
370

Research Article

Ne-carboxymethyllysine-modified proteins are
unable to bind to RAGE and activate an inflammatory
response
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Advanced glycation endproducts (AGEs) containing carboxymethyllysine (CML) modifications are
generally thought to be ligands of the receptor for AGEs, RAGEs. It has been argued that this results
in the activation of pro-inflammatory pathways and diseases. However, it has not been shown conclu-
sively that a CML-modified protein can interact directly with RAGE. Here, we have analyzed whether
beta-lactoglobulin (bLG) or human serum albumin (HSA) modified chemically to contain only CML
(10–40% lysine modification) can (i) interact with RAGE in vitro and (ii) interact with and activate
RAGE in lung epithelial cells. Our results show that CML-modified bLG or HSA are unable to bind
to RAGE in a cell-free assay system (Biacore). Furthermore, they are unable to activate pro-inflam-
matory signaling in the cellular system. Thus, CML probably does not form the necessary structure(s)
to interact with RAGE and activate an inflammatory signaling cascade in RAGE-expressing cells.
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1 Introduction

Advanced glycation endproducts (AGEs) are covalent pro-
tein modifications generated primarily by the Maillard
reaction. The Maillard reaction refers to the condensation
reaction of a reducing sugar with the epsilon amino group
of lysine residues. After a re-arrangement, this results in the
formation of the Amadori product. Upon further incubation
or heating, Amadori products can fragment to form reactive
dicarbonyl intermediates that react further to ultimately
form AGEs [1, 2]. Because reactive dicarbonyls can also be
formed by other reactions such as during glycolysis [3],
lipid peroxidation [4] or ascorbate oxidation [5], certain
AGEs are not exclusively formed via the Maillard reaction.
For protein modifications generated from reactive aldehyde
intermediates of lipid peroxidation the term advanced lip-

oxidation endproducts (ALEs) is being used. Furthermore,
AGE/ALE formation is favored in the presence of free radi-
cals or redox-active metals ions, resulting in higher AGE/
ALE levels under conditions of oxidative stress. Both
AGEs and ALEs are formed endogenously but can also be
absorbed from heated food.

Ne-carboxymethyllysine (CML) is often considered the
major AGE because it can be found at relatively high levels
both in vivo and in food products. However, CML is a good
example of a modification generated by multiple pathways
including lipid peroxidation [4, 6] and is, thus, not exclu-
sively representative of the Maillard reaction. Several pub-
lications report on the simultaneous presence of both CML
and the lipid peroxidation adducts 4-hydroxynonenal
(HNE) and malondialdehyde (MDA) at sites of inflamma-
tion [7, 8]. Furthermore, Figarola et al. [9] reported that
streptozotocin (STZ)-induced diabetic rats treated with
either of two anti-AGE/ALE drugs (LR-7, LR-74) showed
reduced albuminuria, hyperlipidemia, lipid peroxidation
and CML levels but this was not associated with an effect
on hyperglycemia measured as plasma glucose and HbA1C.
These results suggest that these drugs can reduce lipid per-
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oxidation, resulting in the reduction of CML levels but not
in the reduction of hyperglycemia or the glycation product
of hemoglobin. Thus, effects on hyperglycemia (HbA1C)
can be separated from effects on hyperlipidemia/lipid per-
oxidation and CML appears to be associated with lipid per-
oxidation/hyperlipidemia rather than with hyperglycemia.
In addition to endogenous formation, Goldberg et al. [10].
and others showed that CML is also present in heat-proc-
essed food. In this study, CML was determined in 250 food
items by an indirect ELISA method. If CML was generated
by the Maillard reaction, one could expect that CML would
correlate with the sugar content of the food. However, a
closer analysis of the Goldberg data [10] correlating the
CML content with the food content of sugar and fat of some
of the food items shows that CML levels do not correlate
with the sugar but rather with the fat content (Fig. 1). Thus,
this suggests that also in food, CML is more closely associ-
ated with fat content and probably lipid peroxidation upon
heating than with the Maillard reaction.

