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A B S T R A C T   

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 infor-
mation 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 con-
centrations, 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.   

1. Introduction 

Fructoselysine is the most abundant Amadori product in food prod-
ucts and is formed during heating in the processing and preparation of 
food products (Erbersdobler and Faist, 2001). 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 lysine (Yaylayan et al., 1994), as depicted in Fig. 1. It occurs in a 
variety of food products, such as baked products, fried potatoes and 
infant formula (Erbersdobler and Somoza, 2007; Mehta and Deeth, 
2016), with a total daily intake in the Western diet reported to be 

500–1000 mg free and protein-bound fructoselysine (corresponding to 
7.1–14.3 mg/kg bw/day for a 70 kg adult) (Hellwig et al., 2015). The 
presence of fructoselysine in food raises a concern, as it is a key inter-
mediate in the formation of advanced glycation end products (AGEs) 
such as carboxymethyllysine (Ahmed et al., 1986). Also, fragmentation 
of fructoselysine can result in formation of reactive α-dicarbonyls (i.e. 
glyoxal, 3-deoxyglucosone) (Brings et al., 2017; Henle, 2005; Yaylayan 
et al., 1994) which, in turn, can form new (protein-bound) AGEs 
(Koschinsky et al., 1997; Van Nguyen, 2006). AGEs have been associated 
with several (chronic) diseases and inflammation, such as the develop-
ment of atherosclerosis, the onset of diabetes complications, and Crohn’s 
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disease (Ciccocioppo et al., 2013; Delgado-Andrade and Fogliano, 2018; 
Kellow and Coughlan, 2015; Poulsen et al., 2013; Sergi et al., 2020). 
Both free- and protein-bound AGEs can cause oxidative stress (Liu et al., 
2016), 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 responses (Delgado- 
Andrade and Fogliano, 2018; Uribarri et al., 2005). While the in-
teractions with RAGE appear to occur mainly if not only with AGEs 
bound to high molecular weight proteins (Kislinger et al., 1999; Xue 
et al., 2011), there is currently no consensus on which biological effects 
can be attributed to free AGEs or AGEs bound to low molecular weight 
proteins (Zhao et al., 2019). While endogenously formed AGEs are 
certainly an important source of internal AGE exposure, AGEs present in 
food contribute significantly to the endogenous AGE pool, both in 
plasma and tissues (Koschinsky et al., 1997; Li et al., 2015; Scheijen 
et al., 2018; Uribarri et al., 2005; Vlassara and Palace, 2002). A dose- 
dependent increase of fructoselysine has been reported in plasma, 
liver and kidney resulting from dietary, protein-bound fructoselysine 
exposure in experimental animals (Somoza et al., 2006). It is also re-
ported that fructoselysine and several free or (peptide)bound AGEs can 
reach the colon as they have a low (systemic) bioavailability (Liang 
et al., 2019). Free fructoselysine is transported, albeit poorly, via simple 
diffusion over Caco-2 monolayers in vitro (Grunwald et al., 2006) and 
dipeptide bound fructoselysine partially via the peptide transporter 
PEPT1 (Hellwig et al., 2011). 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 metabolism (Erbersdobler and Faist, 2001; Lee and Erbers-
dobler, 2005). Together, this suggests that colonic microbiota metabo-
lize the majority of ingested fructoselysine (Erbersdobler and Faist, 
2001; Snelson and Coughlan, 2019). This is supported by in vitro in-
cubations with human fecal samples (Hellwig et al., 2015) 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 coli (Wiame et al., 2002), Bacillus 
subtilis (Wiame et al., 2004), and Intestinimonas butyriciproducens AF211 
(Bui et al., 2015). I. butyriciproducens AF211, isolated from human feces, 
was also shown to produce the short chain fatty acid (SCFA) butyrate 
from fructoselysine (Bui et al., 2015). Butyrate, together with acetate 
and propionate represent the major SCFAs in the colon (den Besten et al., 
2013). These gut microbial fermentation products have several impor-
tant functions for (intestinal) host health (den Besten et al., 2013; Hamer 
et al., 2007; Nicholson et al., 2012), 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 metagenome (Bui et al., 
2015; Huttenhower et al., 2012), 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 differ-
ences 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 interin-
dividual differences therein, and to investigate associations with bac-
terial composition based on 16S rRNA gene sequencing. 

