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Introduction: Advanced Glycation End products (AGEs) are covalent protein adducts formed through the Maillard
reaction. High dietary intake might harm human health, however studies on their impact remain inconclusive. A
proposed mechanism is that dietary AGEs trigger inflammation by interacting with the AGEs receptor (RAGE).

]()Ri:tGE) However, in vitro studies on dietary AGE-RAGE signaling have reported inconsistent results, probably due to
Glycation methodological issues. This study aimed to seek a standardized model of dietary AGE-RAGE signaling.

Inflammation Methods: In vitro models were characterized for surface and total RAGE expression using flow cytometry. Both
Endotoxin commercially available and in-house prepared dietary AGE preparations were analyzed for AGE levels, aggre-

gation, and LPS content, then tested in the model with the highest surface RAGE expression.

Results: All immortalized cell lines expressed intracellular RAGE, while its surface expression was marginal or
even absent. Only M-CSF-differentiated MO macrophages showed significant surface RAGE expression. Some
glycated dietary proteins induced inflammation in this model, but not all. While these proteins showed RAGE
affinity in a chemical assay, the inflammatory response could not be reduced by the RAGE antagonist FPS-ZM1.
Interestingly, co-incubation with the LPS scavenger PMB reduced inflammation despite negligible LPS levels in
the sample.

Conclusion: These results challenge the hypothesis that dietary AGEs cause inflammation via RAGE activation, as
glycated dietary proteins alone do not seem to induce acute inflammation. To better understand the biological
activity of dietary AGEs, future studies should confirm surface RAGE expression, detail glycation methods and
glycated protein characteristics, and account for LPS interference.

1. Introduction age-related non-communicable diseases, like cataract and cardiovascu-

lar diseases, and diabetes-related complications [1-3].

Advanced Glycation End products (AGEs) are a heterogeneous group
of covalent adducts and cross-linking structures in proteins formed by
the Maillard Reaction. This reaction, also known as protein glycation, is
a non-enzymatic process in which carbonyl groups of reducing sugars
react with free amino groups of proteins, namely the side chain of lysine
or arginine residues [1]. Since the Maillard Reaction happens non-
enzymatically, it is driven by moderately high temperature, but the
formation of AGEs also happens continuously on body proteins,
although at low velocity. The concentration of AGEs in tissues such as
articular collagen and the lens increases with age and was shown to be
higher in diabetics [2-4]. This accumulation has been linked to many

Multiple mechanisms have been described through which glycation
contributes to such disease states. These mechanisms include for
example the formation of protein crosslinks, inducing structural changes
and possibly affecting protein functionality [1]. In addition, the inter-
action between AGEs and the AGEs receptor (RAGE) is often mentioned
[5-7]. This receptor was first described three decades ago when re-
searchers were searching for recognition sites for AGEs on the cell sur-
face [8,9]. RAGE is a member of the immunoglobulin superfamily of cell
surface molecules with a multiligand character [10]. This implies that
not only AGEs but also other ligands, mainly damage-associated mo-
lecular patterns, can bind to the extracellular region of this
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transmembrane receptor. Especially the V-domain of the extracellular
part of RAGE is involved in the recognition of these ligands. When the
receptor gets activated by the binding of a ligand, its cytoplasmic tail
initiates an intracellular signaling cascade leading to the production of
pro-inflammatory cytokines. Multiple pathways are involved in this
signaling cascade, with the NFkB pathway playing a pivotal role [7].
These series of events starting with AGEs binding to RAGE and ending
with the production of pro-inflammatory cytokines is often referred to as
AGE-RAGE signaling [11-13].

According to some scholars, dietary AGEs can also trigger AGE-RAGE
signaling and high intake of food rich in dietary AGEs would be harmful
for human health. Human observational and intervention studies are
however inconclusive and the most recent intervention trial failed to
find any correlation between the intake of dietary AGEs and several
health outcomes [14,15]. When comparing dietary AGEs to endogenous
AGEs, a few structural differences can be stated [16], however the main
point is the bioactivity of glycated dietary proteins being affected by
their digestion, absorption, distribution, metabolism and excretion. The
majority of the dietary AGEs will be absorbed as single amino acids, di-
or tripeptides, while a relatively large peptide backbone is required for
AGEs to bind to RAGE [17,18]. Therefore, dietary AGE-RAGE interac-
tion could only occur at the intestinal level, or with cells of the intestinal
immune system if part of the undigested protein fraction is able to pass
the epithelial layer through paracellular transport and/or transcytosis
[19-21]. To explore the consequences of dietary AGE-RAGE interaction,
in vitro models are a frequently used tool. Currently, mixed results have
been reported in this regard. Some studies indeed attribute pro-
inflammatory properties to dietary AGEs [22-24], whereas other
studies show no effect [25,26]. In general, these studies are hard to
compare since they did not only investigate different proteins and use
different glycation methods, but also tested these glycated proteins in
different in vitro models. The objective of this study was to seek a
standardized in vitro model of dietary AGE-RAGE signaling, to enhance
our understanding of the biological activity of glycated dietary proteins.
We hypothesized that differences in RAGE expression between models
and in LPS content between samples are factors to consider.

In this study, different in vitro models were characterized using flow
cytometry for their surface and total RAGE expression. Inflammatory
properties of both commercially available and in-house dietary AGEs
preparations (characterized for AGE levels, aggregation, and LPS con-
tent) were tested in the model showing highest surface RAGE expression.
A RAGE antagonist and an LPS scavenger were included to check the
actual involvement of AGE-RAGE signaling when a specific dietary AGEs
preparation showed pro-inflammatory properties.
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2. Results

2.1. Various immortalized cell lines primarily express RAGE
intracellularly

To verify and validate the presence of RAGE at the cell surface, as
depicted in the AGE-RAGE signaling hypothesis, its expression was
measured using flow cytometry in six immortalized human cell lines
(HMC3, THP-1, hCMEC/D3, HBVP, Raji, and Caco-2), that were previ-
ously described to express RAGE. An antibody specific for the V-domain
of RAGE (epitope mapped by the manufacturer) was used on intact cells
to identify RAGE when present as a cell surface receptor. The same
protocol was used on fixated and permeabilized cells to also detect
intracellular RAGE (total RAGE). Fig. 1A shows that, for all cell lines,
only a small percentage of cells, ranging from 1.0 to 10.4 %, expressed
RAGE on its surface. When considering total RAGE expression, this
percentage clearly increased and varied from 71.1 to 99.3 %. When
looking at the fluorescent intensity emitted, i.e. the relative expression
level of RAGE per cell, expressed as the median fluorescent intensity
(MFI), a similar trend between surface vs. total RAGE was observed: low
relative expression level of surface RAGE (62 to 1362 RFU) compared to
total RAGE (6356 to 180,000 RFU) (Fig. 1B). Therefore, these data show
that RAGE was constitutively expressed intracellularly in immortalized
cells while the surface expression only occurred marginally or was even
absent.

2.2. Primary monocytes differentiated with M-CSF show increased
surface RAGE expression

Next, RAGE levels were determined on primary monocytes, GM-CSF
differentiated MO macrophages, and M-CSF differentiated MO macro-
phages. The results are shown in the different panels of Fig. 2. A sub-
stantial amount of primary monocytes was positive for total RAGE (79.3
+ 21.8 %), whereas monocytes expressing RAGE on their surface were
more scarce (24.4 + 29.4 %) (Fig. 2A). Differentiation to macrophages
did subsequently not affect the percentage of cell positive for total RAGE
(P = 0.199), while M-CSF differentiation significantly enhanced the
percentage of cells expressing RAGE on its surface (24.4 + 29.4 % vs
68.2 4+ 16 %, P = 0.027). GM-CSF differentiation did not exert this effect
(10.8 = 6.5 % vs 24.4 + 29.4 %, P = 0.645). In terms of relative
expression levels (Fig. 2B), the enhancing effect of M-CSF differentiation
was observed for both total (240 % increase, P = 0.012) and surface
RAGE (1118 % increase, P = 0.003). With GM-CSF differentiation, no
significant changes in the relative expression levels of total or surface
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Fig. 1. Percentage of positive cells (A) and median fluorescent intensity (MFI) (B) for RAGE measured on the cell surface (black bars) or in totality (grey bars) in different
immortalized human cell lines: HMC3 (microglia), THP-1 (monocytes; differentiated to MO macrophages), hCMEC/D3 (brain endothelial cells), HBVP (brain vascular per-
icytes), Raji (lymphoblasts) and Caco-2 (intestinal cells). Flow cytometry analysis was performed on cells being fixed and permeabilized to assess total RAGE expression,
whereas fixation and permeabilization steps were not applied when assessing surface RAGE expression. All values are relevant to (%) or corrected for (MFI) the

unstained control, which implies no staining with the primary RAGE antibody.
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Fig. 2. Percentage of positive cells (A) and median fluorescent intensity (MFI) (B)
for RAGE in primary monocytes, M-CSF differentiated MO macrophages, and GM-
CSF differentiated MO macrophages measured in totality (dots) and on the cell
surface (squares). Flow cytometry analysis was performed on cells being fixed
and permeabilized to assess total RAGE expression, whereas fixation and per-
meabilization steps were not applied when assessing surface RAGE expression.
All values are relevant to (%) or corrected for (MFI) the unstained control,
which implies no staining with the primary RAGE antibody. Values are depicted
as mean + SD of biological replicates. P-values (* < 0.05, ** < 0.01) are ob-
tained by a multiple comparisons test (Tukey) following ANOVA.

