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Abstract Advanced glycation end products (AGEs) are

formed from the non-enzymatic glycation reaction of

reducing sugars or their metabolites with the free amino

groups of several biomolecules and are known to play

pathophysiological roles in various inflammatory diseases.

In an earlier study, it was suggested that tumor necrosis

factor-like weak inducer of apoptosis (TWEAK) has a

unique role to regulate the tumor necrosis factor a (TNFa)-
induced inflammatory response. In this study, we investi-

gated the effect of the AGEs–TWEAK interaction on

proinflammatory signaling responses in endothelial cells

and the influence of AGEs on the cellular function of

TWEAK in the inflammatory process. The effect of AGEs

on the TWEAK/TNFa-induced gene expression of inter-

leukin-8 (IL-8) was determined by real-time RT-PCR in

endothelial-like EA.hy.926 cells. The pull-down assay was

performed using recombinant His-tagged TWEAK and

AGEs. The NF-jB activation was analyzed by Western

blotting with canonical and non-canonical pathway-specific

antibodies. AGEs dose-dependently inhibited TWEAK-in-

duced IL-8 gene expression, whereas AGEs themselves

had almost no effect on IL-8 expression. AGEs were found

to bind directly to TWEAK in the pull-down assay. TNFa-

induced IL-8 production and canonical NF-jB activation

were suppressed by TWEAK pretreatment, whereas

TWEAK-induced non-canonical NF-jB activation was

enhanced by pretreatment. These effects induced by

TWEAK pretreatment were abolished by the co-addition of

AGEs. Our findings suggest that AGEs attenuate the

function of TWEAK to regulate the TNFa-induced
inflammatory responses, which provide important clues for

understanding the significance of the AGEs–TWEAK

interaction in inflammatory processes.
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Introduction

Advanced glycation end products (AGEs) are known as

heterogeneous glycation products produced non-enzy-

matically from reducing sugar or its metabolites with the

free amino groups of various biomolecules. AGEs are

classified into subtypes based on the derived molecules,

and the properties are suggested to differ among the

subtypes [1–4]. AGEs have been reported to be produced

in vivo, and modifications by AGEs induce dysfunction in

several functional biomolecules [5–9]. In addition, the

accumulation of AGEs has been found to be correlated

with natural aging and the severity of several diseases

such as diabetes, cardiovascular diseases, and Alzhei-

mer’s disease [10–13]. Although the mechanism by which

AGEs contribute to the progression of these diseases is

still unclear, the interaction between AGEs and their

endogenous receptor, receptor for AGEs (RAGE), has

been implicated in AGE-induced pathogenesis. It has

been shown that several intracellular signaling pathways
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are activated via the AGEs–RAGE interaction [14]. These

pathways eventually lead to the activation of nuclear

factor-kappa B (NF-jB) complexes, which are responsi-

ble for the production of several proinflammatory

cytokines including interleukin-8 (IL-8) [15], and the

generation of reactive oxygen species [14]. These findings

suggest the hypothesis that the AGEs–RAGE interaction

induces ‘‘sterile’’ inflammation, and the prolongation of

this phenomenon may lead to the inflammatory diseases

described above. In addition to RAGE, however, there is

little known about the existence of extracellular factors

which interact with AGEs at present. Therefore, it

remains unknown whether AGEs are related with the

progression of inflammatory diseases other than through

the AGEs–RAGE interaction.

Tumor necrosis factor-like weak inducer of apoptosis

(TWEAK) is a recently identified multi-functional cytokine

[16]. TWEAK is initially expressed as a transmembrane

protein and is released as a soluble form by selective

processing [17]. Several reports suggest that the changes in

serum concentration of soluble TWEAK correlate with the

severity of atherosclerosis, diabetes, heart failure, and some

autoimmune diseases [18–21]. Fibroblast growth factor-

inducible 14 (Fn14) has been identified as a receptor for

TWEAK, and the TWEAK–Fn14 system is thought to be

involved in the above noted diseases [22, 23]. In several

cells, including endothelial cells, TWEAK has been

reported to activate several cellular signaling pathways and

to change the expression of various inflammation-related

genes, suggesting the involvement of TWEAK in inflam-

mation-related diseases [23]. Also, tumor necrosis factor a
(TNFa) is well known to function as a master regulator of

inflammatory responses [24], and an excess of TNFa is

thought to cause some inflammatory diseases such as

rheumatoid arthritis. Interestingly, TWEAK was reported

to have roles in modulating TNFa-induced changes in

cellular signaling processes [25], suggesting that TWEAK

exerts its effects by regulating excessive inflammatory

responses.

