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1. Introduction

Gastrointestinal digestion of dietary advanced
glycation endproducts using an in vitro model
of the gastrointestinal tract (TIM-1)+

Timme van der Lugt, 2 *® Koen Venema,® Stefan van Leeuwen,® Misha F. Vrolijk,°
Antoon Opperhuizen®® and Aalt Bast™®

Protein- and sugar-rich food products processed at high temperatures contain large amounts of dietary
advanced glycation endproducts (dAGEs). Our earlier studies have shown that specifically protein-bound
dAGEs induce a pro-inflammatory reaction in human macrophage-like cells. To what extent these
protein-bound dAGEs survive the human gastrointestinal (Gl) tract is still unclear. In this study we analysed
gastric and small intestinal digestion of dAGEs using the validated, standardised TNO in vitro
gastrolntestinal digestion model (TIM-1), a dynamic in vitro model which mimics the upper human Gl
tract. This model takes multiple parameters into account, such as: dynamic pH curves, peristaltic mixing,
addition of bile and pancreatic digestive enzymes, and passive absorption. Samples of different digested
food products were collected at different time points after (i) only gastric digestion and (ii) after both
gastric plus small intestinal digestion. Samples were analysed for dAGEs using UPLC-MS/MS for the lysine
derived N°-carboxymethyllysine (CML) and N®-carboxyethyllysine (CEL), and the arginine derived methyl-
glyoxal-derived hydroimidazolone-1 (MG-H1), and glyoxal-derived hydroimidazolone-1 (G-H1). All AGEs
were quantified in their protein-bound and free form. The results of this in vitro study show that protein-
bound dAGEs survive gastrointestinal digestion and are additionally formed during small intestinal diges-
tion. In ginger biscuits, the presence MG-H1 in the Gl tract increased with more than 400%. This also indi-
cates that dAGEs enter the human Gl tract with potential pro-inflammatory characteristics.

the final stage of this reaction and are largely responsible for
the brown colour and palatability of heat-processed food.

A typical characteristic of the Western diet is the abundance of
fried and otherwise processed and heat-treated foods. During
thermal processing of food, large amounts of dietary advanced
glycation endproducts (dAGEs) are formed." Especially in food
products containing ample amounts of carbohydrates and pro-
teins, dAGEs are highly present. This formation of dAGEs
occurs via the Maillard reaction (Fig. 1) in which the carbonyl
group of a reducing sugar reacts with an amino moiety of an
amino acid under the influence of heat.> dAGEs are formed at
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Although in some studies dAGES are considered to play an
important role in the negative health effects attributed to the
Western diet, the health consequences of these compounds
are not yet well understood. In a recent study, we demonstrated
pro-inflammatory effects of dAGEs on human macrophage-like
cells through binding to the receptor for advanced glycation
endproducts (RAGE).> Only protein-bound dAGEs were found
to have this pro-inflammatory effect, which was measured as
TNF-a secretion, whereas free dAGEs, such as N°-carboxy-
methyllysine (CML) and methylglyoxalderived-hydroimidazo-
lone-1 (MG-H1), did not induce any TNF-a secretion.

Since the dAGE-protein binding may be vulnerable to acid
hydrolysis and proteolysis that occur during gastrointestinal
(G) digestion, it is to be expected that GI digestion may influ-
ence the pro-inflammatory effects. After the ingestion of
protein-rich food products, several mechanical and enzymatic
processes break down the ingested proteins during GI diges-
tion. In the stomach, acid hydrolysis occurs and the proteolytic
enzyme pepsin cleaves proteins into smaller polypeptides. In
the small intestine the pH is increased to a neutral level and
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Fig. 1 Simplified overview on AGE formation via the Maillard reaction. As an example, the molecular structure of four different dJAGEs: N°-carboxy-
methyllysine (CML), N°-carboxyethyllysine (CEL), glyoxalderived-hydroimidazolone-1 (G-H1), and methylglyoxalderived-hydroimidazolone-1

(MG-H1), as well as protein-bound CML are shown.

different proteolytic enzymes from the pancreatic juice cleave
the polypeptides further to dipeptides and peptides, which
become then available for absorption. The possible release of
the AGEs from proteins into their free form may result in a
reduced pro-inflammatory effect of dAGEs. Thus far, the influ-
ence of GI digestion on the pro-inflammatory potency of
dAGESs has not been investigated.

