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Background and Objective: Tannerella forsythia is a periodontal pathogen.

Recently, we have reported that the cytopathic component of T. forsythia contains

two distinct factors. One arrests the cell cycle at the G2 phase and the other,

named forsythia detaching factor, detaches adhesion-dependent immortalized

human cells. In this study, we investigated the biological function of forsythia

detaching factor using human normal fibroblasts.

Material and Methods: A recombinant forsythia detaching factor, reported pre-

viously, was used. TIG-3 cells, cultured in the absence or presence of forsythia

detaching factor, were lysed and the supernatant was analyzed by western blotting

with polyclonal forsythia detaching factor antibodies. The cells were subsequently

fractionated to isolate the cytoplasmic, mitochondrial and remaining fractions. In

order to measure the activity of mitochondria using nicotinamide adenine dinu-

cleotide-linked reductase, the water-soluble tetrazolium method was used. The

mitochondrial oxidative membrane potential was estimated by measuring the

oxidization-dependent fluorogenic conversion of dihydrotetramethylrosamine

using flow cytometry. The concentration of interleukin-8 in the culture superna-

tant was assayed using a Human IL-8 ELISA kit.

Results: Forsythia detaching factor-treated cells detached from the substratum

and aggregated from 3 to 24 h. Then, the detached cells resumed adhesion and

proliferated after 48 h. The western blot analysis revealed that most forsythia

detaching factor trans-located into the mitochondrial fraction. Forsythia detach-

ing factor suppressed the nicotinamide adenine dinucleotide-linked reductase

activity in a dose-dependent manner and consequently increased the mitochondrial

oxidative membrane potential. The production of interleukin-8 was reinforced in

forsythia detaching factor-treated cells at 72 h through an increase of the mito-

chondrial oxidative membrane potential.

Conclusion: The forsythia detaching factor might be involved in the virulence of

T. forsythia through induction of the pro-inflammatory cytokine interleukin-8.
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Periodontitis is an infectious disease

that leads to the inflammatory

destruction of periodontal tissues.

Among more than 300 species of bac-

teria in the oral cavity, Porphyromonas

gingivalis, Treponema denticola and

Tannerella forsythia have been impli-

cated in the disease as the �red complex�
(1,2). The association of T. forsythia

with periodontitis, including chronic

and aggressive periodontitis, has been

observed in a number of studies from

populations around the world (3). The

role of P. gingivalis and T. denticola is

well established in periodontitis

development or progression. However,

a few putative virulence factors of

T. forsythia have been identified, such

as a trypsin-like protease (4), a sialidase

(5), a cell-surface-associated and secre-

ted BspA protein (6), a hemagglutinin

(7), components of the bacterial S-layer

(8), methylglyoxal production (9) and

an apoptosis-inducing activity (10).

Recently, we have reported that a pro-

tein factor from T. forsythia (cyto-

pathic factor) induced apoptotic cell

death in a human leukemia cell line (10).

Biochemical investigation of the cyto-

pathic effects revealed that a cytopathic

component contained two distinct fac-

tors (11). One arrested the cell cycle at

the G2 phase and the other detached

adhesion-dependent human trans-

formed cell lines, such as KB and 293T,

almost irreversibly from the substra-

tum, while its removal allowed recovery

of adhesion without remarkable delay

in cell proliferation. The latter was

named �forsythia detaching factor�
(GenBank accession no. AY368075,

registered under the tentative name:

cytocidal toxin 1, cct-1). The genomic

sequence analysis indicated that forsy-

thia detaching factor is identical to the

native form of a previously reported

putative cysteine protease, PrtH, the

prtH gene having been identified

directly from a DNA fragment of this

bacterium (4). In other words, the prtH

gene was part of the forsythia detaching

factor coding gene (the fdf gene) and

forsythia detaching factor might be the

functional protein in T. forsythia.

In order to analyze the biological

feature of forsythia detaching factor in

periodontitis lesions, normal fibro-

blasts (human embryonic fibroblast

TIG-3 cells) were used as the target in

this study.