As noted above, there remains the possibility that AGEs

function other than through AGEs–RAGE interactions. To

investigate this possibility, we hypothesized that AGEs

may interact with the extracellular modulators for inflam-

matory responses, such as TWEAK, and alter their func-

tions. In the present study, we focused on the possibility

that AGEs alter TWEAK-driven regulation against the

inflammatory responses induced by TNFa. To test this

possibility, we investigated the interaction between AGEs

and TWEAK and examined some changes in TNFa-in-
duced proinflammatory responses, including IL-8 expres-

sion, and NF-jB activation induced by this interaction in

endothelial cells.

Materials and methods

Materials

Recombinant human TWEAK, TNFa, Human IL-8

(CXCL8) mini ABTS ELISA development kits, and

ABTS ELISA buffer kits were purchased from PeproTech

(Rocky Hill, NJ, USA). Recombinant human IL-8 was

from Shenandoah Biotechnology (Warwick, PA, USA).

Cobalt-coated magnetic beads were from Life Technolo-

gies (Gaithersburg, MD, USA). Cobalt-coated agarose

beads and In-Fusion HD cloning kits were from Clontech

Laboratories (Mountain View, CA, USA). Protein G

magnetic beads were from Bio-Rad Laboratories (Her-

cules, CA, USA). Horseradish peroxidase-linked anti-rat

IgG antibody and Amersham Hybond PVDF were from

GE Healthcare (Waukesha, WI, USA). Horseradish per-

oxidase-linked anti-rabbit IgG antibody was from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). Horseradish

peroxidase-linked anti-mouse IgG antibody, horseradish

peroxidase-linked anti-His-tag antibody, and horseradish

peroxidase-linked anti b-actin antibody were from Med-

ical & Biological Laboratories (Nagoya, Japan). Anti-

human IjBa and anti-human p100/p52 antibody were

from Cell Signaling Technology (Beverly, MA, USA).

Anti-human IL-8 antibody was from R&D systems

(Minneapolis, MN, USA). Luminata Forte Western HRP

Substrate was from Millipore (Billerica, MA, USA).

pCold vectors, Primestar HS DNA Polymerase, and Ex

Taq were from Takara Bio (Kusatsu, Japan). Total RNA

purification kits were from GMbiolab (Taichung, Tai-

wan). ReverTra Ace qPCR RT Master Mix with gDNA

Remover, Thunderbird qPCR mix, and Can Get Signal

Immunoreaction Enhancer Solution were from Toyobo

(Osaka, Japan). Pierce High Capacity Endotoxin Removal

Spin Column was from Pierce Biotechnology (Rockford,

IL, USA). ToxinSensor Gel Clot Endotoxin Assay single

test kits were from GenScript (Piscataway, NJ, USA).

Other chemicals used were of analytical grade and

obtained from standard sources.

The glyceraldehyde-modified bovine serum albumin

(AGE-2) was prepared as previously described [4, 5].

Briefly, 25 mg/ml BSA was incubated under sterile

conditions with 100 mM glyceraldehyde in 200 mM

sodium phosphate buffer (pH 7.4) at 37 �C for 7 days.

Then the reaction mixture was dialyzed against phos-

phate-buffered saline (PBS) for 2 days at 4 �C and used

as AGE-2 in this study. The endotoxin content in the

AGE-2 preparation was confirmed to be less than 1

endotoxin unit (EU)/ml. A monoclonal antibody specific

for AGE-2 was made in our laboratory using the standard

cell fusion technique.
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Construction of expression vectors

In order to construct N-terminally His-tagged human TNFa
and TWEAK expression vectors, the cDNAs encoding

TNFa and TWEAK were amplified by PCR with the cDNA

prepared from human THP-1 cells and a synthetic TWEAK

gene with a sequence optimized for E. coli codon usage

constructed by Eurofins Genomics (Tokyo, Japan). The

forward and reverse primers used for this purpose were as

follows: TNFa, 50- AGAGGTAATACCATATGCATCAT
CATCATCATCATAAAGGCCGCAAAACCCGTG -30

and 50- GTACCGAGCTCCATATTAATGAACCTGGA

ACAGACCGAAATAGG -30; TWEAK, 50- ATCATCAT-
CATCATATGGTCAGATCATCTTCTCGAACC -30 and

50- GTACCGAGCTCCATATCACAGGGCAATGATCC

CAAAG -30. PCR was carried out with Primestar HS DNA

Polymerase or Ex Taq. The obtained DNA fragments were

subcloned into the corresponding sites of pCold II (for

TNFa expression) or IV (for TWEAK expression) vectors

using the In-Fusion HD cloning kit. The sequences of all

constructs were verified by DNA sequencing (Eurofins

Genomics).