There are few data on CML absorption from food. A
study by Bergmann et al. [11] showed that intravenous
administration of a [18F]fluorobenzoyl derivative of CML to
rats resulted in a rapid and complete renal elimination of
circulating CML. On the other hand, in a feeding study in
healthy rats Ahmed et al. [12] could only recover 2% of a
single CML dose in the 24-h urine. In contrast, a recent
study by Somoza et al. [13] reported a recovery of up to
29% CML in urine in rats fed a CML-enriched diet for
10 days. The high CML diet containing almost 10 g CML/
kg diet resulted in an exposure of approximately 350 mg
CML/kg body weight (bw)/day. In these experiments, 51%
of the ingested CML were recovered of which 29% in urine
and 22% in feces, the rest of the ingested CML was unac-
counted for. The exposure to CML for 10 days may have
resulted in a certain accumulation thus overall increasing
the CML portion excreted in urine.

In her thesis work, Foerster [14] analyzed the recovery of
CML in urine of human volunteers after a 1-week washout

period on a low-AGE diet and after intake of a single food
with high CML content (Pretzel sticks). The washout of
Maillard reaction products (MRP) resulted in a clear
decrease in the Amadori product fructosyllysine, as well as
the AGE pyrraline and pentosidine [15, 16]. However, uri-
nary CML levels did not decrease significantly during this
washout period [14]. The intake of Pretzel sticks containing
high levels of CML and pyrraline increased urinary pyrra-
line excretion but did not significantly modulate urinary
CML excretion. A recent study by Dittrich et al. [17] in
newborn babies fed either low-CML breast milk or high-
CML infant formulas showed that the urinary CML excre-
tion was not influenced by the amount of CML ingested.
From these studies, it appears that CML is not well
absorbed in humans.

Additional support for limited CML bioavailability in
humans come from a study of the trans-epithelial flux of
Maillard reaction products in Caco-2 intestinal epithelial
cell monolayers [18]. These studies showed that CML is not
actively transported across the epithelial monolayer.

Together, these data suggest that, at least in humans, uri-
nary CML excretion does not appear to be much influenced
by dietary CML levels. It remains currently unknown
whether this is due to CML not being well absorbed, it being
metabolized, or whether it is “masked” by high endogenous
CML levels.

Although CML is chemically quite inert it has been sug-
gested that CML modified proteins may interact with
RAGE (receptor for AGE) resulting in the activation of
inflammatory responses [19].

Tests for cellular activation via RAGE generally employ
glycated model proteins – in most cases albumin – gener-
ated by incubation with reducing sugars for several weeks
at 378C in a phosphate buffer. This results in multiple mod-
ifications of lysine and arginine residues, among which also
CML. As a result, the effects observed by such a protein
containing multiple modifications cannot necessarily be
directly linked to the presence of CML in the protein since
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Figure 1. Correlation of CML content with sugar (A) and fat (B) content of 104 food items. CML data are from [10], the food sugar
and fat content are from the Food and Nutrient Database for Dietary Studies 1.0 (http://www.ars.usda.gov/Services/docs.htm?do-
cid=7783).
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other modifications could also contribute to the RAGE
binding properties.

Therefore, the aim of the present study was to generate
model proteins that are exclusively modified to CML in
order to investigate their binding to RAGE as well as their
ability to activate a cellular inflammatory response in cul-
tured cells.

2 Materials and methods

2.1 Chemicals

Glyoxylic acid, lysine, b-lactoglobulin, HSA and
NaBH3CN were purchased from Sigma-Aldrich (Buchs,
Switzerland). The 13C6,15N2-lysine (98% atom 13C and 96–
99% atom 15N) was obtained from Cambridge Isotope Lab-
oratories (Innerberg, Switzerland). CML and 13C-labeled
CML (13C2-CML) were prepared as reported elsewhere [20]
using either glyoxylic acid or 1,2-13C2-glyoxylic acid
(A99% atom 13C) as starting material. All other reagents
were from various commercial sources. S100B was pre-
pared as described [21].

2.2 Generation of glycated proteins

The CML modified proteins were generated as described
elsewhere [22]. Briefly, 500 mg of b-lactoglobulin (bLG) or
HSA were dissolved in 150 mM phosphate buffer pH 7.4
containing 25 mM glyoxylic acid and 75 mM NaBH3CN in a
total volume of 17.4 mL. After sterile filtration this mixtures
were incubated at 508C for 48 h. The reaction mixtures were
diafiltrated (Labscale TFF System, Millipore, Zug, Switzer-
land) against 150 mM phosphate buffer pH 7.4 to remove
unreacted glyoxylic acid and NaBH3CN. Proteins incubated
in 150 mM phosphate buffer pH 7.4 for 48 h at 508C but
without glyoxylic acid and NaBH3CN served as control.
After dialysis, endotoxin was removed using Triton X-114 as
described [23, 24]. The final preparations were devoid of
endotoxin as tested with the limulus amoebocyte lysate
(LAL) pyrogen test (Cambrex, BioConcept, Switzerland).