Material and methods

Preparation of the recombinant
forsythia detaching factor and dose
definition

The recombinant forsythia detaching

factor used in this study has been

reported previously (11). Briefly, the

expression plasmid, pQE-forsythia

detaching factor, which contains the

entire fdf structural gene, was con-

structed. The transgenic Escheri-

chia coli strain BL21 (DE3) carrying

this plasmid was cultured in Luria–

Bertani broth and induced with 400 lM

isopropyl-b-D-thiogalactopyranoside.
The bacterial cells were harvested,

sonicated with phosphate buffer

(10.1 mM Na2HPO4, 1.76 mM

KH2PO4, 400 mM KCl) and centri-

fuged to obtain the cleared lysate. The

lysate was loaded onto a Nickel–

Sepharose column and the recombin-

ant forsythia detaching factor was

eluted by imidazole concentrations

between 300 and 500 mM without any

contaminants. The purified protein was

desalted with a HiPrep 26/10 Desalting

spin column (Amersham Biosciences,

Piscataway, NJ, USA), concentrated

and stored at )80�C. In all experi-

ments, the amount of forsythia

detaching factor was adjusted to the

culture dish surface area rather than

the volume of the medium to enhance

the reproducibility of the effects of

forsythia detaching factor. In some

experiments, forsythia detaching factor

was heated at 60�C for 15 min. All of

the experiments in this study were

conducted at least three times, in trip-

licate. Unless otherwise stated, only the

results obtained of one representative

experiment are shown. The experi-

mental values are the means ± stand-

ard deviation of triplicate wells.

Statistical analysis was performed

using the Student’s t-test, and the sig-

nificance level was set as p <0.05.

Fibroblast culture

TIG-3 cells are human embryonic

fibroblasts (12). The cells were main-

tained at � 40% confluence in

Dulbecco’s modified Eagle’s medium,

supplemented with 8% fetal calf ser-

um, at 37�C in 5% CO2.

Cell lysate preparation and
immunoblotting

TIG-3 cells, cultured in the absence or

presence of forsythia detaching factor

and heated forsythia detaching factor,

were washed with cold phosphate-buf-

fered saline twice and lysed with lysis

buffer (400 mM NaCl, 50 mM HEPES-

Na, pH 7.0, 1 mM EDTA, 0.1% Non-

idet P-40 and 0.5% protease inhibitor

cocktail against proteases, comprising:

chymotrypsin, 1.5 lg/mL; thermolysin,

0.8 lg/mL; papain, 1 mg/mL; pronase,

1.5 lg/mL; pancreatic extract, 1.5 lg/
mL; and trypsin, 0.002 lg/mL (Roche,

Basel, Switzerland). The lysates were

clarified by centrifugation at 15,000 g

for 5 min and the protein concentra-

tion of the supernatant was determined

using a bicinchoninic acid assay rea-

gent (Sigma). The samples containing

10 lg of protein were separated by

sodium dodecyl sulfate-polyacrylamide

gel electrophoresis and transferred to

poly(vinylidene) difluoride membranes.

Immunoblotting was performed as

previously described (11). Rabbit anti-

forsythia detaching factor was used at

a 1 : 5000 dilution. Animal experi-

ments were approved by the Animal

Care and Use Committee of Tokyo

Medical and Dental University before

the operation (Permission no.

0060114).

Analyses for mitochondrial function:
the levels of the oxidative membrane
potential and interleukin- 8
production

The lysates were prepared from TIG-3

cells that were cultured in 3 · 10 mm

dishes in the absence or presence of

forsythia detaching factor. The lysates

were subsequently fractionated to

isolate the three types of fractions –

cytoplasmic, mitochondria and the

remaining debris containing nuclei – by

using the Mitochondria Isolation Kit

(Pierce, Hudson, OH, USA), according

to the manufacturer’s instructions.

