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Advanced glycation end products induce the
expression of interleukin-6 and interleukin-8
by receptor for advanced glycation end
product-mediated activation of mitogen-activated
protein kinases and nuclear factor-iB in human
osteoarthritis chondrocytes
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Abstract

Objective. To investigate whether advanced glycation end products (AGEs) induce the expression of IL-6

and IL-8 through the receptor for AGEs (RAGE)-activated pathways in human OA chondrocytes.

Methods. OA chondrocytes were stimulated with AGE-modified BSA (AGE-BSA). Gene expression of IL-6

and IL-8 was quantified by TaqMan assays and the production was determined using ELISAs.

Immunoblotting was used to analyse the activation of mitogen-activated protein kinases (MAPKs) and

the degradation of IkBa. Activation of NF-kB was determined using an ELISA. Pharmacological studies to

elucidate the involved pathways were executed using transfection with small interfering RNAs (siRNAs),

inhibitors of MAPKs and NF-kB.

Results. AGE-BSA induced the expression of IL-6 and IL-8 in OA chondrocytes, which was inhibited by

pre-treatment with soluble RAGE (sRAGE) or RAGE knockdown by siRNAs. Treatment with SB202190

(p38-MAPK inhibitor) or PD98059 (ERK inhibitor) inhibited AGE-BSA-induced IL-6 and IL-8 expression.

However, SP600125 (JNK inhibitor) had no effect on AGE-BSA-induced IL-6 expression but inhibited the

expression of IL-8. Treatment with NF-kB inhibitors suppressed AGE-BSA-induced IL-6 and IL-8

expression.

Conclusions. This is the first study to demonstrate that AGEs induce the expression of IL-6 and IL-8 in

OA chondrocytes. A novel finding of our studies is that in OA chondrocytes, AGE-BSA-induced expression

of IL-6, but not of IL-8, was independent of the JNK pathway. Activation of NF-kB was an absolute

requirement for both IL-6 and IL-8 expression. These results demonstrate that AGE-BSA-induced expres-

sion of IL-6 and IL-8 via RAGE is mediated through different MAPK signalling pathways in OA and possibly

in other degenerative diseases.
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mitogen-activated protein kinases, nuclear factor-kB, Interleukin-6, Interleukin-8.

Introduction

World population is ageing rapidly, and consequently

age-related diseases significantly impact the quality of

life of the elderly. OA is one of the most prevalent and

disabling chronic conditions affecting the elderly and

poses a significant public health challenge [1]. The most

prominent feature of OA is the progressive destruction of
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articular cartilage, resulting in impaired joint motion,

severe pain and ultimately disability [2]. Although the aeti-

ology of OA remains largely unknown, the incidence of OA

increases with age and >50% of the population >60 years

of age is affected [3, 4]. Advanced glycation end products

(AGEs) are produced by the non-enzymatic glycation of

macromolecules and accumulate in a number of different

tissues [5�7]. In articular cartilage, relatively high levels of

AGEs accumulate with increasing age [8�10] and result in

stiffening of the articular collagen network [11], consistent

with published reports [12, 13]. Furthermore, accumula-

tion of AGEs makes the collagen network brittle in articular

cartilage thus increasing the risk for the development of

OA [14]. The biological activities of AGEs are thought to be

mediated by specific receptors for AGE (RAGE) and acti-

vation of RAGE engages critical signalling pathways linked

to pro-inflammatory responses and activation of various

inflammatory genes [15, 16]. RAGE signalling has also

been found to be stimulated by members of the S100

family of proteins, including S100A4 (15�17), which has

been shown to be present in articular cartilage and was

up-regulated in tissues from patients with OA or RA [16,

17]. In OA, activation of RAGE has been shown to stimu-

late chondrocytes, resulting in increased production of

MMPs, TNF-a, cyclo-oxygenase (COX)-2 and microsomal

prostaglandin E synthase I (mPGES-1) [17�21].

Recent progress in cytokine and chemokine biology has

provided a considerable amount of evidence for the

pathological role of IL-6 and IL-8 in inflammatory arthritis

[22�34]. IL-6 is a pleiotropic cytokine with a wide range of

biological activities, including immunoregulation, medi-

ation of acute-phase responses and effects on bone

metabolism [26]. Dysregulated overproduction of IL-6 is

suspected in the systemic inflammatory manifestations

observed in patients with arthritis [27]. This gets support

from studies showing that IL-6 knockout mice were resist-

ant to inflammatory arthritis and had reduced levels of

serum TNF-a [33]. Furthermore, the elevated levels of

IL-6 in serum and SF of arthritis patients have been

shown to correlate with clinical and laboratory indices of

disease activity [28]. OA exhibits increased IL-6 levels and

these are associated with inflammation and cartilage/

bone destruction in arthritic joints [25, 31]. Blocking IL-6

with specific antibody (tocilizumab), or its interactions with

IL-6 receptor by IL-6R antagonists reduces cartilage/bone

destruction and invasion of cartilage by synovium in

animal models and in human patients [33, 34]. Like IL-6,

IL-8 is produced in arthritic joints by activated synovial

cells and infiltrating macrophages and both IL-6 and IL-8

are considered to be potent catabolic factors in arthritic

joints [23, 24, 30�32]. It is now well established that in arth-

ritic joints, IL-8 induces a massive accumulation of neu-

trophils, which produce neutrophil elastase, leading

to cartilage destruction [35]. In these studies, it was also

shown that an inhibitor of neutrophil elastase (ONO-5046)

