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The Maillard reaction end product N°-carboxy-
methyllysine is metabolized in humans and the
urinary levels of the microbial metabolites are
associated with individual diet¥

Silvia Tagliamonte, Antonio Dario Troise,{ Rosalia Ferracane and
Paola Vitaglione ©= *

During food processing most of the thermally-driven chemical reactions start off on the side chain amino
group of lysine generating structurally modified compounds with specific metabolic routes. Upon human
digestion, dietary N°-carboxymethyllysine (CML) may enter the colon and undergo gut microbial metab-
olism. However, little is known about the in vivo metabolic fate of dietary CML and its relationship with
the habitual diet. We explored by hydrophilic interaction liquid chromatography tandem mass spec-
trometry the metabolites of CML in urine samples collected from 46 healthy subjects and studied the
with  diet. (CM-CAD),
N-carboxymethylaminopentanoic acid (CM-APA), N-carboxymethylaminopentanol (CM-APO), and the

associations Mean concentration of  N-carboxymethylcadaverine
N-carboxymethyl-Al-piperideinium ion were 0.49 nmol mg‘1 creatinine, 1.45 nmol mg‘1 creatinine,
4.43 nmol mg~" creatinine and 4.79 nmol mg™" creatinine, respectively. The urinary concentration of
CML, its metabolites and lysine were positively correlated. Dietary intake of meat products negatively cor-
related with urinary excretion of CML and CM-APA; conversely dietary plant-to-animal proteins ratio posi-
tively correlated with urinary CML and its metabolites. The identification and quantification of CML
metabolites in urine and the associations with diet corroborate the hypothesis that CML, an advanced gly-

cation end-product, can undergo further biochemical transformations in vivo. The gut microbiome may
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1. Introduction

Several observational studies suggest a positive association
between consumption of some processed foods rich in sugars,
fats and salts, and the prevalence of obesity and related
chronic diseases."”” Chronic consumption of high energy
dense processed foods impairs intestinal barrier permeability
and complement pathway activation increasing the risk of
microvascular disease.® This evidence pinpointed a key role of
food processing in the occurrence of metabolic diseases, even
if a causative relationship between processed foods and patho-
physiological outcomes has not yet been demonstrated at
molecular level. On the contrary, food processing is funda-
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have a major role in human metabolism of dietary CML.

mental to guarantee safety, prolong preservation and improve
nutritional aspects of foods by facilitating nutrient digestion
and bioaccessibility.” Recent trends in structural design of
foods use processing and physiochemical modifications of
food components to develop a new generation of desirable,
tasty, convenient, healthy, bio-functional and sustainable
products.®

Within the debate on the beneficial and adverse effects of
food processing, the Maillard reaction plays a decisive role.
The reaction between reducing sugars and amino groups gen-
erates post-translational protein modifications that oversee the
formation of dietary advanced glycation end-products
(d-AGEs).” Glycated proteins impair protein digestibility,
decreasing the release of free amino acids and small peptides,
thus potentially activating metabolic routes leading to d-AGEs
accumulation in target organs.®

Glycated amino acid such as Amadori and Heyns com-
pounds and their Maillard reaction late stage products as pyr-
raline, pentosidine, N*-carboxymethyllysine (CML), N°-carboxy-
ethyllysine (CEL), methylglyoxal-hydroimidazolone (MG-H1, an
end-product of arginine modifications) are excreted in urine.’

This journal is © The Royal Society of Chemistry 2023
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However, most of d-AGEs are poorly absorbed and enter the
colon where they interact with the microbiota, undergo
specific metabolic processes'®!' and generate metabolites that
could affect human health."

Whether the gut microbiota adapts to utilize the d-AGEs,
the underneath chemical nature of metabolites formed and
their absorption into the systemic circulation remain unre-
solved questions in Maillard biochemistry and in human
physiology."?

