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Abstract

 

An important component of amyloid fibrils in dialysis-

 

related amyloidosis is a form of 

 

b

 

2

 

microglobulin modified

with advanced glycation end products (AGEs) of the Mail-

lard reaction, known as AGE-

 

b

 

2

 

M. We demonstrate here

that the interaction of AGE-

 

b

 

2

 

M with mononuclear phago-

cytes (MPs), cells important in the pathogenesis of the in-

flammatory arthropathy of dialysis-related amyloidosis, is

mediated by the receptor for AGEs, or RAGE. 

 

125

 

I-AGE-

 

b

 

2

 

M bound to immobilized RAGE or to MPs in a specific,

 

dose-dependent manner (

 

K

 

d

 

 

 

<

 

 53.5 and 

 

<

 

 81.6 nM, respec-

tively), a process inhibited in the presence of RAGE block-

ade. AGE-

 

b

 

2

 

M–mediated monocyte chemotaxis was pre-

vented by excess sRAGE or anti-RAGE IgG. Induction of

tumor necrosis factor-

 

a

 

 (TNF) expression by MPs exposed

to AGE-

 

b

 

2

 

M resulted from engagement of RAGE, as ap-

pearances of TNF transcripts and TNF antigen release into

culture supernatants were prevented by addition of sRAGE,

a process mediated, at least in part, by oxidant stress. AGE-

 

b

 

2

 

M reduced cytochrome 

 

c

 

 and the elaboration of TNF by

MPs was inhibited by 

 

N

 

-acetylcysteine. Consistent with

these data, immunohistochemical studies of AGE-laden

amyloid deposits of a long-term hemodialysis patient re-

vealed positive staining for RAGE in the MPs infiltrating

these lesions. These data indicate that RAGE is a central

binding site for AGEs formed in vivo and suggest that

AGE-

 

b

 

2

 

M-MP-RAGE interaction likely contributes to the

initiation of an inflammatory response in amyloid deposits

of long-term hemodialysis patients, a process which may ul-

timately lead to bone and joint destruction. (

 

J. Clin. Invest.

 

1996. 98:1088–1094.) Key words: glycated proteins 

 

•

 

 cyto-

kines 

 

•

 

 long-term hemodialysis patients 

 

•

 

 monocyte 

 

•

 

 amy-

loidosis

 

Introduction

 

Proteins or lipids exposed to aldose sugars undergo nonenzy-
matic glycation and oxidation (1–7). Initially, the reversible
early glycation adducts form, the best known of which is hemo-

 

globin A

 

1c,

 

 used as an index of glycemic control in diabetic pa-
tients. After further complex molecular rearrangements, the
irreversible advanced glycation end products (AGEs)

 

1

 

 form.
Conditions favoring AGE formation include those in which
protein/lipid turnover is prolonged or delayed on lysine-rich
structures, especially in the setting of elevated levels of aldose
sugars, such as in diabetes. AGE formation can occur even in
the euglycemic state, as in hypercholesterolemic rabbits with-
out diabetes, in which macromolecules are trapped in the ex-
panded neointima in atherosclerosis-prone animals (8).

While the generation of AGEs is particularly likely in the
diabetic milieu given relatively sustained hyperglycemia (1–4),
the tendency toward generation of AGEs is also favored on
long-lived proteins, such as those central in the pathogenesis of
amyloidoses. In Alzheimer’s disease, AGE modification oc-
curs on components of the intracellular neurofibrillary tangles

 

and in extracellular amyloid-

 

b

 

 peptide (9–11). In a different
context, renal failure presents a unique pathophysiological set-
ting for the development of AGE formation on certain pro-
teins which otherwise would not be susceptible to such irre-
versible modification, such as those that normally circulate in
the plasma for limited periods of time, the handling of which is
largely controlled by functioning kidneys. Our previous work
has identified the presence of an irreversibly glycated form of

 

b

 

2

 

M in the amyloid fibrils of long-term hemodialysis patients
who develop dialysis-related amyloidosis (DRA) (12, 13). As
the interaction of AGEs with cellular elements is a principal
mechanism through which these glycated adducts exert their
biologic effects (14–18), we sought to characterize in molecular
terms AGE-

