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Abstract: The impact of dietary advanced glycation end products (dAGEs) on human health has
been discussed in many studies but, to date, no consensual pathophysiological process has been
demonstrated. The intestinal absorption pathways which have so far been described for dAGEs,
the passive diffusion of free AGE adducts and transport of glycated di-tripeptides by the peptide
transporter 1 (PEPT-1), are not compatible with certain pathophysiological processes described. To
get new insight into the intestinal absorption pathways and the pathophysiological mechanisms
of dAGEs, we initiated an in vivo study with a so-called simple animal model with a complete
digestive tract, Caenorhabditis elegans. Dietary bacteria were chemically modified with glyoxylic acid
to mainly produce Nε-carboxymethyllysine (CML) and used to feed the worms. We performed
different immunotechniques using an anti-CML antibody for the relative quantification of ingested
CML and localization of this AGE in the worms’ intestine. The relative expression of genes encoding
different biological processes such as response to stresses and intestinal digestion were determined.
The physiological development of the worms was verified. All the results were compared with those
obtained with the control bacteria. The results revealed a new route for the intestinal absorption of
dietary CML (dCML), endocytosis, which could be mediated by scavenger receptors. The exposure
of worms to dCML induced a reproductive defect and a transcriptional response reflecting oxidative,
carbonyl and protein folding stresses. These data, in particular the demonstration of endocytosis
of dCML by enterocytes, open up new perspectives to better characterize the pathophysiological
mechanisms of dAGEs.

Keywords: advanced glycation end products (AGEs); Nε-carboxymethyllysine (CML); Caenorhabditis
elegans; intestine; absorption; enterocyte; endocytosis; lysosome; digestion

1. Introduction

Dietary advanced glycation end products (dAGEs) are formed during cooking as well
as subsequent food processing, which can impact various factors such as the pH and the
availability of water and transition metals, promoting glycation [1]. Given the number of
alimentary products containing AGEs, many reports have rightly questioned the impact of
dAGEs on human health [2,3]. Several observational and interventional studies, including
parallel and crossover trials for the latter, were thus carried out.

In short, dAGEs would be aggravating factors in older adults and in people with
certain pathologies, in particular metabolic and hormonal disorders and chronic kidney
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diseases [4–11]. In these populations, a low-AGE diet can decrease plasma and urinary
AGEs levels together with inflammatory, oxidative stress and metabolic (e.g., insulin
resistance, cholesterol, . . . ) markers. However, studies have shown that not all, if any,
markers are improved by dAGE restriction [3,10,12]. In healthy subjects, although some
studies have shown the opposite [13], dAGEs have less impact on metabolic homeostasis
and inflammation [14]; some diets rich in dAGEs did not even increase the levels of these
products in plasma and urine [15,16]. The dAGEs would be effectively eliminated in
those people.

Clinical studies have several limitations which do not allow a flawless interpretation.
The size of the samples for some clinical studies is obviously a major limitation. Food
monitoring of subjects is often at the discretion of the latter, making it difficult to control
the diet actually followed. Different kinds of low/high-AGE diets were used in the
various studies [3], allowing limited inter-study comparison. Diets low and high in AGEs
often have other nutritional differences than the amount of dAGEs. The food processing
necessary for the formation of AGEs, including heating, can alter essential nutrients for
health [17]. A variety of AGEs are formed and it is unclear whether all of these products
have the same complementary or adverse biological impacts [12,18,19]. In addition, the
different analytical methods for assaying AGEs do not give consensual measurements for
certain food matrices [18].

Some experimental models, mainly murine, of renal insufficiency or metabolic dis-
orders have confirmed the induction of inflammation and metabolic complications by
dAGEs [20–22]. The pathophysiological effects of dAGEs were also observed in healthy
animals, where they promote oxidative and inflammatory processes and impair metabolic
homeostasis [23]. However, as with clinical studies, the use of different diets from one
experimental study to another complicates the inter-study comparisons. Glycation of foods
has indeed been induced by various processes including heating [24], irradiation [25] or
addition of dicarbonyl products [26]. All these processes can alter certain nutrients and can
therefore bias the comparison of glycated vs. non-glycated diets. The precursors of AGEs,
such as dicarbonyl products formed during food processing [27], can induce endogenous
glycation, the pathophysiological impact of which can be falsely attributed to dAGEs.

In order to work with better defined dAGEs in terms of quantity and structure, various
experimental studies have used protein supplements such as casein, soy protein, ovalbumin
or bovine serum albumin (BSA), glycated vs. non-glycated, added to conventional animal
food or given by oral gavage [28–31]. However, the choice of protein supplement is delicate
and can lead to analytical bias. Indeed, many protein supplements, which are not part
of the classic diet of animals have specific physiological properties [32,33]. The glycation
of these supplements can alter their structural conformation and inhibit their biological
activities, with a possible health impact that is independent of dAGE consumption.

The implication of dAGEs on health would depend on different mechanisms including
their interaction with the receptor for advanced glycation end products (RAGE), which is
certainly one of the most described [34]. Dietary or endogenous AGEs would thus have
common pathophysiological mechanisms. Outside of the intestine, direct activation of
the receptor by dAGEs seems unlikely because only free AGE adducts would pass the
intestinal barrier, while only larger glycated peptides bind to and activate RAGE [35,36].
It cannot be ruled out that the accumulation of larger glycated peptides in the intestine,
due, among other things, to the slower digestion of glycated proteins, could lead to their
transcytosis [37]. Likewise, some chronic diseases and other conditions induce the rup-
ture of tight junctions in the intestinal epithelium [38], leading to possible paracellular
transport of these glycated peptides. To date, although the transport of glycated peptides
through transcytosis or the paracellular absorption pathway is not excluded, no study
has demonstrated it. Only the passive diffusion and absorption of glycated di-tripeptides,
and more rarely free dAGEs, by the the peptide transporter 1 (PEPT-1) have been demon-
strated [39,40]. Then the intracellular digestion of the di-tripeptides allows the release of
dAGEs which can diffuse throughout the body [41].
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The promotion of food allergies by ingestion of dAGEs is suggested in a growing
number of reviews [42,43]. On the one hand, structural modification and incomplete
digestion of glycated allergenic proteins could promote the formation of neo-allergens,
which is a source of food allergy. On the other hand, although no study has yet shown
it, RAGE, which is involved in pulmonary allergies via the induction of a T helper type
2 (TH2) response after interaction with certain alarmins [44], may be involved in the
allergenic effects of AGEs. The AGE–RAGE axis, which seems to have a key role in
the pathogenicity of endogenous and dAGEs, is regulated by various factors including
other AGE receptors. Although being suspected of scavenging AGEs by disposing of
them, these receptors, such as cluster of differentiation (CD) 36, also known as scavenger
receptor class B member 2 (SR-B2) and one member of the AGE receptor complex (AGE-R),
AGE-R1/ oligosaccharyl transferase 48 kDa subunit (OST-48), could be involved in the
pathophysiology of dAGEs as for endogenous AGEs [45,46]. A recent experimental study
has demonstrated an alternative pathophysiological mechanism of dAGEs, which promotes
inflammation and kidney injury [47]. In this study, the heat-induced AGEs increased
intestinal permeability and induced systemic innate immune complement activation.