The existing evidence on the effects of digestion in dAGEs
is conflicting. While some studies found breakdown of protein
binding during digestion,”* most studies found a survival of
protein bound AGEs in the GI tract.®”® Moreover, it has pre-
viously been suggested that especially high molecular weight
dAGES, which include the protein-bound dAGEs, were able to
inhibit intestinal protease activity. Already in 1993, Pitotti
et al. found an inhibiting effect of Maillard reaction products
on protease activity to glycated proteins.” However, one of the
issues that arise when assessing these studies for human rele-
vance, is the use of static GI digestion in vitro models. Often,
the stomach phase of these models consists of a mixture of
digestion enzymes with a constant pH of 2-2.5 where the food
products are exposed to for two hours. After the stomach
phase the digests are transferred to a new static environment
consisting of different buffers and digestion enzymes with a
constant pH of 6.5-7.5 for 4-6 hours.®™®

In contrast to these static GI digestion in vitro models, the
human GI tract is a dynamic system that includes mixing via
peristaltic movement and alternating pH levels. Additionally,
digestive fluids and meal components are removed from the
GI tract by both passive and active absorption.’® The TNO
gastrolntestinal model (TIM-1) is a dynamic in vitro model that
is able to mimic much of the human GI tract. This model
takes multiple parameters into account, such as: dynamic pH
curves, peristaltic mixing, addition of bile and pancreatic
enzymes, and passive absorption.'* The TIM-1 model accu-
rately mimics the in vivo food and drug behaviour with a high
prediction capability compared to other models.">

The studies that have been performed on the effect of GI
digestion on dAGEs thus far, not only poorly reflect the in vivo
situation, they also did not use accurate methods to measure
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dAGEs. These methods include fluorescence and/or competi-
tive ELISA of CML and ‘methylglyoxal - derived AGEs’.'?
Additionally, most studies only assessed meal-resembling
systems, and most of these studies focussed on the effect of
glycation on protein digestion instead of the digestion of the
dAGEs themselves.

Therefore, in this study we aimed to investigate to what
extent the dAGE-protein binding is affected by human GI
digestion. This is done by digesting a food-based matrix and
actual food products (ginger biscuits and apple juice) using
the TIM-1 GI model and analysing the digests for different
free-dAGEs and protein-bound dAGEs by ultrahigh pressure
liquid chromatography coupled to triple quadrupole mass
spectrometry (UPLC-MS/MS).

2. Materials and methods
2.1 Chemicals and reagents

Casein from bovine milk, a-lactose monohydrate, NaOH,
sodium-phosphate, and 2-mercaptoethanol were obtained
from Sigma-Aldrich (Saint Louis, MO USA). Pancreatin
(Pancrex V) was obtained from Paines and Birne (Greenford,
UK). Porcine bile extract was obtained from Merck (Darmstadst,
Germany). Analytical standards of CML (>99%), CEL (>98%),
GH-1 (98.2%) and MG-H1 (>98.2%), as well as the deuterium
labelled internal standards CML-D4, CEL-D4, and MG-H1-D3
and G-H1-"C,, were obtained from Iris Biotech (Marktredwitz,
Germany). Boric acid (99.5%), chloroform (99.5%), nonafluoro-
pentanoic acid (NFPA; 99%), sodium hydroxide (98%), sodium
borohydride (96%), and trifluoroacetic acid (TFA; 99%), were
obtained from Sigma (Zwijndrecht, Netherlands). HPLC-grade
acetonitrile and methanol were obtained from Actu-all
Chemicals (Oss, Netherlands).

2.2 Preparation of samples

Glycated casein (GC) for use as food-based matrix was pre-
pared by combining casein, glucose, and lactose, in the double
proportions of milk powder (22 mM glucose, 0.4 M lactose,

This journal is © The Royal Society of Chemistry 2020
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20 g L™ casein from bovine milk), and diluted in 50 mM phos-
phate buffer, pH 7.4. One part of the mixture was aliquoted
and stored at —80 °C for use as control sample (unglycated
casein (UC)). The remaining mixture was heated in an
Erlenmeyer on a heating plate at 100 °C for 1 hour. After
1 hour samples were taken and immediately cooled in ice
water. Samples were aliquoted and stored at —80 °C.

The food products ginger biscuits and apple juice from the
same respective batches were bought at a local Dutch
supermarket.

2.3 TNO in vitro model of the stomach and small intestine
(TIM-1)

Fig. S11 shows a schematic of the in vitro model, which has been
described extensively before.'* Briefly, the model comprises four
connected glass compartments, representing the stomach, duo-
denum, jejunum and ileum, respectively. Inside each glass com-
partment is a flexible silicone inner wall. The space between the
inner and outer walls is filled with water of 37 °C. By periodically
applying pressure on the water, the flexible inner walls are
squeezed, simulating peristalsis. In each individual compart-
ment the pH is measured continuously and regulated by
‘secretion’ of hydrochloric acid (gastric compartment) or sodium
bicarbonate (intestinal compartments). The set-points of pH,
gastric emptying and intestinal transit time are controlled by a
computer. The current experiments were performed in duplicate
under the average physiological conditions as found in the
human gastrointestinal tract for adults (Fig. S2t). The gastric
emptying, intestinal residence time and gastric and intestinal
pH-curves mimicked the situation as found in humans for
intake after a meal (Fig. S21). Additional to Fig. S2,} intestinal
PpH were set at 6.8 in the duodenum, 6.8 in the jejunum, and 7.2
in the ileum. The concentrations of secretion fluids (electrolytes,
enzymes, bile, and pancreatic juice) were adjusted to the average
concentrations as described for adults after ingestion of a meal.
Pancreatic output was simulated by secreting 10% pancreatin
(protease, lipase, and amylase) in small intestinal electrolyte
solution. Biliary output was simulated by secreting a 2% bile
(porcine bile extract) solution at 0.5 ml min~'. Prior to the
experiment the compartments were filled with start residues as
described before,"” except for the gastric residue, which was
mixed with the ‘meal’. Hollow fibre membrane systems continu-
ously dialyzed the digested and dissolved low-molecular weight
compounds from the jejunum (Fig. S1-MN¥ left) and ileum com-
partments (Fig. S1-MN7T right), which simulated absorption of
nutrients by the body, and which maintained physiological con-
centrations of bile and electrolytes