To assay the nicotinamide adenine
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dinucleotide-linked reductase activity

of mitochondria, the water-soluble

tetrazoliummethod (13) was performed

as described previously. Briefly, a one-

tenth volume of water-soluble tetrazo-

lium-8 solution (Dojindo, Tokyo,

Japan) was added to the cell culture in

96-well plates and incubated for an

additional 2 h. Reduced nicotinamide

adenine dinucleotide (NADH) is gen-

erated from nicotinamide adenine

dinucleotide by the reaction of dehy-

drogenases. The amount of the yellow-

colored formazan dye generated by

dehydrogenases in cells was measured

by the absorbance at 450 nm. The

mitochondrial oxidative membrane

potential was estimated by measuring

the oxidization-dependent fluorogenic

conversion of dihydrotetramethyl-

rosamine (MitoTracker Orange

CM-H2TMRos; Invitrogen, Carlsland,

CA, USA), which specifically binds

mitochondrial membranes. Briefly,

TIG-3 cells cultured in the presence of

various concentrations of forsythia

detaching factor were further incubated

with 150 lM MitoTracker Orange CM-

H2TMRos (Invitrogen) for 30 min. The

cells were subsequently fixed with 4%

formaldehyde at 37�C for 20 min,

blocked with 0.5% fetal calf serum and

subjected to flow cytometry to measure

themeanvalue of the filters for detecting

emitted light at an intensity at 585 nm.

The relative value was then calculated

by comparing it to the corresponding

value of the nonforsythia detaching

factor-treated culture. The concentra-

tion of interleukin-8 in the culture

supernatant was assayed using the

Human interleukin-8 ELISA kit (Bio-

source, Nivelles, Belgium) according to

the manufacturer’s instructions.

Results

Forsythia detaching factor detached
human normal fibroblasts

In order to examine whether forsythia

detaching factor detaches normal

human cells without an effect on pro-

liferation or survival, human diploid

fibroblast TIG-3 cells were treated with

forsythia detaching factor. Forsythia

detaching factor-treated cells displayed

the generation of xenomorphic parti-

cles and aggregates 3–24 h after the

addition of forsythia detaching factor

(Fig. 1A). The detached cells resumed

adhesion at 48 h and increased in

number gradually. To investigate the

stability of forsythia detaching factor,

western blot analysis with anti-forsy-

thia detaching factor was carried out in

forsythia detaching factor-treated cells.

The intensity of bands of nonspecific

70 kDa protein (open arrow) was

identical, indicating that the same

amount of protein was loaded in each

well. Forsythia detaching factor

(60 kDa; closed arrow) was detected in

the lysates prepared from forsythia

detaching factor-treated cells on days

1–4 (Fig. 1B). These results demon-

strate that forsythia detaching factor

detached target cells from the substra-

tum, and, moreover, contributed to the

cellular mechanisms maintaining their

survival and proliferative potentials.

No significant effect was observed 24 h

after treatment of cells with heated

forsythia detaching factor (Fig. 1C).

The 60-kDa form of forsythia detach-

ing factor (closed arrow) was not

found in the lysates prepared from cells

treated for 24 h with heated forsythia

detaching factor (Fig. 1D). As the

activities of forsythia detaching factor

were lost by heating at 60�C for

15 min, forsythia detaching factor is

probably a heat-labile factor composed

of protein.

Forsythia detaching factor affects the
mitochondrial function

Forsythia detaching factor bound to

the cells for 4 d. In order to determine

whether forsythia detaching factor

reaches a particular organelle follow-

ing cell entry, the localization of

internal forsythia detaching factor in

the TIG-3 cells was evaluated by the

fractionation of cell lysates. Western

blot analysis showed that almost the

intact size of forsythia detaching factor

was detected in both the mitochondrial

and debris fractions, but not in the

cytoplasmic fraction (Fig. 2).

In order to evaluate the effects of

forsythia detaching factor on the mito-

chondrial function, the activities of the

nicotinamide adenine dinucleotide-

linked reductase in forsythia detaching

factor-treated cells were analyzed by

the water-soluble tetrazolium assay.