 

b

 

2

 

M–mediated perturbation of mononuclear phago-
cytes (MPs), the latter believed to have a pivotal role in the
pathogenesis of DRA. We demonstrate here that AGE en-
gagement of the monocyte receptor for AGE, or RAGE, a cell
surface polypeptide of the immunoglobulin superfamily (14,
19), is a first step in AGE-

 

b

 

2

 

M–mediated activation of MPs.
That is, RAGE mediates the binding of AGE-

 

b

 

2

 

M to the cell

 

Address correspondence to Dr. Ann Marie Schmidt, Columbia Uni-

versity College of Physicians and Surgeons, 630 W. 168th Street, P&S

11-518, New York, NY 10032. Phone: 212-305-6406; FAX: 212-305-

5337.

 

Received for publication 11 January 1996 and accepted in revised

form 24 June 1996.

 

1. 

 

Abbreviations used in this paper:

 

 AGE, advanced glycation end

 

product; AGE-

 

b

 

2

 

M, AGE-modified 

 

b

 

2

 

microglobulin; DRA, dialysis-

related amyloidosis; MPs, mononuclear phagocytes; RAGE, receptor

for advanced glycation end product.

 

Rapid Publication

 

The Receptor for Advanced Glycation End Products (RAGE) Is a

 

Central Mediator of the Interaction of AGE-

 

b

 

2

 

Microglobulin with Human 
Mononuclear Phagocytes Via an Oxidant-sensitive Pathway

 

Implications for the Pathogenesis of Dialysis-related Amyloidosis

 

Toshio Miyata, Osamu Hori,* JingHua Zhang,* Shi Du Yan,* Luis Ferran,* Yoshiyasu Iida, and Ann Marie Schmidt*

 

Department of Internal Medicine, Branch Hospital, Nagoya University School of Medicine, Nagoya, 461, Japan; and 

 

*

 

Departments of 
Surgery, Medicine, Pathology and Physiology, Columbia University College of Physicians and Surgeons, New York 10032

 



 

AGE-

 

b

 

2

 

Microglobulin-RAGE Interaction and Amyloidosis

 

1089

 

surface, as well as AGE-

 

b

 

2

 

M–induced monocyte chemotaxis
and tumor necrosis factor-

 

a

 

 (TNF) expression. MP activation
after exposure to AGE-

 

b

 

2

 

M, with production of TNF, was
likely to result from oxidant-sensitive mechanisms, as shown

 

by inhibition in the presence of 

 

N

 

-acetylcysteine. Immunohis-
tochemical studies confirmed staining for RAGE antigen in
the mononuclear cells infiltrating amyloid deposits of long-
term hemodialysis patients. Taken together, these data indi-
cate a potential role of AGE-RAGE interaction in the patho-
genesis of the inflammatory events associated with DRA.

 

Methods

 

Purification of nonglycated and AGE-

 

b

 

2

 

M.

 

Nonglycated and AGE-

 

b

 

2

 

M were purified and characterized from the urine of long-term he-

modialysis patients according to previously published methods (12,

13). Characteristic of AGEs, AGE-

 

b

 

2

 

M was brown in color and fluo-

resced (4, 20) and was further characterized as an AGE by its immu-

noreactivity with anti-AGE antibodies which recognize AGE–bovine

serum albumin, AGE–human serum albumin, and AGE-hemoglobin,

but not nonglycated products nor the early, reversible products of the

Maillard reaction (12, 21).

 

Endotoxin removal from purified 

 

b

 

2

 

M and AGE-

 

b

 

2

 

M.

 

Endotoxin

was removed from the in vivo isolated glycated and nonglycated

forms of 

 

b

 

2

 

M as previously described (12). Endotoxin levels were

measured by a kit from Seikagaku Corp. (Tokyo, Japan) and all ma-

terials used in these studies were subsequently found to be endotoxin

free (

 

,

 

 0.5 U/ml).

 

Purification of rat RAGE and preparation of antisera.

 

Rat RAGE

was purified to homogeneity from lung powder (Sigma Immu-

nochemicals, St. Louis, MO) using methods similar to those described

for the purification of bovine RAGE (14). Rat RAGE, which bears

significant (

 

.