The enzyme activity of pepsin was 2500 units per mg. These
units are defined as a change in the absorbance at 4 = 280 nm
of 0.001 per minute at pH 2.0 at 37 °C, measured as trichloroa-
cetic acid (TCA)-soluble products using haemoglobin as sub-
strate. The enzyme activities of the pancreatin was expressed
in international units and were: amylase 12 000 IU g~*, pro-
tease 1000 IU g™, and lipase 15 000 IU g™

Experiments were done both in the gastric compartment
only, as well as in the complete model. In the experiments in

This journal is © The Royal Society of Chemistry 2020
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which only the gastric compartment was used, the duodenal
compartment was only used for neutralization of the gastric
efflux, without secretion of bile and pancreatin. This neutraliz-
ation occurred before sampling.

In the gastric experiments, during 3 hours approximately
95% of the gastric contents were gradually delivered into the
small intestine for neutralization (Fig. S21) through the
‘pyloric sphincter’ (Fig. S1-Bf). Experiments in the complete
model lasted 6 hours, after which approximately 90% of the
small-intestinal contents were gradually delivered (Fig. S27)
into the ‘large intestine’ (sampling bottle) through the ‘ileo-
caecal sphincter’ (Fig. S1-Ht). Samples were taken every hour
from the jejunal and ileal diaysates (Fig. S1-MN, left and right
respectively), and the ileal efflux (Fig. S1-HT). After termination
of the experiments, the residues remaining in the system were
collected as well, to allow a mass-balance to be made. In case
of the liquid food products GC and applejuice, the starting
product contained 300 grams of food and for the solid ginger
biscuits 30 grams of biscuits were run through the model.

All results that were later obtained with the UPLC MS/MS
were corrected for the amount of AGEs present in the gastro-
intestinal fluids and enzymes of the TIM-1 model by running a
control experiment with only 50 mM phosphate buffer.

2.4 Quantification of dAGEs in digests by ultra-performance
liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS)

In this study, every sample was analysed in both the hydrolysed
(total dAGESs, i.e. free + protein-bound dAGEs) and unhydro-
lysed form (free dAGEs). The sample preparation is based on
earlier studies"'® and similar to our previous study.® The tech-
nical procedure is described in van der Lugt et al. (2018).> The
details on the sample preparation and UPLC-MS/MS settings
are mentioned in the supplements. The free dAGE content in
the samples was analysed by omitting the hydrolysis step in
the sample preparation procedure, thereby circumventing the
release of protein-bound dAGEs.

Quantification was performed using the precursor-product
ion multiple reaction monitoring (MRM) transitions reported
in Table S1.f The accuracy of the analysis was monitored by
spiking each sample with a specific dAGE standard for each
analysed dAGE. The average accuracies ranged from 75-133%
(see Table S271), demonstrating that no severe losses occurred
during sample preparation, and no signal enhancements or
suppression occurred during UPLC-MS/MS analysis. Ion ratios
between the quantifier ion and qualifier ion were monitored.
In case ion ratios deviated more than 20% from the ratio
observed in the standard, the identity of the peak could not be
confirmed. In the case of MG-H1 and G-H1, ion-ratio devi-
ations were observed in GC, ginger cookies and apple juice. A
brief investigation into this issue revealed that isomers of
MG-H1 (i.e. MG-H2 and MG-H3) and G-H1 (i.e. G-H2 and
G-H3) may co-exist in the samples. Additional explorative
experiments showed that these may co-elute and alter the ion-
ratios (data not shown). Future work is needed to explore this
work further, but with the isomers issue in consideration,

Food Funct., 2020, 11, 6297-6307 | 6299
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deviating ion ratios were accepted for MG-H1 and G-H1. It is
expected that this also played a role in the slightly elevated (or
lower) accuracies for MG-H1 and G-H1 (Table S2t). The LOQ
for the protein-bound dAGEs was 125 pug L™" and 10 pg L' for
the free dAGEs (Table S37). This 12.5 fold difference can be
explained by omitting the acid hydrolysis step, which intro-
duces a dilution of the sample. By omitting this step, the
sample is not diluted, resulting in lower LOQs.