The reductase activities began to be

suppressed within 12 h of treatment

with forsythia detaching factor, and

the activity of the cells treated with

2 lg/cm2 of forsythia detaching factor

was decreased to one-third of that of

the control at 48 h. The reduction rate

of the activity in cells treated with

2 lg/cm2 of forsythia detaching factor

was twice that of the cells treated with

1 lg/cm2 of forsythia detaching factor

at 48 h (Fig. 3A). The extent of sup-

pression was gradually reinforced by

72 h, while the cells started to reattach

to the substratum and to proliferate at

Fig. 1. Forsythia detaching factor detached TIG-3 cells and exhibited stable association with the cells. (A) TIG-3 cells were cultured in the

absence (–FDF) or presence (+FDF) of 2 lg/cm2 of forsythia detaching factor. Photographs were captured with either a 4· (upper two rows)

or a 10· (bottom row) objective lens at the center area of the dishes. Bar: 30 lm. (B) TIG-3 cells were divided into two groups. The first and

second groups were cultured in the absence or presence of 1 lg/cm2 of forsythia detaching factor. The respective groups of cells were collected

at the indicated period of culture and subjected to immunoblotting to detect forsythia detaching factor using image-analysis software IMAGE J,

version 1.3.7t, for Mac. The results were further calculated by setting a value of forsythia detaching factor at time 0 as 1.0. (C) TIG-3 cells

were cultured in the presence of 2.5 lg/cm2 of heated forsythia detaching factor and unheated forsythia detaching factor for 24 h. (D) Lane 1:

identification of purified recombinant forsythia detaching factor protein; 0.5 lg of sonicated extract was separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and subjected to immunoblotting. Lanes 2, 3 and 4: TIG-3 cells in the absence (lane 2) or presence of

2.5 lg/cm2 of heated forsythia detaching factor (lane 3) and unheated forsythia detaching factor (lane 4) for 24 h; 10 lg of sonicated extract

was subjected to immunoblotting. FDF, forsythia detaching factor.
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48 h, even in the presence of higher

concentrations of forsythia detaching

factor (Fig. 1A). These results show

that forsythia detaching factor sup-

pressed the nicotinamide adenine

dinucleotide-linked reductase activity

in a dose-dependent manner, but did

not disturb the upstream metabolic

pathways, such as the tricarboxylic

acid cycle.

Induction of interleukin-8 production
following accumulation of the
oxidative membrane potential in
mitochondria

To investigate the effect of the sup-

pression of the nicotinamide adenine

dinucleotide-linked reductase activity,

we studied the oxidative membrane

potential in mitochondria of forsythia

detaching factor-treated cells. The

oxidative level of the cells treated with

2 lg/cm2 of forsythia detaching factor

was about three times and twice higher

than that of the control at 48 and 72 h,

respectively (Fig. 3B). Moreover, the

levels of 2 lg/cm2 of forsythia detach-

ing factor-treated cells were signifi-

cantly higher than those of 1 lg/cm2 of

forsythia detaching factor-treated

cells at 48 and 72 h. These results

indicate that forsythia detaching fac-

tor treatment caused a distinct increase

in the mitochondrial oxidative mem-

brane potential in a dose-dependent

manner.

In order to analyze the production

of interleukin-8 in the cells treated with

forsythia detaching factor, the con-

centration of interleukin-8 in the

culture supernatant was assayed by

enzyme-linked immunosorbent assay.

There was no difference in interleukin-

8 production between control cells and

cells treated with forsythia detaching

factor (1 or 2 lg/cm2) for 48 h. How-

ever, the interleukin-8 concentration of

the cells treated with 2 lg/cm2 of for-

sythia detaching factor was signifi-

cantly higher than that of cells treated

with 1 lg/cm2 of forsythia detaching

factor and of control cells at 72 h

(Fig. 3C).

