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Dietary AGEs and ALEs and risk to human health by
their interaction with the receptor for advanced
glycation endproducts (RAGE) — an introduction
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The receptor for advanced glycation endproducts (RAGE) has a well-substantiated role in cell dys-
function and mechanisms of inflammatory disease. The physiological agonists of RAGE are less cer-
tain: S100/calgranulin proteins, high mobility group-1 protein HMGBI1 and other proteins are candi-
date agonists. It increasingly appears unlikely proteins modified by advanced glycation endproducts
are effective agonists in vivo. In the following debate, Professors Ann Marie Schmidt and Claus Heiz-
mann gave arguments and evidences for and against the motion. Recent evidence suggesting the acti-
vation of RAGE impairs the enzymatic defence against glycation provided by glyoxalase 1 (Glo 1)
suggests that studies of RAGE will continue to be of importance to our understanding of the physio-

logical significance of protein glycation.
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This article provides an introduction to “Dietary AGEs and ALEs interact with RAGE”.

“ Pro arguments: http://dx.doi.org/10.1002/mnfr.200700008

Contra arguments: http://dx.doi.org/10.1002/mnfr.200600284

The observation of vascular cell activation and dysfunc-
tion following the exposure of cultured cells to proteins
highly modified by advanced glycation endproducts
(AGES) led to the hypothesis of cell surface receptors that
bind specifically AGE-modified proteins or AGE receptors
— reviewed in ref. [1] The receptor for advanced glycation
endproducts (RAGE) is one such receptor and has a well-
substantiated role in vascular cell dysfunction [2-5].
RAGE was isolated initially from endothelial cells of
bovine lung by Stern and coworkers [6]. Human microvas-
cular pericytes, endothelial cells and other cells express
splice variants of RAGE: N-terminal truncated, C-terminal
truncated and full length forms; only the latter two bound
AGE-modified protein [3]. The endogenous secreted C-ter-
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minal truncated RAGE, called endogenous secreted RAGE
(esRAGE), lacks the cytoplasmic and transmembrane
domains of RAGE and is expressed in several human tis-
sues [7]. Recombinant DNA techniques were used to pro-
duce a similar C-terminal truncated RAGE called soluble
RAGE (sRAGE) [8]. esRAGE and sRAGE act as decoy
receptors for RAGE ligands endogenously and experimen-
tally, respectively, and thereby influence RAGE-ligand
interactions and signalling [7, 8].

RAGE transgenic and knockout mice have provided
functional genomic models to identify the roles of RAGE in
several disease states — particularly where an inflammatory
mechanism is involved: diabetic complications [9—11],
atherosclerosis [12], sepsis [13] and hemorrhagic shock
[14]. For example, the RAGE transgenic mice with high
expression of full length RAGE were susceptible to the
development of diabetic nephropathy [9] and diabetic
homozygous RAGE null mice were resistant to the develop-
ment of diabetic nephropathy [10]. These observations con-
firm a role for RAGE in the development of diabetic nephr-
opathy. The wealth of evidence linking RAGE to mecha-
nisms of disease was presented in the debate by Dr. Ann
Marie Schmidt. The ligand activating RAGE in the devel-
opment of vascular complications and other disease states
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is less certain: it may be S100/calgranulin proteins, high
mobility group-1 protein HMGB1 (amphoterin) or other
proteins. It increasingly appears unlikely to be proteins
modified by AGEs.

AGE-modified proteins are thought to be ligands for
RAGE [3, 6]. Many studies of cell activation by RAGE
have employed albumin highly modified by AGEs and
advanced lipoxidation end products (ALEs) (30—40 modi-
fied groups per protein). Proteins modified so highly by
AGEs are rarely found in tissues and body fluids in vivo but
they are found in thermally processed foods. Proteins of tis-
sues and body fluids contain proteins modified minimally
by AGEs and ALEs — they have only one AGE residue per
protein molecule [15]. The role of AGE-modified proteins
as physiological ligands for the RAGE receptor is in doubt,
or at least enigmatic. It seems there may be more important
ligands for RAGE than AGE or ALE-modified proteins
physiologically. There was an agreement that proteins
highly modified by AGEs (and hence competent to bind
RAGE) are unlikely proteins to exist in physiological sys-
tems in vivo. In the debate we heard that RAGE binding
competence is limited to aggregates of highly glycated pro-
teins from Dr. Claus Heizmann. This may explain why high
extents of glycation are required for RAGE binding as only
severe glycation damage to proteins leads to multimolecu-
lar aggregate formation [16].