2.5 Analysis of protein size by SDS-page and Coomassie Blue

staining

A sample of 10 pg of digested and undigested GC and UG with
reducing laemmli buffer was loaded onto an Any kD™ Mini-
PROTEAN® TGX™ Precast Protein gel (Bio-rad, Hercules, CA,
USA) and run in a Bio-rad cell. Due to volume constraints, the
protein amount for small intestinal digested UG was adjusted
to 7 pg. For assessment of protein size, the gels were stained
by Coomassie Brilliant Blue R250 (Bio-Rad) and imaged with
Amersham Imager 600 (GE Healthcare, Chicago, IL, USA). For
casein assessment, the samples were treated as previously
mentioned. After running, the protein was transferred to a
Nitrocellulose membrane (Bio-Rad). Primary antibodies used:
Anti-Casein (ab166596, Abcam, Cambridge, UK) Secondary
antibody used: Anti-rabbit IgG, HRP-linked Antibody (Cell
Signaling Technology, Danvers, MA, USA). The membrane was
then incubated with Clarity Western ECL Substrate (Bio-rad)
for colour development. Staining of the membranes was ana-
lysed using Amersham Imager 600.

2.5 Data assessment

Every sample was analysed in both the hydrolysed (total
dAGEs) and unhydrolysed form (free dAGEs), as discussed
above. To obtain the concentration of protein-bound dAGEs in
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the samples, the results from the free dJAGE measurement
were subtracted from the total dAGE measurement of each
sample and each dAGE. To correct for any dAGEs present in
the TIM-1 solutions and enzymes, a control run of TIM-1 with
50 mM phosphate buffer was conducted and analysed using
the UPLC-MS/MS. The small quantities found in the digests
from phosphate buffer were subtracted from all dAGE results
in the samples. The UPLC-MS/MS results (in pg ml™") were
then multiplied by the volume of the effluents to obtain the
absolute amount of dAGEs.

3. Results

3.1 Digestion of dietary AGEs - protein binding

3.1.1 Glycated casein (GC). The digestion of protein-bound
dAGE was assessed with the TIM-1 using a food-based matrix
containing a mixture of heated glucose, lactose and casein.
After running the samples through the model, the digests were
analysed for the presence of protein-bound and free dAGEs
using UPLC-MS/MS.

The starting product (undigested GC, ¢ = 0 h) did not
contain any free dAGEs. After gastric digestion, none of dAGEs
measured were present in free form (Fig. 2A). Fig. 2B shows
the results of consecutive gastric and small intestinal diges-
tion. Free CEL was only found in the residue, which is every-
thing left in the TIM-1 system after 6 hours that did not reach
the effluent but would naturally enter the colon. Free CML was
recovered in the effluent after 2 hours of digestion (9.2% =
3.4% of total CML) (mean + SD). Similar percentages of free-
form CML were also found after 3 and 4 hours of digestion.
Only marginal amounts of free G-H1 was found in the samples
in general (6.7% + 0.9% of total G-H1 after 3 hours of diges-
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Fig. 2 Free- and protein-bound CEL, CML, G-H1, and MG-HL1 in the ileal efflux of GC after gastric digestion (A) and complete gastric-small intestinal
digestion (B) measured by UPLC-MS/MS. Time point 0 h digestion is the undigested starting product. Data are presented as mean + SD, n = 2.
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tion). The amount of free MG-H1 ranged from 10.9% + 3.6% of
total MG-H1 after 2 hours of digestion to 25.8% + 10.5% of
total MG-H1 after 5 hours. After 6 hours of digestion all
MG-H1 found was present in the free form (1.4 + 0.3 pg).

In general, concentrations of protein-bound CML, G-H1, and
MG-H1 were highest after 2-3 hours of gastric digestion (Fig. 2A)
and combined gastric and small intestinal digestion (Fig. 2B),
while gradually decreasing afterwards. The residue contained
relatively high amounts of protein-bound CML, G-H1, and
MG-H1. Passive absorption of nutrients from the jejunum and
ileum was assessed by continuously dialyzing the digested and
dissolved low-molecular weight compounds from the jejunum
and ileum compartments through hollow fiber membrane
systems. No free or protein-bound dAGEs were found in the dia-
lysate of either jejunum or ileum (data not shown).

As a control, unglycated casein (UC) was used which con-
sisted of the same components as GC but it did not undergo
thermal treatment. No dAGEs were found in the UC (data not
shown).

3.1.2 Ginger biscuit. To confirm the findings in the food-
based matrix (GC) in actual food products, a popular ginger
biscuit was digested using the same regime as glycated casein.
The results for gastric digestion are presented in Fig. 3A. The
starting product contained small quantities of free CML (4.4% +
0.5% of total CML) (mean + SD) and MG-H1 (1.6% * 0.4% of
total MG-H1). No free CEL was found in the starting product
and gastric digestion did not lead to the formation of any free
CEL. However, CML, G-H1, and MG-H1 were found in free form
at all different time points of the gastric digestion period. The
fractions of free vs. total dAGE were highest after 1 hour of
gastric digestion with 12.4% + 2.9% of total CML, 10.7% +
10.8% of total G-H1, and MG-H1 13.3 + 4.3 of total MG-H1.