prevented the destruction of the cartilage [35]. Injections

of IL-8 also induced the expression of bioactive and

immunoreactive IL-1b and IL-1 receptor antagonist

(IL-1Ra) in the joint cavity [35]. In neutrophil-depleted

rabbits, IL-8 induced far lower concentrations of IL-1b
and IL-1Ra and no cartilage destruction [35]. High levels

of IL-8 have also been detected in serum and in SF of

arthritic patients [32]. Thus, IL-8 could also be implicated

in inflammation and cartilage/bone destruction in arthritis

[29�32].

Although AGEs have been shown to induce the inflam-

matory response in different cell types, including chondro-

cytes, whether they induce the expression of IL-6 and IL-8

in human chondrocytes has not yet been reported.

Expression of IL-6 and IL-8 proceeds via the activation

of mitogen-activated protein kinases (MAPKs) and nuclear

factor (NF)-kB in response to various stimuli [36]. The cur-

rent study was designed to examine whether AGEs acti-

vate the MAPKs and NF-kB signalling cascade through

RAGE to stimulate IL-6 and IL-8 expression and produc-

tion by human OA chondrocytes. Our results demonstrate

a role of RAGE, MAPKs and NF-kB in AGE-stimulated

differential expression and production of IL-6 and IL-8 in

primary human OA chondrocytes.

Methods

Cartilage selection and chondrocyte preparation

After the study was approved by the Institutional Review

Board of Metrohealth Medical Center, Cleveland, OH,

USA, discarded and de-identified human cartilage sam-

ples were obtained from the knee or hip joints of 17 OA

patients aged 39�67 years [13 female and 4 male

Caucasians; mean (S.D.) age 49 (28) years] who underwent

joint replacement surgery at Metrohealth Medical Center,

Cleveland, OH. Chondrocytes were prepared from macro-

scopically unaffected cartilage by enzymatic digestion

essentially as previously described [37�40]. Isolated chon-

drocytes were plated at a density of 1.2�106/ml in

35-mm tissue culture dishes (Corning, NY, USA) in com-

plete DMEM/Ham’s F-12 medium as previously described

[36�40]. Only primary OA chondrocytes were used in

studies described here.

AGE-BSA preparation

AGE-BSA was prepared by reacting BSA (Sigma Chemical

Co., St Louis, MO, USA) with glycoaldehyde (Sigma

Chemical Co.), as previously described [40, 41]. The

reaction was terminated by removing non-reacted

glycoaldehyde by dialysing extensively against PBS.

Treatment of OA chondrocytes with AGE-BSA,
antagonists of RAGE, MAPKs and NF-kB inhibitors

Human OA chondrocytes (1.2� 106/ml) were plated in

35-mm culture dishes in complete DMEM/Ham’s F-12

medium and serum-starved for 12 h/overnight and then

treated with 5�100 mg/ml AGE-BSA for 0�24 h. Primary

chondrocytes were pre-treated with soluble RAGE

(sRAGE; R&D System, MN, USA) for 2 h or different

MAPKs or NF-kB inhibitors for 1 h prior to stimulation

with AGE-BSA. Chondrocytes cultured without AGE-BSA

or cultured with native BSA served as controls.
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Stimulation of human OA cartilage explants with
AGE-BSA or S100A4

Human OA cartilage explants (3� 3 mm) were prepared by

our standard method and plated in 24-well culture plates in

complete DMEM. Explants were serum-starved for 18 h

and then treated with AGE-BSA (100�200mg/ml) or recom-

binant human S100A4 protein (R&D Systems, St Paul, MN,

USA; 25�50 ng/ml) for 24 h. Production of IL-6 and IL-8 was

analysed by cytokine/chemokine-specific ELISA (R&D

Systems). Explants cultured without AGE-BSA or recombi-

nant human S100A4 protein served as controls.

RAGE knockdown by transfection with small
interfering RNA

Human OA chondrocytes were transfected with an On-

Target SMART Pool (Dharmacon RNA Technologies,

Lafayette, CO, USA) human RAGE-specific small inter-

fering RNA (siRNAs) or with human glyceraldehyde 3-phos-

phate dehydrogenase (GAPDH) On-target SMART pool

siRNA (Dharmacon) as a negative control using Amaxa

Human Chondrocytes Nucleofector Kit (Lonza,

Walkersville, MD, USA) according to the manufacturer’s

instructions. In brief, human OA chondrocytes (1.4�106)

were transfected with 30�100 nM siRNAs and with 100ml

of nucleofector solution using electroporation program

U-024 and the transfected OA chondrocytes were

seeded in 6-well plates. After 24 h, the culture medium

was changed to serum-free medium for the experiments

using AGE-BSA. Transfection efficiency was monitored

with red fluorescent siRNA oligonucleotides (siGLO red in-

dicator, catalogue #D0016300220; Dharmacon).