Expression and purification of recombinant proteins

and pull-down assays

The expression vectors were introduced into the E. coli

BL21 (DE3). Expression of the recombinant proteins was

induced according to the manufacturer’s instructions.

Twenty-four hours after induction of recombinant protein

expression, the cells were collected by centrifugation. The

cells were then suspended in wash buffer (50 mM sodium

phosphate, 300 mM NaCl, pH 8) or denaturing buffer

(50 mM sodium phosphate, 300 mM NaCl, 6 M guanidine-

HCl, pH 8), sonicated, and then centrifuged to remove

insoluble cellular debris.

For the His-tagged recombinant protein-based pull-

down assays, the cells suspended in the wash buffer were

utilized. The endotoxin in the soluble fractions of the cells

was removed by Endotoxin Removal Spin Column, and its

amount was confirmed to be less than 1 EU/lg. For the

pull-down assays, His-tagged recombinant proteins were

purified using cobalt-coated magnetic beads according to

the manufacturer’s instructions. These proteins bound to

beads were incubated with AGE-2 in wash buffer at room

temperature for 30 min. The beads were then washed in

wash buffer, and proteins bound to the beads were lysed in

1 9 Laemmli sample buffer (2% SDS, 5% 2-mercap-

toethanol, 5% sucrose, 62.5 mM Tris–HCl, pH 6.8, and

0.002% bromophenol blue). The protein samples were

analyzed by Western blotting. Prior to Western blotting,

using SDS-PAGE followed by Coomassie Brilliant Blue

staining, it was confirmed that the same amount of His-

tagged recombinant proteins was used for each pull-down

assay.

For the AGE-2-based pull-down assays, the cells sus-

pended in the denaturing buffer were utilized. His-tagged

recombinant proteins in the soluble fractions of the cells

were purified using cobalt-coated agarose beads according

to the manufacturer’s instructions. The purity of the puri-

fied proteins was examined by SDS-PAGE followed by

Coomassie Brilliant Blue staining. The purified fractions

containing recombinant protein were dialyzed against PBS

at 4 �C overnight. The endotoxin included in the fractions

was then removed by Endotoxin Removal Spin Column,

and its amount was confirmed to be less than 1 EU/lg. For
the pull-down assays, protein G magnetic beads were

incubated with anti-AGE-2 antibody at room temperature

for 30 min. Anti-AGE-2 antibody bound to protein G

magnetic beads was then incubated with AGE-2 followed

by His-tagged recombinant proteins or IL-8 recombinant

protein at room temperature for 1 h, respectively. The

proteins bound to the beads were lysed in 1 9 Laemmli

sample buffer and were analyzed by Western blotting.

Cell culture and ELISA

EA.hy.926 cells were maintained in Dulbecco’s modified

Eagle’s medium with 10% fetal calf serum at 37 �C in

humidified air containing 5% CO2. To measure IL-8

secreted from the cells, culture medium was collected and

centrifuged for 17,5009g at 4 �C for 10 min, and then the

supernatants were diluted 20-fold with PBS containing

0.05% Tween-20 and 0.1% BSA. The concentration of IL-

8 in the supernatant was measured by ELISA using Human

IL-8 (CXCL8) mini ABTS ELISA development kits. The

optical density of each sample at 405 nm was measured

using Varioskan LUX Multimode Microplate Reader

(Thermo Scientific, Rockford, IL, USA), and then the

values of optical density were corrected by subtracting at

650 nm, according to the manufacturer’s instructions.

Western blotting

The cells were washed with ice-cold PBS and then directly

lysed in 1 9 Laemmli sample buffer. After sonication,

protein samples were boiled for 5 min at 95 �C. The

samples were separated by SDS-PAGE and electrotrans-

ferred to a hydrophobic polyvinylidene difluoride mem-

brane. The membrane was blocked with Tris-buffered

saline (pH 7.5) containing 3% dried milk and 0.1% Tween-

20 and then incubated with primary antibodies in Can Get

Signal Solution 1 at 4 �C overnight, followed by incubation

with horseradish peroxidase-labeled secondary antibodies

in Can Get Signal Solution 2 at room temperature for 1 h.