Faced with these various promising but incomplete data on the fate of dAGEs in vivo
and their impact on health, we aimed to use a so-called simple organism with a complete
digestive tract, the nematode Caenorhabditis elegans, to initiate the evaluation of intestinal
digestion and the uptake of dAGEs with the resulting physiological consequences. We
exposed the worms to their classic laboratory food, Escherichia coli bacteria, glycated
or non-glycated. For glycated food, bacteria were chemically modified with glyoxylic
acid to mainly produce Nε-carboxymethyllysine (CML) [48]. We performed different
immunotechniques using an anti-CML antibody for relative quantification of ingested
CML and localization of this AGE in the worms’ intestine. The relative expression of
genes encoding different biological processes such as response to different stresses and
intestinal digestion were determined. The physiological development of the worms was
verified. Our results highlighted a new route of intestinal absorption of dietary CML
(dCML), endocytosis, which could be receptor-mediated. Exposure of worms to dCML
induced a reproductive defect and a transcriptional response reflecting oxidative, carbonyl
and protein folding stresses.

2. Materials and Methods
2.1. Nematode and Bacterial Strains

The Bristol N2 wild type strain and the OP50 E. coli feeding strain were obtained from
the Caenorhabditis Genetics Center (https://cgc.umn.edu, accessed on 6 December 2021).

2.2. Culture of OP50 Strain and Maintenance of C. elegans

OP50 bacteria was grown in lysogeny broth medium (LB: tryptone 10 g/L, yeast
extract 5 g/L and NaCl 10 g/L) at 37 ◦C with stirring. Worms were maintained at 20 ◦C
on nematode growth medium (NGM: agar 20 g/L, peptone 2 g/L, NaCl 41 mM, KH2PO4
20 mM pH 6.0, MgSO4 1 mM, CaCl2 1 mM and cholesterol 5 mg/L) agar plates seeded with
OP50 bacteria. Before each experiment, eggs were harvested from gravid worms by lysis
with sodium hypochlorite. Young adult worms were then obtained from synchronized L1
larvae after culture of eggs for 20 h in M9 buffer (NaCl 86 mM, Na2HPO4 42 mM, KH2PO4
22 mM and MgSO4 1 mM).

Except for maintenance and larval development, feeding bacteria were 10 times
concentrated and heat-inactivated 30 min at 65 ◦C.

2.3. Preparation of CML-Bound BSA and CML-Bound Bacteria

CML-bound BSA (BSA-CML) was prepared by reaction of glyoxylic acid with BSA, as
described previously [29]. Briefly, BSA was incubated in 0.2 M phosphate buffer pH 7.8
containing 60 mM of glyoxylic acid and 180 mM of reducing agent, sodium cyanoborohy-
dride. Heat-inactivated OP50 bacteria were glycated using the same method with either

https://cgc.umn.edu
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20 mM or 60 mM of glyoxylic acid and 60 mM or 180 mM of sodium cyanoborohydride,
respectively. Control BSA or heat-inactivated bacteria were incubated under the same
conditions without glyoxylic acid. After 17 h of incubation at 37 ◦C, the 2 BSA preparations
were dialyzed against ultrapure water and the bacteria were washed several times with
M9 buffer. Glycation of BSA and bacteria was confirmed by western blot, and for bacteria
only, by immunofluorescence with an anti-CML antibody (ab27684, Abcam, Paris, France).

2.4. Immunofluorescence of Control and CML-Bound Bacteria

Bacteria were fixed with buffered formaldehyde 4% pH 7.0 and washed in phos-
phate buffer saline (PBS: 0.01 M Na2HPO4, 0.0018 M KH2PO4 pH 7.4, 0.137 M NaCl and
0.0027 M KCl) prior to being immobilized on poly-L-lysine coated glass slide. The bacteria
were then permeabilized with absolute ethanol. After blocking with 0.1% BSA in PBST
(PBS containing 0.05% Tween), bacteria were incubated 2 h at room temperature with
anti-CML antibody diluted 1:200 in PBST. After several washes, bacteria were incubated
2 h at room temperature with Alexa Fluor 568-conjugated antibody (anti-rabbit IgG, Molec-
ular probes, Eugene, OR, USA) and Alexa Fluor 488-conjugated concanavalin A or Con
A (Invitrogen, Villebon-sur-Yvette, France) diluted 1:1000 and 1:100 in PBST containing
2.5 g/L of 4′,6-diamidino-2-phenylindole (DAPI, Thermo Scientific, Courtaboeuf, France).

Slides were examined under a ZEISS Axiophot fluorescent microscope using Adobe
Image Ready CS software (Adobe Systems France SAS, Paris, France).

2.5. Pepsin Digestion of Control and CML-Bound Bacteria and BSA

BSA and bacteria were resuspended in PBS at a protein concentration of 2 g/L. HCl
was added to the BSA or bacteria solutions to a final concentration of 0.04 N. Pepsin (Sigma
Aldrich Chimie SARL, Saint-Quentin-Fallavier, France) was added using enzyme:protein
ratio of 1:20. After 8 h of incubation at 37 ◦C, reactions were stopped by heating at 95 ◦C for
10 min and analyzed by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
(PAGE) with 12% acrylamide as previously described [49,50] and western blot with anti-
CML antibody as described later.

2.6. Exposure of Worms to dCML

For each condition, day 0 adult worms were grown several days at 20 ◦C in 25 cm2

tissue culture flask with vented cap (approximately 1000 worms/mL) containing 10 mL
liquid synthetic medium (S medium: 50 mM KH2PO4 pH 6.0, 100 mM NaCl, 1 M potassium
citrate pH 6.0, 3 mM MgSO4, 3 mM CaCl2, 1 mM ethylenediaminetetraacetic acid (EDTA)
disodium, 1 mM FeSO4, 1 mM MnCl2, 1 mM ZnSO4, 1 mM CuSO4 and 5 mg/L cholesterol)
supplemented with 50 µM 5-fluoro-2′-deoxyuridine (FUdR) to prevent the reproduction of
the worms.

For experiments with protein supplement, S medium contained heat-inactivated
bacteria and 1.6 mg/mL CML-bound BSA or control BSA.

For experiments with dietary bacteria, S medium was supplemented with CML
modified bacteria, which were glycated with 20 or 60 mM glyoxylic acid (G20 and G60,
respectively), or control bacteria (G0).

For some experiments, S medium was supplemented with both G0 and G60 bacteria
at different G0:G60 ratio.