Approximately 70�80% of the OA chondrocytes emitted

red fluorescent signal when transfected with siGLO.

Cytotoxicity assay

Human OA chondrocytes were treated with various doses

of AGE-BSA (5�200 mg/ml), inhibitors (10�100 mM) and

sRAGE (10 mg/ml) for 24 h and the cytotoxicity was exam-

ined using the Cytotoxicity Assay Kit according to

the instructions of the manufacturer (Promega, Madison,

WI, USA).

Real-time PCR

Real-time quantitative RT�PCR (qRT�PCR) was used to

quantify the expression of mRNAs for IL-6 and IL-8 with

expression of GAPDH or b-actin as endogenous control.

Total RNA was prepared from OA chondrocytes using the

Trizol Reagent (Invitrogen, Carlsbad, CA, USA) according

to the manufacturer’s instructions. First-strand cDNA was

synthesized using 1 mg of total RNA and the First-Strand

cDNA Synthesis Kit (Invitrogen). Primers used for PCR-

assisted amplification were: IL-6 (NM_000600.2, F

50-AAA TTC GGT ACA TCC TCG ACG GCA-30; R 50-AGT

GCC TCT TTG CTG CTT TCA CAC-30); IL-8 (NM_000584,

F 50-AGA AAC CAC CGG AAG GAA CCA TCT-30; R

50-AGA GCT GCA GAA ATC AGG AAG GCT-30); and

GAPDH (NM_002046.3, F 50-TCG ACA GTC AGC CGC

ATC TTC TTT-30; R 50-ACC AAA TCC GTT GAC TCC

GAC CTT-30). PCR amplification was carried out using

the core kit for SYBR Green (Applied Biosystems, Foster

City, CA, USA) and the Step One Real Time PCR System

(Applied Biosystems). Typical profile times used were ini-

tial step, 95�C for 10 min, followed by a second step at

95�C for 15 s and 60�C for 60 s for 40 cycles with melting

curve analysis. The level of target mRNA was normalized

to the level of GAPDH and compared with control (untreat-

ed sample). Data were analysed using a comparative

��CT method [42].

Western immunoblotting

Stimulated and control primary human OA chondrocytes

were washed with cold PBS and lysed using the cell

lysis buffer (50 mM Tris�HCl, pH 7.4; 150 mM NaCl; 1%

Triton X-100; 0.1% SDS; 0.5% sodium deoxycholate;

1 mM EDTA; 1 mM EGTA; protease and phosphatase

inhibitors) as previously described [40]. Whole chondro-

cytes lysate protein (35 mg/lane) was resolved by

SDS�PAGE (10% resolving gel with 4% stacking) and

transferred to nitrocellulose membranes (Bio-Rad).

Membranes were blocked with blocking buffer containing

non-fat dry milk powder in Tris-buffered saline containing

0.1% Tween-20 (TBS-T), and probed with 1 : 200�1 : 1000

diluted primary antibodies (Cell Signaling Technologies,

Beverley, MA, USA; Santa Cruz Biotechnology, Santa

Cruz, CA, USA) specific for the target protein.

Immunoreactive proteins were visualized by using

1 : 1000 diluted horseradish peroxidase (HRP)-linked sec-

ondary antibodies and enhanced chemiluminescence (GE

Healthcare, Milwaukee, WI, USA).

ELISA

Human OA chondrocytes and cartilage explants were

stimulated with or without AGE-BSA (5�100 mg/ml) for

0�24 h. IL-6 and IL-8 produced in the culture medium

was quantified using commercially available IL-6 and

IL-8-specific ELISA kits according to the instructions of

the manufacturer (R&D Systems). Plates were read at

450 nm using Synergy HT microplate reader (Biotek

Instruments, Winooski, VT, USA).

NF-kB DNA binding activity assay

Activation of NF-kB p65 in AGE-BSA-stimulated human

OA chondrocytes was determined using a highly sensitive

Transcription Factor ELISA kit according to the instructions

of the manufacturer (Assay Designs, Ann Arbor, MI, USA).

The assay uses streptavidin-coated plates with bound

NF-kB-biotinylated consensus sequence to capture the

active form of NF-kB, incubated with HRP-labelled

anti-NF-kB p65 antibody. The assay was developed with

a chemiluminescent substrate and the signal was detected

using a Multimode Dectector (DTX-880; Beckman Coulter,

Brea, CA, USA), and the values are expressed as relative

light units.

Densitometric analysis

Densitometric measurements of the scanned bands were

performed using UN-SCAN-IT software (Silk Scientific

Corporation, Orem, UT, USA). Each band was scanned
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five times, and the mean band intensity (pixels per band)

was obtained. Data were normalized to suitable loading

controls and expressed as mean (S.D.).

Statistical analysis

All measurements were performed in duplicate and re-

peated at least three times using chondrocytes prepared

from different age- and sex-matched OA cartilage sam-

ples. All statistical analyses were performed using Origin

6.1 software (Origin, Northampton, MA, USA) (one-paired

two-tailed t-test with one-way ANOVA and Tukey’s post

hoc analysis) and P< 0.05 was considered to be statistic-

ally significant. Values shown are mean (S.E.M.) unless

stated otherwise.