2. Materials and methods 

2.1. 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 buty-
rate (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). 

2.2. Collection of human fecal samples 

Fresh fecal samples were collected from 16 human individual vol-
unteers (12 females, 4 males) aged between 24 and 64 years of Cauca-
sian, Asian, and Hispanic demographic 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 3000 ×g 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. 

2.3. 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 min. 5% Fecal slurry, 
corresponding to 0.0125 g feces/mL, and an incubation time of 60 min 
were selected for further experiments to derive Michaelis-Menten ki-
netics of fructoselysine degradation of both pooled and individual 
human fecal slurries. These were incubated in technical duplicates with 
increasing fructoselysine concentrations ranging from 0 to 400 μM for 
the pooled and 0–600 μM for the individual incubations (added from 50 
times concentrated aqueous stock solutions). These exposure concen-
trations cover the range of physiological relevant fructoselysine con-
centrations (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 

Fig. 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 sub-
sequently undergoes an Amadori rearrangement reaction to yield fructosely-
sine (4). 
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individual fecal slurries (5%) were incubated in technical triplicates 
with a final concentration of 400 μM or 600 μM fructoselysine, respec-
tively, 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 vor-
texed, stored on ice for at least 15 min, and centrifuged for 15 min at 
18,000 xg at 4 ◦C. Supernatants were further processed for fructosely-
sine or SCFA measurement as described below. All incubations as 
described above were performed 3 times. 

2.4. 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 × 2 mm, 2.5 
μm) at 40 ◦C. The mobile phase consisted of a gradient made from ul-
trapure 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 iden-
tification. Positive ionization for multiple reaction monitoring (MRM) 
mode was used. Fructoselysine was quantified using precursor to prod-
uct transition m/z 309.2 → 84.2 (collision energy (CE) = − 31 V) which 
was the most intense fragment ion. MRM 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. 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. 

2.5. SCFA measurement 

SCFAs in the supernatants of the incubation samples were derivat-
ized and subsequently measured by LC-MS/MS, based on a previously 
described method with minor adaptations (Han et al., 2015). 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 ◦C 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 derivati-
zation procedure were similar as described above. After the reaction, 
this IS-SCFA mix was aliquoted and stored at − 80 ◦C 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 × 2.1 mm, 1.7 μm) at 40 ◦C. 

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 quantifica-
tion: acetate-3NPH m/z 194.0 → 137.1 (CE = 17.0 V), acetate-13C-3NPH 
m/z 200.1 → 143.1 (CE = 17.0 V), propionate-3NPH m/z 208.1 → 137.1 
(CE = 19.0 V), propionate-13C-3NPH m/z 214.1 → 143.1 (CE = 19.0 V), 
butyrate-3NPH m/z 222.1 → 137.1 (CE = 19.0 V) and butyrate-13C- 
3NPH m/z 228.1 → 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. 

2.6. 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 for-
mation 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 Supplemental 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. 

2.7. Microbiota data analysis and processing 

Sequences of the 16S rRNA gene were analyzed using NG-Tax 2.0 
pipeline (Poncheewin et al., 2020) with default settings. Taxonomy was 
assigned to the operational taxonomic units (OTUs) using the SILVA 
(Quast et al., 2013) 16S rRNA gene reference database release 132. 
Further data analysis was performed using R version 3.6.1. Using the 
Phyloseq package (Mcmurdie and Holmes, 2013) (version 1.30.0) the 
OTU table with the phylogenetic tree and the metadata were con-
structed. OTUs with a relative abundance >0.1% in one of the individual 
samples were included for further data analysis. Microbiome composi-
tion plots were created using the Microbiome package (version 1.8.0) 
(Lahti et al., 2017). Beta diversity (Bray-Curtis dissimilarities) was 
assessed with Phyloseq and its statistical significance with permuta-
tional multivariate analysis of variance (PERMANOVA) applying the 
Adonis function (999 permutations) of Vegan package (Oksanen et al., 
2019) 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 abun-
dance data per taxa were made, with use of the Microbiome package, 
with the Vmax and SCFA values obtained in the present study, and cor-
relations ρ ≥0.5 were included. Significant correlations after false 
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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) (Segata et al., 2011) 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 differ-
entially 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. 