Fig. 3B shows the results for the combination of gastric and
small intestinal digestion. Overall, MG-H1 concentrations
(both the free and protein-bound form) in the ginger biscuit
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are higher than the other three dAGEs. After 2 hours of diges-
tion, the amounts of all free dAGEs peaked, containing 22.1%
+1.2% of total CEL, 12.0% + 0.1% of total CML, 15.7% + 2.1%
of total G-H1 and 24.1% =+ 2.3% of total MG-H1. After 2 hours
the amounts of both protein-bound and free dAGEs gradually
decreased.

Passive absorption of protein-bound and free MG-H1
occurred in both the jejunum and ileum (Fig. 4), largely in
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Fig. 4 Passive absorption of MG-H1 and G-H1 from ginger biscuits
measured by UPLC-MS/MS. A: Jejunum dialysate. B: lleum dialysate.
Data are presented as mean + SD, n = 2. Missing bars indicate that
UPLC-MS/MS results were below the LOQ.
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UPLC-MS/MS results were below the LOQ.
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protein-bound form. In absolute amounts, a total of 8.1 +
1.6 mg MG-H1 (free and protein-bound) left the small intes-
tine in the effluent, while 12.8 + 0.4 mg of MG-H1 (which is
61% of the total detected protein-bound MG-H1) was absorbed
via passive diffusion. In contrast, passively absorbed G-H1 was
only found in the ileum after 4 hours and in only 1 sample.

3.1.3 Apple juice. As an additional food product, digestion
of dAGEs in apple juice was assessed (Fig. 5). Only free AGEs
were found in the apple juice digests in varying amounts
throughout gastric digestion (Fig. 5A). Free AGEs were also
only found in the apple juice digests of the small intestine
(Fig. 5B), albeit only for CEL and MG-H1.

3.2 Digestion of glycated casein - protein digestion

To assess the possible effects of glycation on protein digestion,
the digests of GC were first separated with SDS-page and
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stained with the Coomassie stain. Results can be seen in
Fig. 6. In Fig. 6A, the large band just above the 25 kDa before
digestion (0 h) reduces during digestion, indicating a decrease
in protein size. During the combination of gastric and small
intestinal digestion (Fig. 6B) the larger proteins disappear and
more smaller size proteins are present in the samples. The per-
sistent band seen at 50 kDa is very likely to be pancreatic
lipase."” The difference between digestion of GC and UC was
assessed by immunostaining the SDS-page membranes for
bovine casein. Fig. 7 shows the results for digested GC versus
UC in the gastric experiments. During the gastric digestion of
UC, casein is only detectable in very low levels in the digests of
the stomach after 2 hours of digestion, whereas casein is still
present in the digests of GC after 3 hours of digestion.
Immunostaining the small intestinal digests for casein did not
show any differences (data not shown).

Protein-bound
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0123 456R 0123 456R
Digestion time (h) Digestion time (h)
15
310—
-
z
o
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efflux of apple juice after gastric digestion (A) and complete gastric-small

intestinal digestion (B) measured by UPLC-MS/MS. Data are presented as mean + SD, n = 2. R = residue. Missing bars indicate that UPLC-MS/MS

results were below the LOQ.
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Fig. 6 Protein size in digests of GC. Numbers above the gels indicate
markers. A: gastric digestion. B: gastric and small intestinal digestion.
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Fig. 7 Protein levels of casein in GC and UC digests after 0, 1, 2, and
3 hours of gastric digestion.

3.3 Digestion of AGEs - recovery

In order to calculate the absolute amounts of the different
dAGEs (free and protein-bound) leaving the stomach and
small intestine compartments, every effluent of the
TIM-1 model was weighed to allow for a mass-balance to be
made. These absolute amounts were then expressed as percen-
tages of the total amounts of the starting products that were
ingested in order to assess the recovery of dAGEs in the
TIM-1 model. The results can be seen in Table 1 for both total
(free and protein-bound) dAGEs and only protein-bound
dAGEs. For GC, the recoveries after gastric digestion for all
dAGEs was <100%, and further decreased during small intesti-
nal digestion. Recoveries for the ginger biscuit were much
higher. After gastric digestion the recoveries for protein-bound
dAGEs ranged from 152 + 13% for CEL to 231 + 156% for
G-H1. After additional small intestinal digestion, the recoveries
for protein-bound dAGEs increased even further and ranged
from 276 + 96% for CEL to 454 + 73% for MG-H1. Recoveries
for the free-form dAGEs in apple juice were all lower than
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100% after gastric digestion. Remarkably, no CML and G-H1
and 37 + 25% for CEL were recovered after small intestinal
digestion, whereas free MG-H1 was recovered for 296 + 63%
after the small intestinal digestion.

4. Discussion

In this study, the digestion of the dAGE-protein-binding was
assessed in a sophisticated human gastrointestinal in vitro
model using a food-based matrix and actual food products.
dAGEs are largely present in thermally treated food products.
Earlier findings have shown that specifically protein-bound
dAGEs induce a pro-inflammatory reaction in human macro-
phage-like cells. To what extent these protein-bound dAGEs
survive the GI tract was unclear until now.

