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Summary

Tumour necrosis factor (TNF)-like weak inducer of apoptosis (TWEAK), a
member of the TNF family, is a multi-functional cytokine that regulates
cellular proliferation, angiogenesis, inflammation and apoptosis. In this
study, we investigated TWEAK expression in periodontally diseased tissues
and the effect of TWEAK on human gingival fibroblasts (HGF). Reverse
transcription–polymerase chain reaction (RT–PCR) analysis and immuno-
histochemistry revealed that TWEAK and the TWEAK receptor, fibroblast
growth factor-inducible 14 (Fn14), mRNA and protein were expressed in
periodontally diseased tissues. HGF expressed Fn14 and produced interleukin
(IL)-8 and vascular endothelial growth factor (VEGF) production upon
TWEAK stimulation in a dose-dependent manner. The IL-8 and VEGF pro-
duction induced by TWEAK was augmented synergistically by simultaneous
stimulation with transforming growth factor (TGF)-b1 or IL-1b. IL-1b and
TGF-b1 enhanced Fn14 expression in a dose-dependent manner. Moreover,
TWEAK induced intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1) expression on HGF in a dose-dependent
manner. The ICAM-1 expression induced by TWEAK was augmented by
TGF-b1. On the other hand, the TWEAK-induced VCAM-1 expression was
inhibited by TGF-b1. Phosphatidylinositol 3-kinase (PI3K) and nuclear
factor-kappaB (NF-kB) inhibitor inhibit both ICAM-1 and VCAM-1 expres-
sion induced by TWEAK. However, mitogen-activated protein kinase (MEK)
and c-Jun NH2-terminal kinase (JNK) inhibitor enhanced only VCAM-1
expression on HGF. These results suggest that TWEAK may be involved in the
pathophysiology of periodontal disease. Moreover, in combination with IL-1b
or TGF-b1, TWEAK may be related to the exacerbation of periodontal disease
to induce proinflammatory cytokines and adherent molecules by HGF.
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Introduction

The tumour necrosis factor (TNF)-like weak inducer of apo-
ptosis (TWEAK) was first identified as a new member of the
TNF superfamily that induced cell death in some tumour cell
lines [1–3]. The human TWEAK gene is expressed in differ-
ent cell types and encodes a ~30 kDa type 2 transmembrane
protein that can be cleaved to generate a ~18 kDa soluble
factor with biological activity. Recently, Wiley et al. identified
fibroblast growth factor-inducible 14 (Fn14) as a TWEAK
receptor with a physiological affinity [4]. Fn14 is a type 1
transmembrane protein that is composed of only one

cysteine-rich domain in the extracellular region and a short
cytoplasmic region containing a TNF receptor-associated
factor (TRAF)- binding motif. Saitoh et al. reported recently
that TWEAK stimulates the nuclear factor kB (NF-kB) sig-
nalling pathway via TRAF molecules [5].

TWEAK mRNA is expressed in a variety of tissues and cell
types, with relatively high levels found in most major organs,
including the heart, brain, skeletal muscle and pancreas.
Tissues related to the immune system also show the presence
of TWEAK mRNA including spleen, lymph nodes and
thymus [1,6]. TWEAK mRNA expression has also been
detected in various human tumour cell lines [1,6,7], human
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peripheral blood lymphocytes [1,6,7], mouse peritoneal
macrophages [8] and WI-38 human fibroblasts [9].

Several groups have reported that TWEAK is able to
increase the expression of various molecules involved in
the inflammatory response. Indeed, TWEAK stimulation
induces interleukin (IL)-8 secretion in human tumour cell
lines [1,10], WI-38 fibroblasts [1] and astrocytes [11].
TWEAK also increases IL-6 secretion and intercellular adhe-
sion molecule-1 (ICAM-1) expression when added to astro-
cytes cell cultures, and it has been proposed that this
cytokine may play a role in brain inflammation [11]. In
recent studies, Chicheportiche et al. [12] demonstrated that
TWEAK treatment of human dermal fibroblasts increased
the production of proteolytic enzyme matrix metallopro-
teinase (MMP)-1 and the proinflammatory molecules pros-
taglandin E2, IL-6, IL-8, regulated upon activation normal T
cell expressed and secreted (RANTES) and interferon-
inducible protein 10 (IP-10). A similar TWEAK response was
observed using human synoviocytes isolated from patients
with rheumatoid arthritis or advanced osteoarthritis. These
investigators concluded that TWEAK could be involved in
the pathogenesis of chronic inflammatory disease.