2.8. Data analysis of fructoselysine degradation and SCFA formation 

The data for the degradation of fructoselysine with increasing fruc-
toselysine substrate concentrations were fitted to the standard 
Michaelis-Menten equation: 

V = Vmax*[S]/(Km + [S] )

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. Results 

3.1. 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 (Fig. 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 min at which fructosely-
sine degradation was still linear in time and over fecal slurry concen-
trations (Fig. 2). Fig. 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 1). 

3.2. 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 (Fig. 4, Table 1). 

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. in-
dividuals 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 concen-
trations of baseline fructoselysine were present in fecal slurries (i.e. 
1–10 μM); there was no correlation between these fructoselysine con-
centrations and the ability to degrade fructoselysine (Supplemental 
Fig. S1). 

Fig. 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. 

Fig. 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. 

Table 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  
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3.3. SCFA formation upon fructoselysine conversion by the human gut 
microbiota 

Given that fructoselysine degradation has been described to result in 
SCFA formation, and predominantly butyrate (Bui et al., 2015), 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 (Supplemental Fig. S2). Results ob-
tained revealed that all three SCFAs increased in concentration over 
time, both in fructoselysine exposed and non-exposed fecal incubations. 

Fig. 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. 

Fig. 5. Concentrations of butyrate, acetate and propionate in 5% fecal slurries of 16 human individuals at t = 0 and after 6 h 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. 
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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 h incubation (Supplemental Fig. S2), 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 (Supplemental Fig. S2) their formation is 
expressed per 6 h 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 Fig. 4), and the concentrations 
of butyrate, acetate and propionate were determined. Concentrations 
increased in the individual fecal control incubations without fructose-
lysine exposure (except for acetate where 5 individuals did not show an 
increase) during 6 h of incubation, and addition of fructoselysine led to a 
significant additional increase of butyrate and acetate (Fig. 5). Interin-
dividual differences were observed in the concentrations of butyrate, 
acetate and propionate determined after 6 h of incubation in both the 
samples without and with added fructoselysine (Supplemental Fig. S3). 

In all but one sample of the metabolizers (i.e. number 12) there was a 
significant fructoselysine-dependent increase in butyrate concentrations 
during 6 h 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 h 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 h of incubation. For 
the non-metabolizers, during the 6 h of incubation butyrate concentra-
tions increased with 6.0 ± 2.6 μM after exposure to fructoselysine 
compared to 2.2 ± 0.7 μM in the solvent control (Supplemental 
Table S1). 

3.4. 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 trans-
formed to a comparable unit as used for fructoselysine degradation 
(μmol formed/6 h/g feces). Linear regression revealed that fructosely-
sine degradation is predominantly associated with butyrate formation 
(R2 = 0.762; Fig. 6), and to a lesser extent with acetate (R2 = 0.236) and 
propionate formation (R2 = 0.006). Based on the slope of these corre-
lations it can be inferred that on average per 1 mol of fructoselysine 

degraded per hour about 0.24 mol of butyrate is present in the incuba-
tion sample after 6 h of incubation. 

3.5. 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 compo-
sition, 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 (Supplemental Fig. S4). To compare the bacterial 
composition of metabolizers with non-metabolizers, Bray-Curtis β-di-
versity was assessed and showed differences in bacterial composition 
between samples (Fig. 7). As shown in Fig. 7, metabolizers and non- 
metabolizers did not form two clear, separate clusters. However, PER-
MANOVA analysis of the centroids of the two groups revealed a signif-
icant 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 

Fig. 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 = 6 h (μmol formed/6 h/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. 