The role of endotoxin binding to RAGE in cell activation
was raised in the debate and no consensus on the signifi-
cance of this was reached. As raised in the question and
answer session afterwards, contamination of AGE-modi-
fied proteins with endotoxin may have compromised many
studies of AGE-protein/AGE-receptor involvement in
proinflammatory responses.

RAGE binds members of the S100/calgranulin group of
proteins: S100A12 (EN-RAGE) and S100b [17]. Dr. Heiz-
mann has longstanding expertise in research of S100 pro-
teins [18—20]. S100/calgranulin protein expression was
increased in the kidney of diabetic mice with and without
overexpression of RAGE [9]. It was also increased in clini-
cal diabetes [21], atherosclerosis [22], arthritis [23] and
other inflammatory disorders [24]. S100b induced
increased expression of genes linked to inflammatory
responses in endothelial cells, whereas endotoxin-free
AGE-modified protein did not [5]. Currently, cell activation
by S100A12 and S100b appears to be a likely important
function of RAGE in vivo. The characteristics of molecular
recognition of RAGE by S100A 12 and the influence of cal-
cium binding of S100A12 on the interaction have been
reported recently [25].

It is difficult to establish a consensus of opinion from
investigators engaged in RAGE-related research on the
importance (or lack of importance) of AGE-modified pro-
teins as agonists of RAGE in vivo. There are particular cir-
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cumstances of extremely high glycation potential where
proteins may be highly glycated and competent RAGE
ligands. Examples are: (i) end stage renal disease patients
receiving peritoneal dialysis therapy with glucose-based
dialysis fluids where extracellular matrix proteins of the
peritoneal basement membrane are exposed chronically to
high concentrations of glucose (up to 593 mM), and (ii)
intestinal epithelial cells exposed to high glycated proteins
of thermally processing foodstuffs in the gastrointestinal
tract epithelium. The latter example is particularly pertinent
to the theme of the COST action conference. The impor-
tance of RAGE binding of AGE- and ALE-modified pro-
teins at this site is unlikely, however, because of extremely
low expression of RAGE in gastrointestinal tract epithelial
cells [26].

The association of RAGE with glycation is likely to
undergo substantial revision in future research following
the work of Bierhaus and coworkers. They found that the
engagement of RAGE was associated with decreased
expression of Glol — an enzyme that protects against pro-
tein glycation by dicarbonyls such as methylglyoxal and
glyoxal [27]. Induction of diabetes in wild-type mice
decreased the expression of Glol whereas the induction of
diabetes in RAGE (—/-) mice did not [28]. Decreased Glo1
expression leads to increased protein glycation [27]. The
mechanistic interpretation of the association of RAGE
expression and AGEs in vascular and other tissues [29, 30]
may, therefore, require reappraisal. The colocalization of
RAGE and AGEs may be due to RAGE activation by S100
proteins (or other non-AGE agonists) decreasing the local
expression of Glo1 and thereby increasing the local forma-
tion of AGEs. The functional role of decreasing Glo1 activ-
ity and increasing protein glycation by RAGE activation is
not yet clear. This may be part of an inflammatory response
leading to labelling proteins with dicarbonyl-derived hydro-
imidazolone AGE residues and directing these proteins to
the proteasome for destruction. Methylglyoxal modifica-
tion of proteins is thought to target proteins for proteasomal
destruction [31]. If correct, this will link AGE formation to
the removal and destruction of proteins, at least for intracel-
lular proteins — a ‘twist’ or reinterpretation of the role orig-
inally attributed to the formation of AGE modified proteins
by Cerami [32]. The link of RAGE activation with AGE for-
mation is also a twist to the physiological function of
RAGE. As we concluded in the discussion after the debate,
continued research on RAGE is likely to remain of impor-
tance to our understanding of the physiological significance
of protein glycation.
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