Before adding the worms to the different media, 50 µL of each medium was taken for
quantification of CML by dot blot.

At different given times, 150 µL or 1 mL of worms were taken for each analysis.
To analyze the formation of progeny after exposure of the worms to dCML or to

the control, after 24 h of culture, 200 µL of worms from each condition were taken and
extensively washed with M9 buffer. Worms were resuspended in 2 mL of their respective
media without FUdR and grown at 20 ◦C in 6-well plates. After 2 days of incubation, the
number of eggs and larvae per worm was determined.

All the experiments were carried out in 3 biological replicates.
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2.7. Whole Protein Extraction and Western and Dot Blotting

The soluble and insoluble protein fractions of the bacteria were obtained after grinding
in the lysis buffer (100 mM Tris pH8.0, 140 mM NaCl, 20 mM EDTA and 1% SDS with
protease inhibitors, Roche, Mannheim, Germany) with glass beads (<106 µm; Sigma
Aldrich Chimie SARL, Saint-Quentin-Fallavier, France) using a homogenizing bead mill
(Fisherbrand Beadmills, Fisher Scientific SAS, Illkirch, France) at 4 m/s, 3 times 10 s,
4 cycles. After centrifugation at 15,000 × g for 15 min at 4 ◦C, the supernatant containing
the soluble fraction was separated from the insoluble pelleted fraction. The protein fractions
(2 µg of each fraction) were analyzed by SDS-PAGE with 12% acrylamide as described
before [49,50].

Total extracts of C. elegans were obtained by heating worms 10 min at 95 ◦C in lysis
buffer (100 mM Tris pH 8.0, 140 mM NaCl, 20 mM EDTA and 5% SDS with protease
inhibitors (Roche, Mannheim, Germany) and 10 µg of each extract were analyzed by
SDS-PAGE with 10% acrylamide.

Membranes were probed with anti-CML and, for worms’ extracts, anti-actin (A2066,
Merck, Sigma Aldrich Chimie SARL, Saint-Quentin-Fallavier, France) antibodies diluted
1:5000 and 1:2500, respectively, and then a horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG (Cell Signaling Technology, Danvers (MA), USA) diluted 1:5000. Enzyme activity
was detected with Clarity western ECL substrate (BioRad, Marne-la-Coquette, France).
The chemiluminescent signals were detected using the Fusion FX Spectra system (Vilber,
Collégien, France).

For dot blotting of worms’ extracts, 0.2 µg of each worms’ protein extract was spotted
in duplicate on nitrocellulose membranes. Membranes were probed and detected as
described for western blotting. For each dot, CML signal intensity was measured with
ImageJ software and was normalized to actin.

For the semi-quantification of CML in culture media, an equal volume of each medium
was mixed with the worm’s lysis buffer. After 10 min of heating at 95 ◦C, 1 µL of each
solution was spotted in duplicate on nitrocellulose membranes. Five BSA-CML standards
with known increasing concentration of CML were used to estimate the concentration
of CML in the culture media. Each standard was diluted in S medium, treated like the
different culture media and similarly spotted. Membranes were stained with ponceau S
before being probed with anti-CML antibody and detected as described above. For each
dot, CML signal intensity was measured with ImageJ software, normalized to ponceau
S staining and compared to the BSA-CML standards. The concentration of CML in the
culture media was expressed in mM of CML equivalent from BSA-CML.

2.8. Isolation of Total RNAs and Gene Expression Analysis

At the different analysis times, the worms’ pellets were quickly frozen in liquid
nitrogen. The worms were then homogenized in Trizol (Ambion, Huntingdon, UK) with
acid-washed glass beads (425–600 µm; Sigma Aldrich Chimie SARL, Saint Quentin Fallavier,
France) using a homogenizing bead mill at full speed (6 m/s), 3 times 10 s, 3 cycles. Total
RNAs were extracted as previously described [51]. RNAs were treated with DNaseI
(Thermo Scientific, Courtaboeuf, France) prior to being reverse transcribed to cDNA (High-
capacity cDNA reverse transcription kits, Applied Biosystems, Villebon-sur-Yvette, France).

Quantitative real-time PCR was performed using PowerUp SYBR Green 2X Master
Mix (Applied Biosystems, Villebon-sur-Yvette, France). Gene levels were normalized to
2 housekeeping genes that encode cell division cycle protein 42 (CDC-42) and peroxisomal
membrane protein 3 (PMP-3) and relative expression was calculated by the 2−∆∆Ct method.
The relative expression of genes was analyzed by comparing the condition with dCML to
the same condition without dCML. Primers are listed in Table S1.

2.9. Immunohistochemistry

The Bouin’s tube fixation protocol with slight modifications was followed [52]. Briefly,
for each condition, approximately 150 worms were washed with M9 buffer and fixed in an
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equal volume of Bouin’s solution and methanol with 0.125 M dithiothreitol (DTT). Worms
were then permeabilized by a rapid freeze-thaw cycle followed by repeated incubations in
borate/triton buffer (0.01 M DTT, 1 M H3BO3, 0.5 M NaOH and 0.5% Triton X-100). After
blocking with BSA 0.1% in PBS with 0.5% Triton X-100 and 1 mM EDTA disodium, worms
were incubated overnight at room temperature with primary antibodies diluted in blocking
solution: anti-CML 1:200, anti-IFB-2 (MH33, DSHB, Iowa city, IA, USA) 1:40, anti-RME-1
(RME1, DSHB) 1:10, anti-DYN-1 (DYN1, DSHB) 1:10 and anti-LMP-1 (LMP1, DSHB) 1:10.
After several washes, worms were incubated 2 h at room temperature with secondary
antibodies conjugated to either fluorescein isothiocyanate, FITC (anti-rabbit IgG, Molecular
probes, Eugene, OR, USA) or Alexa Fluor 568 (anti-mouse IgG, Molecular probes) diluted
respectively 1:200 and 1:1000 in blocking buffer containing 2.5 µg/µL of DAPI (Thermo
Scientific, Courtaboeuf, France). For Con A staining, worms were incubated 2 h at room
temperature with Alexa Fluor 488-labelled Con A diluted 1:100 in blocking buffer.

Slides were examined under a ZEISS spinning disk confocal microscope using ZEN
3.3 software (Zeiss, Marly-le-Roi, France).

2.10. Statistical Analyses

Statistical analyses were generated by bioinformatics software, GraphPad Prism
version 8.0 (GraphPad Software, San Diego, CA, USA).

Gene expression analysis: all experiments were performed in 2 technical replicates
and 3 biological replicates and the results were expressed as mean ± standard deviation
(SD). Significant differences (p ≤ 0.05) between the means were determined by the Kruskal–
Wallis, Dunn’s multiple comparisons test.