2.3 Generation of b-amyloid preparations

One milligram human b-amyloid (aa 1–40, Bachem,
Bubendorf, Switzerland) was mixed in 1 mL PBS (Sigma-
Aldrich, Buchs, Switzerland), sonicated and sterile filtered.
The solution was incubated under stirring for 24 h at 378C.
A concentration of 10 lM was used for cell assays. The b-
amyloid was tested negative for endotoxin.

2.4 Determination of lysine and CML content by
LC-MS/MS

After a 4-h incubation in the presence of sodium borohy-
dride protein samples (500 lg) were hydrolyzed with 6 N

HCl (1108C, 24 h) as described by Drusch et al. [25].
Hydrolysates were supplemented with 13C2-CML and
13C6,15N2-lysine prior to purification by SPE with Oasis
HLB 200 mg cartridges provided by Waters (Milford, MA,
USA). Both lysine and CML were simultaneously deter-
mined by isotope dilution LC-MS/MS. The HPLC system
consisted of an Agilent 1100 series (Agilent Technologies,
Waldbronn, Germany) coupled to the TSQ Quantum mass
spectrometer from ThermoFinnigan (San Jose, CA, USA).
The column was an Atlantis dC18, 3 lm, 2.16150 mm
from Waters and the flow rate was set at 200 lL/min. The
separation of lysine and CML was achieved with the follow-
ing gradient using nonafluoropentanoic acid 5 mM in water
as solvent A and nonafluoropentanoic acid 5 mM in ACN
in solvent B: from 0 to 15 min: linear gradient from 85/15
(A/B, v/v) to 15/85 (A/B); from 15 to 20 min: 15/85 (A/B);
from 21 min on: back to 85/15 (A/B). With such conditions,
typical retention times were 9.9 min for lysine and 7.1 min
for CML. The detection was carried out by positive ESI and
the source parameters were selected as follows: spray volt-
age: 4.5 kV; capillary temperature: 3008C; collision pres-
sure: 1.2 mTorr. The data acquisition was performed with a
scan time at 40 ms. The chromatographic profile was
recorded in the selected reaction monitoring mode, and two
characteristic transitions were monitored per compound in
order to improve the selectivity. Transitions were: lysine:
quantifier: m/z 147 fi 84 (collision energy at 15 eV); quali-
fier: m/z 147 fi 130 (collision energy at 13 eV); 13C6,15N2-
lysine: quantifier: m/z 155 fi 90; qualifier: m/z 155 fi
137; CML: quantifier: m/z 205 fi 84 (collision energy at
22 eV); qualifier: m/z 205 fi 130 (collision energy at
13 eV); 13C2-CML: quantifier: m/z 207 fi 84; qualifier: m/z
207 fi 130.

2.5 Purification of GST-sRAGE

The vector pHGST.2T vector containing the extracellular
domain of human RAGE, sRAGE, was kindly provided by
Sylvian Meloche (University of Montreal, Canada). Trans-
formed Escherichia coli BL21(De3) cells were grown to
OD = 1 and induced with 1 mM isopropyl b-D-1-thiogalac-
topyranoside (Eurogentec, Geneva, Switzerland). After
overnight incubation at 308C, the bacterial cells were har-
vested and resuspended in PBS containing protease inhibi-
tors (complete protease inhibitor cocktail, Roche Diagnos-
tics, Basel, Switzerland). The bacterial cells were sonicated
and the cytoplasmic extract was collected by centrifugation
for 30 min at 200006g. The cytoplasmic extract was
loaded onto a glutathione Sepharose 4B column (Amer-
sham Biosciences Europe, Otelfingen, Switzerland) previ-
ously equilibrated with PBS. After washing with 10 column
volumes, the GST-sRAGE was eluted with 10 mM gluta-
thione (Sigma-Aldrich, Buchs, Switzerland). The protein
concentration of the eluted protein was determined using
the Bradford assay (Bio-Rad, Reinach, Switzerland).
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2.6 Immobilization of GST antibody on the CM5
sensor chips and test of control and CML
proteins