RAGE were observed (resp. P = 0.254 and P = 0.996). All in all, these
data showed that primary monocytes express RAGE, but only sporadi-
cally on the cell's surface. With M-CSF differentiation, both the per-
centage of cells expressing surface RAGE as well as its relative
expression level increased. This effect proved to be growth factor spe-
cific, since it was not observed for GM-CSF. Therefore, the M-CSF
differentiated MO macrophages can be considered a suitable in vitro
model to study the function of RAGE as a multi-ligand cell surface
receptor.

2.3. Prolonged heating of beta-lactoglobulin with glucose increases its
glycation and aggregation levels

A common dietary protein, BLG, was heated with glucose for a
prolonged time and characterized for glycation and aggregation levels
before testing its inflammatory potential in vitro. This chemical
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characterization of the glycated BLG is reported in Fig. 3. These data
indicate that the intact lysine content of BLG dropped upon glycation in
a time-dependent manner, reaching a maximum of about 50 % after 12
h. As expected, with the decrease in intact lysine content, the levels of
Amadori products (glucosyl-lysine detected as furosine) and AGEs (CEL
and CML) increased, as they are formed on lysine residues. Glycation
increased furosine and CEL levels over time up to respectively 33.1 pg/
mg protein and 838.1 ng/mg protein, compared to resp. 1.8 pg/mg
protein and 75.8 ng/mg protein under similar heating conditions. For
CML, this difference between heating and glycating conditions was less
pronounced, but its level still increased by 45 % upon glycation. This
result indicates that a substantial amount of the available lysine in the
glycated BLG used in the following biological experiments was modified
due to the glycation. To quantify this level, based on the data of Fig. 3,
the furosine-to-lysine ratio of the glycated samples was determined to be
20-26 %. This suggests an estimate average of approximately 3—-4 sugar
molecules attached per molecule of BLG. The SDS-PAGE gel pattern in
Fig. 4 showing a slight increase in weight of the BLG monomer upon
glycation also indicates the formation of AGEs. Furthermore, the num-
ber of high molecular weight structures increased over time, demon-
strating the aggregation of BLG upon heating. In the presence of glucose,
the formation of dimers and high molecular weight aggregates was more
pronounced, indicating that glycation accelerates this aggregation pro-
cess. This phenomenon was particularly evident after 24 h of heating
with glucose. Combined with the furosine-to-lysine ratio of this sample,
results indicate a high degree of glycation.

2.4. High levels of glycation and aggregation in beta-lactoglobulin
correspond to an increased affinity to SRAGE

Next, a competitive SRAGE ELISA was performed with these BLG
preparations to investigate their affinity to the receptor in the context of
AGE-RAGE signaling. Ap-42, a well-known RAGE ligand, was used as a
positive control for SRAGE binding. Fig. 5 indicates that the native and
all the heated BLG control samples had inhibition values below the
detection limit (<25 %), whereas the glycated BLG samples dose-
dependently inhibited the binding of sRAGE to the plate. As expected,
inhibition values increased with prolonged heating time. In combination
with the results discussed above regarding the glycation level and ag-
gregation pattern of these preparations (Figs. 3 and 4), it can be argued
that the higher the modification level of BLG, the higher its affinity to
SRAGE. Accordingly, the BLG preparation that was glycated for 24 h was
used in the in vitro experiments hereafter (Figs. 6, 7 and 8) as it most
closely resembled the SRAGE binding capacity of Ap-42.

2.5. Glycated BLG acts pro-inflammatory on surface RAGE-expressing M-
CSF differentiated MO macrophages

To investigate the activation of surface RAGE by dietary AGEs, M-
CSF differentiated MO macrophages were exposed for 24 h to our model
sample, 24 h glycated BLG. Experimental data are reported in the
different panels of Fig. 6. Cell viability was not affected (Fig. 6A, P =
0.287), while the excretion of several pro-inflammatory cytokines
increased in a concentration-dependent manner (P < 0.001) (Fig. 6B, C
and D). For IL-8, the concentrations dose-dependently increased up to
37.5 + 13.0 ng/mL, when exposed to 1000 pg/mL glycated BLG (P <
0.001; compared to medium control). For IL-6 and TNFa, maximum
concentrations of resp. 207.5 + 86.0 pg/mL and 320.2 + 38.6 pg/mL
were detected (resp. P < 0.001 and P < 0.01; compared to medium
control). Interestingly, although RAGE is not expressed on the surface of
GM-CSF differentiated MO macrophages, the glycated protein also
induced a pro-inflammatory response in this in vitro model (data not
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Fig. 3. Levels of intact lysine, CEL, CML and furosine quantified by LC-MS/MS in beta-lactoglobulin (BLG). BLG was dry heated with glucose for 9, 12 or 24 h at 60 °C and
40 % humidity (glycated) and compared to non-heated BLG (native) and BLG dry heated at similar conditions but without glucose (heated). Data is mean values+SD

obtained from a technical duplicate.
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Fig. 4. SDS-PAGE profile of Beta-Lactoglobulin (BLG). BLG was dry heated with
glucose for 9, 12 or 24 h at 60 °C and 40 % humidity (glycated) and compared
to non-heated BLG (native) and BLG dry heated at similar conditions but
without glucose (heated).
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Fig. 5. Inhibition ELISA for binding of Beta-Lactoglobulin (BLG) to sRAGE. BLG
was dry heated with glucose for 9, 12 or 24 h at 60 °C and 40 % humidity
(glycated), and compared to non-heated BLG (native) and BLG dry heated at
similar conditions but without glucose (heated). AB-42 was included as positive
control. All compounds were tested in duplicate as a two-times dilution series
from 100 pg/mL to 3.125 pg/mL. Data is mean values+SD obtained from a
technical duplicate.

shown). This suggests mechanisms other than surface RAGE activation
being involved.

2.6. The RAGE antagonist FPS-ZM1 does not inhibit the inflammatory
effect of glycated BLG

Subsequently, M-CSF differentiated MO macrophages were pre-
incubated with a RAGE antagonist to confirm the involvement of
RAGE in the observed pro-inflammatory response. The inhibitor FPS-
ZM1 did not affect cell viability or act pro-inflammatory at the con-
centrations used (Supplementary Fig. 1). Data reported in Fig. 7 showed
that FPS-ZM1 could not block the inflammatory effect. Neither IL-6, IL-
8, nor TNFa secretion was lowered when the cells were pre-incubated for
1 h with this inhibitor (0-20 pM) prior to exposure to the glycated
protein (200 pg/mL). Based on this data, surface RAGE does not seem to
be involved in the observed pro-inflammatory response, despite the
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was dry heated with glucose for 24 h at 60 °C and 40 % humidity. Subsequently, M-CSF differentiated monocytes were exposed to this glycated protein for 24 h at
37 °C (5 % COy, saturated humidity) at concentrations ranging from 1000 pg/mL to 1 pg/mL. LPS (100 ng/mL) was included as positive control. Data is mean values
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Fig. 7. Cell viability of M-CSF differentiated MO macrophages and their IL-8 (B), IL-6 (C) and TNFa (D) secretion upon exposure to glycated beta-lactoglobulin (BLG), after
pre-incubation with different concentrations of RAGE inhibitor FPS-ZM1. BLG was dry heated with glucose for 24 h at 60 °C and 40 % humidity. Subsequently, M-CSF
differentiated MO macrophages were pre-exposed for 1 h to different concentrations of RAGE inhibitor FPS-ZM1 (0-20 pM) before being exposed to this glycated
protein for 24 h at 37 °C (5 % CO,, saturated humidity) at 200 pg/mL. LPS (1 ng/mL) was included as positive control. Data is mean values + SD obtained from
independent experiments performed with three different donors. P-values are obtained by a multiple comparisons test (Tukey) following ANOVA.
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centrations of LPS scavenger PMB (0-10 pg/mL). LPS (1 ng/mL) was included as positive control. Data is mean values + SD obtained from independent experiments

performed with three different donors. P-values (* < 0.05, *** < 0.001) are obtained by a multiple comparisons test (Tukey) following ANOVA.
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glycated BLG showing affinity to RAGE according to the competitive
SRAGE ELISA (Fig. 5).