Periodontal disease is characterized as chronic inflamma-
tion associated with Gram-negative bacteria in the oral
cavity [13,14], resulting in soft tissue destruction and peri-
odontal bone resorption. The host-immune response to
these bacteria has been suggested to be associated with the
alteration or even progress of this disease, and inflammatory
cells, such as T cells, B cells and macrophages, are related to
the exacerbation of periodontal disease [15]. In particular,
proinflammatory cytokines such as IL-1b and TNF-a are
involved in periodontal tissue destruction [16]. However, the
TWEAK expression and the proinflammatory role of
TWEAK in periodontal disease are uncertain.

The aim of this study was to examine TWEAK and Fn14
expression in periodontally diseased tissues and to reveal the
effects of TWEAK on chemokine, vascular endothelial
growth factor (VEGF) and adhesion molecule expression by
human gingival fibroblasts (HGF).

Materials and methods

Gingival tissue biopsies and cell culture

Tissue biopsies were sampled from the inflamed gingiva of
patients at surgery who were diagnosed with chronic peri-
odontitis, or from the gingivae of clinically healthy subjects.
All gingival biopsy sites in the chronic periodontitis group
exhibited radiographic evidence of bone destruction, as well
as having clinical probing depths greater than 4 mm, with
sulcular bleeding on probing; otherwise, the patients were
systemically healthy. Samples of gingival tissues were
obtained from 17 chronic periodontitis patients (four males
and 13 females, aged 49–82 years) and seven healthy control
subjects (seven females, aged 23–40 years). We used four

clinically healthy gingival samples and nine chronic peri-
odontitis samples for reverse transcription–polymerase
chain reaction (RT–PCR), and three clinically healthy gingi-
val samples and eight chronic periodontitis samples for
immunohistochemical staining. We used HGF isolated from
three clinically healthy gingiva during routine distal wedge
surgical procedures. Gingival specimens were cut into small
pieces and transferred to culture dishes. The HGF that grew
from the gingivae were cultured primarily on 100 mm2

uncoated plastic dishes in Dulbecco’s modified Eagle
medium (DMEM; Sigma, St Louis, MO, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY,
USA) and antibiotics (penicillin G; 100 units/ml, streptomy-
cin; 100 mg/ml) at 37°C in humidified air with 5% CO2.
Confluent cells were transferred and cultured for use in the
present study. After three to four subcultures by trypsiniza-
tion, the cultures contained homogeneous, slim and spindle-
shaped cells growing in characteristic swirls. The cells were
used for experiments after five passages. In selected experi-
ments, HGF were cultured for 1 h in the presence or in the
absence of SB203580 (20 mM; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), PD98059 (20 mM; Calbiochem, La
Jolla, CA, USA), SP600125 (20 mM; Sigma), LY294002
(20 mM; Calbiochem), rapamycin (50 nM; Santa Cruz
Biotechnology) or MG-132 (50 mM; Calbiochem), prior to
incubation with the various stimuli. Informed consent was
obtained from all subjects participating in this study. The
study was performed with the approval and compliance of
the University of Tokushima Ethical Committee.

RNA extraction and RT–PCR analysis

Total RNA was prepared from gingival biopsies or HGF
using the Rneasy total RNA isolation Kit (Qiagen, Hilden,
Germany). Single-strand cDNA for a PCR template was syn-
thesized from 48 ng of total RNA using a primer, oli-
go(dT)12-18 (Invitrogen, Carlsbad, CA, USA) and superscript
III reverse transcriptase (Invitrogen) under the conditions
indicated by the manufacturer. Specific primers were
designed from cDNA sequence for TWEAK, Fn14 and
glyceraldehydes-3-phosphate dehydrogenase (GAPDH).
Each cDNA was amplified by PCR using Hot star Taq DNA
polymerase (Qiagen). The sequences of the primers were as
follows: TWEAK-F (5′-CCCTGCGCTGCCTGGAGGAA-
3′), TWEAK-R (5′-AGACCAGGGCCCCTCAGTGA-3′),
Fn14-F (5′-CCAAGCTCCTCCAACCACAA-3′), Fn14-R
(5′-TGGGGCCTAGTGTCAAGTCT-3′), GAPDH-F (5′-TG
AAGGTCGGAGTCAACGGATTTGGT-3′), and GAPDH-
R (5′-CATGTGGGCCATGAGGTCCACCAC-3′). The condi-
tions for PCR were 1 ¥ 95°C, 15 min; 35 ¥ 94°C, 1 min, 59°C,
1 min, 72°C, 1 min; and 1 ¥ 72°C, 10 min. The products were
analysed on a 1·5% agarose gel containing ethidium
bromide. The expected sizes of the PCR products for
TWEAK, Fn14 and GAPDH were 200 base pairs (bp), 260 bp
and 985 bp, respectively. We could not detect any bands
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when we performed PCR without adding the cDNA tem-
plate in this study.