Our results show that the protein binding of dAGEs is able
to survive gastric and small intestinal digestion and conse-
quently stays intact throughout the whole GI tract (Fig. 2, 3,
and 4). These findings underline findings from earlier studies
that used static digestion models, where the protein binding
survived digestion. These studies were mostly focused on
assessing the effect of glycation on protein digestibility.
Among others, Zhao et al. (2017) saw a decrease in digestibility
of P-casein after glycation with glyoxal.° In addition, Pinto
et al. (2014) found larger aggregates of casein when casein was
heated combined with glucose than when casein was heated
alone. Moreover, the heated glucose-casein combination was
less digestible than heated native casein,"® indicating that gly-
cation interferes and complicates protein digestion. These
results correspond to the results that were observed in the
current study when comparing the digestion of GC with UC
(Fig. 7), but only in the gastric compartment. The digestion of
the casein protein was assessed with immunostaining and
hampered gastric digestion of casein was seen as protein levels
of casein in UC were almost completely diminished after
2 hours, whereas casein was still detectable in the digests of

Table 1 Recovery of CEL, CML, G-H1, and MG-H1, after gastric and the combination of gastric and small intestinal digestion (noted as “small intesti-
nal” in the table). ‘Total (%)’ reflects the recoveries of both free and protein-bound dAGEs as a percentage of the total dAGEs in the undigested meal.
‘Protein-bound’ is the recovery of only protein-bound dAGEs as a percentage of the protein-bound dAGEs in the undigested meal. In case similar
recoveries are shown for total (%) and protein-bound (%), this indicates that no free dJAGEs were detected. Data are presented as mean + SD, n = 2

Gastric

Small Intestinal

Total (%)

Protein-bound (%) Total (%) Protein-bound (%)

GC CEL 0+0
CML 77 +4
G-H1 91 +13
MG-H1 73.5+£0.4

Ginger biscuit CEL 152 +13
CML 182 + 27
G-H1 247 £159
MG-H1 175+ 3

Apple juice CEL 96.8 £ 0.5
CML 62 +15
G-H1 27 + 38
MG-H1 23 £33

This journal is © The Royal Society of Chemistry 2020

0£0.0 527 5+7

77 +4 275 26 +5
91 +13 33+13 32+13
73.5£0.4 42 +15 38+15
152 +13 332 +104 276 + 96
180 + 30 372 £54 350 £ 53
231 £156 406 + 221 371 +£218
163 £ 2 494 £ 76 454 £ 73
— 3725 —

— 0.0 £ 0.0 —

— 0.0 £ 0.0 —

— 296 + 63 —
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GC after 3 hours of digestion. In the small intestines, no more
differences were present between protein levels of casein in GC
and UC. This was also seen by Joubran et al. (2017), who found
that most peptides were liberated in the duodenum in an
in vitro infant gastrointestinal tract.” In addition Corzo-Martinez
et al. (2012) saw differences in proteolytic breakdown between
different glycated proteins, so the type of protein may play a
role in digestion efficiency.” Despite the fact that the casein
protein was broken down in the small intestines, our results
show that the dAGE-protein binding stays intact. As Coomassie
staining and immunoblotting for casein (Fig. 6) showed a
decrease in protein size during small intestinal digestion and
break down of casein, it is possible that the dAGEs are bound to
these smaller proteins or peptides after digestion.