Proteins were finally treated with a Luminata Forte
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Western HRP substrate and visualized with the aid of a

LAS-1000plus lumino-imaging analyzer (Fuji Film,

Tokyo, Japan). The densities of the bands detected in the

Western blotting were calculated using ImageJ (version

1.49, U. S. National Institutes of Health).

Semi-quantitative real-time RT-PCR

Total RNAs were isolated from EA.hy.926 cells cultured

under each condition using total RNA isolation kits. The

concentration and purity of the extracted total RNA were

assessed using the 260/280 nm absorbance ratio. cDNAs

were prepared from 500 ng of total RNA using ReverTra

Ace qPCR RT Master Mix with gDNA Remover. Real-

time PCR was performed using Thunderbird qPCR mix

with the aid of Thermal Cycler Dice Real-Time System

Lite (Takara Bio). The forward and reverse primers used

were as follows: human IL-8, 50- ACTGAGAGTGATT

GAGAGTGGAC -30 and 50- AACCCTCTGCACCCAGTT
TTC -30; human b-actin, 50 - GGACTTCGAGCAAGA-

GATGG -30 and 50- AGGAAGGAAGGCTGGAAGAG -30.
The PCR conditions were as follows: denaturation at 95 �C
for 5 s and annealing and extension at 60 �C for 30 s (40

cycles). The transcript level of IL-8 was normalized against

the level of b-actin with the ddCT method [26].

Statistical analyses

The statistical analysis across multiple groups was deter-

mined using Dunnett’s test. The statistical differences

between paired groups were determined using Student’s

t test. Analyses were performed using R (version 3.1.3, The

R Foundation for Statistical Computing). P values\0.05

were considered significant. All data were presented as the

mean ± standard error.

Results

TWEAK induces expression of inflammatory

cytokine IL-8 in EA.hy.926 cells, whereas AGE-2

induces negligible responses

To investigate whether AGEs alter TWEAK function to

regulate TNFa-mediated cellular responses, we utilized

the human endothelial-like EA.hy.926 cells that expressed

Fn14, the specific receptor for TWEAK. Firstly, we

examined the responsiveness of the cells to TWEAK. For

this purpose, the cells were stimulated by 100 ng/ml of

the recombinant soluble form of TWEAK and then

changes in some gene expressions were examined by RT-

PCR. As a result, the expression of proinflammatory

cytokine IL-8 was found to be increased in the cells

stimulated by TWEAK (data not shown). We therefore

examined this response using semi-quantitative real-time

RT-PCR in detail. Consistent with the results of the RT-

PCR, the mRNA level of IL-8 was increased by the

addition of 100 ng/ml TWEAK (Fig. 1a). In contrast,

AGE-2 induced only a slight change in the mRNA level of

IL-8, even when it was added at a concentration of

1000 lg/ml (Fig. 1b). So far, it has been reported that

TWEAK functions to regulate TNFa-mediated cellular

responses [25]. We therefore examined the effect of

TWEAK on the TNFa-mediated IL-8 gene expression in

EA.hy.926 cells. The results showed that TNFa strongly

induces IL-8 gene expression, and co-addition of TWEAK

potentiates this response (Fig. 1a).

Fig. 1 IL-8 gene expression stimulated by TWEAK, TNFa, AGE-2,
and BSA. EA.hy.926 cells were treated for 6 h with molecules as

follows: TWEAK (100 ng/ml); TNFa (50 ng/ml); TNFa (50 ng/ml)

plus TWEAK (100 ng/ml); AGE-2 (0.001, 0.1, 10, and 1000 lg/ml);

BSA (1000 lg/ml). Data are shown as ratios to the IL-8 gene

expression level in the cells treated with vehicle as a control. ***

P\ 0.001 versus control by Dunnett’s test (n = 3)
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AGE-2 inhibits the IL-8 gene expression induced

by TWEAK but not by TNFa

We next examined the effect of AGE-2 on TWEAK-in-

duced IL-8 gene expression. EA.hy.926 cells were stimu-

lated by TWEAK in the presence of various concentrations

of AGE-2 (0.001–1000 lg/ml) for 6 h, and then semi-

quantitative real-time RT-PCR for IL-8 was carried out

using total RNA from these cells. The results clearly

showed that AGE-2 suppressed TWEAK-induced IL-8

gene expression in a dose-dependent manner (Fig. 2a).