The amino side chain of lysine represents one of the most
prominent targets for chemical and enzymatic modifications
rendering modified lysine an invaluable source to decipher
how metabolic pathways change when exposed to non-canoni-
cal and modified amino acids.'* Indeed, focusing on glycation
reactions, the degradation of N°fructosyllysine by
Intestinimonas AF211 to form butyrate has been demon-
strated'® and fecal suspensions obtained from human volun-
teers also degraded at different extent CML and pyrraline
in vitro.'® Moving to the Maillard late stage compounds, pro-
biotic strains of Escherichia coli metabolized CML in aerobic
conditions producing N-carboxymethylcadaverine (CM-CAD),
N-carboxymethylaminopentanoic acid (CM-APA), and the
N-carboxymethyl-A1-piperideinium ion.'”” The formation of
these metabolites has been confirmed in anaerobic conditions
using human feces and Oscillibacter and Cloacibacillus evryen-
sis have been suggested to greatly contribute to such
transformation.®

However, the fate of CML in humans in relationship with
its metabolites is a challenging topic that can potentially
implement metabolization pathways of modified lysine. In this
study we hypothesized that CML, CM-CAD, CM-APA,
N-carboxymethylaminopentanol (CM-APO), and the
N-carboxymethyl-A1-piperideinium ion are absorbed and
excreted in the urines and we deepened the correlation
between urinary excretion of CML, its microbial metabolites,
CML intake and some aspects of the diet in a cohort of healthy
subjects.

2. Materials and methods
2.1 Chemicals

Acetonitrile and water of mass spectrometry grade were
obtained from Merck (Darmstadt, Germany). Formic acid, and
the analytical standard lysine hydrochloride were purchased
from Sigma-Aldrich (Merck, St Louis, MO). Pyrraline, CML and
its deuterated standard N°-carboxy[*H,]methyllysine (d,-CML)
were obtained from Toronto Research Chemicals (North York,
Canada).

2.2 Subjects and study design

Subjects were recruited based on a medical and nutritional
anamnesis performed by a physician and a nutritionist,
respectively. Subjects suffering with gastrointestinal disorder
of any kind, relevant organic, systemic or metabolic diseases,
food intolerance or alcohol abuse were excluded. Eligible sub-
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jects were healthy men or non-pregnant/non-lactating women
aged between 19 < age 65 < years, with BMI <29.9 kg m™~2, not
taking medications, no consumption of probiotics, laxatives
and/or antibiotics. They participated into the study after
signing a written informed consent.

The study was conducted according to the Declaration of
Helsinki and approved by the Ethics Committee of the
University of Naples Federico II ( protocol number 419/20).

Participants self-recorded their diet by a 7-day weighed
diary and data were extracted as previously reported.'® The day
after the diary completion, participants fasting from 10 h
reached the Food and Nutrition Laboratory of the Department
of Agricultural sciences at University of Naples, collected a
urine sample and provided the diary. Urine samples were
rapidly frozen and stored at —80 °C until analysis.

2.3 Liquid chromatography tandem mass spectrometry
(LC-MS/MS)

Free lysine, pyrraline, CML and its metabolites CM-CAD,
CM-APA, CM-APO, and the N-carboxymethyl-A1-piperideinium
ion were simultaneously analyzed according to Bui et al.'® and
Hellwig et al."” adapting analytical protocols to urine samples.
Aliquots of urine (200 pL) were gently mixed with a mixture
(1790 pL) of acetonitrile : water (50/50, v/v) with 0.1% formic
acid, spiked with 10 pL of d,-CML internal standards (final
concentration 200 ng mL™") and vortexed at 500 rpm, 5 min.
The mixture was centrifuged (4 °C, 10 min, 2500g), then fil-
tered by hydrophilic regenerated cellulose syringe filters (RC,
0.22 pm Phenomenex, Torrance, CA). Without any further
dilution, 5 pL of each sample were injected by using an auto-
sampler (Series 200, PerkinElmer, Carlsbad, CA) and two
micro-pumps (Series 200, PerkinElmer). Analyte separation
was achieved on a silica sulfobetaine zwitterionic modified
HILIC column (50 x 2.1 mm, 3.0 um, Thermo Fisher, Bremen,
Germany) at 35 °C, equipped with a security guard cartridge
packed with the same stationary phase. Mobile phases for
zwitterionic column were 0.1% formic acid in acetonitrile
(solvent A) and 0.1% formic acid in water (solvent B). The flow
rate was set at 200 pL. min~" with the following linear gradient
of solvent B (minutes/%B): (0/10), (0.80/10), (3.5/75), (5.5/75);
the system was equilibrated for 5 min before each injection.
The chromatographic profile was recorded in multiple reaction
monitoring mode (MRM) by using an API 3000 triple quadru-
pole (ABSciex, Carlsbad, CA). Positive electrospray ionization
was used for detection and the source parameters were
selected as follows: spray voltage 5.0 kV, capillary temperature
350 °C, dwell time 100 ms, cad gas and curtain gas were set to
45 and 5 (arbitrary units). The target analytes and their labeled
internal standards were analyzed using the mass transitions
given in parentheses along with collision energy (CE) and in
bold the transition used for the quantitation: lysine (m/z 147
— 84, 130, CE: 25, 18), pyrraline (m/z 255 — 84, 148, 175 CE:
40, 25, 18), CML (m/z 205 — 84, 130, CE: 29, 17), d,-CML (m/z
209 — 88, 134, CE: 29, 17), CM-CAD (m/z 161 — 86, 69, 98 CE:
10, 20, 10), CM-APA (m/z 176 — 84, 101, 112 CE: 20, 10, 10)
CM-APO (m/z 162 — 116, 98, 69, CE: 10, 10, 10), and the
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N-carboxymethyl-A1-piperideinium ion (m/z 142 — 114, 96 CE:
14, 18). Analytical performance robustness, sensitivity, repro-
ducibility, repeatability, linearity, accuracy, carry over and
matrix effects were evaluated by following the procedures pre-
viously reported focusing on CML, d,-CML and lysine.>°