Results

AGE-BSA was not toxic to human OA chondrocytes
in vitro

Previously characterized AGE-BSA was used in these stu-

dies [40] and it was found that AGE-BSA up to 200 mg/ml

had no significant cytotoxic effects on OA chondrocytes

compared with controls treated with 200mg/ml native BSA

(P> 0.05, data not shown).

Induction of IL-6 and IL-8 expression by AGE-BSA in
primary human OA chondrocytes

Based on the results of cytotoxicity assays, we treated

primary human OA chondrocytes with AGE-BSA

(5�100mg/ml) for 0�24 h and the gene expression of IL-6

and IL-8 was quantified by a qRT�PCR method and com-

pared with the levels in control chondrocytes. Our results

showed that AGE-BSA significantly up-regulated the

mRNA expression of IL-6 and IL-8 in a dose� (Fig. 1a

and b) and time-dependent manner (Fig. 1c and d)

(P< 0.05). To determine whether the up-regulation of

IL-6 or IL-8 mRNA also affects protein levels, culture

supernatants were assayed for IL-6 and IL-8 protein

using specific ELISA assays. As shown in Fig. 2,

AGE-BSA significantly induced IL-6 and IL-8 production

in a dose-dependent (Fig. 2a and b) and time-dependent

manner (Fig. 2c and d) in primary human OA chondrocytes

(P< 0.05). Treatment of primary human OA chondrocytes

with native BSA (100 mg/ml) for 24 h showed a slight

increase in IL-6 and IL-8 gene and protein expression

FIG. 1 Expression of IL-6 and IL-8 in AGE-BSA-stimulated primary human OA chondrocytes. Effect of AGE-BSA on the

gene expression of IL-6 (a) and IL-8 (b) in primary human OA chondrocytes. Primary human OA chondrocytes were

treated with AGE-BSA (5�100 mg/ml) and native BSA (100 mg/ml) for 24 h. Time-dependent effect of AGE-BSA on the

gene expression of IL-6 (c) and IL-8 (d) in human OA chondrocytes. Primary chondrocytes were treated with AGE-BSA

(100 mg/ml) and native BSA (100 mg/ml) for 0�24 h. Expression of IL-6 or IL-8 mRNA was determined by real-time

qRT�PCR using comparative ��CT method. Incubation with native BSA (nBSA) was used as control. Results are

representative [mean (S.E.M.)] of duplicate experiments with OA chondrocytes obtained from five age- and sex-matched

OA donors and differ without a common letter; P< 0.05.
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compared with controls (P< 0.05) but the increase in the

case of IL-8 was statistically insignificant (P> 0.05).

Necessity of RAGE for AGE-BSA or S100A4-mediated
stimulation of IL-6 and IL-8 in human OA
chondrocytes

To investigate whether AGE-BSA- or S100A4-induced

expression of IL-6 and IL-8 in primary human OA chon-

drocytes was mediated via binding to RAGE, we used

excess sRAGE to block their binding to RAGE. Primary

human OA chondrocytes were pre-incubated with

sRAGE for 2 h prior to AGE-BSA or S100A4 stimulation.

Real-time qPCR data showed that the induction of IL-6

and IL-8 gene expression was significantly inhibited in

cultures pre-incubated with sRAGE and then stimulated

with AGE-BSA (P< 0.05) (Fig. 3a and b). Inhibition of gene

expression also significantly blocked AGE-BSA or

S100A4-induced IL-6 and IL-8 protein production in the

culture supernatant (P< 0.05) (Fig. 3c and d). Treatment of

primary human OA chondrocytes with IL-1b (20 ng/ml) for

24 h showed significant increase in IL-6 or IL-8 gene and

protein expression compared with untreated chondro-

cytes (P< 0.05), but sRAGE pre-treatment had no effect

on IL-1b-induced or native BSA-induced IL-6 or IL-8 gene

expression and protein production (P> 0.05) (Fig. 3). The

effect of RAGE on the expression of IL-6 and IL-8

in response to stimulation with AGE-BSA in human OA

chondrocytes was further investigated with siRNA-

mediated knockdown of RAGE expression. Transfection

of human OA chondrocytes with RAGE-specific siRNAs

knocked down the expression of RAGE and inhibited

AGE-BSA-induced IL-6 and IL-8 gene expression and

protein production (Fig. 3). Taken together these findings

provide strong evidence of the involvement of RAGE in

AGE-BSA- or S100A4 protein-mediated stimulation of

IL-6 or IL-8 expression in human OA chondrocytes.