Fig. 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. 
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revealed 15 genera of 9 families that differed significantly (p-value 
<0.05) between the two groups (Fig. 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 metab-
olizers versus 2% in the non-metabolizers, while other phyla (e.g. Fir-
micutes, Bacteroidetes) were not significantly different between the two 
groups. 

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 corre-
lation was performed. In Fig. 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, [Eubac-
terium] 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 Fig. 6, which revealed 
butyrate as the predominant SCFA formed upon fructoselysine 
degradation. 

3.6. 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 (Supplemental 
Fig. S5), differed remarkably between individuals. It was assessed if the 
initial SCFA concentrations are predictive for the fructoselysine- 
dependent or -independent SCFA formation in incubations. Correla-
tions of the initial SCFA concentrations with the produced SCFA con-
centrations 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 in-
cubations (Supplemental Fig. S6). 

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 pre-
vious observations, fructoselysine degradation in human fecal slurries 
was observed (Hellwig et al., 2015). 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 degra-
dation, both of the pooled and individual human fecal slurries. Sub-
stantial differences in fructoselysine degradation were observed 

Fig. 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 (*). 

Fig. 9. Taxa correlating with the metadata (Vmax, butyrate, acetate or propio-
nate) 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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between individuals, and non-metabolizers and metabolizers of fructo-
selysine 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 fruc-
toselysine. 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 
degradation (Bui et al., 2015). It was reported that only ±10% of the 
human intestinal microbial metagenomes of 65 subjects analyzed in the 
Human Microbiome Project (Huttenhower et al., 2012) are equipped 
with genes from I. butyriciproducens AF211 shown to be involved in 
fructoselysine degradation (Bui et al., 2015). The fact that the percent-
age 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 fructoselysine (Wiame et al., 2004, 2002). However, in this 
study, application of 16S rRNA 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 populations (Ishaq 
et al., 2017; Wang et al., 1996), 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 fructose-
lysine 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 species (Mohajeri et al., 
2018; Ze et al., 2012). Other taxa for which their abundance was iden-
tified to correlate with individuals’ Vmax and butyrate formation data 
(Lachnospiraceae NK4A136 group, [Eubacterium] eligens group, Barne-
siella, Christenellaceae R7 group, Coprococcus_2, Alistipes) have also been 
associated with SCFA production and/or carbohydrate fermentation 
(Morotomi et al., 2008; Song et al., 2006; Vacca et al., 2020; Waters and 
Ley, 2019). Overall, the correlation data and LEfSe analysis suggest that 
fructoselysine degradation seems to be performed by multiple micro-
organisms which would imply facilitation by a larger, coherent di-
versity. This is probably also a result from cross-feeding, with 
involvement of a large part of the microbial community, including low- 
abundant taxa (Seth and Taga, 2014). 

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 for-
mation 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 incubations 
(Falony et al., 2006; Seth and Taga, 2014). After the 6 h of incubation, in 

the metabolizers on average 0.24 mol of butyrate were formed per mole 
of fructoselysine degraded per hour, based on the individuals’ Vmax 
values. This is less than the 3 mol of butyrate which have been reported 
to be potentially produced from 1 mol of fructoselysine by 
I. butyriciproducens AF211 (Bui et al., 2015). 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 pre-
sent study. In the incubations with fecal slurries, a more diverse bacte-
rial composition may have facilitated different metabolic pathways and 
swift further catabolism of SCFAs formed (Huttenhower et al., 2012). 
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 compounds (Del-
gado-Andrade et al., 2017). 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 buffer (De Weirdt et al., 
2010) provided carbon sources to support this SCFA production by the 
microbiota. 

Given the potential hazardous aspects of fructoselysine, the most 
abundant Amadori product in food (Hellwig et al., 2015), 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 ap-
pears to potentially form a hazard to human health, being a key inter-
mediate 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 result-
ing data can be integrated 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 assess-
ment moving towards the use of human-based in vitro models as alter-
natives to animal experimentation (Merten et al., 2020). 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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