Discussion

In this study, we demonstrated that

forsythia detaching factor induced the

detachment and subsequent reattach-

ment of cells, and that it also

reinforced the production of the pro-

inflammatory cytokine, interleukin-8,

by increasing the mitochondrial oxi-

dative membrane potential. In general,

adhesion-based signals for the main-

tenance of integrity are thought to be

important for nonlymphoid normal

cells. The proliferation and survival

without adhesion-based signaling

occurred only when the cells were

transformed malignantly (14,15). For-

sythia detaching factor detached target

cells from the substratum 3–24 h after

treatment. Interestingly, however, it

also contributed to the cellular mech-

anism maintaining their survival and

proliferative potential. The intact size

of forsythia detaching factor was

detected by western blotting in the cells

treated for 4 d. This refutes the notion

that the survival and proliferation of

forsythia detaching factor-treated cells

occurred by the degradation of forsy-

thia detaching factor. As no significant

effect was observed when cells were

treated with heated forsythia detaching

factor (data not shown), forsythia

detaching factor was assumed to be

composed of protein.

Whereas transformation of a proto-

oncogene renders fibroblasts resistant

to anoikis (anoikis is apoptosis induced

by loss of adhesion to the extracellular

matrix), nontransformed fibroblasts

(normal fibroblasts) in suspension

undergo cell cycle arrest and cell death

(16). It is well documented that pro-

teases from P. gingivalis can induce cell

death in fibroblasts (17,18). Wang

et al. reported that after 24 h in the

presence of a P. gingivalis protease,

human gingival fibroblasts lost

attachment and started rounding, and

that none of the rounded cells prolif-

erated. In our study, almost all the

detached cells proliferated, even when

they were isolated and returned to

culture (data not shown). Forsythia

detaching factor detached from the

substratum; however, it also contribu-

ted to the cellular mechanism that

maintains cellular survival and prolif-

erative potential of fibroblasts in sus-

pension. It is possible that the

proliferation in forsythia detaching

factor-treated cells might be up-regu-

lated by factors for cell growth and

survival or by down-regulation of the

cell death signals.

As forsythia detaching factor-trea-

ted cells proliferated following detach-

ment from the substratum, it is

suggested that forsythia detaching

Fig. 2. TIG-3 cells were cultured in the absence or presence of 1 lg/cm2 of forsythia

detaching factor for 2 h, after which the mitochondrial fraction was extracted. Fractions of

10 lg were immunoblotted with the indicated antigens. FDF, forsythia detaching factor;

IB, immunoblotting; Mito, mitochondrial antigen.
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factor enters cells with an affinity for

particular organelles and regulates

intracellular signaling. The majority of

the intact size forsythia detaching

factor was detected in both the

mitochondrial and debris fractions, but

not in the cytoplasmic fraction. These

results demonstrated that forsythia

detaching factor entered the TIG-3

cells and most of the internalized for-

sythia detaching factor translocated to

mitochondria. The analyses of the

effect on mitochondrial function

revealed that forsythia detaching factor

suppressed the nicotinamide adenine

dinucleotide-linked reductase activity

in a dose-dependent manner. The

nicotinamide adenine dinucleotide-

linked reductase transfers oxygen to

the electron transport chain during

energy production. Suppression of its

activity induces the reduction of oxy-

gen consumption; in other words, the

increase of the oxidative potential in

mitochondria. In this study, the pro-

duction of interleukin-8 was reinforced

in the cells treated with forsythia

detaching factor through an increase of

the mitochondrial oxidative membrane

potential. Hwang et al. reported that

the accumulation of reactive oxygen

species occasionally accompanies cel-

lular pro-inflammatory responses (19).

We measured the reactive oxygen spe-

cies concentration in KB cells (a hu-

man epidermal carcinoma cell line)

treated with forsythia detaching factor

(data not shown). In that study, the

concentration of reactive oxygen spe-

cies (6.5 lM) in the cells treated with

2 lg/cm2 of forsythia detaching factor

was more than four times higher than

that of the control (1.5 lM) at 48 h.