All the acquisition parameters are summarised in
Table S1.7 CML was measured by using internal standard tech-
nique. Because of the absence of analytical standards,
CM-APA, CM-APO, CM-CAD and piperideinium ion calibration
curves were performed by using CML/d,-CML ratio as refer-
ence, while for free pyrraline and free lysine, external cali-
bration curve with reference standards was used. The moni-
tored compounds were adjusted for urinary creatinine concen-
trations. Creatinine in urine samples was measured according
to Larsen.”*

Concentration of analytes was reported as nmol mg™" crea-
tinine, samples were analyzed from two independent
replicates.

2.4 Statistical analysis

After being checked for normality with Shapiro-Wilk test, vari-
ables showing a significant positive skewness, were trans-
formed in In (x). On the normally-distributed data, One-way
ANOVA with post hoc Tukey was performed to check differences
among monitored compounds. Pearson/Spearman correlation
and Tukey test were performed in GraphPad Prism (v. 6.01,
GraphPad software, San Diego, CA).

The heatmap correlation of log transformed variables was
visualized in R (version 4.0.3) using the Hmisc package and
the function heatmap.2. Data are expressed as means + SEM.

3. Results and discussion
3.1 Subjects and diets

Forty-six healthy subjects, 21 males and 25 females, mean age
29.6 = 9.9 years (range:19-61 years), mean BMI 23.0 + 2.8 kg
m~? participated in the study. Table 1 reports the nutritional
composition of the diet, the contribution from each food cat-
egory and other aspects including the average CML concen-
tration, the intake of plant proteins, animal proteins and their
ratio and the study participants’ adherence to the
Mediterranean diet (assessed by Italian Mediterranean
Index*?) as an index of healthy diet. The Italian Mediterranean
Index scores range from 0 to 11: scores in the range 0-3 indi-
cates a low, in 4-5 a medium, and in 6-11 a high adherence to
the Mediterranean diet.>* The cohort of participants analyzed
in this study presented an average score corresponding to a
medium adherence to the Mediterranean diet. CML concen-
tration in the diet was estimated by using publicly available
databases as Dresden AGE database and the values reported in
the paper by Scheijen and coworkers that monitored CML, N°-
carboxyethyllysine (CEL), methylglyoxal-hydroimidazolone
(MG-H1) in several food items by stable isotope dilution,
liquid chromatography, derivatization, and tandem mass spec-
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Table 1 Characteristics of participants’ self-reported daily habitual diet

Nutritional composition

Energy, kcal
Carbohydrates, g
Dietary fiber, g

1628.15 + 73.60 (748.7-3010.2)
175.89 + 8.36 (73.5-310.7)
13.30 + 0.94 (4.4-33.8)

Proteins, g 62.32 + 3.78 (30.4-155.8)
Lipids, g 66.74 + 3.77 (30.2-150.9)
Food categories

Fruit, g 166.74 + 18.60 (0.0-573.4)
Legumes, g 23.43 + 4.57 (0.0-130.0)