Dot blotting analysis: all experiments were performed in 3 biological replicates and
the results were expressed as mean ± SD. Significant differences (p ≤ 0.05) between the
means were determined by 2-way ANOVA, Tukey’s multiple comparisons test.

Progeny analysis: all experiments were performed in 3 biological replicates and the
results were expressed as mean ± SD. Significant differences (p ≤ 0.05) between the means
were determined by Mann–Whitney test.

3. Results
3.1. Glycation of Bacteria and Detection of CML Epitopes

Bacteria being the main food of the worms in the laboratory, we decided to feed
C. elegans with this glycated or non-glycated food. In order to reduce the diversity of
the AGEs formed and thus to facilitate the interpretation of the results, glyoxylic acid
was chosen as the glycating agent. Treatment of proteins with glyoxylic acid mainly
modifies lysine to CML, which is one of the most studied major endogenous and exogenous
AGEs [48]. In adulthood, C. elegans can be grown with either living or dead bacteria. The
use of dead bacteria limits the side effects linked to bacterial metabolism. Before glycating,
the bacteria were heat inactivated for 30 min at 65 ◦C. Two concentrations of glyoxylic acid
were used in order to obtain bacteria with different rates of CML.

We first confirmed the glycation of the bacteria by immunofluorescence with an anti-
CML antibody. As expected, only bacteria treated with glyoxylic acid, regardless of its
concentration, contained CML epitopes (Figure 1A). In contrast, all bacteria, glycated
or non-glycated, were stained with Con A. This lectin is specific for α-D-mannose and
α-D-glucose. In E. coli, it mainly recognizes exopolysaccharides. In order to have a better
overview of the bacterial proteins that were glycated, we lysed the bacteria with a bead mill
homogenizer and analyzed the soluble and insoluble fractions by western blot. Only the
proteins from bacteria treated with glyoxylic acid had CML epitopes (Figure 1B). Several
soluble and insoluble proteins were glycated, confirming homogeneous glycation of the
bacteria with glyoxylic acid. As expected, more CML epitopes were detected on proteins
from G60 bacteria, which were glycated with the highest amount of glyoxylic acid (60 mM).
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Figure 1. Glycation of bacteria and control of membrane and parietal integrities. (A) Indirect immunofluorescence assays
were performed on bacteria, which were pretreated with 0 mM (G0), 20 mM (G20) or 60 mM (G60) of glyoxylic acid, using
anti-Nε-carboxymethyllysine (CML) antibody and lectin concanavalin A (Con A). Bacteria DNA was stained with DAPI.
For each type of bacteria, phase contrast and fluorescence micrographs with the mentioned DNA-binding probe, lectin or
antibody are shown. Scale bars = 2 µm. (B) Western blot of soluble and insoluble protein extracts from G0, G20 or G60
bacteria was detected with anti-CML antibody. Before immunostaining, the membrane was stained with ponceau S for
loading control. (C) Western blots of extracts from G0, G20 or G60 bacteria or non-glycated bovine serum albumin (BSA) or
glycated BSA (BSA-CML) were stained with anti-CML antibody. Before electrophoresis, non-glycated and glycated bacteria
or BSA were incubated without (−) or with (+) pepsin in acidic solution. Before immunostaining, the membranes were
stained with ponceau S for loading control. The acidic condition induced the proteolysis of BSA with fragments of different
sizes detectable after electrophoretic separation. One of these fragments, marked with an arrow, is known to be resistant to
pepsin digestion [53]. All results are representative of 3 independent experiments.

3.2. Analysis of the Integrity of CML-Bound Bacteria

Before feeding the worms with the inactivated bacteria, glycated or not, we wanted to
verify that the glycation of the bacteria did not lead to a strong loss of outer membrane
and cell wall integrities. Immunofluorescence analyses, which were carried out with DAPI,
showed that glycated and non-glycated bacteria had a similar staining of their DNA,
excluding the possibility of leakage of the latter following glycation (Figure 1A). Additional
analyses were performed to assess the susceptibility of bacteria to pepsin digestion. The
outer membrane and the cell wall of the bacteria effectively prevent the passage of enzymes
to digest proteins. Digestion of bacterial proteins by proteases seems unlikely without
alteration of the cell wall and membranes of the bacteria, as when these are ground in the
pharynx of C. elegans. Unlike BSA, glycated or not, used as a control, almost no bacterial
protein was degraded by pepsin, whatever the glycation of the bacteria (Figure 1C). These
results suggest that the integrity of heat-inactivated bacteria was maintained after glycation.
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3.3. Glycated Bacterial Proteins Were Ingested by the Worms and Impaired Their Reproduction

We exposed young adult worms to diets containing either non-glycated or glycated
bacteria. Media with G20 and G60 contained 0.975 mM ± 0.053 and 1.252 mM ± 0.096 of
CML equivalent, respectively. Before studying the ingestion and digestion of dCML by
C. elegans, we ensured that our diets rich in CML did not induce toxicity in the worms. By
maintaining the culture of the worms up to 18 days, we found that dCML had no drastic
effect on the survival of the worms at least until this incubation time (data not shown). On
the other hand, we noticed that the worms incubated with the 2 glycated diets contained
fewer embryos. We therefore analyzed in more detail the formation of progeny after
exposure of the worms to dCML or to the control. After 24 h of culture in the presence or
absence of dCML, the worms were incubated for 2 days in their respective media without
FUdR. The progeny, eggs and larvae, present in the media were counted. No offspring was
found in the medium containing the most dCML, G60 (Figure 2A). Worms incubated in
medium with less glycated bacteria (G20) produce 96% less eggs and larvae than those
incubated in medium without CML. These results suggest that diets rich in CML have a
significant effect on the reproduction of worms.

Figure 2. Effects of dietary Nε-carboxymethyllysine (dCML) exposure on worms’ progeny, transcriptional response to different
stresses and levels of CML epitopes inside the worms. (A) Young adult worms were fed with bacteria, which were pretreated
with 0 mM (G0), 20 mM (G20) or 60 mM (G60) of glyoxylic acid, in medium containing 5-fluoro-2′-deoxyuridine (FUdR). After
24 h of incubation, worms were grown for 2 days in the same conditions without FUdR. Number of eggs and larvae per worm
present in the media were determined. Data were expressed as means ± standard deviation (SD) of 3 biological replicates.
* p ≤ 0.05 G20 or G60 vs. G0 (Mann–Whitney test). (B) Young adult worms were fed for 4, 11 and 18 days with G0, G20 or G60
bacteria. Relative expression of gene coding for antioxidant, carbonyl stress and unfolded protein responses were analyzed by
comparing all the conditions to the G0 at day 4. Data were expressed as means ± SD of three biological replicates. The cdc-42
and pmp-3 genes were used to normalize levels of gene expression. * p≤ 0.05, ** p≤0.01, *** p≤ 0.001 G20 or G60 vs. G0 for the
same incubation time (Kruskal–Wallis, Dunn’s multiple comparisons test). (C) Dot blots of lysates from worms fed 4, 11 and
18 days with G0, G20 or G60 bacteria were stained with anti-CML and anti-actin antibodies. CML and actin epitopes were
quantified with ImageJ software and relative quantification of CML epitopes was normalized to actin. Data are expressed in
arbitrary units (A.U.) and presented as the means ± SD of 3 biological replicates. * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001 G20 or
G60 vs. G0, # p ≤ 0.05 G60 vs. G20 (2-way ANOVA, Tukey’s multiple comparisons test).
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3.4. dCML Induced Different Stresses