Furthermore, it is reported that oxi-

dative potential stimulates the pro-

duction of cellular reactive oxygen

species (20). It might therefore be sug-

gested that forsythia detaching factor

induced interleukin-8 production by a

higher concentration of reactive oxy-

gen species following the suppression

of the nicotinamide adenine dinucleo-

tide-linked reductase activity. P. gingi-

valis, Treponema denticola and

T. forsythia stimulated the secretion of

pro-inflammatory cytokines, chemo-

kines, prostaglandin E2, and matrix

metalloproteases-9 (21) in a mixed

culture of macrophage and epithelial

cells. This study provides evidence for

the possibility of interleukin-8 induc-

tion activity of T. forsythia itself in

fibroblasts. Interleukin-8 plays a

pivotal role in the recruitment and

activation of neutrophils and mono-

cytes in various experimental models of

inflammation (22). Therefore, forsythia

detaching factor is one of the import-

ant virulence factors of T. forsythia

and it may contribute to the initiation,

prolongation and amplification of the

inflammatory response in periodontal

tissue.

In conclusion, our data indicate that

forsythia detaching factor does not

disturb the upstream metabolic path-

ways because neither cell proliferation

nor cell viability were inhibited after 48

to 72 h of incubation, whereas forsythia

detaching factor induced the produc-

tion of the pro-inflammatory cytokine,

interleukin-8, through suppression of

the nicotinamide adenine dinucleotide-

linked reductase activity. Therefore,

forsythia detaching factor probably has

a role in the initiation, prolongation and

amplification of the inflammatory

response in periodontal tissue.

Acknowledgements

This study was supported by grants

from the Japanese Ministry of Educa-

tion, Culture, Sports, Science and

Technology; Grant-in-Aid for Scienti-

fic Research (B) (2) #14370601 (to

T.N.) and Grant-in-Aid for Scientific

Research (C) (2) #14571978 (to S.A.).

We are grateful to Professor Isao

Fig. 3. (A) TIG-3 cells were cultured in the presence of various amounts of forsythia detaching factor, and the relative activities of nico-

tinamide adenine dinucleotide-linked reductases were assessed in triplicate by the water-soluble tetrazolium assay at the indicated times. Every

result was compared with nonforsythia detaching factor-containing cultures plated at various densities, and the relative activity was calcu-

lated. Error bars show the respective standard deviations. (B) TIG-3 cells were cultured in the presence of the indicated amount of forsythia

detaching factor, and the mitochondrial oxidative potentials were assayed every 24 h in duplicate by monitoring the fluorogenic conversion of

dihydrotetramethylrosamine. Error bars show the respective standard deviations. (C) The remaining culture supernatants from the previous

analysis were used to assess interleukin-8 concentrations. Error bars show the respective standard deviations. FDF, forsythia detaching factor;

NAD, nicotinamide adenine dinucleotide.

Forsythia detaching factor induces pro-inflammatory response 141



Ishikawa, Institute of Advanced Bio-

medical Engineering and Science,

Tokyo Women’s Medical University,

for critical reading and valuable com-

ments on the manuscript.

References

1. Socransky SS, Haffajee AD, Cugini MA,

Smith C, Kent RL Jr. Microbial com-

plexes in subgingival plaque. J Clin

Periodontol 1998;25:134–144.

2. Holt SC, Ebersole JL. Porphyromonas

gingivalis, Treponema denticola, and Tan-

nerella forsythia: the �red complex�, a

prototype polybacterial pathogenic con-

sortium in periodontitis. Periodontol 2000

2005;38:72–122.

3. Tanner AC, Izard J. Tannerella forsythia,

a periodontal pathogen entering the

genomic era. Periodontol 2000 2006;42:88–

113.

4. Saito T, Ishihara K, Kato T, Okuda K.

Cloning, expression, and sequencing of a

protease gene from Bacteroides forsythus

ATCC 43037 in Escherichia coli. Infect

Immun 1997;65:4888–4891.

5. Ishikura H, Arakawa S, Nakajima T,

Tsuchida N, Ishikawa I. Cloning of the

Tannerella forsythensis (Bacteroides forsy-

thus) siaHI gene and purification of the

sialidase enzyme. J Med Microbiol

2003;52:1101–1107.

6. Sharma A, Sojar HT, Glurich I, Honma

K, Kuramitsu HK, Genco RJ. Cloning,

expression, and sequencing of a cell sur-

face antigen containing a leucine-rich

repeat motif from Bacteroides forsythus

ATCC 43037. Infect Immun 1998;66:5703–

5710.