Vegetables, g
Wholegrain products, g
Refined grain products, g

148.72 + 11.25 (37.1-340.9)
23.28 + 3.38 (0.0-82.9)
141.76 + 9.38 (17.1-287.0)

Eggs, g 20.32 + 2.76 (0.0-85.7)
Meat products, g 85.65 + 8.86 (0.0-307.1)
Fish, g 49.70 + 5.24 (0.0-150.3)

Milk and dairy products, g
Fatty condiments, g

136.72 + 12.14 (17.1-340.9)
23.20 + 1.97 (7.9-92.1)

Snacks, g 88.04 + 7.97 (0.0-260.3)
Other aspects of diet

CML, mg 3.28 +0.21 (1.0-7.8)

PP, g 17.92 + 1.21 (6.0-49.7)
AP, g 44.40 + 3.32 (13.4-136.5)
PP/AP 0.47 + 0.04 (0.1-1.8)

Mediterranean diet adherence (IMI) 4.67 +0.22 (2.0-8.0)

Data are expressed as mean + SEM. PP: plant proteins; AP: animal
proteins; PP/AP, plant  proteins/animal proteins; CML,
carboxymethyllysine; IMI: italian mediterranean index.

trometry.>® The average intake of CML was 3.28 + 0.21 mg per
day.

We performed a Pearson correlation analysis to evaluate
possible correlations between the CML content and the con-
sumption of specific food categories or nutrient in the diet.
Data showed that estimated daily intake of CML was positively
associated with the energy intake (r 0.74, p-value <0.001). The
intake of carbohydrates and lipids contributed the most to
that correlation being positively correlated to CML intake (r
0.66, p-value <0.0001 and r 0.72, p-value <0.0001, respectively),
whereas protein intake showed a significant lower association
(r 0.44, p-value 0.0020). As expected, CML was poorly correlated
with the intake of dietary fiber.

3.2 CML and CML microbial metabolites in urine samples

Due to the lack of authentic reference standards for CM-CAD,
CM-APA, CM-APO and the N-carboxymethyl-A1-piperideinium
ion, mass spectrometry transitions in MRM were preliminarily
optimized by injecting diluted urine samples and scanning
the ion in full scan mode; then precursor ions (namely m/z
161, 176, 162, 142) were scanned in single ion monitoring
mode (SIM) and precursors were fragmented in product ion
scan mode by tuning collision energies in parallel with chro-
matographic acquisition. Finally experimental MRM were
setup and included in HILIC profiles. Fig. S1{ reports MRM
chromatograms of all monitored compounds identified in
urines. To determine the concentration of CML and its metab-
olites in urines, analytical strategy was based on hydrophilic
interaction chromatography by taking advantage of analyte
positive charge in acidic conditions: zwitterionic stationary

This journal is © The Royal Society of Chemistry 2023
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phase effectively separated polar charged analytes and
improved response and robustness in positive ion mode con-
firming analytical performances for lysine and CML.'®?°
Indeed, quality control samples (pooled urine samples spiked
with internal standards) showed a relative standard deviation
of less than 12% between sample batches and calibration
curve batches.

Fig. 1 reports urinary excretions of CML, pyrraline,
CM-CAD, CM-APO, CM-APA and N-carboxymethyl-A1-piperidei-
nium ion in all the subjects.

As expected, CML concentration was higher than pyrraline
and higher than its metabolite concentration: indeed, mean
urinary CML was 2.69, 9.02, 2.96, 26.52 and 2.74-times higher
than  pyrraline, CM-APA, CM-APO, CM-CAD and
N-carboxymethyl-A1-piperideinium ion, respectively. Focusing
on commonly measured markers of lysine modifications, the
mean concentration of lysine (145.33 + 112.81 nmol mg™" crea-
tinine), pyrraline (4.87 + 3.86 nmol mg™" creatinine) and CML
(13.12 = 7.13 nmol mg™"' creatinine) agreed with previous
works reporting the urinary excretion of d-AGEs in healthy
subjects.”*?*

Fig. 2 shows the correlations between CML, and the other
six compounds measured in urine samples.

Interestingly, a significant positive correlation was observed
for lysine (CML precursor), CM-APA, CM-APO and CM-CAD
with a Pearson coefficient (r) of 0.59, 0.25, 0.52 and 0.47,
respectively; for pyrraline and piperideinium ion correlation
was not significant, however both reached the significance by
calculating the Spearman rho coefficient (0.36 and 0.38,
respectively) indicating a poor monotonic association
(Table S27).