Antibody against GST (Biacore, Uppsala, Sweden) was
immobilized to CM5 sensor chip according to the previ-
ously described procedures [26]. Following immobilization
of the antibody, binding of recombinant GST (Biacore) was
tested to the surface as positive control. Through all the
experiments, the flow rate was set-up at 50 lL/min. GST-
sRAGE (75 lg/mL) was first injected over the flow cell to
be captured by the GST antibody, resulting in an increase of
about 1000 RU. The bound GST-sRAGE was then stable for
over 20 min because of the slow dissociation of GST from
the antibody. LPS-free, recombinant human S100B was
purified as described [21]. Between each injection, the sur-
face was regenerated using glycine buffer (pH 2.2) to disso-
ciate both the compound and GST-RAGE from the anti-
body. Recombinant human S100B (10 lM) diluted in Tris-
buffered saline containing 5 mM CaCl2 was used as positive
control. The glycated and control proteins were injected
over the flow cells at 10 lM each. The Biacore affinity
measurements for S100B were performed using a set of five
twofold dilutions (5 lM, 2.5 lM, 1.25 lM, 0.625 lM,
0.312 lM).

2.7 Cell culture and treatments

The human lung epithelial cell line Beas2b (ATCC CRL-
9609, LGC Promochem, Molsheim, France) was cultured

in bronchial epithelial growth medium (BEGM, Cambrex
– BioConcept, Allschwil, Switzerland) on pre-coated
IWAKI plates (Milian, Plan-les-Ouates, Switzerland).
When cells were 80–90% confluent they were incubated
for 6 h with 10 lM CML modified b-lactoglobulin, non-
glycated b-lactoglobulin in BEBM medium or medium
without any additions as controls. Cells were then rinsed
twice with ice-cold PBS scratched off the plates and col-
lected in PBS. The collected cells were centrifuged 5 min at
5006g at 48C and the dry pellets were frozen at –808C for
later RNA isolation.

2.8 Determination of RNA expression

For real-time PCR, RNA was isolated from a pool of two
wells of a 6-well plate using the Trizol method (Invitrogen,
Basel, Switzerland). One microgram of total RNA was
reverse-transcribed into cDNA using random hexamers and
Multiscribe RT according to the manufacturer's protocol
(Applied Biosystems, Rotkreuz, Switzerland). For each sam-
ple, 100 ng of cDNAwere used for real-time PCR employing
Applied Biosystems Low-Density Arrays (LDA) pre-con-
figured with the primers and probe sets listed in Table 1 or
using pre-made primer-probe sets for individual genes. Real-
time PCR was performed using an ABI Prism 7900HT
Sequence Detection System (Applied Biosystems) and ana-
lyzed with the SDS software package version 2.1 (Applied
Biosystems). The mRNA expression for each target gene
was normalized to the mRNA expression of glyceraldehyde-
3 phosphate dehydrogenase (GAPDH).
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Table 1. Genes on low-density arrays

Gene symbol Gene name Assay ID

18S 18S ribosomal RNA 4342379-18S
ActB b-Actin Hs99999903_m1
AGTR-1 Angiotensin II receptor, type 1 Hs00241341_m1
AKR1B1 Aldo-keto reductase family 1, member B1 Hs00739326_m1
CD62L/SELE E selectin Hs00174057_m1
COX-2/PTGS2 Cyclo-oxygenase 2 Hs00153133_m1
CXCL1/GROa Chemokine (C-X-C motif) ligand 1 Hs00236937_m1
eNOS Nitric oxide synthase 3 (endothelial) Hs00167166_m1
GAPDH Glyceraldehyde-3-phosphate dehydrogenase Hs99999905_m1
cGCS c-Glutamylcysteine ligase Hs00155249_m1
GST-P1 Glutathione S-transferase P1 Hs00168310_m1
HO-1 Heme oxygenase 1 Hs00157965_m1
Hsp70 70kDa Heat shock protein 4 Hs00382884_m1
IL6 Interleukin 6 Hs00174131_m1
IL8 Interleukin 8 Hs00174103_m1
MCP-1/CCL2 Macrophage chemoattractant protein 1 Hs00234140_m1
RAGE Receptor for AGE Hs00153957_m1
SOCS-1 Suppressor of cytokine signaling 1 Hs00705164_s1
SOCS-3 Suppressor of cytokine signaling 3 Hs00269575_s1
SOD2 Mn-superoxide dismutase (mitochondrial) Hs00167309_m1
TGFß1 Transforming growth factor beta 1 Hs00171257_m1
TNFa Tumor necrosis factor alpha Hs00174128_m1
VCAM-1 Vascular cell adhesion molecule 1 Hs00365486_m1
VEGF Vascular endothelial growth factor Hs00173626_m1