We wondered if this reproductive defect could be due to a poor nutritional intake
of glycated bacteria. We therefore analyzed the expression of the thioredoxin 1 encoding
gene, trx-1, whose expression increases during nutritional restrictions, in particular by
maintaining redox homeostasis [54]. After 4 and 11 days of culture of the worms, the
expression of trx-1 was not significantly modulated by dCML, suggesting that the worms
did not undergo stress linked to a nutritional defect (Figure 2B). On the other hand, the
key antioxidant genes of C. elegans, sod-3 and gst-4 coding respectively for mitochondrial
superoxide dismutase 3 (SOD-3) and glutathione S-transferase 4 (GST-4), were significantly
more expressed after 4, 11 and 18 days of incubation with dCML (Figure 2B). Significant
induction of sod-3 by dCML was only observed for the most glycated diet (G60), whereas
the expression of gst-4 was significantly induced by the 2 glycated diets. Higher expression
of sod-3 and gst-4 in CML-rich diets suggests induction of an oxidative environment by
these diets which may be associated with the reproductive defect of worms.

Oxidative environments can promote carbonyl stress with the production of potent
glycating agents, the α-ketoaldehydes such as glyoxal and methylglyoxal [55]. Studies have
indeed shown that diets rich in AGEs can induce the formation of endogenous AGEs [29].
We therefore analyzed the expression of genes encoding glyoxalases which convert α-
ketoaldehydes into α-hydroxyacids [56]. C. elegans possesses 3 glyoxalases which are either
dependent on glutathione, GLOD-4 (mammalian GLO1), or independent of this cofactor,
DJR-1.1 and DJR-1.2 (mammalian DJ-1). Only the diet containing the most CML (G60)
significantly induced the expression of glod-4 and djr-1.1 at day 4 (Figure 2B). This induction
however seemed to be transient, since on day 11, no modulation of the expression of these
genes was detected and on day 18, expression of glod-4 and djr-1.2 was induced by G60.
After 18 days of culture, the worms were getting old and differences related to the aging of
the worms may add to the effects of dCML. Moreover, at this time, the worms incubated
with diets rich in CML expressed more trx-1, suggesting that dCML could have an effect
on the worms’ aging, possibly by alteration of the redox homeostasis (Figure 2B).

As redox homeostasis is very important for proper protein folding which can be
impaired by other sources of oxidative stress, we analyzed the expression of the genes
coding for key chaperones of the unfolded protein response (UPR): the cytoplasmic heat
shock proteins (HSP) 16.2 and 70, the mitochondrial HSP-6 and the endoplasmic reticulum
(ER) HSP-4. The genes coding for HSP-70 and HSP-6 were upregulated in worms incubated
4 and 18 days with glycated bacteria (Figures 2B and S1). Expression of HSP-16.2 encoding
gene was significantly regulated at different incubation times; it increased at day 4 in the
presence of dCML while it decreased at days 11 and 18 under the same conditions. These
results suggest impairment of protein folding in the cytoplasm and mitochondria under
glycating conditions, at least the most glycated condition (G60). Concerning hsp-4, its
expression was less regulated than hsp-70 and hsp-6. Glycated conditions reduced hsp-4
expression at day 11.

3.5. Glycated Bacterial Proteins Are Digested by the Worms

In order to better understand the impact of dCML on the physiology of worms, we
monitored this AGE over time. For this, we measured the relative expression of CML
epitopes detected by dot blot. As expected, almost no CML epitope was detected in the
worms’ lysates incubated in the control medium while the lysates of worms grown with the
two glycated media contained detectable levels of CML (Figure 2C). More CML epitopes
were measured in lysates of worms exposed to G60 than to G20. The amount of CML found
in the worms increased over time before decreasing, with many fewer epitopes present at
day 18. This detection profile is in line with 1—ingestion of glycated bacteria by the worms
over time, 2—less ingestion of food by older worms and 3—digestion of glycated proteins.

Concerning the intestinal digestion of glycated proteins, we checked whether we
could detect different transcriptional profiles between the worms exposed or not to dCML.
We have selected genes encoding different intestinal proteases: members of the astacin
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family of metalloproteases (nematode astacin proteases 11 and 28, NAS-11 and NAS-28),
aminopeptidases (leucine aminopeptidase 1 and aminopeptidase P 1, LAP-1 and APP-1),
a carboxypeptidase (Y16B4A.2) and cathepsins A (cathepsin A homolog 3.2, CTSA-3.2),
B (cysteine protease related 5, CPR-5), D (aspartyl protease 3, ASP-3) and L (cathepsin
L family 1, CPL-1). Among the genes encoding the luminal or cytoplasmic digestive
proteases, only lap-1 and app-1 were significantly overexpressed on days 4 and 18 under
glycating conditions, mainly with the highest concentration of dCML (Figure 3). These
results show that worms do not have a major transcriptional reprogramming of their
digestive enzymes when they were grown in CML-rich diets. We checked the digestion in
worms incubated for 4 days with the control bacteria or the most glycated bacteria (G60) or
a mixture with different ratios of these two bacteria. After 4 days of culture, the worms
were incubated for 1 day in the medium without bacteria. Immunostaining of the worm
lysates, compared to those fed for 4 days with the bacteria, shows a major decrease in
CML epitopes, suggesting that glycated bacterial proteins were digested, at least up to the
detection threshold of glycated peptides in western blot (Figure S2). Very few glycated
proteins had been poorly digested.