There are several ways through which glycation can interfere
with protein digestion in the small intestines. Inhibition
occurs via steric hindrance of the proteolytic cleavage site by an
AGE and via the direct binding of an AGE to the proteolytic
cleavage site.”" Lysine and arginine contain tryptic binding
sites because the e-amino groups of lysine and the guanido
groups of arginine are charged positively and will therefore be
attracted to the negatively charged active centre of trypsin.”
However, the same e-amino group of lysine and the guanido
group of arginine are major reactive sites in the Maillard reac-
tion, which possibly explains why glycation of proteins may
disrupt protein digestion. Within the group of amino acids,
lysine is the most reactive in the Maillard reaction.>’”** CML
and CEL are lysine-derived dAGEs and MG-H and G-H are argi-
nine-derived dAGEs. By blocking the residues on these amino
acids, dAGEs inhibit proteolytic digestion.*® Interestingly, in
this study a distinct effect of glycation on gastric digestion of
casein rather than small intestinal digestion was observed
(Fig. 7). The mechanism through which glycation may interfere
with gastric digestion is less well known. Hydrolysis and pepsin
proteolysis are the primarily responsible mechanisms for
protein digestion in the stomach. The gastric pH plays an
essential role in the activity of gastric enzymes and thus gastric
digestion. A major advantage of the TIM-1 model is the
dynamic pH range of the stomach compartment (Fig. S2}). In
the previously used static in vitro models, the pH is set to 2-2.5
for two hours, which poorly reflects the physiological situation
as in the human stomach the pH is more dynamic. The fasted
gastric pH varies between 1-1.5, but after ingestion, the pH
increases to 5-7, depending on the buffer capacity of the meal.
After approximately 3 hours of digestion, the pH has returned
to basal levels.** Human gastric emptying time is of large influ-
ence on the gastric pH, but this is also highly variable and
dependent on the type of meal eaten. Sams et al. (2016) found
that with liquid meals, the gastric pH ranges between 4 to 7
after 50% of gastric emptying, while the gastric pH is still 4.6
after ingestion of a solid meal and 50% gastric emptying.
Pepsin exerts maximal activity at a pH of 2, is still 70% active at
a pH of 4, but then rapidly declines in activity with increasing
pH.>® Denaturation of the proteins by gastric acid leads to
increased accessibility of pepsin to the protein.>®*” The high
pH of the stomach in the first hours of digestion might explain
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the exit of undigested casein from the stomach into the duode-
num in the UC samples; the pH of the stomach was not low
enough for pepsin to exert its activity. The largest difference in
casein digestion between GC and UC was seen in the stomach
(Fig. 7). Opposite to lysine and arginine as tryptic cleavage
sites, peptic cleavage sites include tyrosine, tryptophan, phenyl-
alanine, and leucine. Even though these amino acids do not
contain the primarily reactive residues for the Maillard reac-
tion, all N-terminal groups of amino acids can react with 1,2-
dicarbonyls. For instance, tryptophan has an indole side chain
that can be glycated.*® But since the Maillard reaction prefers
lysine, the reduced digestibility that is seen in the GC vs. UC
gastric digestion is probably to be largely attributed to other
mechanisms happening during the Maillard reaction, such as
the previously discussed steric hindrance.®

In the current study a large portion of protein bound
MG-H1 in ginger biscuits was absorbed by the TIM-1 model by
passive absorption through the dialysis filters (Fig. 4). This
effect was not seen in the results of the other food products or
for the other dAGEs, except one G-H1 outlier. An explanation
for this can be the large concentrations of MG-H1 in the start-
ing ginger biscuit compared to the other dAGEs. GC and apple
juice also contain smaller concentrations of MG-H1. The large
dilution occurring in the dialysate may have led the other
dAGEs to be present in concentrations below the level of
quantification of the UPLC-MS/MS. It is however remarkable
that protein-bound MG-H1 is passively absorbed to such a
large extent. The physiological relevance of this finding is
unclear, firstly because the method by which the passive
absorption occurs is not very close to the real-life situation.
Secondly, because previous in vitro absorption studies by
Hellwig et al. (2011) showed uptake of MG-H1 in Caco-2 cells,
but strong retainment of MG-H1 in the intestinal cell.>® It will
therefore most probably not enter the systemic circulation via
passive absorption.

A very interesting result of the present study was that all
food products showed endogenous formation of AGEs in the
small intestinal tract, with ginger biscuits showing the highest
amount of endogenously formed MG-H1 represented by the
recovery of more than 400% (Table 1). This endogenous for-
mation was seen in earlier studies using the static in vitro
models by Martinez-Saez et al. (2019) and Bains et al
(2017)."*3°  Additionally, Helou et al (2015) used the
TIM-1 model to assess the digestion of fluorescent AGEs from
bread crust, or soluble melanoidins as they called them, and
found an increase in fluorescent properties of the soluble mel-
anoidins.®® The authors concluded that, since the
TIM-1 model only has a temperature of 37 °C, the increase was
related to “the enzymatic and chemical release of fluorescent
and soluble melanoidins from larger insoluble melanoidin-
skeletons”. This would mean that proteins conceal glycated
parts that are released during glycation. However, our method
of assessing dAGE concentrations includes hydrolysing the
dAGEs from their protein-binding, circumventing this
problem. We show that new AGEs are being formed and not
released from their structures. Moreover, UC did not lead to

This journal is © The Royal Society of Chemistry 2020
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any endogenous formation of AGEs, indicating that the
thermal treatment that food products undergo are vital for the
formation of endogenous AGEs. In this study AGEs are only
formed endogenously after digestion of products that also con-
tained AGEs, which might indicate an underlying need for the
presence of AGE precursors in food, such as glyoxal and
methylglyoxal. As previously stated, ginger biscuits displayed a
much larger formation of food-derived endogenous AGEs than
GC and apple juice. A second mechanism for the formation of
endogenous AGEs in the GI tract could therefore be the pres-
ence of fructose in the ginger biscuit, which is highly reactive
in the Maillard reaction due to its reduced stability of the ring
structure compared to glucose.’> Although conflicting evi-
dence exists on whether there is a correlation between dAGE
uptake and AGE serum and urine levels, a perspective by
DeChristopher published in 2017 proposed that a source for
increased serum AGE levels may be the formation of AGEs in
the GI tract.*® Fructose is actively absorbed in the human GI
tract together with glucose in a 1:1 ratio. Many processed
food products contain high fructose corn syrup (HFCS),
making the ratio fructose:glucose < 1, resulting in fructose
malabsorption. This would leave the fructose in the GI tract to
react with proteins present. In this study a small proportion of
free AGEs were seen after digestion. However, due to this
additional new formation of AGEs, it is not possible to con-
clude whether these AGEs are liberated from their protein-
binding during digestion or were newly formed.