T. M. Buetler et al. Mol. Nutr. Food Res. 2008, 52, 370 –378

2.9 Statistical analysis

Data were analyzed using the GraphPad Prism software (v
4.03, GraphPad Software, San Diego, USA). Statistical
analyses included one-way ANOVA followed by Bonferroni
post-tests or t-tests to compare two sets of treatment. Values
are considered significant at p a 0.05.

3 Results

Glycation of bLG or HSA with glyoxylic acid in the pres-
ence of NaBH3CN resulted in a lysine to CML modification
of between 15 and 40% (Fig. 2) as determined by isotope
dilution LC-MS/MS. HSA was slightly more modified
probably because of the relative greater number of lysine
residues in this molecule compared to bLG. Figure 2B
shows the average composition of the bLG model proteins.
The loss in lysine residues in the modified proteins can be
accounted for by the appearance of CML. Thus, under these
conditions lysine is modified exclusively to CML as no
other lysine modifications were detected (e.g. fructosylly-
sine and pyrraline, data not shown).

Unlike preparations incubated in the presence of lactose
or glucose (not shown) these preparation were colorless and
did not show significantly altered absorbance or fluores-
cence compared to control incubated bLG or HSA
(Figs. 3A and B). SDS-PAGE analysis revealed that the
CML modified bLG and HSA did not show a significant
shift in molecular weight of the major bands at about 20 and
66 kDa, respectively (Fig. 4). The addition of 5 mol CML/
mol bLG (30% lysine modification) will increase the
molecular weight by 730, probably too little to be detected
on SDS-PAGE. Together, these data show that the incuba-
tion of bLG or HSA with glyoxylic acid and NaBH3CN

resulted in proteins in which CML was by far the predomi-
nant lysine modification.

Figure 5 shows representative binding curves for the
RAGE binding of two CML-glycated bLG protein prepara-
tions compared to S100B and unglycated bLG using the
Biacore technique. Injection of 10 lM S100B over the sen-
sor chip resulted in the binding of the calcium binding pro-
tein to antibody-captured GST-RAGE as seen on the sensor-
gram (short dashed line, Fig. 5). For compounds that show
binding at 10 lM (e.g. S100B), measurements were per-
formed using dilutions from 0.3125 to 5.0 lM to determine
the binding affinity. It should be noted that this was done in
a buffer containing 5 mM CaCl2 in order to enhance dimeri-
zation of the S100B proteins. No binding was detected
when 10 lM unglycated bLG (solid back line, Fig. 5), or
two independent preparations of CML-modified bLG
(10 lM, long dashed lines, Fig. 5) were injected onto the
surface. Because no binding was observed concentrations
lower than 10 lM were not tested. The positive control
S100B, an endogenous RAGE ligand, bound to RAGE with
a dissociation constant of approximately 0.50 lM while the
unglycated bLG or HSA as well as the CML-modified bLG
or HSA did not bind to RAGE. In total, four different con-
trol bLG and three different bLG-CML preparations as well
as two preparations each of control and CML HSA were
tested and none showed any RAGE binding. These results
demonstrate that a CML modified protein does not possess
the correct tertiary structure or modification to make it a
RAGE ligand under these experimental conditions.