The upregulation of the genes encoding the aminopeptidases in glycated conditions is
very interesting, especially app-1 which codes for a cytoplasmic aminopeptidase. APP-1
could be more expressed to hydrolyze the glycated di-tripeptides transported in the cytosol
by PEPT-1. As PEPT-1 is transcriptionally regulated by its substrates [57], we checked
expression of its gene. Our data show that pept-1 was indeed overexpressed at the same
times and under the same conditions as app-1 (Figure 3). Most of the cathepsin encoding
genes were overexpressed on days 4 and 18 in worms exposed to dCML, especially G60
(Figure 3). As cathepsins are lysosomal proteases, our results suggest that worms need
lysosomes and its hydrolases to digest glycated bacteria. We therefore investigated the
expression of lysosomal genes encoding non-protease proteins. Among the genes tested we
chose those encoding membrane proteins, the lysosome-membrane associated protein LMP-
2 (mammalian LAMP1) and the scavenger receptor 3 (SCAV-3) which maintains lysosomal
integrity, as well as components of the vacuolar-type ATPase (V-ATPase) proton pump
(VHA-6 and -11) which are essential to regulate the lysosomal pH to promote lysosomal
hydrolase activity. Most of these genes were overexpressed in the presence of dCML, in
particular G60 on days 4 and 18. These results suggest 1—an increase in the lysosomal
activity of worms exposed to dCML and 2—endocytosis of glycated proteins, potentially
after luminal digestion. We were surprised to find that most of the lysosomal genes were
not regulated on day 11. By analyzing the kinetics of the expression of these genes in
the control condition, we noticed that most of these genes were significantly, or tended
to be, more expressed at this time, compared to day 4, like most of the genes analyzed
coding for digestive enzymes (Figure S3). The overexpression of these genes on day 11
certainly compensated for their need in glycating conditions before their expression was
again increased on day 18.

As endocytosis has a common denominator, ubiquitin, in the targeting of substrates
with two other degradation pathways, the proteasome and autophagy [58], we analyzed
the regulation of the expression of markers of these processes: the genes encoding two
components of the ubiquitin ligase complex (proteasome), SKR-1 and SKR-12, and the gene
encoding an autophagy-related protein, LGG-1 (Figure 3). Unlike the expression of lgg-1
which was not modulated by any diet at the three incubation times, the expression of skr-1
and skr-12 was significantly higher, or at least tended to be, after 4 and 18 days of culture of
the worms with the glycated diets. These results suggest that the activity of the proteasome
would be higher after exposure to dCML, possibly following its endocytosis.
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Figure 3. Impact of dietary Nε-carboxymethyllysine (dCML) exposure on transcriptional regulation
of some digestive enzymes, lysosomal proteins and proteasomal and autophagy markers. Young
adult worms were fed with bacteria, which were pretreated with 0 mM (G0), 20 mM (G20) or 60 mM
(G60) of glyoxylic acid. After 4, 11 and 18 days of culture, relative expression of genes coding for
luminal and/or cytoplasmic proteases, cathepsins, lysosomal nonprotease proteins, an autophagy
marker and proteasome markers were analyzed by comparing all the conditions to the G0. Data were
expressed as means ± standard deviation of 3 biological replicates. The cdc-42 and pmp-3 genes were
used to normalize levels of gene expression. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 G20 or G60 vs. G0
(Kruskal–Wallis, Dunn’s multiple comparisons test).

3.6. CML-Bound Proteins Are Endocytosed by the Worms’ Enterocytes

In order to confirm the endocytosis of CML-bound proteins or peptides, we performed
immunohistochemical staining with the anti-CML antibody. In order to optimize the
detection of CML epitopes inside enterocytes, we followed with slight adaptations a
protocol eliminating luminal epitopes [52]. To locate the apical cortex of enterocytes, we
co-stained the worms with an antibody specific for an intermediate filament protein of
this cortex, IFB-2. Several vesicles, most probably endosomes, labeled with the anti-CML
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antibody were observed around the nuclei of the enterocytes, only of the worms incubated
with both glycated bacteria, G20 and G60 (Figure 4A). More than 50 and 80% of worms
contained CML-labeled endosomes after 1 and 4 days of incubation with glycated bacteria,
respectively (data not shown). In order to verify if dCML endocytosis depends on the
glycated protein, we analyzed whether a glycated supplement protein (BSA) could be
endocytosed. We, therefore, cultured the worms with non-glycated bacteria containing a
protein supplement, BSA, glycated or non-glycated. Immunohistochemistry with the anti-
CML antibody showed that the worms grown with BSA-CML had endosomes containing
CML epitopes (Figure 4A). As expected, the worms incubated with the BSA control were
negative. These results show that any CML-bound protein could be endocytosed by
C. elegans enterocytes.

We followed the evolution of the CML epitopes by washing the worms fed for 4 days
with the most glycated bacteria (G60) and by incubating them for 6 h in M9 buffer without
food. After immunohistochemical observation of the worms, some endosomes containing
CML epitopes appeared smaller, suggesting endolysosomal degradation of the CML-bound
peptides (Figure 4B).

To confirm endocytosis and the fusion of endosomes with lysosomes, we performed
a series of double immunostaining with anti-CML antibody and antibodies recognizing
different markers of endocytosis: dynamin, DYN-1, which is involved in the early phase of
endocytosis; the lysosome-associated membrane protein LMP-1 (mammalian LAMP1) and
an endocytosis-mediating receptor, RME-1, which is involved in the process of endosome
recycling. The results show a co-localization between the CML epitopes and the DYN-1
and LMP-1 epitopes, confirming the process of endocytosis of dCML and the fusion of
endosomes with lysosomes, respectively (Figure 4C). Some CML epitopes are localized at
the periphery of endosomes.

3.7. Endocytosis of CML-Bound Bacterial Proteins Is Specific of CML

We wondered if the endocytosis was specific for glycated proteins. We, therefore,
labeled the worms with Con A which recognized both non-glycated and glycated bacteria
(Figure 1A). C. elegans has glycoproteins that can be labeled with Con A, but none has
been identified as marker of endolysosomes. Moreover, fluorescent Con A did not stain
the endosomes of worms incubated with the non-glycated bacteria, suggesting that the
non-glycated bacteria molecules were not endocytosed (Figure 5A). In contrast, worms in-
cubated with glycated bacteria contained endosomes labeled with Con A. These endosomes
co-stained with LMP-1 epitopes (Figure S4). The endocytosis of glycated bacterial compo-
nents therefore seems to depend on CML. There could be co-endocytosis of non-glycated
bacterial compounds with CML-bound bacterial proteins or peptides. The hypothesis of
endocytosis of CML-bound peptides/proteins mediated by an AGE receptor seemed to be
quite plausible. As C. elegans has different orthologs of the human genes encoding AGE
receptors except RAGE, we analyzed the expression of these orthologs in the presence of
glycated or non-glycated bacteria. We measured the relative expression of the orthologs of
human genes encoding 1—the AGE-R complex: OST-B1 (mammalian AGE-R1), ZK1307.8
(mammalian AGE-R2) and the members of the galectin (LEC) family (mammalian AGE-
R3/galectin-3) and 2—the members of the SCAV family (mammalian SR-A and SR-B
members). On day 4, the two glycated diets induced significantly the expression of three of
these genes: the genes coding for SCAV-1, SCAV-5 and ZK1307.8 (Figure 5B). Although not
significantly, scav-6 expression was increased by the two glycated regimens. From these
genes, only the expression of scav-5 and scav-6 was significantly increased by at least one
glycated diet on days 11 and 18. On day 18, the genes encoding LEC-4 and LEC-7 were
more expressed in the presence of dCML, whatever its concentration. These data suggest a
possible role of some of these receptors, notably SCAV-5, in dCML mediated endocytosis.
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Figure 4. Mapping of Nε-carboxymethyllysine (CML) epitopes in C. elegans intestine. (A) Immuno-
histochemical staining was performed on worms fed for 4 days with bacteria, which were pretreated
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with 0 mM (G0), 20 mM (G20) or 60 mM (G60) of glyoxylic acid, or 1.6 mg/mL of non-glycated
bovine serum albumin (BSA) or glycated BSA (BSA-CML), using anti-CML and anti-IFB-2 antibodies.
(B) Worms were fed for 4 days with either G0 or G60 bacteria. After washing, worms were incubated
for 6 h in nutrient-free buffer, fixed and permeabilized with modified Bouin’s solution and stained
with anti-CML and anti-intermediate filament B (IFB-2) antibodies. (C) Immunohistochemical
staining was performed on worms fed for 4 days with G60 using either anti-CML and anti-dynamin
(DYN-1) antibodies, anti-CML and anti-lysosome-associated membrane protein homolog 1 (LMP-1)
antibodies or anti-CML and anti-endocytosis-mediating receptor 1 (RME-1) antibodies. Worms’
nuclei were stained with DAPI. For each type of feeding condition, fluorescence micrographs with
the mentioned DNA-binding probe or antibody are shown. Scale bars = 10 µm (A,B) and 2.5 µm (C).
All results are representative of 3 independent experiments.