2.7. The pro-inflammatory effect of glycated BLG can be inhibited by LPS
scavenging

To further explore the inflammatory response of the M-CSF differ-
entiated MO macrophages induced by the glycated BLG, PMB was added
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2.8. Cellular response to commercial glycated proteins varies between
manufacturers and batches

In addition to in-house glycated proteins, commercially available
glycated proteins were used in many published studies [22,27-32].
Glycated BSA from two different companies (Sigma and Abcam) were
characterized and tested on M-CSF differentiated MO macrophages
while being compared to an in-house preparation of glycated BSA. Ac-
cording to the manufacturer information, both preparations were gly-
cated using glycolaldehyde. Data reported in Table 1 depicts that the
Sigma preparation showed lower levels of glycation than the Abcam and
our in-house preparation. In terms of fluorescence and absorbance, the
Sigma sample showed values approximately 2.5-times higher than
native BSA, which was used as reference sample. In comparison, the
Abcam and our in-house glycated sample showed values 13.5 to 27-
times higher, respectively. Looking at the concentration of single Mail-
lard reaction products, the difference in glycation between the Sigma
and the other two samples was most profoundly seen in the CEL and CML

Table 1

Fig. 9. SDS-PAGE profile of glycolaldehyde-glycated BSA. Preparations were
purchased from Abcam, Sigma, or made in-house (10 mg/mL BSA in PBS with
10 mM glycolaldehyde for 24 h at 37 °C). Native BSA was included as reference.

content. Next to these differences in the level of glycation, a surprising
observation was made for the Abcam sample. This preparation showed
higher values than the BSA reference for both the lysine and free amino
acid content. This would imply that the protein level of this preparation
exceeds the 10 mg/mL that is stated in the formulation. The SDS PAGE
gel reported in Fig. 9 showed a large amount of high molecular weight
structures (>250 kDa) for the Abcam as well as for the Sigma prepara-
tion, indicating the presence of big aggregates in these solutions.
Interestingly, as shown in Fig. 10, despite these high molecular weight
structures, only the in-house preparation showed affinity to sRAGE.
When M-CSF differentiated MO macrophages were exposed to these

Fluorescence, absorbance, furosine, CEL, CML, intact lysine, and free amino group content of glycolaldehyde-glycated BSA (10 mg/mL). Preparations were purchased
from Abcam, Sigma, or made in-house (10 mg/mL BSA in PBS with 10 mM glycolaldehyde for 24 h at 37 °C). Native BSA was included as reference. Native BSA was
included as reference. Fluorescence (in AU) was measured at 370/440 nm, while absorbance (in AU) was measured at 300 nm and corrected for background values at
600 nm. Furosine, CEL, CML and lysine were quantified with LC-MS/MS and expressed as jig/mg protein. Free amino group content were determined with an OPA
assay and expressed relative to the BSA solution. Data is mean values + SD obtained from technical duplicate.

Fluorescence (370/440 nm) Absorbance LC-MS/MS Free amino group content (relative to BSA)
(300-600 nm) (pg/mg protein)
Furosine CEL CML Intact Lysine
BSA 91 +£0.71 0.08 + 0.01 <DL <DL <DL 8.40 + 0.12 1.0
Sigma 244 + 0.07 0.22 + 0.001 0.46 + 0.004 <DL 1.43 +0.08 8.10 + 0.04 0.9 +0.01
Abcam 1631 + 0.002 2.18 + 0.05 0.50 + 0.001 1.27 + 0.036 4.78 £ 0.01 13.29 + 0.03 1.4 + 0.04
In-house 1241 4+ 13.67 1.50 + 0.03 0.49 + 0.003 0.90 + 0.003 4.26 + 0.22 7.43 £ 0.02 0.7 + 0.02
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Fig. 10. Inhibition ELISA for binding of glycolaldehyde-glycated BSA to sRAGE.
Three different preparations were tested: one in-house preparations (10 mg/mL
BSA in PBS with 10 mM glycolaldehyde for 24 h at 37 °C) and two commercial
preparations from Abcam and Sigma. Ap-42 was included as positive control,
and native BSA as reference. All compounds were tested in duplicate as a two-
times dilution series from 100 pg/mL to 3.125 pg/mL. Data is mean values + SD
obtained from a technical duplicate.

preparations, no pro-inflammatory effect was induced as shown by
Fig. 11. Interestingly, LPS levels measured in these samples were com-
parable to the levels measured in the in-house glycated BLG sample
discussed before (Supplementary Table 1). All in all, glycolaldehyde-
glycated BSA did not act pro-inflammatory in the applied model.
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3. Discussion

The objective of this study was to seek a standardized in vitro model
of dietary AGE-RAGE signaling, to enhance our understanding of the
biological activity of glycated dietary proteins. Our data showed that
there are three preliminary questions to answer when assessing the in-
flammatory potential of dietary AGEs in vitro:

1) Does the selected cell model express RAGE on the cell surface?

2) Is there solid evidence that LPS is not interfering with the
measurements?

3) For both in-house produced and commercially prepared glycated
protein samples: are they properly characterized?

3.1. RAGE was only expressed as cell surface receptor in specific in vitro
models

According to the AGE-RAGE signaling hypothesis, RAGE is present
on the cell surface as a multi-ligand transmembrane receptor. Although
all cell lines and primary cells expressed RAGE in our study, it was
mainly expressed intracellularly: the receptor was only expressed on the
cell surface in marginal amounts, if not absent. We were able to obtain a
model that substantially expressed surface RAGE only after differenti-
ating primary monocytes into MO macrophages with M-CSF. In the
literature, many different in vitro models have been used to study the
inflammatory properties of dietary AGEs. However, the RAGE
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Fig. 11. Cell viability (A) of M-CSF differentiated MO macrophages and their IL-8 (B), IL-6 (C) and TNFa (D) secretion upon exposure to different preparations of
glycolaldehyde-glycated BSA. Preparations were purchased from Sigma and Abcam, and an in-house preparation was produced by heating 10 mg/mL BSA in PBS with
10 mM glycolaldehyde for 24 h at 37 °C. M-CSF differentiated MO macrophages were exposed to these preparations (100-0 pg/mL) for 24 h at 37 °C (5 % COo,
saturated humidity). LPS (1 ng/mL) was included as positive control. Data is mean values + SD obtained from independent experiments performed with three
different donors. P-values are obtained by a multiple comparisons test (Tukey) following ANOVA.
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expression in these models has not been measured [22-24] or only
quantified at total RNA (qPCR) or protein (Western-Blot) levels [25,26].
When quantifying RAGE at total RNA or protein level, it is not possible
to discriminate between transmembrane and intracellular receptors.
Therefore, although positive results for RAGE expression were obtained,
the expression of surface RAGE (as suggested in the AGE-RAGE hy-
pothesis) could not be confirmed in these studies. Our data revealed
robust total RAGE expression, thereby confirming the results of earlier
studies, but showed minimal to no surface RAGE expression in the
characterized models. This result underscores the importance of
discriminating between both when validating in vitro models, as they
might exert different physiological functions.

Intracellular RAGE could, for example, play a role in DNA repair.
Papers published by Kumar et al. [33,34] describe that nuclear RAGE is
part of an early DNA damage response and that deletion of nuclear RAGE
leads to persistent double-strand break signaling, leading to senescence,
tissue fibrosis, and oncogenesis. Kumar and others suggest nuclear RAGE
is a master regulator of double-strand break [35]. Beside this function, it
has been suggested that intracellular RAGE is only used for storage and
is translocated to the cell surface upon pathological conditions [36].
This hypothesis is in line with the widespread function of RAGE as a
multi-ligand transmembrane receptor activating NFkB upon binding to
AGEs and other RAGE ligands like AB-42. This hypothesis was tested in
the current study, however not supported by the data. Possibly, surface
RAGE has other, more complex functionalities than inducing an in-
flammatory response upon single ligand binding.