 

 90%) homology to human RAGE, demonstrates im-

munoreactivity with anti-RAGE IgG and amino-terminal and inter-

nal sequencing indicated identity to the predicted sequence for rat

RAGE based on that deduced from the rat cDNA (Schmidt, A.M.,

 

unpublished observation). Based on 

 

<

 

 32,000 

 

M

 

r

 

 and comparison

with RAGE purified from bovine lung, rat lung RAGE also most

likely represents the amino-terminal two-thirds of the molecule (i.e.,

the extracellular domain; 19) and is identified as soluble RAGE or

sRAGE. Monospecific, polyclonal antiserum to rat RAGE was puri-

fied by chromatography on protein A (Schleicher & Schuell, Keene,

NH) according to the manufacturer’s instructions. F(ab

 

9

 

)

 

2

 

 fragments

were prepared from IgG using a kit from Pierce (Rockville, IL) ac-

cording to the manufacturer’s instructions. Nonimmune IgG and

F(ab

 

9

 

)

 

2

 

 fragments were similarly prepared from sera derived from

rabbits not immunized with RAGE.

 

Binding assays.

 

AGE-

 

b

 

2

 

M or nonglycated 

 

b

 

2

 

M was radiolabeled

by the lactoperoxidase method (22) to a specific activity of 2.7 and 3.0 

 

3

 

10

 

4

 

 cpm/ng, respectively, and bound to immobilized RAGE (5 

 

m

 

g/

well, previously dissolved in bicarbonate/carbonate buffer [pH 9.6]

after an overnight incubation at 4

 

8

 

C). Wells were subsequently

washed with PBS (pH 7.4), blocked with PBS containing bovine se-

rum albumin (1%), and then a binding assay was carried out with the

indicated concentrations of radiolabeled protein with or without a 25-

fold molar excess of the respective unlabeled protein for 3 h at 37

 

8

 

C.

After washing with PBS, wells were eluted with buffer containing he-

parin (1 mg/ml; Sigma Immunochemicals) as previously described

(14, 15, 18, 19) and counted in a gamma counter (LKB, Gaithersburg,

MD). Specific binding, as shown in Fig. 1, 

 

A–E

 

, was defined as total

binding minus binding in the presence of excess unlabeled material

(i.e., nonspecific binding) and analyzed by the methods of Klotz and

Hunston (23). Where indicated, AGE-

 

b

 

2

 

M was preincubated with

the indicated concentration of sRAGE or human serum albumin for

2 h at 37

 

8

 

C, and then binding was carried out as above. In other ex-

periments, human peripheral blood–derived MPs, isolated as previ-

ously described (15), were placed in wells of 96-well tissue culture

plates (2.5 

 

3

 

 10

 

5

 

 cells/well), and then a binding assay was performed

with the indicated concentrations of radiolabeled AGE-

 

b

 

2

 

M or non-

glycated 

 

b

 

2

 

M with or without a 25-fold molar excess of the respective

unlabeled protein for 3 h at 4

 

8

 

C. Where indicated, radiolabeled

AGE-

 

b

 

2

 

M was preincubated with the indicated concentration of sol-

uble RAGE or human serum albumin, or MPs were preincubated

with the indicated concentrations of anti-RAGE IgG or nonimmune

IgG for 2 h at 4

 

8

 

C before addition of radiolabeled AGE-

 

b

 

2

 

M. Elution

was then performed with heparin-containing buffer as above.

 

Chemotaxis assays.

 

Chemotaxis assays, performed in 48-well mi-

crochemotaxis chambers (Neuro-Probe, Bethesda, MD) containing

polycarbonate membranes (Nucleopore, Pleasanton, CA), were per-

formed as previously described (15) using human peripheral blood–

derived MPs.

 

TNF-

 

a

 

 assays.