7. Murakami Y, Higuchi N, Nakamura H,

Yoshimura F, Oppenheim FG. Bactero-

ides forsythus hemagglutinin is inhibited

by N-acetylneuraminyllactose. Oral

Microbiol Immunol 2002;17:125–128.

8. Sabet M, Lee SW, Nauman RK, Sims T,

Um HS. The surface (S-) layer is a viru-

lence factor of Bacteroides forsythus.

Microbiology 2003;149:3617–3627.

9. Maiden MF, Pham C, Kashket S. Glucose

toxicity effect and accumulation of methyl-

glyoxal by the periodontal anaerobe Bac-

teroides forsythus. Anaerobe 2004;

10:27–32.

10. Arakawa S, Nakajima T, Ishikura H,

Ichinose S, Ishikawa I, Tsuchida N. Novel

apoptosis-inducing activity in Bacteroides

forsythus: a comparative study with three

serotypes of Actinobacillus actinomyce-

temcomitans. Infect Immun 2000;68:4611–

4615.

11. Nakajima T, Tomi N, Fukuyo Y et al.

Isolation and identification of a cyto-

pathic activity in Tannerella forsythia.

Biochem Biophys Res Commun

2006;351:133–139.

12. Akagi T, Sasai K, Hanafusa H. Refract-

ory nature of normal human diploid

fibroblasts with respect to oncogene-

mediated transformation. Proc Natl Acad

Sci USA 2003;100:13567–13572.

13. Ishiyama M, Tominaga H, Shiga M,

Sasamoto K, Ohkura Y, Ueno K. A

combined assay of cell viability and

in vitro cytotoxicity with a highly water-

soluble tetrazolium salt, neutral red and

crystal violet. Biol Pharm Bull

1996;19:1518–1520.

14. Wozniak MA, Modzelewska K, Kwong L,

Keely PJ. Focal adhesion regulation of cell

behavior. Biochim Biophys Acta

2004;1692:103–119.

15. Walker JL, Fournier AK, Assoian RK.

Regulation of growth factor signaling and

cell cycle progression by cell adhesion and

adhesion-dependent changes in cellular

tension. Cytokine Growth Factor Rev

2005;16:395–405.

16. McGill G, Shimamura A, Bates RC,

Savage RE, Fisher DE. Loss of matrix

adhesion triggers rapid transformation-

selective apoptosis in fibroblasts. J Cell

Biol 1997;138:901–911.

17. Wang PL, Shirasu S, Shinohara M et al.

Induction of apoptosis in human gingival

fibroblasts by a Porphyromonas gingivalis

protease preparation. Arch Oral Biol

1999;44:337–342.

18. Graves DT, Oskoui M, Volejnikova S

et al. Tumor necrosis factor modulates

fibroblast apoptosis, PMN recruitment,

and osteoclast formation in response to

Porphyromonas gingivalis infection. J Dent

Res 2001;80:1875–1879.

19. Hwang YS, Jeong M, Park JS et al.

Interleukin-1beta stimulates IL-8 expres-

sion through MAP kinase and ROS sign-

aling in human gastric carcinoma cells.

Oncogene 2004;23:6603–6611.

20. Beck-Speier I, Dayal N, Karg E et al.

Oxidative stress and lipid mediators

induced in alveolar macrophages by

ultrafine particles. Free Radic Biol Med

2005;38:1080–1092.

21. Bodet C, Chandad F, Grenier D. Inflam-

matory responses of a macrophage/epi-

thelial cell co-culture model to mono and

mixed infections with Porphyromonas

gingivalis, Treponema denticola, and Tan-

nerella forsythia. Microbes Infect

2006;8:27–35.

22. Harada A, Sekido N, Akahoshi T, Wada

T, Mukaida N, Matsushima K. Essential

involvement of interleukin-8 (IL-8) in

acute inflammation. J Leukoc Biol 1994;

56:559–564.

142 Tomi et al.