Treatment of human OA cartilage explants with
AGE-BSA or S100A4 protein induces the expression
of IL-6 and IL-8 in vitro

To investigate whether AGE-BSA or S100A4 protein

induced the production of IL-6 and IL-8 in human chon-

drocytes embedded in the cartilage matrix (3D cultures),

we used human OA cartilage explants. Treatment of car-

tilage explants with either AGE-BSA or recombinant

human S100A4 protein for 24 h significantly increased

FIG. 2 Enhanced production of IL-6 and IL-8 by AGE-BSA-stimulated primary human OA chondrocytes. Effect of AGE-

BSA on the protein production of IL-6 (a) and IL-8 (b) in primary human OA chondrocytes. Primary human OA chon-

drocytes were treated with AGE-BSA (5�100mg/ml) and native BSA (100 mg/ml) for 24 h. Kinetics of AGE-BSA-induced

production of IL-6 (c) and IL-8 (d) in primary human OA chondrocytes. Primary human OA chondrocytes were treated with

AGE-BSA (100 mg/ml) and native BSA (100 mg/ml) for 0�24 h. Production of IL-6 or IL-8 was determined by a sandwich

ELISA. Native BSA (nBSA) was used as control. Results are representative [mean (S.E.M)] of duplicate experiments with

OA chondrocytes obtained from five age- and sex-matched OA donors and differ without a common letter; P< 0.05.
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the production of IL-6 and IL-8 in the culture medium

compared with controls (Fig. 4; P< 0.05).

RAGE-mediated activation of MAPKs in human OA
chondrocytes is required for AGE-BSA-induced IL-6
and IL-8 expression

Primary human OA chondrocytes were pre-treated with

sRAGE for 2 h or RAGE expression was knocked down

by transfection with specific siRNAs and then human OA

chondrocytes were stimulated with AGE-BSA for 45 min,

and chondrocyte lysates were analysed by western im-

munoblotting. Treatment with sRAGE or knockdown of

RAGE expression with RAGE-specific siRNAs attenuated

the AGE-BSA-induced phosphorylation of p38-MAPK,

JNK-MAPK and ERK-MAPK in human OA chondrocytes

(Fig. 5a and b) indicating that AGE-BSA is a ligand for

RAGE and activate the MAPKs through its binding to

RAGE in human OA chondrocytes. To determine the rela-

tionship of p38-MAPK, JNK, ERK inhibition by treatment

with sRAGE or RAGE siRNA-mediated knockdown of

RAGE expression and pro-inflammatory mediators IL-6

and IL-8 expression in AGE-BSA-stimulated human OA

chondrocytes, we used pharmacological agents that in-

hibit p38-MAPK (SB202190), JNK (SP600125) and ERK

(PD89059). Analysis using real-time qRT�PCR and cyto-

kine/chemokine-specific ELISAs showed that

pre-treatment with SB202190 and PD98059 caused sig-

nificant decrease in mRNA expression and protein pro-

duction of IL-6 (Fig. 6a and c) as well as IL-8 (Fig. 6b

and d) in AGE-BSA-stimulated primary human OA chon-

drocytes (P< 0.05). In contrast, treatment with the JNK

inhibitor SP600125 had no significant effect on

AGE-BSA-induced IL-6 mRNA expression or protein pro-

duction compared with controls (Fig. 6a and c; P> 0.05).

However, IL-8 mRNA expression and protein production

was significantly and equally inhibited in primary human

OA chondocytes treated with the MAPK inhibitors (Fig. 6b

and d; P< 0.05). Taken together, these results suggested

that p38-MAPK and ERK-MAPK are involved in RAGE-

mediated AGE-BSA-stimulated gene expression and pro-

tein production of IL-6 and IL-8, whereas activation of

FIG. 3 Effect of sRAGE or RAGE-knockdown on the AGE-BSA or S100A4 protein-induced expression of IL-6 and IL-8 in

primary human OA chondrocytes. Primary OA chondrocytes were pre-treated with sRAGE (200 mg/ml) for 2 h and then

stimulated with AGE-BSA (50 mg/ml) or S100A4 protein (25 ng/ml) or IL-1b (20 ng/ml) for 24 h. Human OA chondrocytes

were transfected with RAGE-siRNA or control siRNA and then stimulated with AGE-BSA for 24 h. Expression of IL-6

(a) and IL-8 (b) mRNA was determined by real-time qPCR and normalized to GAPDH and compared with the levels

present in untreated chondrocytes using a comparative ��CT method. Production of IL-6 (c) and IL-8 (d) in the culture

medium was quantified by IL-6- or IL-8-specific sandwich ELISA. Results are representative [mean (S.E.M)] of duplicate

experiments with human OA chondrocytes obtained from two age- and sex-matched OA donors and differ without a

common letter; P< 0.05.
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JNK-MAPK in addition to p38-MAPK and ERK is required

for AGE-BSA-induced IL-8 expression and production in

primary human OA chondrocytes.

RAGE-mediated NF-kB activation is associated with
IL-6 and IL-8 expression in primary human OA
chondrocytes

Stimulation of human OA chondrocytes with AGE-BSA

induced the degradation of NFkB inhibitora (IkBa) and

nuclear translocation of NF-kB (Fig. 7). Pre-treatment

with sRAGE or RAGE knockdown significantly inhibited

the AGE-BSA-induced degradation of IkBa (P< 0.05)

(Fig. 7b and d). We also used a highly sensitive ELISA

method to determine the activation of NF-kB by

AGE-BSA in human OA chondrocytes (Fig. 7a and c).