Because CML-bLG or CML-HSA binding to RAGE
using the Biacore system did not show any binding affinity
for RAGE, it can be assumed that these CML-modified pro-
teins would not show any cellular activation by RAGE in a
cell culture system of cells expressing RAGE. The expres-
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Figure 2. (A) Compositional analysis of CML-modified bLG and HSA. The composition of lysine and CML was determined by LC-
MS/MS after acid hydrolysis. In total, three different CML-bLG and two different CML-HSA preparations were generated and tested
together with four different control bLG and two different control HSA preparations. The data are shown as the means and SEM of
independent glycation reactions done under identical conditions. (B) The balance of total lysine and CML in four control and two
CML-modified bLG preparations. The left axis shows the amount of each amino acid in mg/g protein, the left axis the% modification.
Error bars show the SEM, downward for lysine, upward fro CML.
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sion of pro-inflammatory marker mRNA was analyzed by
Taq-Man real-time quantitative PCR (Fig. 6) in the lung
epithelial cell line BEAS-2b that was verified to express
RAGE (data not shown). A low-density array containing
the 21 genes listed in Table 1 as well as individual primer/
probe sets for IL6, IL8 and TNFa was used. Figure 6 shows
that both TNFa and the RAGE ligand b-amyloid [27] con-
sistently induced the expression of IL6, IL8 and TNFa. Of
note is the observation that the induction of gene expression

by b-amyloid was much lower than by TNFa. The expres-
sion analysis of the low-density arrays showed that, in addi-
tion to these three inflammatory markers, GROa, VCAM-1
and SOD2 were also consistently induced by TNFa and b-
amyloid (not shown). The combined data show that the
BEAS-2b cells reacted to pro-inflammatory simulation
induced by either TNFa or the RAGE ligand b-amyloid.

As expected, unglycated bLG was not able to stimulate
the expression of any of the genes analyzed (Fig. 6). Our
results show that also the CML-modified bLG was unable
to induce the expression of inflammatory genes. This is in
agreement with the Biacore data and underlines the fact
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Figure 3. Absorbance and fluorescence of CML-modified bLG and HSA. Absorbance (A) was determined at 340 nm, fluorescence
(B) at kex = 340/kem = 430. The data shown are the means and SD of several independent glycation reactions done under identical
conditions (ten CML control, four bLG-CML, six HSA control and two HSA-CML). ns Indicates that no statistically significant differ-
ences between the control and CML preparations were observed. Values represent means and SD.

Figure 4. SDS-PAGE analysis of different bLG and HSA con-
trol and glycation reactions. One control HSA preparation is
not shown.

Figure 5. Binding curves of S100B and glycated bLG proteins
to RAGE using the Biacore technique. Injection of 10 lM
S100B over the sensor chip resulted in the binding of the cal-
cium binding protein to antibody-captured GST-RAGE as seen
on the sensorgram (point-dash-point line). No binding was
detected when 10 lM unglycated bLG (solid black line), or two
different preparations of CML-modified bLG (long and short
dashed lines) were injected. This figure is representative of at
least three independent experiments.
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that CML-bLG is unable to interact with RAGE to induce
cell activation under our experimental conditions. These
data further show that the CML-modified bLG is not able to
activate other potential receptors involved in inflammation
that may be expression in BEAS-2b cells.

Thus, in contrast to the consensus that CML is a RAGE
ligand, our data demonstrate that CML-containing bLG or
HSA are not able to bind to RAGE. CML-modified bLG
also cannot activate a RAGE-signaling cascade. Prelimi-
nary tests in the human retinal epithelial cell line ARPE-19
also did not show any cellular activation by the CML-modi-
fied bLG preparations.

4 Discussion

In the present work, we demonstrate that two model pro-
teins (bLG and HSA) that were chemically modified to con-
tain between 15 and 40% CML (and no other lysine modifi-
cation based on lysine and CML quantification) were
unable to bind to RAGE. The use of glyoxylic acid in the
presence of NaCNBH3 for the glycation reaction of lysine
residues in proteins results in an almost exclusive formation
of CML as shown earlier [20].

CML-modified bLG was also unable to activate RAGE-
mediated cell signaling pathways in the human lung epithe-
lial cell line Beas2B. This is in contrast to several reports
[19, 28] that claim CML to be a major RAGE ligand. How-
ever, our data are in agreement with data published by
Valencia et al. [22, 29], Ballinger et al. [30], Lieuw-a-Fa et
al. [31] and Wilton et al. [32]. Valencia et al. showed that
CML-modified BSA was not able to compete for cellular
binding of [125I]ribose-BSA [29] while binding was com-
peted for by ribose-, fructose- or glucose-BSAwith decreas-
ing efficiency. In addition, they demonstrated that even
though some AGE-modified protein preparations were able
to bind to cells, apparently via RAGE, this was not suffi-
cient to stimulate inflammatory signaling as monitored by
TNFa secretion or VCAM-1 expression on human micro-
vascular endothelial cells (HMEC-4). The positive control
for these experiments was the endogenous RAGE ligand
S100B [33–35].