Immunohistochemistry

Gingival biopsies were immediately embedded in the optical
cutting temperature (OCT) compound (Miles Laboratories
Inc., Elkhart, IN, USA) and quenched and stored in liquid
nitrogen. The specimens were cut in 6 mm sections using a
cryostat (SFS; Bright Instrumental Company, Huntingdon,
UK) and collected on poly l-lysine-coated slides. TWEAK
expression was analysed with specific antibodies; mouse
anti-human TWEAK antibody (clone: CARL-1; Biolegend,
San Diego, CA, USA, 5 mg/ml), mouse anti-human Fn14
antibody (clone: ITEM-1, Biolegend, 5 mg/ml); we used an
isotype-matched control antibody as the negative control.
The sections were reacted with specific antibodies overnight
at 4°C. After washing with phosphate-buffered saline (PBS),
the sections were incubated with biotinylated anti-mouse
and rabbit immunoglobulins (Universal Antibody; Dako,
Kyoto, Japan) for 20 min at room temperature and washed
with PBS to remove any unreacted antibodies. The sections
were then treated with peroxidase-conjugated streptavidin
(Dako) for 10 min, and washed and reacted with DAB (3,3-
diamino-benzidine tetrahydrochloride; Dako) in the pres-
ence of 3% H2O2 to develop the colour. The sections were
counterstained with haematoxylin and mounted with
glycerol. We did not detect any staining when we used the
isotype-matched control antibody.

Cytokine production by HGF

HGF were stimulated with TWEAK (Peprotech, Rocky Hill,
NJ, USA), TNF-a (Peprotech), IL-1b (Peprotech) and trans-
forming growth factor (TGF)-b1 (Peprotech) for 24 h. The
endotoxin levels in the cytokines we purchased from Pepro-
tech were less than 0·1 ng per mg. The supernatants from
HGF were collected and IL-8 and VEGF concentrations of
the culture supernatants were measured in triplicate with
enzyme-linked immunosorbent assay (ELISA). Duoset
(R&D systems, Minneapolis, MI, USA) was used for the IL-8
determinations and a human VEGF ELISA development Kit
(Peprotech) for VEGF. Detection ranges for the IL-8 and
VEGF ELISAs were 20–2000 and 32–4000 pg/ml,
respectively. All assays were performed according to the
manufacturer’s instructions, and cytokine levels were deter-
mined using a standard curve prepared for each assay.

Flow cytometric analyses

Following the required time in culture, the cells were washed
twice with ice-cold PBS. HGF were harvested by incubation
with PBS-4 mmol/l ethylenediamine tetraacetic acid
(EDTA). Most of the cells were rounded-up following this
treatment and could be removed by gentle agitation. Any

cells that failed to detach were removed with gentle scraping.
The cells were washed twice with ice-cold PBS and incubated
(20 min on ice) in PBS-1% bovine serum albumin (BSA).
The cells were incubated with mouse anti-human ICAM-1
antibody (clone 8·4A6, Sigma, 5 mg/ml), mouse anti-human
vascular cell adhesion molecule-1 (VCAM-1) antibody
(clone 1.G11B1, Cymbus Biotechnology Ltd, Hants, UK;
5 mg/ml), mouse anti-human Fn14 antibody (5 mg/ml;
Biolegend) or an isotype control antibody on ice for 30 min.
After washing three times with PBS-1% BSA (Sigma), the
cells were incubated with fluorescein isothiocyanate (FITC)-
conjugated rabbit anti-mouse F(ab′) 2 fragment (Dako) for
30 min on ice. After washing three times with PBS-1% BSA,
the cells were analysed immediately with flow cytometry
(Epics XL-MCL; Coulter, Hialeah, FL, USA).