Treatment of human OA chondrocytes with sRAGE or

transfection with RAGE-specific siRNA significantly in-

hibited the activation and DNA binding activity of NF-kB

p65 (P< 0.05) (Fig. 7a and c). To determine the relation of

the NF-kB pathway and the AGE-BSA-induced expres-

sion of IL-6 and IL-8, we next investigated the effect of

pharmacological agents—Bay 11-7082 (IKKa/b inhibitor),

parthenolide (IKKb inhibitor), NF-kB essential modifier

(NEMO)-BDBP (IKKg inhibitor) and MG-132 (proteasome

inhibitor)—to treat the human OA chondrocytes prior to

stimulation with AGE-BSA. AGE-BSA-induced IL-6 or

IL-8 expression and production was almost completely

inhibited in human OA chondrocytes treated with any

one of the NF-kB inhibitors [Bay 11-7082 (P< 0.0001),

parthenolide (P< 0.0001), NEMO-BDBP (P< 0.0001) or

MG-132 (P< 0.0001)] (Fig. 8). Together these results indi-

cated that AGE-BSA-induced IL-6 and IL-8 expression in

human OA chondrocytes was dependent on the activation

of NF-kB.

Discussion

Accumulation of AGEs in articular cartilage has been pro-

posed as a mechanism for the age-related development

of OA [43, 44]. Studies have also shown that ‘still-healthy’

cartilage of patients with a focal degenerative cartilage

lesion elsewhere in the joint has higher AGE levels than

healthy cartilage from controls in which there are no signs

of OA [45]. The age-related accumulation of AGEs results

in cross-linking of cartilage matrix components suggest-

ing a putative molecular mechanism for the development

of OA. In diabetic patients, AGE levels tend to be

increased, since hyperglycaemia accelerates AGE forma-

tion [46]. The correlation between diabetes mellitus and

OA is supported by previous findings showing that radio-

graphic OA is more common, more severe and present

earlier in diabetic patients [47�49]. Therefore, the levels of

AGEs might predict susceptibility for developing OA.

Elevated levels of AGEs may also trigger the activation

of catabolic pathways through RAGE in chondrocytes

and synoviocytes [15�17]. The activation of RAGE

FIG. 4 AGE-BSA or S100A4 enhances the production of IL-6 and IL-8 in human OA cartilage explants. Human OA

cartilage explants in serum-free DMEM were stimulated with AGE-BSA or S100A4 protein for 24 h at 37�C. Production of

IL-6 (a, b) and IL-8 (c, d) in the culture medium was quantified by IL-6- or IL-8-specific sandwich ELISA. Results are

representative [mean (S.E.M)] of duplicate experiments with human OA chondrocytes obtained from two age- and

sex-matched OA donors and differ without a common letter; P< 0.05.
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stimulates critical signalling pathways linked to the activa-

tion and expression of various inflammatory genes [15].

Pro-inflammatory cytokines and chemokines are known

to induce degradative enzymes in cartilage itself and in

synovial tissue [22, 23]. Studies have shown that

abnormally high levels of IL-6 and IL-8 are present in the

SF, synovium and cartilage tissues of arthritic patients

[22�35]. In the current study, using primary human OA

chondrocytes, we have demonstrated that in vitro-gener-

ated AGE-BSA binds to RAGE and activates a

FIG. 5 Activation of RAGE-mediated MAPK signalling by AGE-BSA in primary human OA chondrocytes. Effect of sRAGE

(a) and RAGE knockdown (b) on MAPK phosphorylation in AGE-BSA-stimulated OA chondrocytes. After pre-treatment

with sRAGE (200 mg/ml) for 2 h at 37�C or RAGE-siRNA (30�100 nM) transfection, human OA chondrocytes (70�80%

confluent) were incubated with AGE-BSA (50�100 mg/ml) for 45 min, then the phosphorylation (P) of p38-MAPK, JNK and

ERK was determined by western immunoblot analysis. Band images were digitally captured and the band intensities

were obtained using UN-San-It software and are expressed in average pixels. Data shown are cumulative of two

experiments. Average pixel values presented as mean (S.E.M); data without a common letter differ; P< 0.05.
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RAGE-mediated signalling cascade and we show for the

very first time that this RAGE-mediated signalling cascade

results in increased production of IL-6 and IL-8 in human

OA chondrocytes. We used AGE-BSA as a model for

AGEs, which is basically a complex that includes

N3-carboxymethyllysine (CML), pentosidine and other

AGEs, produced by reacting BSA with glycoaldehyde

under sterile conditions, followed by extensive dialysis

as previously described [40]. We also tested the effect

of native BSA treatment on the expression and production

of IL-6 and IL-8 in primary human OA chondrocytes and

found that higher concentrations of native BSA (100 mg/ml)

caused a low level increase in IL-6 and IL-8 expression

and production, but this increase was statistically insig-

nificant compared with the levels induced by treatment

with AGE-BSA (P> 0.05) in agreement with the previous

findings [50]. Several lines of evidence support the notion

of an interaction of AGE-BSA with RAGE. Soluble RAGE

(sRAGE), a truncated form of RAGE that consists of only

the extracellular domain, blocked the expression and pro-

duction of IL-6 and IL-8 upon AGE-BSA stimulation, sug-

gesting that sRAGE and RAGE on the chondrocytes share

a common or overlapping AGE-BSA binding site. In

addition, knockdown of RAGE by RAGE-specifc siRNAs

significantly inhibited AGE-BSA-induced IL-6 and IL-8 ex-

pression and production (P< 0.05). This further confirmed

that AGE-BSA stimulates IL-6 and IL-8 induction and ex-

pression through a RAGE activated signalling cascade.