Ballinger et al. [30] showed that vascular smooth muscle
cells could not be stimulated by CML-modified BSA or
AGE-BSA at concentrations ranging from 1 to 100 lg/mL
as determined by a stimulation of glucose consumption or
35S-methionine/cysteine incorporation into newly synthe-
sized proteins. Because these authors concluded that RAGE
expression on these cells was probably too low to elicit any
response these data cannot be taken as proof that CML does
not bind to RAGE.

Lieuw-a-Fa et al. [31] showed that neither [125I]CML-,
nor [125I]methylglyoxal-modified HSA were able to bind to
endothelial cells. Lastly, also using the Biacore technique
Wilton et al. [32] showed that RAGE expressed in E. coli
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Figure 6. Induction of IL6, IL8 and TNFa mRNA expression in
BEAS-2b lung epithelial cells. Cells were treated when conflu-
ent in medium containing 5% FBS for 6 h. TNFa (1 ng/mL)
served as positive control for activation of inflammatory gene
expression, b-amyloid preparations (10 lM) as positive control
for RAGE activation. Messenger RNA expression was normal-
ized to GAPDH expression. Cells were treated with 10 lM
unmodified or modified bLG. The data are shown as the
means and SEM of at least six independent analyses. The
asterisks indicate that values are significantly different from
control at p a 0.05.
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was unable to bind to native or CML-glycated BSA immo-
bilized on the sensor chip while it did bind to immobilized
AGE-modified BSA generated by incubation with ribose.
Together, these data support our finding that CML-modi-
fied proteins are unable to bind to RAGE.

How can the discrepancy between the results presented
here and cited above be reconciled with the mass of litera-
ture claiming CML to be a RAGE ligand? The simplest
explanation is that for most studies investigating AGE-
RAGE interactions heated protein-sugar mixes were
employed that resulted in multiple modifications. These
were in general not characterized apart from isolated analy-
ses for CML content. Under the experimental conditions
used (incubation in phosphate buffer at 378C for several
weeks) many protein modifications/glycations take place,
one of which is the formation of CML. While these prepara-
tions were able to bind to RAGE, this may not have been
due to the presence of CML on the protein but rather to
other structures generated during protein glycation that
facilitated RAGE binding. This contention is supported by
our unpublished observations as well as the work of Valen-
cia et al. [29] and Wilton et al. [32] showing that ribose,
glucose or glycolaldehyde modified proteins were able to
bind to RAGE but not CML-modified proteins.

As discussed in Wilton et al. [32], it could be argued that
CML-modified proteins do not bind to RAGE because
RAGE was expressed in bacteria and may lack the neces-
sary post-translational modifications/glycosylations neces-
sary for this interaction. However, this is unlikely because
studies with the RAGE ligand S100B have shown that it
binds to RAGE independently of the glycosylation state of
RAGE [36]. Furthermore, the data of Valencia et al. [29]
show that other AGE modifications such as induced by
ribose or glycolaldehyde do bind to RAGE. Our preliminary
data also show that other protein modifications, such as
those induced by glycolaldehyde or other dicarbonyls, will
form structures capable of RAGE binding (unpublished
observations). The fact that we and Valencia et al. [29] did
not find any cellular activation by CML-modified proteins
can be interpreted that such modified proteins are unable to
bind to RAGE in its glycosylated form present on mamma-
lian cells. They further suggest that CML-modified proteins
are also unable to stimulate other potential signaling path-
ways that could lead to inflammatory protein expression.

In summary, our data show that proteins modified to pri-
marily contain CML (modification of up to 40% of lysine
residues) are not RAGE ligands. The results of earlier stud-
ies claiming CML to be RAGE ligands [19] may be
explained by the fact that protein modifications generated
with reducing sugars after an extended incubation at 378C
will result in other modifications that may be the true
ligands for RAGE. Because CML is not a selective AGE
marker and appears to be unable to bind to and activate
RAGE, the currently available data based on CML analyses
may need to be carefully reassessed in light of these facts.

The authors have declared no conflict of interest.
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