Statistical analysis

Statistical significance was analysed using Student’s t-test.
P-values < 0·05 were considered significant.

Results

TWEAK and Fn14 expression in periodontal tissue

We first examined the TWEAK and Fn14 mRNA expression
in whole gingival tissue. Both TWEAK mRNA and Fn14
mRNA were detected in one of four samples of clinically
normal gingiva. However, the expression was very weak.
TWEAK and Fn14 mRNA were detected in seven of nine
samples and eight of nine samples derived from periodontal
diseased tissues, respectively (Fig. 1). We carried out immu-
nohistochemical staining to investigate the expression of
TWEAK and Fn14 in periodontally diseased tissues (Fig. 2).
Morphologically, mononuclear cells (Fig. 2a) and fibroblasts

TWEAK

GAPDH

1 2 3 4 5 6 7 8

1–4: normal gingiva
5–13: inflamed gingiva

9 10 11 12 13

Fn14

Fig. 1. Reverse transcription–polymerase chain reaction (RT–PCR)

analysis of tumour necrosis factor (TNF)-like weak inducer of

apoptosis (TWEAK) and fibroblast growth factor-inducible 14 (Fn14)

mRNA expression in periodontally diseased tissue. Total RNA was

prepared from four clinically healthy gingival samples (pocket depth

2 mm) and nine periodontally diseased gingival samples (pocket

depth 4–10 mm). The expressions of TWEAK, Fn14 and

glyceraldehydes-3-phosphate dehydrogenase (GAPDH) mRNAs in

periodontal tissues were analysed by RT–PCR, as described in the

Methods.
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(a)

(b)

(c)

(d)

(e)
(a–d: ×200; e: ×100)

Fig. 2. Tumour necrosis factor (TNF)-like weak inducer of apoptosis (TWEAK) and fibroblast growth factor-inducible 14 (Fn14) immunostainings

in periodontally diseased tissue. Immunohistochemical staining of human periodontally diseased tissues with anti-TWEAK antibody (a, b),

anti-Fn14 antibody (c, d) and control mouse IgG (e). Original magnification for each photograph was ¥200 (a–d) or ¥100 (e).
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(Fig. 2b) expressed TWEAK in periodontally diseased tissue.
Fn14 was expressed by mononuclear cells (Fig. 2c) or fibro-
blasts (Fig. 2d) in periodontally diseased tissue.

HGF express Fn14

To examine whether TWEAK may act on HGF, we first
examined the expression of Fn14 by HGF. RT–PCR analysis
showed that non-stimulated HGF express Fn14 mRNA
(Fig. 3a). Flow cytometric analysis showed a higher fluores-
cence from cells incubated with anti-Fn14 monoclonal anti-
body (MoAb) compared to those incubated with control
antibody, indicating that Fn14 was expressed significantly on
the cell surface (Fig. 3b).

TWEAK induces IL-8 production by human gingival
fibroblasts

Because cultured HGF express Fn14, we then investigated
whether TWEAK could stimulate HGF. We examined IL-8
production, because previous studies have shown that IL-8

was involved in the pathogenesis of periodontal disease. As
shown in Fig. 4a, TWEAK induced IL-8 production in a
concentration-dependent manner. It has been reported that
IL-1b and TGF-b1 induced IL-8 production by HGF. We
were thus interested in examining the effects of TWEAK
on IL-1b (Fig. 4c) or TGF-b1 (Fig. 4d)-induced IL-8
production. Notably, TWEAK increased IL-1b or TGF-b1
induced IL-8 production by HGF in a concentration-
dependent manner.

TWEAK induces VEGF production by HGF

We next examined the effects of TWEAK on VEGF produc-
tion by HGF because it has been reported that TWEAK was
involved in angiogenesis. As shown Fig. 4c, TWEAK slightly
induced VEGF production. It has been reported that IL-1b
and TGF-b1 induced VEGF production by HGF. We were
thus interested in investigating the effects of TWEAK on
IL-1b (Fig. 4e) or TGF-b1-induced VEGF (Fig. 4f)
production. Notably, TWEAK showed a synergistic effect
on TGF-b1-induced VEGF production by HGF in a
concentration-dependent manner. These results indicated
that TWEAK and IL-1b/TGF-b1 acted synergistically for
VEGF in HGF.