S100 family of proteins has been implicated in various

inflammatory conditions, including arthritis [15]. S100A4 is

a member of the S100 family of proteins and is known to

be present in articular cartilage [16] and recently, it was

demonstrated that S100A4 protein binds to RAGE and

stimulates a RAGE-mediated signalling cascade resulting

in the activation of MAPK and NF-kB, leading to increased

production of cartilage-degrading enzymes [17]. Here we

demonstrate that S100A4 protein stimulates the expres-

sion and production of IL-6 and IL-8 in human OA chon-

drocytes. Treatment of human OA chondrocytes with

S100A4 protein significantly up-regulated the gene ex-

pression and protein production of IL-6 and IL-8

(P< 0.05) and this up-regulation of IL-6 and IL-8 was

inhibited when the chondrocytes were pre-treated with

sRAGE (P< 0.05). This indicates that AGE-BSA or

S100A4 protein activates the RAGE-mediated signalling

that stimulates the expression of IL-6 and IL-8 in human

FIG. 6 Different MAPKs regulate AGE-BSA-induced expression of IL-6 and IL-8 in primary human OA chondrocytes.

Effect of MAPK inhibition on the gene expression of IL-6 (a) and IL-8 (b) in AGE-BSA-stimulated OA chondrocytes.

Primary human OA chondrocytes were pre-treated with inhibitors of p38 (SB202190), JNK (SP600125) and ERK

(PD98059) MAPKs for 1 h and then stimulated with AGE-BSA (100 mg/ml) for 24 h. Expression of IL-6 or IL-8 mRNA was

determined by real-time qPCR and normalized to GAPDH and compared with the levels present in control using the

comparative ��CT method. Effect of MAPK inhibition on the protein production of IL-6 (c) and IL-8 (d) in culture medium

of AGE-BSA-stimulated OA chondrocytes. Primary human OA chondrocytes were pre-treated with MAPK inhibitors

SB202190, SP600125, PD98059 for 1 h and then stimulated with AGE-BSA (100 mg/ml) for 24 h. Production of IL-6 or

IL-8 was quantified by a sandwich ELISA. Primary OA chondrocytes incubated with native BSA (100 mg/ml) were used

as control. The concentration of SB202190, SP600125 and PD98059 used in these studies was 100, 10 and 50 mM,

respectively. Results are representative [mean (S.E.M)] of duplicate experiments with OA chondrocytes obtained from

five age- and sex-matched OA donors and differ without a common letter; P< 0.05.
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OA chondrocytes. Unlike AGE-BSA, IL-1b did not stimu-

lated RAGE signalling in human OA chondrocytes as treat-

ment of human OA chondrocytes with sRAGE had no

effect on IL-1b-induced IL-6 and IL-8 gene or protein ex-

pression. We also investigated whether AGE-BSA or

S100A4 protein induced the production of IL-6 and IL-8

in 3D cultures using human OA cartilage explants (n = 2).

Treatment of human cartilage explants with AGE-BSA or

S100A4 protein for 24 h increased the production of IL-6

and IL-8 in the culture medium, indicating that induction of

IL-6 and IL-8 expression by AGE-BSA or S100A4 protein

was mediated through the same mechanism both in OA

chondrocytes in monolayer or when chondrocytes are

embedded in a matrix such as in cartilage explants.

In previous studies, it has been shown that AGEs acti-

vate MAPK signalling pathways in human OA chondro-

cytes and induce the expression of MMPs, TNF-a,

COX-2 and other mediators of cartilage catabolism [18,

21]. MAPK signalling has been reported to be activated

through direct AGE interaction with RAGE [51, 52]. Our

data confirm and extend these findings by demonstrating

that treatment of primary human OA chondrocytes with

sRAGE (which quenches RAGE-activating ligands) or

transfection of primary human OA chondrocytes with

FIG. 7 Activation of RAGE-mediated NF-kB signalling by AGE-BSA in primary human OA chondrocytes. (a) Primary

chondrocytes were pre-treated with sRAGE (200 mg/ml) for 2 h prior to AGE-BSA (50 mg/ml) stimulation or

(b) RAGE-siRNA-transfected OA chondrocytes were stimulated with AGE-BSA (100 mg/ml) for 45 min and NF-kB p65 was

determined in cell extracts (3 mg) by highly sensitive and specific ELISA. TNF-a-treated HeLa cell extract (supplied with

kit) was used as a positive control. The assay is developed with a chemiluminescent substrate and the signal is detected

using a multimode detector (DTX-880, Beckman Coulter). NF-kB p65 activity was expressed as relative light units (RLUs)

and normalized with negative control. Results are representative [mean (S.E.M)] of three independent experiments and

differ without a common letter; P< 0.05. (c, d) IkBa degradation was analysed by western immunoblotting using anti-

bodies specific for IkBa (Santa Cruz Biotechnology). b-actin was used as protein-loading control. Band images were

digitally captured and the band intensities (pixels/band) were obtained using the UN-Scan-It software and are expressed

in average pixels. Data shown are cumulative of three experiments and the OD values are mean (S.E.M) and differ without a

common letter; P< 0.05.
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RAGE-specific siRNAs (which knock down the expression

of RAGE) inhibited the AGE-BSA-induced activation of

p38-MAPK, JNK and ERK. We have shown that AGE-

BSA-stimulated expression and production of IL-6 was

mediated by the p38-MAPK and ERK-MAPK pathways

as treatment of primary human OA chondrocytes with

SB202190 and PD98059 significantly down-regulated

AGE-BSA-stimulated IL-6 expression and production.