Our observation that only M-CSF, and not GM-CSF, differentiation-
induced surface RAGE expression would suggest a potential anti-
inflammatory role for surface RAGE, as M-CSF is used to drive macro-
phage polarization towards the resolving M2 phenotype while GM-CSF
promotes the pro-inflammatory M1 phenotype. The observation of Lil-
iensiek et al. [37] that healthy RAGE knockout mice have a slightly pro-
inflammatory phenotype supports our suggestion that RAGE might also
be involved in the regulation of anti-inflammatory responses. The Nrf2
signaling pathway, a major mechanism against oxidative stress, might
be a target in this respect as Raupbach et al. [25] found pyrraline-
modified casein activating this transcription factor in HCT116 cells.
More in general, RAGE seems to play a role in the innate rather than the
adaptive immune response, as RAGE knockout mice showed lower
susceptibility to lethal sepsis while antibody subtypes and the titres did
not differ compared to wildtype mice [37]. This reduction in mortality
was linked to a decreased number of inflammatory cells adherent to the
peritoneum instead of a reduced number of inflammatory cells or
cytokine levels in the blood. Chavakis et al. [38] described similar
findings, showing impaired leukocyte recruitment to the peritoneum in
RAGE knockout mice. They suggested that RAGE interacting with the
f2-integrin Mac-1 is required for leukocytes to adhere to the endothe-
lium. Collectively, these data suggest that surface RAGE might play a
role in (resolving) innate immune responses, immune cell recruitment,
and immune cell tissue adhesion, rather than ligand-induced pro-in-
flammatory receptor signaling.

Important to note, this study focused on the hypothesis of glycated
dietary proteins acting pro-inflammatory through receptor signaling.
However, these proteins could also lead to cellular stress through other,
RAGE-independent, mechanisms. For example, when specific cell types
like macrophages endocytose highly glycated proteins, ubiquitination of
these foreign proteins might be hampered due to blockage of the lysine
residues by the AGE-modifications. In the absence of ubiquitination, the
proteins will not be marked for MHC-I antigen presentation and/or
autophagic degradation. At high concentrations, this might lead to the
accumulation of aggregates within the cell leading to cellular stress and
cell apoptosis [39-41]. Based on the WST-1 results, cell apoptosis in our
cell model upon the exposure to the glycated proteins was not observed.
However, other glycation methods, longer incubation times and/or
higher exposure concentrations might yield different results, so these
mechanisms should also be considered when interpreting results in
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future studies.

3.2. RAGE antagonist could not reduce inflammation induced by glycated
dietary proteins, while scavenging LPS reduced inflammation even with
negligible LPS levels in the sample

Apart from an alternative function in immune cell recruitment and
tissue adhesion, ligand-induced pro-inflammatory signaling by RAGE
might also be dependent on the presence of co-stimulatory factors
alongside its ligands. In our experiments, LPS scavenging drastically
reduced the inflammatory response induced by glycated dietary pro-
teins. In this context, LPS could be a confounding factor or play an active
role in RAGE-mediated processes. The former is most straightforward as
the RAGE antagonist FPS-ZM1 was not able to attenuate the inflam-
matory response, suggesting no involvement of surface RAGE in the
observed effect. However, although this antagonist has been shown
effective before in attenuating inflammatory responses in vitro [32,42],
its effectiveness for inhibiting RAGE activation in the current cell model
could not be confirmed due to lack of a positive control. Therefore the
involvement of RAGE in the observed effect cannot be ruled out. Our
observation that another frequently described RAGE ligand - Ap-42 - did
also not induce inflammation in our model (Supplementary Fig. 6),
despite RAGE affinity being shown by the sSRAGE ELISA, reinforces the
hypothesis that co-stimulatory factors might be necessary for effective
RAGE activation by its described ligands. Since LPS-induced amplifica-
tion of RAGE-mediated cellular responses has been described before
[43,44], the possibility of LPS acting as such a co-stimulatory factor
should be considered. To strengthen the conclusions of these studies,
using a RAGE knockdown or knockout model would circumvent the
possibility of non-effective or cross-reactive antagonists leading to false
negative or false positive results, respectively.

Regardless of whether LPS acts as a confounding or co-stimulatory
factor, our research stresses the importance of carefully examining it
in in vitro studies investigating inflammatory processes. Often, in vitro
studies report their sample being endotoxin free (<1.0 EU/mg protein)
according to the manufacturer's or in-house LPS quantification mea-
surements without further consideration. We showed that LPS can still
have a significant effect, even though its quantity is below the current
safety limits. Interestingly, samples with comparable LPS content did
not exhibit the same inflammatory potency. For instance, in the glycated
BSA preparations, higher LPS levels seem necessary to induce a pro-
inflammatory response. LPS is known to interact with various bio-
molecules, including proteins, and these interactions can potentially
vary depending on the protein of origin or its method of glycation. Such
differences may influence the biological activity of LPS or interfere with
its accurate quantification [44,45]. Relying solely on an endotoxin-free
label or in-house LPS quantification assay to rule out LPS interference
might therefore lead to misinterpretation of the results. Since LPS might
amplify RAGE-mediated responses, using a LPS scavenger would be
more appropriate for detecting LPS interference than a TLR4 inhibitor in
this context. Such a scavenger has to be specific for the confounder of
interest. In our case, PMB shows high specificity for LPS [46] while, to
our knowledge, no data is available suggesting BLG or BSA being
retained by PMB. All in all, when investigating the dietary AGE-RAGE
signaling hypothesis in vitro, LPS interference should be closely moni-
tored to ensure internal validity.

3.3. Characterization of in-house produced and commercially prepared
glycated proteins

To compare and combine results from different studies, it is impor-
tant to have a more in-depth characterization of the glycated dietary
proteins tested. A few measures to consider are discussed below. Firstly,
LC-MS/MS quantification of AGEs should be performed. This is the
validated technique to quantify dietary AGEs and with this technique,
databases for the AGE content of different foods have been developed to
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easily calculate AGE content in the diet for human observational and
intervention studies [16]. Examples of such databases are the Glycation
Database of Abertay University [47] and the AGE database of Maastricht
University [48]. For in vitro studies, glycated proteins are not obtained
directly from foods, but food proteins are being glycated in the lab with
specific protocols after being isolated and purified. However, AGE
quantification of these proteins is often not provided. In this study, the
glycated proteins and their controls were characterized for CML, CEL,
and Furosine. Next to MG-H1, these dietary AGEs are most frequently
analyzed as all of them are (derivatives) of (early-stage) non-
crosslinking lysine-derived Maillard reaction products [47]. To obtain
a more complete overview, it would be favorable to also quantify cross-
linking AGEs like pentosidine, glucosepane, MOLD and GOLD [49].
However, currently these AGEs are not yet often quantified in foods
[47]. Regarding this aspect, secondly, the aggregation pattern of the
glycated proteins should be visualized with SDS-PAGE or any other
adequate technique, since RAGE has been described to only bind AGEs
when there are coupled to a relatively large peptide backbone, and high
molecular weight structures would facilitate oligomerization of the re-
ceptor, which is a process involved in signal transduction [17,18,50].
When combining our SDS-PAGE with SRAGE ELISA results, it seems that
the presence of high molecular weight structures alone does not predict
the protein's affinity to RAGE, as the presence of high molecular weight
structures in the glycated BSA preparations did not necessarily correlate
with strong inhibition in the ELISA. For more in-depth understanding of
this relationship, characterization of samples with a chemical assay like
the sSRAGE ELISA is not sufficient. In this case, cell-based assays (e.g.
fluorescence resonance energy transfer) are preferred, since cellular
processes like oligomerization could change the protein's affinity to
RAGE [17]. Assessing the glycated protein's affinity to RAGE by a cell-
based assay would therefore be our third recommendation for sample
characterization in future studies. Lastly, based on our data, it is
preferred to study in-house glycated proteins instead of commercial
preparations as the purity of the commercial preparations could, in some
cases, be questioned. In addition, although using commercially glycated
proteins is considered a more standardized and reproducible practice, a
full description of commercial glycation methods has not been published
and the possibility of significant batch-to-batch variability cannot be
excluded. In summary, when studying AGE-RAGE signaling in vitro, we
suggest to prepare the glycated proteins in-house and subsequently
determine its AGE content, aggregation pattern and RAGE affinity with
the methods discussed above.