Previous in vitro studies used model systems where pure
CML was incubated in probiotic cultures or fecal
suspensions.'””'® When CML was incubated in aerobic con-
ditions, CM-CAD was the key metabolization product with a
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40+ (
o [ ]
£ 301 o0
8
O 204 o
o
£
g 10 & ﬁ
o

o ‘i\ -8

o> 00 P,O
o Gs\“ o w"

Fig. 1 Scatter plot reporting concentrations (nmol mg™ creatinine) of
CML, pyrraline (Pyr) and CML metabolites in urines from the 46 study
participants.
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Fig. 2 Pearson correlations between urinary concentrations of CML
and its metabolites, pyrraline and lysine. The concentrations are
reported in nmol mg™! creatinine. P value <0.05 indicates a significant
positive correlation between variables; ns: not significant.

conversion rate higher than CM-APA."” Conversely, when CML
was incubated in anaerobic conditions, similarly to what
occurs in vivo, CM-APA was the most abundant metabolite.'®
Considering a mass balance between precursor (CML) and its
metabolites, we observed that the sum of all metabolites
covers up to 85% of CML, but we cannot exclude that CML is
subjected to other biotransformation pathways leading to
metabolites that have a chemical behavior different from polar
carboxymethylated biogenic amines and alcohols. Indeed, we
did not target non-polar and volatile compounds in this study.
Because of the similarities in the chemical structures of N°*-
fructosyllysine and CML or in the carboxymethylated residues
of CM-APO, CM-APA and CM-CAD, we hypothesize that
branched chain small acids can be formed. However, specific
untargeted and targeted in vitro procedures using carbon
module labeled analysis are mandatory to disentangle the
whole CML metabolic profile.

CML metabolization and the kind and quantity of com-
pounds formed are a direct consequence of the microbial
populations colonizing the gut. The composition of the gut
microbiota oversees the quantity, the chemical nature and the
distribution of glycation compound metabolites.”®
hypothesize that the gut microbiome and the interindividual

Here, we
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variability play a major role in the metabolization of CML
leading to individualized metabolites’ profile, that can poten-
tially represent the target for an intervention study.*’

The effect of specific dietary patterns differing for poorly
bioavailable glycation compounds on the gut microbiome
and the relation with CML metabolites are still obscure.
While some evidence highlighted that d-AGEs can modulate
the gut microbiome®® towards changes that are detrimental
for the host's health,?® recent evidence attributes those
changes to dicarbonyls in abdominally obese humans.*
Considering the high variability and the possibility that
other factors influence the absorption of CML metabolites,
we also postulated a role of the endogenous source of CML
in combination with dietary CML. Endogenous CML for-
mation can be one of the consequences of aging, of the indi-
vidual health status, that in turn are tightly connected to the
protein turnover and to the renal function.*" Even if proteins
undergo spontaneous glycation and oxidation, adducts as
carboxymethylated residues are formed in low quantity in
tissues and biofluids and wherever cellular repair is not
possible, structurally modified residues are excreted in the
urines.?” This specific route and the related cellular pathways
should be studied in detail to demonstrate an interconnec-
tion between CML metabolites and enzymatic repair and
metabolization in cells. Considering the body of evidence
present in literature, we assumed that CML degradation can
arise only from microbial fermentation.

Moving to N-substituted pyrrole formed via Maillard reac-
tion of lysine with glucose and its degradation product 3-deox-
yglucosone, pyrraline can potentially minimize the dichotomy
between exogenous and endogenous sources of glycation com-
pounds as it is exclusively formed in foods. The lack of an
exhaustive reference database on pyrraline concentration in
foods represents a major limitation for the association
between pyrraline intake and pyrraline urinary excretion.
Remarkably, it has been observed that up to 50% of dietary
pyrraline is recovered in urine and 50% accumulates within
the body likely being degraded to unknown metabolites; this
observation points out the necessity to investigate metaboliza-
tion processes on pyrraline residues.**"*