 

Human peripheral blood monocytes, isolated as

above, were placed in the wells of 24-well tissue culture plates for 7 d

in RPMI 1640 (Gibco Laboratories, Grand Island, NY) containing fe-

tal bovine serum (10%; Gemini, Calabasas, CA). On day 8, wells

were washed with PBS and incubated overnight in RPMI 1640 with-

out serum. The following day, cells were incubated with indicated

concentration of reagent for 16 h at 37

 

8

 

C, and supernatant was col-

lected and assayed for TNF-

 

a

 

 using an ELISA kit supplied by R&D

Systems (Minneapolis, MN). Precipitated cells were treated with Tri-

zol (Gibco Laboratories), RNA was prepared, and RT-PCR analysis

was performed as below. Where indicated, cells and/or wells were

preincubated with various reagents as indicated.

 

RT-PCR analysis.

 

Human primers for TNF-alpha and 

 

b

 

-actin

were purchased from Stratagene (La Jolla, CA) and RT-PCR was

performed according to the manufacturer’s recommendations.

 

Assay for reactive oxygen intermediates. 

 

The cytochrome 

 

c

 

 assay

was performed using AGE-

 

b

 

2

 

M or its nonglycated form according to

previously described methods (16, 24).

 

Immunohistochemistry.

 

Cutaneous tumor consisting of amyloid

deposits was obtained postmortem from a patient who had under-

gone hemodialysis for 16 yr. The sample was fixed in formalin (10%)

and embedded in paraffin. After confirmation of the presence of

amyloid material by Congo red staining and staining with anti-

 

b

 

2

 

M

antibody (13), sections were cut (2 

 

m

 

m) and mounted on slides and

deparaffinized. Sections were then incubated with anti-RAGE IgG or

nonimmune IgG according to previously published methods (14, 15)

or incubated with anti-CD 68 IgG (Dako Corp., Carpinteria, CA) ac-

cording to the manufacturer’s instructions. In other experiments, sec-

tions were stained with affinity-purified anti-AGE IgG as described (10).

 

Results

 

Binding of AGE-

 

b

 

2

 

M to RAGE and MPs.

 

125

 

I-AGE-

 

b

 

2

 

M puri-
fied from the urine of patients with DRA bound to the extra-
cellular domain of RAGE using the microtiter assay as de-
scribed above. Specific, dose-dependent binding of radiolabeled

 

AGE-

 

b

 

2

 

M to immobilized RAGE was observed, with 

 

K

 

d 

 

<

 

53.5 nM (Fig. 1 

 

A

 

), similar to that which was observed previ-
ously (14, 15, 19). Consistent with the specificity of 

 

125

 

I-AGE-

 

b

 

2

 

M interaction with RAGE, preincubation of tracer with free
sRAGE resulted in concentration-dependent inhibition of
binding (Fig. 1 

 

B

 

). In contrast, equimolar concentrations of ex-
cess human serum albumin did not compete with binding of

 

125

 

I-AGE-

 

b

 

2

 

M to RAGE and radiolabeled nonglycated 

 

b

 

2

 

M
displayed no specific binding to RAGE (data not shown). As
AGE-

 

b

 

2

 

M has been shown to induce monocyte activation, it
was likely that it would bind to the cell surface in order to sub-
sequently trigger cellular effector mechanisms. Incubation of

 

125

 

I-AGE-

 

b

 

2

 

M with MPs resulted in dose-dependent, specific
binding, with 

 

K

 

d

 

 

 

<

 

 81.6 nM (Fig. 1 

 

C

 

), similar to the affinity of
binding observed previously with AGE albumin prepared in
vitro (15). That RAGE was involved in the interaction of 

 

125I-
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AGE-b2M with monocytes was supported by the inhibition of
binding observed upon preincubation of tracer with increasing
concentrations of sRAGE (Fig. 1 D), but not in the presence
of equimolar concentrations of human serum albumin (data
not shown). Further support for the concept that RAGE is a
central mediator of the interaction of AGE-b2M with MPs was
demonstrated in studies using anti-RAGE IgG. Anti-RAGE
IgG, but not nonimmune IgG, largely inhibited the binding of
125I-AGE-b2M to MPs in a dose-dependent manner (Fig. 1 E).