4. Conclusion

In conclusion, our data challenge the existing in vitro models used to
study the hypothesis on dietary AGE-RAGE signaling. It shows that
surface RAGE expression is limited to specific cell conditions and that
the inflammatory response induced by the preparation of glycated
protein is drastically reduced when LPS is scavenged. This challenges the
hypothesis that dietary protein-bound AGEs act pro-inflammatory
through RAGE activation. Our data indicates that surface RAGE either
has a role beyond facilitating ligand-induced cytokine release or re-
quires a co-stimulatory factor for activation with dietary protein-bound
AGEs. Therefore, to better understand the biological activity of dietary
AGEs, we recommend future in vitro studies to show surface RAGE
expression in their model, report thoroughly on glycation methods and
glycated protein's characteristics, and closely monitor LPS interference
in their experiments. In vitro studies lacking these rigorous methodo-
logical controls are likely to lead to conclusions that do not fully reflect
the physiological relevance of dietary AGEs, thereby hampering the
creation of scientific consensus.
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5. Experimental procedures
5.1. Materials

All stocks (e.g. for M-CSF and GM-CSF) were prepared and stored
according to manufacturer instructions. The materials mentioned below
are applicable to all protocols unless stated otherwise. From Merck Life
Sciences (Darmstadt, Germany), Corning® 96-well microplates
(#CLS3595), Corning® T75 cell culture flasks (#CLS430641U),
Eppendorf® Safe-Lock 1.5 mL microcentrifuge tubes (#T9661), Dul-
becco's Phosphate Buffered Saline (DPBS) without Ca®t and Mg2+
(#D857), Bovine Serum Albumin (BSA) (#A3912), Dimethyl sulfoxide
(DMSO) (#D2650), and Tween 20 (#P1379) were purchased. RPMI-
1640-Glutamax medium (#72400-021), Penicillin-Streptomycin (P/S;
10,000 U/mL) (#15140122) and 0.25 % Trypsin-EDTA (#25200072)
were obtained from ThermoFisher Scientific (Waltham, MA, USA). From
Sarstedt (Niimbrecht, Germany), 15 mL and 50 mL sterile screw cap
tubes (resp. #62.554.502 and #62.547.254) were purchased. From
Avantor/VWR (Radnor, PA, USA), Research Grade Foetal Bovine Serum
(FBS) (#HYCLSV30160.03; South American Origin) was purchased
which was heat inactivated by heating it for 45 min at 56 °C. From
Greiner Bio-One (Alphen aan den Rijn, The Netherlands), CELLSTAR 6-
well and 12-well microplates (resp. #657160 and #665180) were pur-
chased. UltraPure water was obtained with the Arium 611 VF Water
Purifier (Sartorius, Utrecht, The Netherlands).

5.2. Culturing cell lines

Different immortalized cell lines were cultured at 37 C (5 % CO5 at
saturating humidity) in T75 flasks and, for each cell type, 4.0%10° cells
were collected to quantify their RAGE expression by flow cytometry.

5.2.1. HMC3

HMC3 microglial cells (#CRL-3304; ATCC, Manassas, VA, USA) were
cultured in DMEM, high glucose, GlutaMAX™ with 4.5 g/L p-Glucose
and 110 mg/L sodium pyruvate (#10569010; ThermoFisher Scientific,
Waltham, MA, USA), supplemented with 10 % non-heat inactivated FBS
(#30-2020; ATCC, Manassas, VA, USA) and 1 % P/S. For subculturing,
twice a week, cells were trypsinised with 2 mL 0.25 % trypsin-EDTA for
5-10 min at 37 °C until detachment and passaged in a 1:8-1:10 ratio.
Passage numbers did not exceed passage 25.

5.2.2. THP-1

Monocytic THP-1 cells (#TIB-202; ATCC, Manassas, VA, USA) were
cultured in RPMI-1640-Glutamax, supplemented with 10 % FBS and 1 %
P/S. For subculturing, cells were inoculated at 5.0%10° cells/mL twice a
week (total volume 12-30 mL) up to passage 25. To differentiate THP-1
monocytes to MO macrophages, cells were seeded at 1.0%10° cells/mL in
a 12-well plate (1 mL/well), with 100 ng/mL PMA (#P1585; Merck Life
Sciences, Darmstadt, Germany) supplemented to the medium. At day 2
of culturing, cells were washed twice with pre-warmed medium and
fresh medium was added (1 mL/well). After resting for 5 days, cells were
collected by incubating with 0.25 % trypsin-EDTA (0.4 ml/well) for 5-
10 min at 37 °C until detachment. Inmediately thereafter, they were
resuspended in culture medium to neutralize the trypsin.

5.2.3. hCMEC/D3

The brain microvascular endothelial cell line hCMEC/D3 (#SCC066;
Merck Life Science, Darmstadt, Germany) was cultured in EBM-2
Endothelial Cell Growth Basal Medium-2 (#00190860; Lonza, Basel,
Switzerland), supplemented with 5 % FBS (#11560636; ThermoFisher
Scientific, Waltham, MA, USA), 1 % P/S, 1 % Chemically Defined Lipid
Concentrate (#11905031; ThermoFisher Scientific, Waltham, MA,
USA), 10 mM HEPES (#15630080; ThermoFisher Scientific, Waltham,
MA, USA), 5 pg/ml 1-Ascorbic acid (#A4544; Merck Life Science,
Darmstadt, Germany), 1.4 pM Hydrocortisone (#H0888; Merck Life
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Science, Darmstadt, Germany), and 1 ng/ml of basic fibroblast growth
factor (#GF003; Merck Life Science, Darmstadt, Germany). The cells
were grown in flasks precoated with rat tail collagen type I (#08-115;
Merck Life Science, Darmstadt, Germany), diluted 1:20 in DPBS. The
collagen solution was left for an hour to solidify at 37 °C, and the excess
collagen was removed before adding the cells. For subculturing, twice a
week, cells were trypsinised with 2 mL 0.25 % trypsin-EDTA for 5-10
min at 37 °C until detachment and passaged in a 1:6 ratio. Passage
numbers did not exceed passage 25.

5.2.4. HBVP

The Human Brain Vascular Pericytes cell line HBVP (#P10363-IM;
Innoprot, Derio, Spain) were cultured in Pericyte medium (#P600121;
Innoprot, Derio, Spain). This medium was purchased as a kit, including
FBS, P/S, and pericyte growth supplement, which were all added ac-
cording to manufacturer's protocol. For subculturing, twice a week, cells
were trypsinised with 2 mL 0.05 % trypsin-EDTA (#25300062; Ther-
moFisher Scientific, Waltham, MA, USA) for 5-10 min at 37 °C until
detachment and passaged in a 1:6 ratio. Passage numbers did not exceed
passage 25.

5.2.5. Raji

The lymphoblast-like cell line Raji (#CCL-86; ATCC, Manassas, VA,
USA) was cultured in RPMI-1640-Glutamax, supplemented with 10 %
FBS, 1 % non-essential amino acids (#11140-035; ThermoFisher Sci-
entific, Waltham, MA, USA), and 1 % P/S. For maintenance, half of the
medium was refreshed every other day and, up to passage 20, cells were
subcultured by inoculating 4.0*10° cells/mL when their density reached
3.0%10° cells/mL (total volume 12-30 mL).

5.2.6. Caco-2

The enterocyte cell line Caco-2 (#CRL-2102; ATCC, Manassas, VA,
USA) was cultured with DMEM, high glucose (#10569010; Thermo-
Fisher Scientific, Waltham, MA, USA) supplemented with 10 % FBS, 1 %
non-essential amino acids (#11140-035; ThermoFisher Scientific,
Waltham, MA, USA), and 1 % P/S. For subculturing, twice a week, cells
were trypsinised with 2 mL 0.25 % trypsin-EDTA for 5-10 min at 37 °C
until detachment and passaged in a 1:3-1:6 ratio. Cells were used be-
tween passage 45 and 55.