3.3 Associations between habitual diet, urinary CML and its
microbial metabolites

To explore the role of the diet on CML and CML metabolite
excretion, we correlated the characteristics of individual diet
with the urinary concentrations of monitored compounds
(Fig. 3). Data outlined a positive correlation between urinary
CML, CM-APA, lysine and CM-APO with plant protein to
animal protein ratio intake, whereas N-carboxymethyl-A1-
piperideinium ion in urine was positively associated with
habitual dietary fiber and vegetable intake. This divergent role
of protein source in affecting CML and its metabolite excretion
could arise from a different microbial fermentation, that poss-
ibly mirror differences in the gut microbiome.** Indeed, plant
proteins are less digestible than animal proteins thus provid-
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Fig. 3 Heatmap showing hierarchical ward-linkage clustering of urinary
concentrations of CML and its metabolites based on Pearson'’s correlation
with participants’ habitual diet. The color scale represents the magnitude of
Pearson’s coefficient, with red indicating negative correlations and blue indi-
cating positive correlations. *p < 0.05; **p < 0.01 significant Pearson’s corre-
lations. Urinary concentrations of CML and its metabolites are expressed as
nmol mg™ creatinine; intakes of food categories are expressed as g per day;
CML intake is expressed as mg per day; energy intake is expressed as kcal per
day. PP, plant proteins; AP, animal proteins; PP/AP, plant proteins/animal pro-
teins; Fat&oils: fatty condiments; CML, carboxymethyllysine; CM-CAD,
N-carboxymethylcadaverine, CM-APA, N-carboxymethylaminopentanoic
acid; CM-APO, N-carboxymethylaminopentanol; Pyr, pyrraline, Lys, lysine; PI,
N-carboxymethyl-Al-piperideinium ion.

ing a higher quantity of undigested proteins entering the
colon and shaping the gut microbiome with the contribution
of other typical plant food components, e.g. dietary fiber.*®
This hypothesis must be tested in future studies.

Moreover, urinary CML was negatively associated with
habitual energy, protein and lipid intake and AP, while CML
and CM-APA showed a negative association with meat product
intake. Finally, pyrraline was negatively associated with fish
intake. Similarly, Semba and colleagues showed a positive
association between urinary excretion of CML with AGE-low
foods such as starchy vegetables and whole grains, a negative
association with red meat and fast food and no association
with AGE-rich food.*” No correlations were found between
urinary CML or metabolites with IMI and CML intake as was
previously shown in young volunteers receiving a weekly high
d-AGEs diet and a low d-AGEs diet.*® Conversely, CML intake
and free CML urinary excretion were positively correlated in
individuals with an elevated risk for type 2 diabetes and
cardiovascular disease.>® Therefore, our data suggest that the
consumption of foods that are high in AGEs is not a major
determinant for the urinary CML levels in healthy subjects.*®
The gut microbiome may have a major role in human metab-
olism of dietary CML as it was recently established the capa-

This journal is © The Royal Society of Chemistry 2023
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bility of intestinal microorganisms in metabolizing dietary
CML in vitro."® However, in vivo factors like the gut per-
meability affects the amount of nutrient and metabolites
absorbed and/or excreted. Therefore, an increased gut per-
meability, that is a characteristic of both human type 2 dia-
betes*' and cardiovascular disease,*” could explain the differ-
ence found between healthy subjects and patients.

Future in vivo studies will assess the putative involvement
of microorganisms harbored in the human gut in affecting the
dietary CML metabolism and the contribution of gut per-
meability in the bioavailability of dietary CML and its
metabolites.

This study has the limitation that the habitual diet was esti-
mated by self-reported data from participants using previously
validated survey instrument, which is not as reliable as direct
observations.

Conclusions

We implemented a targeted HILIC-tandem mass spectrometry
technique to quantify glycation compounds as pyrraline, CML
and its metabolites in human urine samples. The availability
of an accurate analytical technique is fundamental to assess
the causative role of d-AGEs in pathophysiological outcomes.
Furthermore, we demonstrated for the first time that CML
metabolites can pass into the systemic circulation and are
excreted in urines of healthy subjects confirming preliminary
evidence on the biochemical modifications occurring on CML.
No correlation between the intake of dietary CML and metab-
olites excretion was found. However, we showed that the
higher the habitual consumption of plant proteins at the
expense of animal proteins the higher the urinary excretion of
CML and its metabolites. We hypothesized that diet could
affect CML metabolites formation by modulating the gut
microbiome. An intervention study is needed to evaluate the
causal role of dietary intake of glycation compounds on gut
microbial metabolization and urinary excretion of the
metabolites.
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