Similarly, this suppressive effect was found in the cells

stimulated by TNFa plus TWEAK, but the suppressive rate

of IL-8 gene expression in these cells was lower than that

in the cells treated with TWEAK alone (Fig. 2b). On the

other hand, AGE-2 did not alter the IL-8 gene expression

induced by TNFa alone (Fig. 3c). These results suggested

that the suppressive effect of AGE-2 was specific to

TWEAK but not to TNFa.

AGE-2 directly binds to TWEAK

To clarify the suppressive effect of AGE-2 on TWEAK-

induced IL-8 gene expression in more detail, we next

examined whether AGE-2 directly interacts with TWEAK.

Recombinant N-terminally His-tagged TWEAK or TNFa
were obtained using the E. coli expression system. These

His-tagged proteins were immobilized on cobalt-coated

beads, and then incubated with AGE-2. After the incuba-

tion, the amounts of AGE-2 bound to the His-tagged

TWEAK or TNFa were examined by Western blotting

using anti-AGE-2 antibody. As shown in Lane 4 of Fig. 3,

the AGE-2 used in the present study was exhibited as a

complex molecular species with broad molecular weights.

bFig. 2 Differences of IL-8 gene expression stimulated by TWEAK,

TWEAK plus TNFa, and TNFa in the presence or absence of AGE-2.

EA.hy.926 cells were treated for 6 h with molecules as follows:

a TWEAK (100 ng/ml) together with or without AGE-2 (0.001, 0.1,

10, and 1000 lg/ml) or BSA (1000 lg/ml). b TNFa (50 ng/ml) plus

TWEAK (100 ng/ml) together with or without AGE-2 (0.001, 0.1, 10,

and 1000 lg/ml) or BSA (1000 lg/ml). c TNFa (50 ng/ml) together

with or without AGE-2 (0.001, 0.1, 10, and 1000 lg/ml) or BSA

(1000 lg/ml). Data are shown as ratios to the IL-8 gene expression

level in the cells treated with TWEAK (a), TNFa plus TWEAK (b),
or TNFa (c) as a control. *** P\ 0.001 versus control by Dunnett’s

test (n = 3)
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A similar blotting pattern was obtained only in the sample

eluted from the His-tagged TWEAK-immobilized beads

(Fig. 3, Lane 1). In contrast, AGE-2 molecules were hardly

detectable in the eluate from the His-tagged TNFa-immo-

bilized beads (Fig. 3, Lane 2). These results raised the

possibility that AGE-2 selectively bound to TWEAK and

may have suppressed the function of TWEAK.

AGE-2 inhibits the priming effect of TWEAK

to suppress TNFa-induced IL-8 gene expression

and NF-jB activation

To further explore the pathophysiological significance of

the suppressive effect of AGE-2 on TWEAK function, we

examined the effect of AGE-2 on the regulatory function of

TWEAK in TNFa-stimulated cellular responses. In an

earlier study, it was described that pretreatment by

TWEAK suppressed TNFa-stimulated cellular responses

[25]. We therefore examined whether this effect occurs in

EA.hy.926 cells. The cells were pretreated with TWEAK

for 30 h and then these primed cells were stimulated by

TNFa for 6 h in the presence of TWEAK. As a result,

TNFa-stimulated IL-8 gene expression showed about 20%

reduction by TWEAK pretreatment, as compared with no

pretreatment (Fig. 4). Furthermore, when the cells were

primed by TWEAK together with AGE-2, the priming

effect of TWEAK was almost completely abolished

(Fig. 4). These results showed that the priming by TWEAK

suppressed TNFa-stimulated IL-8 gene expression in

EA.hy.926 cells, and AGE-2 was able to reverse the

priming effect of TWEAK.

In addition, under the same conditions, we examined the

changes in NF-jB activities. The cells were lysed using

Laemmli sample buffer and then the extracted proteins

were analyzed by Western blotting. In Fig. 5a, the protein

level of IjBa, a key regulator of the canonical NF-jB
pathway, was up-regulated in the cells which were primed

by TWEAK followed by TNFa-stimulation. Because IjBa
is degraded in the course of canonical NF-jB activation,

this up-regulation indicates suppression of the canonical

NF-jB pathway. In contrast, the protein level of p52, a key

regulator of the non-canonical NF-jB pathway, was up-

regulated in the cells which were primed by TWEAK

followed by TNFa-stimulation (Fig. 5b), indicating acti-

vation of the non-canonical NF-jB pathway. These chan-

ges in NF-jB activities were suppressed by the co-addition

of AGE-2 (Figs. 5a, b). Taken together, similar to the

changes in IL-8 gene expression shown in Fig. 4, the

priming effect of TWEAK on NF-jB activations was also

reversed by addition of AGE-2.