5.3. Monocyte isolation

Per donor, 50 mL buffycoat (#B2825R00; Sanquin, Nijmegen, The
Netherlands) was mixed with 50 mL 2 % FBS-DPBS (with Cat and
Mg2+; #14040-091; ThermoFisher, Waltham, MA, USA), and equally
divided over four 50 mL Leucosep tubes (#227290; Greiner Bio-One,
Alphen aan den Rijn, The Netherlands). These Leucosep tubes were
pre-treated with Ficoll® Reagent (#GE17-1440-03; Merck Life Sciences,
Darmstadt, Germany), by adding 15 mL of this reagent to the tube and
spinning it at room temperature (RT) for 30s at 1000*g. The tubes
containing buffycoat were centrifuged at 4 °C, first for 5 min at 200*g
followed by 15 min at 500*g (slow brake). Subsequently, the upper
plasma layer was removed and the cells were collected and washed by
adding 2 % FBS-DPBS and centrifuging at RT for 10 min at 300*g (slow
brake). After repeating the washing step, the cell pellet was resuspended
in 2 mL of MACS buffer (2 % FBS-DPBS (without Ca®* and Mg?") with 2
mM EDTA (#E6758; Merck Life Sciences, Darmstadt, Germany)). To
isolate monocytes, CD14 microbeads (#130-050-201; Miltenyi Biotec,
Bergisch Gladbach, Germany) were added according to the manufac-
turer's protocol. After 15 min incubation at 4 °C, 10 mL MACS buffer was
added and the suspension was centrifuged at 4 °C for 10 min at 300*g
(slow brake). The cell pellet was resuspended in 500 pl MACS buffer and
loaded onto a LS column with 30 pm pre-separation filter (#130-041-
407; Miltenyi Biotec, Bergisch Gladbach, Germany) placed in a Quad-
roMACS™ separator (#130-090-976; Miltenyi Biotec, Bergisch Glad-
bach, Germany). The column was washed three times with 3 mL MACS
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buffer. Then, the column was removed from the MACS separator. MACS
buffer (5 mL) was applied to the column and the magnetically labelled
cells were immediately flushed out by firmly pushing a plunger into the
column. After determining the cell concentration using the Corning®
Cell Counter (#734-3259; Avantor/VWR, Radnor, PA, USA), the sus-
pension was centrifuged at 4 °C for 10 min at 300*g (slow brake). Until
further use, these cells were stored in liquid nitrogen in FBS/10 %
DMSO.

5.4. Differentiation of monocyte to MO macrophages

For cell culture, primary monocytes from liquid nitrogen were
thawed at 37 °C and the content was transferred to pre-warmed 9 mL
RPMI-1640-Glutamax supplemented with 20 % FBS and 1 % P/S. The
suspension was centrifuged at RT for 8 min at 300*g. The pellet was
resuspended in culture medium (RPMI-1640-Glutamax supplemented
with 10 % FBS and 1 % P/S). Next, for flow cytometry analysis of
monocytes, cells were seeded at 5.0*1 0° cells/mL in a 6-well plate (8
mL/well). After overnight resting (37 °C, 5 % CO- at saturating hu-
midity), the monocytes were collected in a 15 mL tube by resuspending
and scraping, and flow cytometry protocol was followed. For flow
cytometry analysis of MO macrophages, M-CSF or GM-CSF (resp. #216-
MCC and #7954-GM; Bio-Techne, Minneapolis, MN, USA) was added to
the culture medium to a final concentration of 50 ng/mL. Instead of
overnight resting, cells were cultured for 7 days and, at day 3 and 5 of
culturing, medium was refreshed containing new 50 ng/mL M-CSF or
GM-CSF. At day 7, MO cells were trypsinised with 0.25 % trypsin-EDTA
(2 ml/well) for 10 min (37 °C, 5 % CO5 at saturating humidity) and
collected by scraping. Inmediately thereafter, they were resuspended in
culture medium to neutralize the trypsin. Subsequently, the flow
cytometry protocol was followed. To test the effects of glycated proteins
on MO macrophages, a similar culture protocol was followed, however
cells were seeded in a 96-well culture plate (200 puL/well). At day 7,
supernatant was removed, whereafter experimental conditions were
added (100 pL/well) and incubated for 24 h (37 °C, 5 % CO at satu-
rating humidity).

5.5. Flow cytometry protocol for RAGE detection

In order to detect RAGE, cells were centrifuged at RT for 3 min at
300%g after collection. The pellet was resuspended in 4 mL DPBS and this
cell suspension was divided over four 1.5 mL Eppendorf tubes, corre-
sponding to an initial cell count of 1.0¥10° cells/Eppendorf. The
centrifugation step was repeated and cells were stained with or without
being fixed and permeabilized first. In case of fixation-and-
permeabilization being applied, which was the case for half of the
tubes, each pellet was reconstituted in 100 pL of fixation buffer (2 %
formaldehyde in DPBS) (made from Pierce™ 16 % Formaldehyde (w/v);
#28908; ThermoFisher Scientific, Waltham, MA, USA). After 15 min
incubation at RT, cells were washed by adding 1 mL DPBS and centri-
fuging similar to previous steps. Each cell pellet was thereafter recon-
stituted in 100 pL permeabilization buffer (1 % BSA-DPBS with 0.1 %
saponin) (#47036; Merck Life Sciences, Darmstadt, Germany). After 15
min incubation at RT, the cells were washed once more to finalize the
fixation and permeabilization. Subsequently, all samples were recon-
stituted in 10 pL FcR Blocking Reagent (#130-059-901; Miltenyi Biotec,
Bergisch Gladbach, Germany) and incubated for 10 min at 4 °C in the
dark. Afterwards, 90 pL RAGE polyclonal antibody (1:50 dilution in
DPBS; validated for the epitope being on the V-domain of RAGE)
(#PA5-24787; ThermoFisher, Waltham, MA, USA) was added a per-
meabilized and a non-permeabilized sample. To the other two samples,
90 pL DPBS was added which served as negative control to help differ-
entiate non-specific background signal from specific antibody signal.
Samples were incubated for 30 min at 4 °C in the dark. After washing, all
samples were reconstituted in 100 pL Alexa Fluor 647 Goat Anti-Rabbit
IgG recombinant antibody (1:200 dilution in DPBS) (#A27040;
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ThermoFisher, Waltham, MA, USA). After incubating for 30 min at 4 °C
in the dark, cells were washed and reconstituted in 100 pL DPBS to be
analyzed on the CytoFLEX Flow Cytometer (Beckman Coulter, Fullerton,
CA, USA). For each sample, 10.000 cells were measured at a speed of 10
pL/min. Data was analyzed in CytExpert Software (Beckman Coulter,
Fullerton, CA, USA). First, debris was excluded based on SSC-A vs FSC-A
gating, whereafter doublets were excluded by FSC-H vs FSC-A and SSC-H
vs SSC-A gating. Based on this gating strategy, percentage of positive
cells and median fluorescent intensity (MFI) (APC channel) were
determined. The former parameter is defined as the percentage of pos-
itive cells in the sample of interest relative to 1 % positive cells in the
corresponding negative control sample (stained without primary anti-
body), whereas the latter is defined as the MFI of the sample of interest
corrected by subtraction for the MFI of the corresponding negative
control sample.

5.6. Protein glycation

Beta-Lactoglobulin (BLG) (#L0130; Merck Life Sciences, Darmstadlt,
Germany) was dissolved to 10 mg/mL in DPBS with or without 16 mM p-
glucose (#G7021; Merck Life Sciences, Darmstadt, Germany). These
solutions were lyophilized in aliquots of 500 pL in 5.0 mL Sterile
Eppendorf® tubes (#525-0982; Avantor/VWR, Radnor, PA, USA).
Apart from the native protein control, these lyophilized aliquots were
heated in a Memmert Environmental Chamber (#10861-384; Avantor/
VWR, Radnor, PA, USA) at 60 °C and 40 % humidity for 9 h, 12 h, and
24 h, to approach temperatures reached during food processing without
denaturating BLG. Afterwards, they were redissolved in 500 pL DPBS.
Glycated BSA samples were purchased from Sigma (#121800-M) and
Abcam (#Ab51995), or prepared in-house. BSA (#A7030; Merck Life
Sciences, Darmstadt, Germany) was dissolved to 10 mg/mL in DPBS
with 10 mM glycolaldehyde (#G6805; Merck Life Sciences, Darmstadt,
Germany). 1 mL aliquots were heated in 1.5 mL Eppendorf tubes in a
heating block at 37 °C for 24 h. Residual glucose and glycolaldehyde
were removed by 10 kDa MWCO, Amicon™ Filter (#UFC9010; Merck
Life Sciences, Darmstadt, Germany) according to manufacturer protocol.
For each sample, final protein concentration was determined by
DUMAS, to be able to account for potential losses. The conversion factor
of 6.38 was applied. Samples were stored at —20 °C.