AGE-b2M induced monocyte migration and TNF expres-

sion by MPs: role of RAGE. We next considered whether the

biologic sequelae of the interaction of AGE-b2M with MPs
were dependent on binding to RAGE. AGE-b2M, but not its
nonglycated form, mediated induction of monocyte chemo-
taxis when placed in the lower compartment of microchemo-
taxis chambers (Fig. 2, lines 3 and 2, respectively). Consistent
with the hypothesis that this interaction was RAGE depen-
dent, pretreatment of monocytes with anti-RAGE IgG or pre-
treatment of AGE-b2M with sRAGE inhibited monocyte
chemotaxis in a dose-dependent manner (Fig. 2, lines 4, 6, and
7, respectively). In contrast, nonimmune IgG (Fig. 2, line 5) or
excess concentrations of albumin had no effect (data not

Figure 1. Binding of AGE-b2M to immobilized RAGE and to MPs: effect of 

RAGE blockade. 125I-AGE-b2M (total binding) alone or in the presence of a 

25-fold molar excess of unlabeled AGE-b2M (nonspecific binding) was incu-

bated with either immobilized RAGE (A) or MPs (C), as described above. 

Specific binding (total minus nonspecific binding) is plotted against concentra-

tion of free/added 125I-AGE-b2M. Nonspecific binding was # 25% of the total 

binding in all cases. Data were analyzed by the nonlinear least-squares pro-

gram. Parameters of binding for immobilized RAGE: Kd < 53.566.40 nM and 

capacity 6.8260.27 fmol/well and for MPs: Kd < 81.669.92 nM and capacity 

19.1560.886 fmol/well. Scatchard plot analysis is indicated in the insets of A 

and C. In B and D, 125I-AGE-b2M was preincubated with the indicated molar 

excess of sRAGE and binding assays were carried out as described above to 

either immobilized RAGE (B) or to MPs (D). Preincubation with equivalent 

molar excesses of albumin was without effect (data not shown). (E) MPs were 

pretreated with the indicated concentration of anti-RAGE IgG or nonim-

mune IgG for 2 h at 48C and then 125I-AGE-b2M alone or in the presence of a 

25-fold molar excess of unlabeled AGE-b2M was added and a binding assay 

was carried out as above. In B, D, and E, data (percent maximal specific bind-

ing; 100% is defined as specific binding in the absence of added sRAGE or 

anti-RAGE IgG) are expressed as mean6SEM of duplicate determinations and 

experiments were repeated at least four times.
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shown). Similar results were observed with F(ab9)2 fragments
of anti-RAGE IgG or nonimmune Ig (data not shown).

A component of the monocyte response likely to be critical
in the pathogenesis of inflammatory changes in DRA is MP
elaboration of cytokines after exposure to AGE-b2M. Incuba-
tion of human MPs with AGE-b2M, but not its nonglycated
form, resulted in the appearance of TNF-a transcripts (Fig. 3
A, lanes 3 and 4, respectively) and release of antigen into cul-
ture supernatants (Fig. 3 C). To further investigate the mecha-
nisms underlying the induction of cytokine induction by AGE-
b2M, we preincubated AGE-b2M with a 25-fold molar excess
of sRAGE and demonstrated inhibition of induction of tran-
scripts and release of TNF-a antigen into culture supernatants
(Fig. 3, B and C, respectively). In contrast, equimolar concen-
trations of albumin were without effect (data not shown).

One of the central means by which AGE-RAGE interac-
tion appears to mediate the biologic effects of these pathologic
ligands, is, at least in part, by the induction of enhanced cellu-
lar oxidant stress (16, 17). AGE-b2M, but not its nonglycated
counterpart, appeared to elaborate reactive oxygen intermedi-
ates, based on reduction of cytochrome c (Fig. 4 A), a process
partly inhibited by superoxide dismutase (data not shown).
The biologic effects of AGE-b2M-RAGE-monocyte interac-
tion were mediated, at least in part, by oxidant-sensitive path-
ways, as incubation in the presence of the antioxidant N-acetyl-
cysteine resulted in dose-dependent inhibition of the production/
release of TNF-a antigen (Fig. 4 B).