Furthermore, to support the above findings, we mea-

sured IL-8 production in the cell culture medium using

Fig. 3 Interaction between AGE-2 and TWEAK/TNFa. Essentially
the same amount of His-tagged TWEAK (His-TWEAK) or His-

tagged TNFa (His-TNFa) immobilized on cobalt-coated beads was

incubated with 1000 lg/ml AGE-2. The amounts of AGE-2 bound to

the beads (Lanes 1–3) or AGE-2 alone (500 ng, Lane 4) were

visualized by Western blotting using anti-AGE-2 antibody

Fig. 4 The changes of TNFa-induced IL-8 gene expression in

EA.hy.926 cells pretreated with TWEAK together with or without

AGE-2. Initially, the cells were pretreated for 30 h with or without

molecules as follows: TWEAK (100 ng/ml); AGE-2 (1000 lg/ml);

BSA (1000 lg/ml). Then the cells were treated for 6 h with or

without molecules as follows: TNFa (50 ng/ml), TWEAK (100 ng/

ml), AGE-2 (1000 lg/ml), BSA (1000 lg/ml). Data are shown as

ratios to the IL-8 gene expression level in the cells treated with TNFa
alone for 6 h as a control. ** P\ 0.01; *** P\ 0.001 versus control

by Dunnett’s test (n = 3)
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ELISA. In Fig. 6, compared with the cells stimulated by

TNFa alone, the levels of IL-8 protein were increased in

the media of the cells stimulated by TNFa together with

TWEAK for 18 h. In contrast, pretreatment with TWEAK

suppressed TNFa-stimulated IL-8 production (Fig. 6). On

the other hand, the lowest IL-8 protein level was observed

under the condition with priming by TWEAK together with

AGE-2, indicating discordance between IL-8 gene

expression and protein secretion (Figs. 4, 6).

To clarify the cause of this discordance, we examined

the influence of AGE-2 on the IL-8 ELISA. Serial dilutions

of standard IL-8 proteins were prepared with or without

1000 lg/ml of AGE-2, which was the same concentration

as that used in the cell culture analysis in Fig. 6, and then

these samples were evaluated on the IL-8 ELISA. The

results indicated that the level of IL-8 was underestimated

by ELISA about 20% by the co-existence of 1000 lg/ml of

AGE-2 (Fig. 7).

IL-8 also binds to AGE-2

To confirm the interfering effect of AGE-2 on the IL-8

ELISA measurement in more detail, pull-down assays

using AGE-2 and IL-8 were carried out. AGE-2 immobi-

lized on the beads was incubated with IL-8, His-tagged

TWEAK, or His-tagged TNFa. After the incubation, pro-

teins bound to AGE-2 were examined by Western blotting

using anti-His-tag antibody or anti-IL-8 antibody, respec-

tively. As shown in Fig. 8a, TWEAK, but not TNFa, was
shown to bind to AGE-2, indicating the same results

described in Fig. 3. Similarly, IL-8 also bound to AGE-2

Fig. 5 Activation of TNFa-stimulated NF-jB pathway in the cells

pretreated with TWEAK together with or without AGE-2. EA.hy.926

cells were pretreated under the same conditions described in Fig. 4.

After the pretreatment, the cells were treated for 7.5 min (a) or 6 h

(b) with or without molecules as follows: TNFa (50 ng/ml), TWEAK

(100 ng/ml), AGE-2 (1000 lg/ml), BSA (1000 lg/ml). An aliquot of

total protein (10 lg) extracted from each cell was analyzed using

Western blotting, and the densities of the bands were calculated. The

density values, which represent the protein content of IjBa (a) or p52
(b), were normalized against the value of b-actin. Data are shown as

ratios to the IjBa (a) or p52 (b) protein level in the cells treated with

TNFa alone as a control. Each Western blot is representative of three

independent experiments.*P\ 0.05; **P\ 0.01; ***P\ 0.001 ver-

sus control by Dunnett’s test (n = 3)

Fig. 6 IL-8 protein secreted from the TNFa-stimulated cells pre-

treated with TWEAK together with or without AGE-2. EA.hy.926

cells were pretreated under the same conditions described in Fig. 4.