Figure 5. Specificity of endocytosis for dietary Nε-carboxymethyllysine and analysis of expression of advanced glycation end
product (AGE) receptor encoding genes. (A) Worms fed for 4 days with bacteria, which were pretreated with 0 mM (G0) or
60 mM (G60) of glyoxylic acid, were fixed and permeabilized with modified Bouin’s solution and stained with concanavalin
A (Con A). Worms’ nuclei were stained with DAPI. For each type of feeding condition, fluorescence micrograph with the
mentioned DNA-binding probe or lectin are shown. Scale bars = 10 µm. Endogenous glycoproteins were stained with Con A,
a diffuse labeling is visible in the worms incubated with the control bacteria. All results are representative of 3 independent
experiments. (B) Young adult worms were fed with G0, G20 (bacteria pretreated with 20 mM of glyoxylic acid) and G60.
After 4, 11 and 18 days of culture, relative expression of mammalian ortholog coding for members of AGE-R complex
and class A and B scavenger receptors, was analyzed by comparing all the conditions to the G0. Data were expressed as
means ± standard deviation of 3 biological replicates. The cdc-42 and pmp-3 genes were used to normalize levels of gene
expression. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 G20 or G60 vs. G0 for the same incubation time (Kruskal–Wallis, Dunn’s
multiple comparisons test).

4. Discussion

Clearance of AGEs occurs in the endothelium, vasculature, neural tissues and some
types of immune cells, mainly by endocytosis [3,16,59]. Various AGE receptors, including
SR-A and SR-B members and the AGE-R complex, induce this process. With regard to
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dAGEs, this mechanism would take place after intestinal absorption and passage into
the blood vessels. It is surprising that endocytosis of AGEs by intestinal cells, especially
enterocytes, has not been further considered. On the one hand, SR-A and SR-B members
and AGE-R complex are indeed expressed by enterocytes (https://www.proteinatlas.org,
accessed on 6 December 2021), in particular in the small intestine, and on the other hand,
endocytosis in the enterocytes is an essential cellular process with various biological
impacts, including digestion and absorption of nutrients [60]. Until now, only the passage
of free AGE adducts or glycated di-tripeptides into enterocytes has been reported. Uptake
of these AGEs involves an oligopeptide transporter, PEPT-1, or passive diffusion [39,40].
The glycated di-tripeptides are further digested by endopeptidases in the enterocytes before
the free AGE adducts are released into the circulation. In our study, ingestion of glycated
bacteria induced the expression of pept-1, C. elegans ortholog to the human SLC15A1 gene
coding for PEPT-1. Since PEPT-1 is transcriptionally regulated by its substrates [57], we
suspect that a similar regulatory process is taking place in C. elegans. Indeed, the ingestion
of CML-bound proteins by the worms has probably generated an accumulation of glycated
di-tripeptides, requiring transport by PEPT-1 for their absorption by enterocytes. After
exposure of the worms to dCML, we also observed the induction of a gene encoding
a cytoplasmic endopeptidase, APP-1, potentially involved in the digestion of glycated
di-tripeptides. These results support our decision to use C. elegans as a relevant model to
analyze the digestion and absorption of glycated peptides.

While simple diffusion and transport by PEPT-1 are undoubtedly two absorption
pathways for dAGEs, others must take place to further explain certain pathophysiological
mechanisms described or hypothesized for dAGEs [2,3,12]. For example, the mechanisms
involving RAGE can be activated only by glycated proteins or larger peptides than di-
tripeptides [36]. One of the most plausible hypotheses to date would be that dAGEs induce
the formation of endogenous AGEs which would bind to RAGE to activate different signal-
ing pathways. Some studies have actually shown that endogenous AGEs are produced
following the ingestion of dAGEs including dCML [29]. Our results show that, indeed,
dCML significantly induced the expression of genes encoding glyoxalases which convert
endogenous glycation precursors, α-ketoaldehydes such as glyoxal and methylglyoxal, into
α-hydroxyacids [56]. Oxidizing conditions favor the generation of these precursors. The
expression of sod-3 and gst-4 genes, key markers of the antioxidant response in C. elegans,
were indeed significantly higher throughout the experiment when the worms were incu-
bated with glycated bacteria, especially the most glycated one. Induction of these markers
by dCML shows that the latter is certainly a source of reactive oxygen species which would
induce the expression of these genes and potentially the production of α-ketoaldehydes.
The increase in proteasomal markers (skr-1 and skr-12) in worms exposed to dCML could
be a cellular response to degrade the endogenous AGEs formed. Additional experiments,
in particular the analysis of endogenous AGEs and other proteasomal markers, would
allow this hypothesis to be verified.

Bacteria are the main food for worms. Their glycation, even if it did not impair
membrane and the parietal integrity of the bacteria, could have induced a nutritional
alteration of this food with potential physiological effects. We have, indeed, detected a
reproduction defect in worms incubated with glycated bacteria. These worms had fewer
embryos and laid fewer eggs than worms under the normal diet. Additional analyses
will of course be necessary to determine the pathophysiological mechanisms involved
following ingestion of dCML. We suspected that the glycated diets could have induced a
state of starvation leading to the reproduction defect. However, starvation has been shown
to have only a small impact on the number of eggs laid by the worms [61]. In addition,
our results show that the expression of trx-1, which is induced by starvation [54], was not
modulated by glycated diets at least up to 11 days of culture. Likewise, the gene encoding
a key autophagy molecule, LGG-1, has never been regulated by dCML. Autophagy is
indeed an essential mechanism allowing, among other things, energetic homeostasis to be
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maintained during starvation [62]. An absence of starvation does not, however, exclude a
possible nutritional impact of food glycation, which should be explored.