Expression of RAGE in the inflammatory cells in amyloid

tissue from patient with DRA. A critical link in the association
of RAGE with DRA would be the demonstration of enhanced

RAGE expression in amyloid tissue of patients with DRA.
Studies using Congo red (Fig. 5 A) and antibodies to b2M (Fig.
5, B and F) confirmed that the massive deposits of amyloid tis-
sue observed in a cutaneous tumor of a patient who had under-
gone hemodialysis for 16 yr were composed of b2M. Consistent
with the concept that sites of amyloid were composed of irre-
versibly glycated AGE-b2M, immunostaining of serial adja-
cent sections with affinity-purified anti-AGE IgG (Fig. 5 E)
demonstrated the presence of AGE-reactive epitopes in areas
of the amyloid deposit containing b2M (Fig. 5 F). Surrounding
inflammatory cells, confirmed to be monocytes by virtue of im-
munoreactivity with antibody to CD68 (Fig. 5, D and H), were
positive for RAGE (Fig. 5, C and G). In contrast, immuno-
staining with nonimmune IgG was negative (data not shown).

Discussion

The interaction of AGEs with monocytes can potentially re-
sult from interaction with several cell surface polypeptides.
These include p60 and p90 (25), identified in the homogenates
of rat liver, the macrophage scavenger receptor (26), shown to
bind glucose-modified extracellular membrane components,

Figure 2. AGE-b2M induces migration of MPs: effect of RAGE 

blockade. Native or AGE-b2M (50 mg/ml) was added to the lower 

compartment of the chemotaxis chamber and MPs were added to the 

upper compartment alone or in the presence of anti-RAGE IgG, 

nonimmune IgG, or the indicated concentration of sRAGE and then 

chemotaxis assays were performed as described above. Positive con-

trols used FMLP (1026) added to the lower compartment. The x-axis 

represents the average number of cells in nine high power fields that 

had migrated across the membrane. The mean6SEM of triplicate de-

terminations is shown and the experiments were repeated at least 

twice.

Figure 3. AGE-b2M induces MP production of TNF: effect of 

sRAGE. AGE-b2M or its nonglycated form alone or in the presence 

of a 25-fold molar excess of sRAGE was incubated with MPs as de-

scribed above, and cells or supernatant was harvested for RT-PCR 

studies (A and B) or ELISA studies (C) for TNF or b-actin (in the 

former case). Where indicated, lipopolysaccharide (10 ng/ml) was 

used as positive control. In C, data are expressed as mean6SEM (du-

plicate values) and experiments were repeated twice. Maximal pro-

duction of TNF antigen by AGE-b2M in these studies (defined as 

100% in the figure) was < 275624 pg/ml. Equimolar excesses of albu-

min had no effect (data not shown).
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and RAGE. The best-characterized of these is the latter, a
member of the immunoglobulin superfamily expressed by cells
important in the vasculature: MPs, endothelial cells, and
smooth muscle cells, as well as by certain neurons and mesan-
gial cells (27). RAGE has been shown to centrally mediate the
interaction of AGE-modified proteins with endothelium, be-
ing responsible for the initial rapid phase of clearance ob-
served after infusion of AGE-albumin and induction of IL-6
transcripts (18). This receptor also appears to have a central
role in AGE-induced perturbation of endothelial properties,
including diminished barrier properties after exposure to
AGEs (28) and induction of vascular cell adhesion molecule-1
expression (17). In the context of the biology of MPs, RAGE
has a central role in binding of AGEs, and subsequent changes
in cell migration (15).

Although it might be expected that RAGE expression is
linked exclusively to hyperglycemic states, situations in which
AGEs are abundant, tissue surveys have indicated a more
complex picture. While RAGE and AGEs are upregulated in
diabetic vasculature (29), RAGE is also expressed at high lev-
els in developing brain and appears to serve as a receptor for
the neurite-promoting polypeptide amphoterin, the latter be-
ing coexpressed in neonatal nervous tissue (30).