This formation of dAGEs in the intestinal tract was not seen
with the food-based matrix GC, from which dAGEs were
digested during gastric and small intestinal digestion. This
was contrary to the study conducted by Martinez-Saez using
different meal resembling systems that did show an increase
in dAGEs during digestion."> These contradicting results can
be explained by the difference in constituents of the meal
resembling systems between this study and the one from
Martinez-Saez. The nutrients used in the different studies are
important for the progress of the Maillard reaction, something
that is underlined in the aforementioned study.

This indicates that meal resembling systems are actually
poor models for food products. However, many digestion
studies on dAGEs and the Maillard reaction make use of meal
resembling systems. Our results show that the outcomes of
these studies only using meal resembling systems should be
interpreted with caution.

Gastric digestion led in both GC and apple juice to a loss of
dAGEs (Table 1), this implies a breakdown of dAGEs during
digestion. In the case of protein-bound dAGEs in GC, the
hydrolysing of the sample before UPLC-MS/MS measurement
may have led to a loss of dAGEs bound to peptides, since some
small peptides may not have precipitated. This is not the case
for the loss seen in free dAGEs in apple juice, since these
samples are not hydrolysed. Another problem that arose
during the UPLC-MS/MS measurement is the presence of
different isomers of G-H (G-H1, G-H2, and G-H3), the isomeri-
zation may have interfered with the measurement, causing the
large standard deviations seen in the absolute results of G-H1.

This journal is © The Royal Society of Chemistry 2020
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Another aspect that has to be taken into account is that in the
current UPLC-MS/MS method a higher LOQ is obtained for the
hydrolysed samples versus unhydrolysed samples. This is due
to omitting the hydrolysis step in the latter approach (thereby
omitting a dilution step) (Table S3+). This may have resulted in
a possible underestimation of the amount of protein-bound
dAGEs versus free dAGEs.

The results of this study show that protein-bound dAGEs in
food products stay bound to proteins during mimicked human
GI digestion in both the meal resembling system and the food
product. This implies for human health that dAGEs enter the
human GI tract in a pro-inflammatory state where they might
cause or aggravate inflammation. Earlier studies have shown
that RAGE is upregulated in inflamed areas of the colon in
Crohn’s Disease patients, indicating a possible role for dAGEs
in inflammatory bowel diseases.** Glycation can also interfere
with the digestion of proteins, leading to a loss of amino
acids, both essential and non-essential.>!* A human study
compared the protein digestibility in adolescents of a low
dAGE diet and a high dAGE diet and found only a small, but
significant difference. The proteins in the high dAGE diet were
6% less digested than the low dAGE diets.>® A more recent
study assessed the effects of different glycation levels on post-
prandial lysine availability in humans and saw a decrease in
lysine bioavailability with increasing glycation levels.*® This
result was only seen for lysine and not for other amino acids.

In addition to having negative effects on amino acid bio-
availability, some indications also exist of newly formed bio-
active peptides during the Maillard reaction in foods.” A conse-
quence of reduced protein and amino acid digestibility is the
presence of proteins in the colon. Protein fermentation in the
colon leads to the formation of detrimental compounds such
as ammonia, amines, phenols and sulfides.’” Excessive
protein fermentation in the colon has been linked to colon
cancer and Ulcerative Colitis.*® There is no consensus on the
effect of dAGEs in the colon and on the colonic microbiota as
the effects depend on both the type of food product and the
thermal treatment.***°

As stated before, the pH of the stomach is crucial for
protein digestion, as acid hydrolysis of the protein liberates
proteolytic binding sites. The higher the pH, the less access
for proteolytic enzymes. People taking anti-acid medication
pharmacologically elevate their stomach pH, making acid
hydrolysis less effective and thereby interfering with the diges-
tion of protein-bound dAGEs. Additionally, age-related differ-
ences exist in stomach pH, where the infant stomach is less
acidic than the adult stomach and the GI tract has different
transit times.’** Infant formulas are extensively processed
and contain protein-bound dAGEs that might have a detrimen-
tal effect on the developing infant GI tract.****

5. Conclusion

In this study we have shown in a validated, sophisticated
in vitro GI model that dAGEs enter the small intestinal and
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large intestinal tract in predominantly protein-bound and
thereby pro-inflammatory state. Furthermore, it can be con-
cluded that glycation hampered casein digestion. Additionally,
we have shown that endogenous AGEs are formed in the GI
tract with the quantities depending on the type of food
product and thermal treatment. Our results show that the
effect of digestion on food-based matrices, or meal-resembling
systems, do not correspond to the effects on actual food pro-
ducts. This is important for future research into dAGEs.
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