5.7. Characterization

Glycated samples and their controls were characterized in terms of
absorbance, fluorescence, AGE levels, free amino group content, LPS
levels, aggregation pattern and sRAGE binding capacity.

5.7.1. Absorbance and fluorescence

Samples (10 mg/mL) were analyzed in duplicate for absorbance and
fluorescence in resp. transparent and black 96-well plates (100 pL/well).
Fluorescence was measured at Aexc 370 nm and Aem 440 nm, while
absorbance was measured at 300 and 600 nm using a Spectramax® M2.

5.7.2. Free amino group content by OPA

To perform an Phthaldialdehyde (OPA) assay, OPA solution was
made by dissolving 3.81 g sodium tetraborate (#1.06308; Merck Life
Sciences, Darmstadt, Germany), 88 mg dithiothreitol (#D0632; Merck
Life Sciences, Darmstadt, Germany), and 100 mg sodium dodecyl sul-
phate (#8.22050; Merck Life Sciences, Darmstadt, Germany) in 97 mL
UltraPure water at 35-40 °C, and subsequently adding a 3 mL ethanol
mixture of 80 mg OPA (#1.11452; Merck Life Sciences, Darmstadt,
Germany). The OPA solution was kept in the dark and used within 2 h.
For the analysis, 10 pL of the glycated samples (10 mg/mL) together
with 200 pL of the OPA solution were added to a transparent 96-well
plate. For the blank, 10 pL UltraPure water was added to the OPA so-
lution. The plate was incubated for 15 min at RT in the dark, and
absorbance was measured at 340 nm. All analysis were performed in
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duplicate and free amino group content was determined using a six-
point two-times serial dilution curve of L-Leucine (2000 pg/mL)
(#L8000; Merck Life Sciences, Darmstadt, Germany) and presented
relative to the free amino group content of the untreated (native)
sample.

5.7.3. AGE levels (intact Lysine, CML, CEL and furosine) by LC-MS/MS
Protein samples were diluted to 8 mg/mL in DPBS and 50 pL was
added to 1 mL 6 M HCl in a glass heating tube. The headspace of these
tubes was saturated with nitrogen before closing them off with a cap.
Tubes were heated at 110 °C on a heating block for 22 h. After heating,
400 pL was transferred to a MS vial (#AR0-3921-13; Phenomenex,
Woerden, The Netherlands) and dried with a vacuum concentrator
(#RVC 2-33 CDplus; CHRIST, Osterode am Harz, Germany) set at 4.5
mbar (2 h, 30 °C). Samples were reconstituted in 500 pL UltraPure water
and purified by solid phase extraction. In this respect, Oasis HLB 1 cc
cartridges (#WAT094225; Waters, Etten-Leur, The Netherlands) were
activated by loading and running 1 mL methanol (#0013684101BS;
Biosolve, Valkenswaard, The Netherlands) succeeded by 1 mL 10 mM
nonafluoropentanoic acid (NFPA) (#396575; Merck Life Sciences,
Darmstadt, Germany) in Ultrapure water, before loading the samples.
Thereafter, the columns were washed with 1 mL 10 mM NFPA/MeOH
(95:5, v/v) and analytes were eluted by running 1 mL 10 mM NFPA/
MeOH (1:1, v/v). These eluents were dried in MS vials with a vacuum
concentrator set at 4.5 mbar (2 h, 30 °C) and reconstituted in 200uL
ultrapure  water/acetonitrile  (#0001204101BS; Biosolve, Val-
kenswaard, The Netherlands) (1:1, v/v) containing an internal standard
mixture (0.5 ppm) consisting of r-Lysine-4,4,5,5-d4 hydrochloride
(#616192; Merck Life Sciences, Darmstadt, Germany), CML-d4
(#HAA2952; Iris Biotech, Marktredwitz, Germany), CEL-d4
(#HAA2941; Iris Biotech, Marktredwitz, Germany), and Furosine-d4
(#HAA2961; Iris Biotech, Marktredwitz, Germany). The calibration
curve for the analysis was a 12-point 3-times serial dilution (2 ppm-11.3
ppt) of i-Lysine hydrochloride (#4400-M; Merck Life Sciences, Darm-
stadt, Germany), CML (#HAA2950; Iris Biotech, Marktredwitz, Ger-
many), CEL (#HAA2940; Iris Biotech, Marktredwitz, Germany), and
Furosine (#HAA2960; Iris Biotech, Marktredwitz, Germany) in ultra-
pure water/acetonitrile (1:1, v/v) containing the abovementioned in-
ternal standard mixture (0.5 ppm). All samples and calibration solutions
were stored at —20 °C for maximal one week before LC-MS/MS analysis.
Sample analysis was carried with a Nexera UPLC system (Shimadzu
Corporation, Kyoto, Japan) coupled with a LCMS-8050 triple quadru-
pole mass spectrometer (Shimadzu Corporation, Kyoto, Japan). The
UPLC unit consisted of a SIL-30AC autosampler, a LC-20ADXR solvent
delivery module, DGU-20ASR degassing unit, a CTO-20AC column oven
and a FCV-20AH2 valve unit. The samples (5 pL) were injected on a
Kinetex HILIC 2.6 pm, 2.1 mm x 100 mm (Phenomenex B.V., Torrance,
CA, USA). The flow rate was set at 0.4 mL/min and the column tem-
perature at 30 °C. The mobile phases consisted of 0.1 % formic acid
(solvent A), acetonitrile with 0.1 % formic acid (solvent B) and 50
mmol/L. ammonium formate (solvent C) with the following elution
profile (t in [min]/[%B]/[%C]): (0/80/10), (0.8/80/10), (3.5/40/10),
(6.5/40/10), (8.0/80/10) and (10.0/80/10). MS data was collected for
10 min. Positive ionization mode was used for all MS analyses. The
voltage of the turbo ion-spray ionization was 4.0 kV. The temperature of
the electrospray ionization probe, desolvation line, and heat block were
set at 300 °C, 250 °C, and 400 °C, respectively. The pressure of the
collision-induced dissociation gas was 4 kPa whereas the flow rates of
the drying gas, nebulizer gas, and heating gas were set at 10 mL/min, 3
mL/min, and 10 mL/min, respectively. The electrode voltage of Q1 pre
bias (collision cell energy entrance potential), collision cell Q2 (collision
energy), Q3 pre bias (collision cell energy exit potential), parent and
fragment ion m/z of the multiple reaction monitoring transitions were
optimized using the support software (LabSolutions, Shimadzu Corpo-
ration, Kyoto, Japan). For single reaction monitoring (SRM), the dwell
time was set at 32 msec and the most abundant fragment ion was
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selected for quantitation. The second and third fragments in ion yield
were selected as structural confirmation based on the optimized SRM
transition (Supplementary Table 2).

Analytical data was processed with LabSolutions software (Shimadzu
Corporation, Kyoto, Japan). For all samples and calibration solutions,
the integrated peak area of each analyte was divided by the corre-
sponding integrated peak area of the deuterated standard to correct for
matrix effects. Analyte content in the samples was quantified by inter-
polating these corrected integrated peak area from the calibration curve.
The limit of detection was defined as the concentration corresponding to
the smallest corrected integrated peak area included in the calibration
curve (based on the deviation of the slope), which was 0.3 ppb for all
analytes corresponding to 0.4 ng/mg protein. Analyte contents are
presented as per the amount of protein. As a quality control measure, an
additional native BLG sample was spiked with the internal standards

(0.5 ppm) prior to SPE and recovery values were calculated:

measured concentration-theoretical concentration 100%
theoretical concentration .

was within the acceptable limit of £20 %.

For all analytes, this values

5.7.4. LPS levels by LAL assay

LPS concentrations were determined for the glycated proteins tested
in cell culture experiments, using the Pierce LAL Chromogenic Endo-
toxin Quantitation Kit (A39552; ThermoFisher, Waltham, MA, USA).
The test kit was used according to the manufacturer's instructions. To
ensure a sterile environment devoid of lipopolysaccharides, LPS-free
water, pipette tips, and tubes were employed for the experiment.
Additionally, the spatulas were washed with 1 M NaOH before weighing
any compounds to mitigate the risk of LPS contamination.