IL-1b and TGF-b1-enhanced Fn14 expression on HGF

Because IL-1b and TGF-b1 up-regulated the IL-8 and VEGF
production induced by TWEAK, we examined the effect of
IL-1b or TGF-b1 on Fn14 expression by HGF. TGF-b1
stimulation induced Fn14 mRNA expression in a dose-
dependent fashion (Fig. 5a). IL-1b treatment slightly
induced Fn14 mRNA expression in HGF (data not shown).
Flow cytometry data shows that both IL-1b and TGF-b1
up-regulated the Fn 14 expression on HGF in a dose-
dependent manner (Fig. 5b).

TGF-b1 modulated TWEAK-induced ICAM-1 and
VCAM-1 expression by HGF

We next examined the effects of TWEAK on ICAM-1 and
VCAM-1 expression by HGF because it has been reported
that TWEAK was related to inflammation. As shown Fig. 6a,
TWEAK enhanced both ICAM-1 and VCAM-1 expression
by HGF in a concentration-dependent manner, although
VCAM-1 expression on HGF was marginal. It has been
reported that TGF-b1 modulated the adherent molecule
expression by HGF. We were thus interested in investigating
the effects of TGF-b1 on TWEAK-induced ICAM-1 and
VCAM-1 expression by HGF (Fig. 6b). TGF-b1 showed a
synergistic effect on the TWEAK-induced ICAM-1 expres-
sion by HGF in a concentration-dependent manner. On the
other hand, TGF-b1 showed inhibitory effects on the
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Fig. 3. Fibroblast growth factor-inducible 14 (Fn14) expression by

HGF. (a) Total RNA was prepared from non-stimulated human

gingival fibroblasts (HGF). The expression of Fn14 mRNA in

non-stimulated HGF was analysed by reverse transcription–

polymerase chain reaction (RT–PCR), as described in the Methods.

(b) Flow cytometric analysis of Fn14 expression by non-stimulated

HGF. The filled area represents Fn14-specific fluorescence and the

open area represents the background level of fluorescence caused by

secondary antibody.

Y. Hosokawa et al.

544 © 2006 British Society for Immunology, Clinical and Experimental Immunology, 146: 540–549



TWEAK-induced VCAM-1 expression by HGF. These results
indicate that TGF-b1 modulated differentially the TWEAK-
induced ICAM-1 and VCAM-1 expression by HGF.

Signal transduction inhibitors modulate differentially
ICAM-1 and VCAM-1 expression on HGF induced by
TWEAK

To determine whether p38 mitogen-activated protein kinase
(MAPK), mitogen-activated protein kinase kinase (MEK),
c-Jun NH2-terminal kinase (JNK), phosphatidylinositol
3-kinase (PI3K), mammalian target of rapamycin (mTOR)
or NF-kB are required for ICAM-1 or VCAM-1 expression
on HGF in response to TWEAK, the effects of several inhibi-
tors on ICAM-1 and VCAM-1 expression by HGF were

examined using flow cytometric analysis (Fig. 7). LY294002
(PI3K inhibitor) and MG-132 (NF-kB inhibitor) inhibit
both the ICAM-1 and VCAM-1 expression induced by
TWEAK. SB203580 (p38MAPK inhibitor) and rapamycin
(mTOR inhibitor) did not modulate the expression of either
molecule. On the other hand, PD98059 (MEK inhibitor) and
SP600125 (JNK inhibitor) enhanced only the VCAM-1
expression induced by TWEAK.

Discussion

In this study, we demonstrated that TWEAK and Fn14 were
expressed in periodontally diseased tissues. TWEAK induced
IL-8 and VEGF production by HGF through Fn14 and,
moreover, enhanced ICAM-1 and VCAM-1 expression on

Fig. 4. Tumour necrosis factor (TNF)-like weak

inducer of apoptosis (TWEAK)-induced

interleukin (IL)-8 and vascular endothelial

growth factor (VEGF) by human gingival

fibroblasts (HGF). HGF were treated with

TWEAK (0·1, 1, 10 or 100 ng/ml), and the

supernatants were collected after 24 h. The

expression levels of IL-8 (a) and VEGF (b) in

the supernatants were measured using

enzyme-linked immunosorbent assay (ELISA).