After the pretreatment, the cells were treated for 18 h with or without

molecules as follows: TNFa (50 ng/ml), TWEAK (100 ng/ml), AGE-

2 (1000 lg/ml), BSA (1000 lg/ml). Then the culture medium was

analyzed using IL-8 ELISA. *P\ 0.05 versus IL-8 protein concen-

tration in the culture medium of the cells treated with TNFa alone by

Dunnett’s test (n = 3)
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under the same condition (Fig. 8b), suggesting that this

interaction between IL-8 and AGE-2 was responsible for

the underestimation in the IL-8 ELISA measurement.

Discussion

AGEs are known to play pathophysiological roles in vari-

ous inflammatory diseases [10–13]. TWEAK was reported

to regulate TNFa-induced cellular responses [25]. How-

ever, at present, very little is actually known about the

existence of extracellular factors influenced by AGEs. In

this study, we investigated the effect of the AGEs–

TWEAK interaction on proinflammatory signaling

responses and the influence of AGEs on the cellular

function of TWEAK.

Initially, we examined whether the presence of AGE-2

alters the proinflammatory IL-8 gene expression induced

by TWEAK. The results clearly showed that AGE-2 sup-

pressed the expression of IL-8 in a dose-dependent manner

(Fig. 2a). Earlier studies indicated that the serum concen-

tration of AGE-2 is 10–20 lg/ml in non-alcoholic steato-

hepatitis or diabetes patients [27, 28], and this range of

AGE-2 was shown enough to interfere with the TWEAK

function (Fig. 2a). On the other hand, local accumulation

of AGEs was observed in pathological conditions [29],

suggesting that some local environment may be exposed to

more high concentrations of AGE-2. Therefore, we selec-

ted 1000 lg/ml of AGE-2 as the highest concentration of

AGE-2 which has little effect on EA.hy.926 cells in the

subsequent investigations.

According to the finding described above, AGE-2

appears to regulate the TWEAK-induced inflammatory

response. However, the magnitude of IL-8 gene expression

induced by TWEAK is relatively small compared with that

induced by TNFa (Fig. 1a). This difference may be

accounted for by the difference in the class of NF-jB
activation pathway induced by TWEAK or TNFa, which
has already been suggested [23, 30]. Namely, TNFa acti-

vates the canonical NF-jB pathway, resulting in IL-8

production, whereas TWEAK mainly activates the non-

canonical pathway. As described above, TWEAK weakly

induces inflammatory cytokine IL-8 in EA.hy.926 cells. On

the other hand, TWEAK was also reported to function as

the modulator of TNFa-stimulated cellular signaling

[25, 31, 32]. In these reports, the pretreatment with

TWEAK attenuated the TNFa-induced cellular responses.

TWEAK and TNFa-induced signaling pathways share the

same signal transduction molecule, TNF receptor-associ-

ated factor 2 (TRAF2). Therefore, in the cells pretreated

with TWEAK, TRAF2 has been consumed for TWEAK-

induced signal transduction, and this depletion of TRAF2

attenuates subsequent TNFa-induced signaling. The phys-

iological significance of this molecular event seems to

protect cells from TNFa-induced excessive inflammatory

reactions. In the present study, TNFa-stimulated IL-8 gene

expression is additionally increased by concomitant stim-

ulation with TWEAK, while it was significantly suppressed

by pretreatment with TWEAK in EA.hy.926 cells, sug-

gesting a similar molecular event occurred (Fig. 4). In IL-8

gene expression experiments, the effect of the TWEAK

pretreatment was completely abolished by AGE-2 co-ex-

isting with TWEAK (Fig. 4). However, similar abolish-

ment was not observed in IL-8 protein measurement by

ELISA, exhibiting a significant discordance for IL-8 gene

expression (Fig. 6). As shown in Fig. 7, this difference

Fig. 7 Effect of AGE-2 on IL-8 ELISA. Serial dilutions of standard

IL-8 proteins were prepared without (white bar) or with (black bar)

1000 lg/ml of AGE-2 and were analyzed by IL-8 ELISA.

***P\ 0.001; **P\ 0.01; *P\ 0.05 by Student’s t test at each

concentration of IL-8

Fig. 8 Interaction between IL-8 and AGE-2. Anti-AGE-2 antibody

immobilized on beads was incubated with AGE-2 followed by His-

tagged TNFa (25 ng/ll, His-TNFa), His-tagged TWEAK (25 ng/ll,
His-TWEAK), or IL-8 (10 ng/ll). Molecules bound to beads were

analyzed by Western blotting using anti-His-tag antibody (a) or anti-
IL-8 antibody (b), respectively
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between mRNA expression and protein production of IL-8

was thought to be caused by AGE-2 co-existing in the

ELISA samples. If we tentatively re-calculate the results

shown in Fig. 6 by assuming the data shown in Fig. 7 as a

standard curve, the amount of secreted IL-8 from

EA.hy.926 cells pretreated with TWEAK in the presence of

AGE-2 was estimated to be increased about 1.2-fold; this

estimation supports the experimental data regarding the

changes of IL-8 gene expression shown in Fig. 4. Taken

together, our findings suggest that the co-existence of

AGE-2 led to dysfunction in the regulatory action of

TWEAK on TNFa-mediated inflammatory responses.