5.7.5. Aggregation pattern by SDS page

6ul. of NuPAGE™ LDS sample buffer (#NP0007; ThermoFisher,
Waltham, MA, USA) was added to 1 pg protein and brought to a final
volume of 24 pL with deionized water. This mixture was heated for 10
min at 70 °C and afterwards, samples were loaded on a NuPAGE™ 12 %
BisTris 1.0 mm 10-well Gel (#NP0341, ThermoFisher Scientific, Wal-
tham, MA, USA) (18uL/well; 1.5 pg protein/well). As a reference, 5 pL of
a prestained protein standard (#1610377; Bio-Rad, Hercules, CA, USA)
was loaded. This gel was run with NuPAGE™ MOPS Running Buffer
(#NP0001; ThermoFisher, Waltham, MA, USA) at 120 V in a XCell
SureLock™ Mini-Cell (#EI0001; ThermoFisher Scientific, Waltham,
MA, USA) until, after approximately 90 min, the dye front reached the
bottom of the gel. The gel was washed with deionized water 4 times for
5 min to remove SDS present in the gel before covering the gel with
PageBlue™ Protein Staining Solution (#24620; ThermoFisher Scienti-
fic, Waltham, MA, USA) and staining it for 1 h at RT on a shaker. Then,
the gel was washed with deionized water 2 times for 5 min before
washing it in overnight in deionized water. After overnight washing, gel
was put on a white light conversion screen (#1708289; Bio-Rad, Her-
cules, CA, USA) and picture was taken with ChemiDoc MP machine (Bio-
Rad, Hercules, CA, USA) using the Coomassie Blue staining setting.

5.7.6. sRAGE binding capacity by sRAGE ELISA

A Nunc™ Maxisorp™ 96 well plate (#44-2404; ThermoFisher,
Waltham, MA, USA) was coated with 40 pg/mL glycated soy extract [51]
in 1.5 mM sodium carbonate buffer (6.8 g/L NayCO3 and 11.4 g/L
NaHCOs in UltraPure water, pH 9.6), 80 pL/well, and incubated over-
night at 4 °C in the dark. Next, the plate was washed three times with
0.05 % (v/v) Tween 20-PBS (0.24 g/L KHyPO4, 1.78 g/L NayH-
PO4-2H0, 0.2 g/L KCL, and 8 g/L NaCl in UltraPure Water, pH 7.4),
200 pL/well, and incubated with 3 % BSA-PBS (#BSAV-RO (Fraction V);
Merck Life Sciences, Darmstadt, Germany), 150 pL/well, for 1 h at RT.
Meanwhile, protein samples and amyloid beta 1-42 (A$-42) (#HB9805;
Hello Bio, Dunshaughlin, Ireland) were 2-times serial diluted
(100-3.125 pg/mL) in dilution buffer (1.5 % BSA-PBS with 0.0125 %
Tween 20) with 0.5 pg/mL sRAGE (#RD172116100; BioVendor R&D,
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Brno, Czech Republic) in a 450 pL Nunc™ Polystyrene dilution plate
(200 pL/well final volume) (#267245; ThermoFisher Scientific, Wal-
tham, MA, USA) and incubated for 45 min at 37 °C on a shaker. In
addition to the protein samples, dilution buffer with and without 0.5 pg/
mL sRAGE were included as controls. After incubation, the Maxisorp
plate was washed three times, and samples plus controls from the
dilution plate were added in duplicate to this Maxisorp plate (80 pL/
well). After 1 h incubation at 37 °C on a shaker, the plate was washed
five times before adding 80 pL/well primary RAGE antibody
(#MAB11451; Bio-Techne, Minneapolis, MN, USA) (0.5 pg/mL in dilu-
tion buffer). Plate was incubated for 30 min at RT on a shaker and af-
terwards washed 5 times before adding 80 pL/well Goat Anti-Mouse
antibody-HRP (P0447; Agilent, Santa Clara, CA, USA) (1:1000 in dilu-
tion buffer). Plate was incubated for 30 min at RT on a shaker
and then washed 4 times before adding 80 pL/well TMB solution
(#T4444; Merck Life Sciences, Darmstadt, Germany). After 10 min
incubation at RT in the dark, 100 pL/well 2 M HySO4 was added.
Absorbance was measured at 450 and 540 nm with Spectramax® M2.
For the data analysis, OD values of 540 nm were subtracted from
OD values of 450 nm and these OD values were averaged for each
duplicate. Percentage of Inhibition, as a measure for RAGE binding

affinity, was calculated by applying the following formula:

ODdilution buffer with sSRAGE—(ODsample—ODdilution buffer without SRAGE) 0 P
ODdilution bujfer with sSRAGE 100%. The limit

of quantification was considered 25 %.

5.8. Cell culture experiments

To test the inflammatory properties of glycated proteins, MO mac-
rophages were exposed to a concentration range of 24 h glucose-
glycated BLG (1000, 100, 10, and 1 pg/mL) and glycolaldehyde-
glycated BSA (100, 50, 10, 5, and 1 pg/mL). These preparations were
either produced in-house or purchased, as described in the section
‘Protein Glycation’. Culture medium and 1 ng/mL LPS (#L3137; Merck
Life Sciences, Darmstadt, Germany) served as negative and positive
controls, respectively. When preparations showed a pro-inflammatory
response, the cells were pre-incubated with different concentrations of
FPSZM1 (#6237; Bio-Techne, Minneapolis, MN, USA) (20, 2, 0.2 pM) for
1 h before adding glycated BLG or BSA (resp. 200 and 10 pg/mL). In
addition, glycated BLG and BSA were co-incubated with different con-
centrations of Polymyxin B (PMB) (10, 1, 0.1 pg/mL) (#P4932; Merck
Life Sciences, Darmstadt, Germany). In all cases, after 24 h of exposure,
a WST-1 assay was performed on the cells and the supernatant was
collected and stored at —20 °C for further cytokine analysis.

5.8.1. WST-1 assay

Cell proliferation was determined using a WST-1 assay. Briefly, 110
pL/well WST-1 mixture was added to the cells. This mixture consisted of
WST-1 reagent (#CELLPRO-RO; Merck Life Sciences, Darmstadt, Ger-
many) added to the culture medium (final dilution 1:10). As a positive
control, cells were pre-exposed for 10 s to 10 pL 70 % 2-propanol
(#8167045000; Actu-All Chemicals, Oss, The Netherlands). Cells were
incubated with the mixture for 90 min at 37 °C (5 % CO2 at saturating
humidity), before absorbance was measured at 450 and 540 nm with a
Spectramax® M2 (Molecular Devices, San Jose, CA, USA). For data
analysis, these OD values at 450 nm were corrected for those at 540 nm.
Corrected OD values of duplicate measurements were averaged and
expressed as percentage of the negative control (culture medium).

5.8.2. Cytokine ELISA

IL-8, IL-6 and TNF-a levels were quantified with Human Duoset
ELISA kits (resp. #DY208, #DY206 and #DY210; Bio-Techne, Minne-
apolis, MN, USA). Manufacturer protocol was followed, however TMB
substrate, supersensitive, for ELISA (#T4444; Merck Life Sciences,
Darmstadt, Germany) was used as substrate solution. Absorbance was
measured at 450 nm and 540 nm using a Spectramax® M2. For data



F.A.C. Jansen et al.

analysis, the OD values (450-540 nm) of technical duplicates were
averaged and corrected for the blank. Sample concentrations were
determined by interpolating these OD values against the standard curve
by GraphPad Prism 9 (GraphPad Software, La Jolla, CA) and correcting
them for the dilution factor. For samples with an average OD value
below the LLOQ, the concentration was considered zero.

5.8.3. Statistics

All cell culture experiments were repeated at least 3 times (n = 3).
Results are stated as mean + SD from these independent experiments,
unless stated otherwise. One-way analysis of variance (ANOVA) fol-
lowed by Tukey's multiple comparison test was used for statistical
analysis in IBM SPSS statistics 25 (SPSS Inc., Chicago, IL, USA). A p-
value of <0.05 was considered statistically significant. All graphs were
created using GraphPad Prism 9 (GraphPad Software, La Jolla, CA).
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