HGF were treated with TWEAK (0·1, 1, 10,

100 ng/ml) with or without IL-1b (1 ng/ml),

and the supernatants were collected after 24 h.

The expression levels of IL-8 (c) and VEGF (e)

in the supernatants were measured with ELISA.

HGF were treated with TWEAK (0·1, 1, 10,

100 ng/ml) with or without transforming

growth factor (TGF)-b1 (1 ng/ml), and the

supernatants were collected after 24 h. The

expression levels of IL-8 (d) and VEGF (f) in

the supernatants were measured with ELISA.

Data are representative of three different HGF

samples from three different donors. The results

were calculated as the mean � s.d. of one

representative experiment performed in

triplicate. Error bars show the s.d. of the values.

*P < 0·05, **P < 0·01 significantly different from

the medium or between two results.
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HGF. TWEAK and TGF-b1/IL-1b synergize to induce IL-8
or VEGF production and ICAM-1 expression by HGF. These
results suggest that TWEAK may be involved in the patho-
genesis of periodontal disease.

TWEAK induced IL-8, VEGF, ICAM-1 and VCAM-1 by
HGF. It has been shown that TWEAK induced ICAM-1, IL-8

and MCP-1 by human umbilical vein endothelial cells [17],
IL-8 by certain tumour cell lines [1], IL-8, IP-10 and
RANTES from human dermal fibroblasts and synoviocytes
[12]. Thus, TWEAK-induced molecules were related to
inflammation by various kinds of cells, and may be involved
in inflammatory responses throughout the human body.

Because TGF-b1 and IL-1b have been implicated in the
regulation of inflammation and are expressed in periodon-
tally diseased tissues [18–20], we were interested in examin-
ing the effect of TGF-b1 or IL-1b on TWEAK-induced IL-8,
VEGF, ICAM-1 and VCAM-1 expression by HGF. It has been
reported that TGF-b1 augmented the TWEAK-induced
RANTES production by human keratinocytes [21]. Addi-
tionally, we revealed that TGF-b1 and IL-1b enhanced IL-8,
VEGF and ICAM-1 induced by TWEAK from HGF.

It is uncertain as to how Fn14 expression is controlled.
Jin et al. reported that TGF-b1 and IFN-g did not affect
Fn14 expression by keratinocytes [21]. However, we
revealed that TGF-b1 and IL-1b enhanced Fn14 expression
by HGF and this phenomenon may be related to synergistic
effects on TGF-b1 or IL-1b-induced IL-8, VEGF and
ICAM-1 expression. Thus, it seems that the pattern of Fn14
expression induced by cytokines varies depending on the
cell types.

It has been reported that TWEAK activated NF-kB and
MAPK cascades in RAW cells [22]; consequently, we used
NF-kB and MAPK inhibitors in this experiment. It is uncer-
tain as to whether TWEAK activates the PI3K cascade.
However, it is known that the TNF-a family activates PI3K
[23,24], therefore we used the PI3K inhibitor. In this study,
we revealed that TWEAK-induced ICAM-1 expression was
inhibited by a PI3K inhibitor and NF-kB inhibitor, but not
by MAPK inhibitors. It has been reported by Chen et al. that
TNF-a has been shown to induce ICAM-1 expression medi-
ated through the activation of NF-kB, but not p38 MAPK,
ERK and JNK in A549 epithelial cells [25]; our reports agree.
We showed that the TWEAK-induced VCAM-1 expression
was enhanced by a MEK inhibitor and JNK inhibitor, and
inhibited by a PI3K inhibitor and NF-kB inhibitor. It has
been reported that activation of p38 MAPK induced
VCAM-1 expression, and activation of JNK inhibited
VCAM-1 expression induced by TNF-a in chondrosarcoma
cells [26]. It has also been described that p38 MAPK inhibi-
tor did not affect TNF-a-induced VCAM-1 expression in
Sertoli cells [27]. Wang et al. have reported that the activa-
tion of ERK, p38 MAPK, JNK and NF-kB pathways is essen-
tial for IL-1b-induced VCAM-1 expression in human
tracheal smooth muscle cells [28]. The discrepancies in these
previous reports imply that there are divergent pathways
leading to VCAM-1 expression, depending on the nature of
the stimuli and cell types.