This supports an important role of p38-MAPK and ERK

in mediating the AGE-induced expression of IL-6 in

human OA chondrocytes. Our results further indicate

that the mechanism by which AGE-BSA induces IL-8 ex-

pression and production differs from that involved in IL-6

induction, which requires the activation of JNK as well,

since treatment with SP600125, a JNK inhibitor, signifi-

cantly inhibited AGE-BSA-induced IL-8 expression and

production in primary human OA chondrocytes.

There are several distinct NF-kB activation pathways.

The most frequently observed is the canonical or classical

pathway, which is typified by the rapid phosphorylation of

IkBa at Ser32 and Ser36 and subsequent ubiquitination

and degradation by the 26S proteasome and the release

of NF-kB [53, 54]. In the canonical pathway, IkBa phos-

phorylation depends on IKK complex activation [53]. The

IKK complex consists of three core subunits, the catalytic

subunits IKKa and IKKb and several copies of a regulatory

subunit called NEMO (also known as IKKg) [53, 54]. Here,

we showed that pre-treatment with IKKa/b inhibitors Bay

11-7082 and parthenolide, IKKg inhibitor NEMO-BDBP

and 26S proteasome inhibitor MG-132 significantly in-

hibited AGE-BSA-induced gene expression and protein

production of IL-6 and IL-8 in primary human OA chon-

drocytes (P< 0.0001). Treatment of human OA chondro-

cytes with sRAGE or RAGE knockdown by siRNAs

significantly inhibited IkBa degradation (P< 0.05) and

NF-kB p65 activation (P< 0.05). These findings support

previous reports that showed that AGE-BSA stimulates

IkBa degradation and nuclear translocation of NF-kB

p65 in human OA chondrocytes [18, 40]. These results

clearly indicate that NF-kB-mediated AGE-BSA-induced

expression of IL-6 and IL-8 in human OA chondrocytes

is via activation of the canonical pathway and involves

signalling through RAGE. Ours is the first report to dem-

onstrate that RAGE-mediated signalling cascade

FIG. 8 Activation of NF-kB is required for AGE-BSA-induced expression of IL-6 and IL-8 in primary human OA

chondrocytes. Primary human OA chondrocytes were pre-treated with inhibitors specific for IKKa/b (Bay 11-7082),

IKKb (parthenolide), IKKg (NEMO-BDBP) or proteasome (MG-132) for 1h and then stimulated with AGE-BSA (100 mg/ml)

for 24 h. Expression of (a) IL-6 mRNA or (b) IL-8 mRNA was determined as described under Fig. 5. Effect of specific

inhibitors of NF-kB on the production of IL-6 (c) and IL-8 (d) in AGE-BSA-stimulated primary human OA chondrocytes.

Primary human OA chondrocytes were pre-treated with Bay 11-7082, parthenolide, NEMO-BDBP or MG-132 for 1 h and

then stimulated with AGE-BSA (100 mg/ml) for 24 h. Level of IL-6 or IL-8 was quantified by a sandwich ELISA. Primary

human OA chondrocytes incubated with native BSA (100 mg/ml) were used as control. Concentration of Bay 11-7082,

parthenolide, NEMO-BDBP and MG-132 used was 50, 50, 50 and 100 mM, respectively. Results are representative [mean

(S.E.M)] of duplicate experiments with OA chondrocytes obtained from age- and sex-matched five OA donors and differ

without a common letter P< 0.05.
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up-regulates the production of IL-6 and IL-8 in human OA

chondrocytes. These results also demonstrated that

p38-MAPK, ERK-MAPK and NF-kB pathways are directly

involved in IL-6 and IL-8 expression in AGE-stimulated

human OA chondrocytes. In addition, activation of JNK

was required for the expression of IL-8 but was not es-

sential for IL-6 expression in AGE-BSA-stimulated human

OA chondrocytes.

In conclusion, this study demonstrates that AGE-BSA

differentially induce IL-6 and IL-8 expression via RAGE in

primary human OA chondrocytes. Activation of RAGE by

AGE-BSA triggers a cascade of signalling events, which

includes phosphorylation of p38-MAPK, JNK and

ERK-MAPKs. Taken together, our data suggest that the

signalling pathways activated upon ligand binding to

RAGE may play an important role in the degeneration of

cartilage in OA and possibly in other degenerative

diseases.

Rheumatology key messages

. AGEs induce the expression of IL-6 and IL-8 via
RAGE in human chondrocytes.

. AGE-induced IL-6 expression is independent of
JNK activation.

. Activation of NF-kB is an absolute requirement for
both IL-6 and IL-8 via RAGE.
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