Another situation in which RAGE expression is enhanced
accompanies immune/inflammatory disorders (Schmidt, A.M.,
unpublished observations). The data presented here suggest
that an irreversibly glycated form of the circulating plasma
protein b2M, the clearance of which is markedly delayed in the
setting of renal failure and hemodialysis which accumulates in
the tissues and joints of certain individuals, interacts with
RAGE on the surface of MPs. In addition to specific, largely
RAGE-dependent binding, AGE-b2M-RAGE interaction
mediates monocyte chemotaxis as well as the induction of cy-
tokines such as TNF-a by these cells. Although one might
posit that this result is expected based on observations con-
cerning RAGE and other glycated proteins, this is the first
study examining cellular interactions of AGEs prepared from
nondiabetic tissues. As AGEs are an heterogeneous class of
structures which form under quite distinct conditions, it is im-
portant to determine in each situation the impact of nonenzy-
matic glycation on properties of the affected macromolecules,
as well as their ability to bind to cellular surfaces.

The implications of AGE-b2M binding to monocyte
RAGE may be relevant to the pathogenesis of DRA. We have
observed upregulation of RAGE in MPs of amyloid tissue of
long-term hemodialysis patients and postulate that this critical
inflammatory event in amyloid deposits initiates a cascade of
events leading to the induction of matrix metalloproteases (31,
32), as well as other cytokines such as interleukin-6 (33, 34), ul-
timately priming the affected bones and joints for the develop-
ment of periarticular soft tissue swelling, diffuse destructive
arthropathy, and subchondral bone erosions and cysts charac-
teristic of this clinical syndrome (35–37).

One property common to AGEs is the generation of reac-
tive oxygen intermediates, which, after their tethering to the
cell surface, produces oxidant stress as a means of perturbing
target cells; for example, oxidant stress underlies activation
of NF-kB and diminished barrier function consequent to
binding of AGEs to endothelial RAGE (16, 17, 28). AGE-
b2M interaction with RAGE on monocytes is likely to acti-
vate cells by similar mechanisms, as N-acetylcysteine blocked
AGE-induced monocyte expression of TNF, and AGE-b2M,
by itself, reduced cytochrome c. The central role of the AGEs
in the generation of enhanced oxidant stress is suggested by
studies in which incubation of amphoterin, a nonglycated
ligand of RAGE (30), with endothelial cells or cultured neu-
rons does not result in increased production of thiobarbituric
acid reactive substances upon ligation of cellular RAGE (data
not shown). Consistent with this concept, pilot studies have
demonstrated that incubation of amphoterin with MPs does
not result in increased production of TNF (data not shown).

These studies represent the first indication that RAGE
may play a role in the development and perpetuation of cer-
tain inflammatory events, such as DRA. In addition, as recent
data have revealed enhanced RAGE expression in the af-
fected vasculature of individuals with inflammatory vasculiti-
des, a circumstance in which AGEs are less likely to form, this
strongly suggests that RAGE may interact with other ligands
in certain pathological settings. In this context, we have identi-
fied a 12-kD polypeptide which binds RAGE and appears to
be upregulated at sites of inflammation (Schmidt, A.M., un-
published observations). As with other immunoglobulin super-
family receptors, such as intercellular adherence molecule-1
which also has multiple ligands (38), elucidation of the biology
of RAGE in varied pathologic settings will require identifica-

Figure 4. AGE-b2M mediates the generation of oxidant stress: effect 

of N-acetylcysteine. AGE-b2M, but not its nonglycated form (50 mg/

ml), results in reduction of cytochrome c (A) as described above, a 

process partially inhibited in the presence of superoxide dismutase 

(data not shown). Data shown represent the mean6SEM of triplicate 

determinations. Experiments were repeated twice. (B) MPs, isolated 

and prepared as above, were incubated with the indicated concentra-

tion of N-acetylcysteine, and supernatants were harvested and as-

sayed for TNF. Results are expressed as percent maximal induction 

of TNF (279.45629.67 pg/ml) as mean6SEM of duplicate determina-

tions.
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tion of the biologically relevant ligand, and dissection of the
consequences of receptor activation. Intense investigation is
ongoing to characterize the nature of AGE and non-AGE
ligands of RAGE, as understanding these interactions is essen-
tial to define the factors which impact on and regulate RAGE
expression. The results of these studies represent a critical step
in the design of therapies (such as attenuating AGE formation,
blocking AGE-RAGE interaction, and/or diminishing AGE-
RAGE–mediated enhanced cellular oxidant stress) intended
to mitigate the diverse effects of RAGE in different pathologic
settings.
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