We showed that TGF-b1 enhanced TWEAK-induced
ICAM-1 expression and suppressed TWEAK-induced
VCAM-1 expression. It has been reported that TGF-b1
induced increases in JNK, p38 MAPK, ERK phosphorylation
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Fig. 5. Interleukin (IL)-1b and transforming growth factor (TGF)-b1

induced fibroblast growth factor-inducible 14 (Fn14) by human

gingival fibroblasts (HGF). (a) HGF were treated with TGF-b1 (0·1, 1

or 10 ng/ml) and total RNA was prepared after 4 h stimulation. The

expression of Fn14 and glyceraldehydes-3-phosphate dehydrogenase

(GAPDH) mRNA in HGF was analysed by reverse transcription–

polymerase chain reaction (RT–PCR), as described in the Methods.
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1 or 10 ng/ml) and the cells were collected after 24 h. The expression
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Error bars show the s.d. of the values. *P < 0·05, **P < 0·01

significantly different from the medium.
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and activity by human lung fibroblasts [29,30]. It is known
that PI3K inhibitors suppress the function of TGF-b1 by
fibroblasts, such as collagen gene expression and ADAM12
expression [31]. It has also been reported that the DNA
binding activities of NF-kB of synovial fibroblasts are
increased by TGF-b1 [32]. These reports mean that TGF-b1
is involved in the p38 MAPK, ERK, JNK, PI3K and NF-kB
activation of fibroblasts. The balance of these signal trans-
duction pathway activations might be important for
ICAM-1 and VCAM-1 expression by HGF. It is probable that
ERK and JNK activation may be related to the inhibition of
VCAM-1 expression by TGF-b1; further investigation will be
necessary.

An immunohistochemical study has revealed that mono-
nuclear cells in periodontally diseased tissues expressed
TWEAK and Fn14. It has been reported that T cells, B cells
and macrophages are infiltrated mainly in periodontally dis-
eased tissues [15]. Moreover, TWEAK has been detected by
human peripheral blood lymphocytes [1] and mouse peri-
toneal macrophages [8], and macrophages expressed Fn14
on the cell surface [33]. Our results and previous reports
might explain how TWEAK produced by lymphocytes and
macrophages might stimulate both HGF and macrophages
in periodontally diseased tissues; further investigation will be
necessary to elucidate this hypothesis.

It is known that Fn14 is a major TWEAK receptor.
Recently, it has been reported that a second TWEAK receptor
exists on RAW264·7 cells [22]. However, which molecule is
the second TWEAK receptor is still unknown. HGF may
express not only Fn14, but also the second TWEAK receptor.
Research on the second TWEAK receptor should be
continued.

In summary, we have shown a novel biological activity of
TWEAK on human gingival fibroblasts. Because IL-8, VEGF,
ICAM-1 and VCAM-1 are involved in the inflammatory
response in periodontally diseased tissues, induction of these
molecules by TWEAK in HGF may be related to the patho-
physiology of periodontal disease. Furthermore, we show
that cytokines such as IL-1b and TGF-b1 enhanced the
effects of TWEAK on HGF. This means that cytokine bal-
ances in periodontally diseased tissues will be important for
the progression of inflammation. Because many kinds of
cytokines exist in periodontally diseased tissues, further
investigation of cytokine networks in periodontal tissues will
be important.

Acknowledgements

This study was supported by a grant-in-aid from the Minis-
try of Education, Science and Culture of Japan.

Fig. 6. Tumour necrosis factor (TNF)-like weak

inducer of apoptosis (TWEAK) and

transforming growth factor (TGF)-b1

controlled intercellular adhesion molecule-1

(ICAM-1) and vascular cell adhesion

molecule-1 (VCAM-1) expression on human

gingival fibroblasts (HGF). (a) HGF was treated

with TWEAK (0·1, 1, 10 or 100 ng/ml) and the

cells were collected after 24 h. The expression

levels of ICAM-1 or VCAM-1 on the surface of

HGF were measured using flow cytometry. (b)

HGF were treated with TWEAK (100 ng/ml)

and TGF-b1 (1, 10 or 100 ng/ml) and the cells

were collected after 24 h. The expression levels

of ICAM-1 and VCAM-1 on the surface of

HGF were measured using flow cytometry. The

data are representative of three different HGF

samples from three different donors. The results

were calculated as mean � s.d. of one

representative experiment performed in

triplicate. Error bars show the s.d. of the values.

*P < 0·05, **P < 0·01 significantly different from

the medium.
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