The exposure of the worms to dCML clearly caused cellular alterations as evidenced
on the one hand by the induction of the antioxidant response but also the induction
of the cytoplasmic and mitochondrial unfolded protein responses (UPRcyt and UPRmt,
respectively), in particular the significant increase in the genes encoding the chaperones
HSP-70 and HSP-6, respectively. Any causal or consequential link between the reproductive
defect in worms exposed to dCML and the induction of antioxidant and unfolded protein
responses remains to be determined. Among the genes encoding digestive enzymes, lap-1,
which codes for an endopeptidase, was induced by the two glycated diets on days 4 and
18. Inhibition of lap-1 was described to lead to a defect in oviposition [63]. The increased
expression of lap-1 could then be a response to the reproductive defect induced by lap-1.

We were surprised to discover, among the genes whose expression was induced by
dCML, the genes encoding lysosomal proteases, cathepsins. The expression of other lyso-
somal genes was increased in CML-rich diets, such as those encoding V-ATPase, which
regulate the pH of lysosomes to promote cathepsin activity, and the lysosome-associated
membrane protein homolog 2 (LMP-2 or LAMP1 in mammals), which is important for the
functionality of lysosomes. These results strongly suggest that dCML has been internalized
by enterocytes and has undergone intracellular hydrolysis. The glycated di-tripeptides
transported by PEPT-1 are effectively hydrolyzed before the free AGE adducts pass into
the general circulation. However, this digestion involves cytoplasmic but not lysosomal
endopeptidases [39]. The hypothesis of endocytosis of glycated proteins or larger peptides
was therefore verified by immunohistochemistry. The images clearly show the presence of
endosomes containing CML epitopes in the worms. These endosomes presented distinct
markers such as dynamin 1 or DYN-1, which is involved in the early stage of endocy-
tosis, the lysosomal membrane protein LMP-1 which confirms fusion with lysosomes
and, for some, the RME-1 receptor which is involved in endosomal recycling. These re-
sults clearly demonstrate a new mechanism of intestinal absorption for dCML which is
therefore endocytosis.

As mentioned earlier, what is most surprising is not to have demonstrated endocytosis
as a route of intestinal absorption of dAGEs but rather not to have demonstrated it earlier.
The absorption of AGEs has mainly been analyzed in vitro with cells of an immortalized
cell line of human colorectal adenocarcinoma cells named Caco-2, which are commonly
used to study intestinal permeability [39,40,64]. Because these epithelial cells are derived
from colon cells, they do not have all of the characteristics of small intestine enterocytes,
including the expression of digestive enzymes in their microvilli [65]. In addition, ab-
sorption experiments were mostly performed with small defined glycated oligopeptides
instead of glycated proteins or larger peptides. In C. elegans, it was possible to carry out
immunohistochemical analysis while preserving the whole intestine of the worm. In addi-
tion, the worm’s intestine contains only enterocytes, making visualization of these cells
easy. In mammalian models, such as the murine ones, the intestinal epithelium can only
be analyzed by cell imaging after histological sections. Since it is composed of several
cell types, without electron microscopy, the analysis is much more complex than in the
worm. This once again demonstrates the essential contribution of so-called simple model
organisms to analyze certain cellular functions.

The use of C. elegans to analyze the absorption of dAGEs by enterocytes is all the
more relevant as this organism expresses the orthologs of the genes encoding the AGE
receptors described for endocytozing AGEs in non-intestinal tissues: SR-A and SR-B
members and the AGE-R complex. Analysis of the expression of these genes after culturing
the worms with non-glycated or glycated bacteria showed a stronger expression of the
genes encoding SCAV-5, SCAV-6 and some LECs in the presence of glycated bacteria,
regardless of their glycation rate. These receptors may mediate the endocytosis of dCML.
Our immunohistochemical staining with Con A revealed that the endocytosis of bacterial
components was indeed specific for dCML. By targeting these genes by RNA interference



Nutrients 2021, 13, 4398 17 of 20

in a future study, we will be able to explore the role of these receptors in the endocytosis
of dCML.

Endocytosis is a mechanism that can modulate different cellular functions and partici-
pate in cellular adaptation to different stresses, but it is an active process that consumes
energy in the form of adenosine triphosphate (ATP) [66,67]. The enterocytes of worms
incubated with glycated bacteria, therefore, certainly need more ATP than those of worms
incubated with non-glycated bacteria. They must therefore produce more ATP from various
catabolic mechanisms including respiration in the mitochondrial matrix. This need can
lead to ATP deficiencies for other important cellular functions, including certain enzymatic
activities. In addition, increased mitochondrial respiration can be a source of oxidative
stress. This could explain on the one hand the increase in antioxidant responses including
the expression of the mitochondrial SOD-3 encoding gene and that of the gene encoding
the HSP-6 chaperone of UPRmt with impacts on cytoplasmic homeostasis. Since bacteria
are the main food source for worms, the nutritional intake of glycated bacteria might not
compensate for the energy required by the endocytosis of glycated proteins. The reproduc-
tive defect of worms incubated with dCML might be therefore associated with the ATP
shortage induced by endocytosis.

Our study deserves additional analyses, in particular: 1—the quantification of the fate
of dCML (free CML adduct and CML-bound protein) ingested by worms, 2—deciphering
between endocytosed dCML and dCML transported by PEPT-1, 3—a demonstration of
the health effect of glycated dietary proteins vs. glycated protein supplement which, as
we have shown in this study, is also endocytosed by enterocytes, 4—highlighting the
mechanisms induced by the ingestion of dCML and the receptors involved. It is essential
to analyze the fate of endocytosed dCML, in particular its digestion and/or its possible
transcytosis in the lamina propria. Exocytosis of glycated peptides could promote food
intolerance and activate RAGE in other organs after transport via the general circulation.
C. elegans is a good model for studying the health effects of dAGEs; not necessarily for
the observed phenotypes which are quite dependent on the organism studied but for the
induced mechanisms which are often conserved in the animal kingdom.

5. Conclusions

Our results have given new insights into the intestinal absorption of dCML. We have
indeed shown that dCML was endocytosed by enterocytes. In parallel, we have observed a
reproductive defect in worms exposed to dCML. Additional studies will be necessary to
determine the mechanisms, possibly dependent on dCML endocytosis, involved in this
pathophysiological effect. However, our results are already opening up new perspectives
to better characterize the pathophysiological mechanisms of dAGEs.
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