to be larger than intraindividual
differences, as reported in the literature.40,45,46 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. Supporting Information Figure S10 shows relative
abundance data at phylum, family, and genus levels.
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 with
carboxymethyllysine and/or fructoselysine degradation expressed per gram feces/h (Figure 6). The following genera
showed a positive correlation with fructoselysine degradation,
ordered by increasing the 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 with 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 Supporting Information Figure S11, while all
genera correlated were additionally visualized in a heatmap in
Supporting Information Figure S12.

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 the literature.
Interindividual differences and the (in)ability to microbially
degrade fructoselysine have been discussed previously,26 where
the gene code yhfQ, coding for fructoselysine kinase involved
in bacterial degradation of fructoselysine,26 was identified and
shown to be present in the fecal metagenomes of only some
individuals (∼10%).26,31 Via this pathway, fructoselysine can
be phosphorylated into fructoselysine-6-phosphate26 which can
be further metabolized by microbes and in some cases yield
short-chain fatty acids (SCFAs) from it.26 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.,
frlD47,48), which is involved in the 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-aminopentanamidase.49 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
before,22 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 ±
0.3−1.1 mg/kg bw/day)22,43 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 were
analyzed for the presence of enzymes known to be involved in
fructoselysine metabolism.50 Infants who consumed more
formula, which, unlike breast milk, contains high levels of
fructoselysine, had a higher expression of those degrading
enzymes in their feces,51 indicating that pathways involved in
fructoselysine metabolism can be induced by exposure. This
corroborates with another study that reported that dietary
exposure of mice to fructoselysine can influence the gut
microbes themselves, which can again have possible effects on
the bioremediation or degradation activity of certain members
of the gut microbiota.28 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, and no
conclusions on this matter can be derived from the present

■

DISCUSSION
In this study, we report interindividual and intraindividual
differences in gut microbial degradation of the AGE
carboxymethyllysine and its precursor fructoselysine (Figure
7). 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 the literature as well, although for a lower number
of individuals, of which the experimentally obtained microbial
degradation capacities were largely in line with our results.22,23
The substantial intraindividual differences for fructoselysine
and carboxymethyllysine quantified in this study are, to the
best of our knowledge, the first reported. Thus, this
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study since no detailed data on dietary consumption could be
collected.
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_ruminantium_group in fructoselysine degradation, while for carboxymethyllysine degradation, the genera Alistipes and Akkermansia might be involved based on our experimental results. In the
literature, multiple bacteria have been reported to be involved
in fructoselysine degradation (i.e., Intestinimonas butyriciproducens, Bacillus subtilis, and E. coli26,47,48) and carboxymethyllysine degradation (i.e., E. coli, Oscillibacter, and Cloacibacillus
evryenis25,49). The variety of bacteria identified in the 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. Based on
the results of the present study alone, no causal relation
between specific bacterial species and the degradation of
fructoselysine and/or carboxymethyllysine can be made
because of several reasons (e.g., low sample size, the limitations
of 16S rRNA amplicon sequencing in bacteria identification)
and was out of the scope of this study.
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);25,49 however,
this accounted for <10% of the concentrations of carboxymethyllysine actually being 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 setup. For fructoselysine, the SCFA
butyrate has been shown to be an important metabolite formed
by I. butyriciproducens,26 and butyrate production also
correlated with fructoselysine degradation by human fecal
slurries.23 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 health.52 In addition, it would be of interest
to evaluate whether similar results on carboxymethyllysine and
fructoselysine degradation can be obtained with real heatprocessed foods and/or protein-bound glycation products as
with the chemical standards as applied in the present study.
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
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internal exposure levels and thus the potential hazards related
to dietary exposure of carboxymethyllysine and fructoselysine.
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