This hypothesis agrees with the earlier study that genetic

ablation or antibody neutralization of TWEAK augmented

endotoxin-induced proinflammatory cytokine production in

immune cells [33]. Furthermore, similar to our findings,

TWEAK was reported to suppress TNFa-stimulated IL-6

and IL-8 production in fibroblast-like synoviocytes, sug-

gesting that TWEAK may have a role in inhibiting the

progression of TNFa-activated rheumatoid arthritis [34]. In

addition to rheumatoid arthritis, TNFa is well known to

play a crucial role in the formation of several chronic

inflammatory diseases, including atherosclerosis caused by

endothelial dysfunction [35]. As shown in the present

study, if TWEAK has a protective role in inhibiting TNFa-
induced endothelial dysfunction, AGEs accumulated dur-

ing the inflammatory process may impair this protective

role of TWEAK and are considered to be involved in the

exacerbation of endothelial dysfunction. The pathophysi-

ological involvement of TWEAK in several inflammatory

diseases has been suggested [23], but the relationship

between TWEAK and TNFa-induced cellular dysfunction

is rarely investigated. Therefore, to generalize our findings

describing the impairment of TWEAK functions by AGE-

2, it remains a challenge for future investigation to eluci-

date the possible involvement of TWEAK in TNFa-in-
duced chronic inflammatory diseases.

Figure 5 shows the effect of the AGE-2–TWEAK

interaction on TNFa-stimulated NF-jB activation. Similar

to an earlier study [25], TWEAK pretreatment suppressed

TNFa-stimulated canonical NF-jB activation in

EA.hy.926 cells, and the co-existence of AGE-2 inhibited

this effect (Fig. 5a). Analogous to other proinflammatory

cytokines, IL-8 gene expression is known to be controlled

under the canonical NF-jB pathway [23]. Therefore, our

findings showing the effect of AGE-2 on the regulation of

IL-8 production may be applied to other proinflammatory

cytokine responses in several types of cells. In addition, it

was also shown that AGE-2 suppressed TWEAK-mediated

activation of the non-canonical NF-jB pathway (Fig. 5b).

As described above, the canonical NF-jB pathway is

known to induce the expression of some genes related to

inflammatory reactions, whereas little is known about the

target genes of non-canonical pathway activation. There-

fore, the importance of TWEAK-induced non-canonical

activations is poorly understood at present, and thus further

investigations are needed to elucidate the physiological

significance of alteration in this pathway mediated by

AGE-2.

The pull-down assay indicated that AGE-2 specifically

interfered with TWEAK function by direct binding

between AGE-2 and TWEAK (Figs. 3, 8). Several

endogenous molecules are known to interact with AGEs.

Many of these molecules were classified as cell surface

receptors, such as RAGE and CD36 [36–38], and were

known to play roles as ligands in intracellular signaling or

scavengers for AGEs, whereas there is little known about

the possible interaction of AGEs with extracellular bio-

molecules. Our findings indicated the role of AGEs to alter

the functions of TWEAK or IL-8 through direct interaction

with them. These findings suggested that some other

extracellular signaling biomolecules, including cytokines

and/or hormones, may also interact with AGEs to interfere

with their functions. To date, the pathophysiological

functions of AGEs have been discussed mainly through the

AGEs–RAGE interaction [7–9, 14]. Therefore, if AGEs

alter the functions of signaling biomolecules involved in

inflammatory responses, our hypothesis based on direct

interaction between AGEs and extracellular biomolecules

will provide novel mechanisms by which AGEs evoke

inflammatory diseases.

Conclusions

In the present study, we demonstrated that AGE-2 attenu-

ated TWEAK-induced down-regulation of TNFa-stimu-

lated proinflammatory IL-8 production and NF-jB
activation. In addition, this effect was suggested to be

caused by direct binding between AGE-2 and TWEAK.

Our findings provide a new clue to elucidate the patho-

physiological roles of AGEs for prevention and treatment

of some inflammatory diseases.
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