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Apoptotic regulation of monocytes/macrophages appears to be closely associated with chronic inflammatory
reactions. Since it was demonstrated earlier that certain bacterial cell components are involved in apoptotic
regulation of these cells, in the present study, we investigated whether the bacterial fimbria, an important cell
structure involved in bacterial adherence to host cells, regulates apoptosis of human monocytic THP-1 cells
induced under growth factor deprivation. To investigate this point, we used fimbriae of Porphyromonas
gingivalis, a pathogen causing periodontal disease, which is a chronic inflammatory disease. The fimbriae
inhibited apoptosis of the cells under growth factor deprivation. This inhibitory action of the fimbriae was
completely neutralized by anti-fimbrial antibody. The fimbriae stimulated activation of extracellular signal-
regulated kinase (ERK) and expression of cyclin-dependent kinase inhibitor p21 Cip/WAF1 (p21) in the cells.
The stimulatory effect of the fimbriae on the expression of the p21 protein was inhibited by treatment with
PD98059, a specific inhibitor of ERK. The cell apoptosis was inhibited by treatment with Ac-DEVD-CHO, an
inhibitor of caspase-3. The fimbriae inhibited the serum withdrawal-induced cleavage of the caspase-3 proform
and poly(ADP-ribose) polymerase, one of the caspase-3 substrates. Furthermore, PD98059 and antisense p21
oligonucleotide blocked the fimbrial inhibition of apoptosis and caspase-3 activation of the cells induced by
serum withdrawal. These results show that the bacterial fimbriae inhibited apoptosis of THP-1 cells induced
under growth factor deprivation via ERK-dependent expression of p21. The present study suggests that
bacterial fimbriae act as potent regulators of chronic inflammatory disease, e.g., periodontal disease, through
blocking apoptosis of monocytes/macrophages.

It has been well documented that apoptosis plays an impor-
tant role in the inflammatory response, tumorigenesis, and
embryonic development (4). Apoptosis is characterized by dis-
tinctive morphological and biochemical changes involving nu-
clear and chromatin condensation, cell membrane blebbing,
and endonuclease activity resulting in DNA fragmentation
(37). Therefore, much interest has been generated in demon-
strating the signaling mechanisms of specific genes that regu-
late apoptosis.

Recent studies (30, 32, 48) have shown that several patho-
genic bacteria function as promoters or inhibitors of apoptosis
of monocytes/macrophages. These observations suggest that
several cell components of these bacteria are involved in an
important pathogenic mechanism promoting inflammation and
concomitant disease via apoptosis of monocytes/macrophages.
In fact, lipopolysaccharide of gram-negative bacteria is able to
regulate the apoptosis of neutrophils and monocytes/macro-
phages via direct or indirect action through endogenous cyto-
kines (1, 10, 13, 20, 26–28, 32, 35, 44).

Porphyromonas gingivalis is a pathogen causing periodontal
disease, a typical chronic inflammatory disease (14, 23, 24, 41,
47). The bacterial fimbria is an important cell structure that
contributes to the adherence to and invasion of host cells. Also,
several studies (11, 16–19, 31, 40) have shown that the fimbriae
function as a virulence factor in inflammatory reactions be-
cause they stimulate production of inflammatory cytokines by
macrophages and fibroblasts. These observations suggest the
involvement of the fimbriae as regulators of inflammatory re-
actions caused by bacterial infection. Since apoptosis is an
important biological phenomenon regulating the number of
monocytes/macrophages at sites of inflammation, it was of
interest for us to investigate whether bacterial fimbriae play
functional roles as regulators of monocytic-cell apoptosis and
to explore a possible intracellular signaling pathway regulating
the action of the fimbriae on cell apoptosis.

For this purpose, we investigated the regulatory role of the
fimbriae of P. gingivalis in serum withdrawal-induced apoptosis
of human monocytic THP-1 cells. We show in this study that P.
gingivalis fimbriae inhibited serum withdrawal-induced apopto-
sis of THP-1 cells and that they did so via extracellular signal-
regulated kinase (ERK)- and mitogen-activated protein kinase
(MAPK)-dependent expression of p21 Cip/WAF1 (p21), a cy-
clin-dependent kinase inhibitor.
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MATERIALS AND METHODS

Cell culture. Human monocytic THP-1 cells were maintained in RPMI 1640
medium supplemented with 100 mg of streptomycin sulfate/ml, 100 U of peni-
cillin G potassium/ml, and 5% (vol/vol) heat-inactivated fetal bovine serum
(Flow Laboratories, McLean, Va.) in a humidified atmosphere of 5% CO2 and
95% air at 37°C. To induce apoptosis, we washed the cells five times with
serum-free medium, cultured them for 24 h in serum-free medium, washed them
three times with serum-free medium, and then incubated them with or without
the fimbriae for various times under serum withdrawal conditions.

Preparation of P. gingivalis fimbriae and their antibody. P. gingivalis ATCC
33277 fimbriae were prepared and purified from cell washings by the method of
Yoshimura et al. (46) as described previously (16). We had demonstrated earlier
that purified fimbriae were able to induce several biological activities that could
not be attributed to lipopolysaccharide contamination in the preparation (16–
18). The protein content of the fimbriae was measured by the method of Brad-
ford (6). A monoclonal antibody against P. gingivalis fimbriae was used, the
preparation of which was described previously (22).

Agarose gel electrophoresis for DNA fragmentation. To assess DNA fragmen-
tation, we prepared DNA from the THP-1 cells and analyzed it by the electro-
phoretic method. After incubation, the cells were lysed with lysis buffer (10 mM
Tris [pH 8.0], 10 mM EDTA, 0.5% Triton X-100) for 15 min at 4°C, and then the
supernatant, including DNA fragments, was harvested from the lysate by cen-
trifugation for 20 min at 13,000 3 g. The DNA fragments in the supernatant were
precipitated with 0.5 M NaCl and ethanol, electrophoresed on a 2% agarose gel
containing ethidium bromide, and then visualized under UV light.

Quantification of DNA fragmentation. DNA fragmentation was measured by
a slight modification of the diphenylamine assay described previously (29).
Briefly, after incubation, the cells were scraped off the culture plates and incu-
bated with 200 ml of lysis buffer (10 mM Tris [pH 8.0], 10 mM EDTA, 0.5%
Triton X-100) for 15 min at 4°C. Then, the intact chromatin (pellet) was sepa-
rated from DNA fragments (supernatant) by centrifugation for 20 min at
13,000 3 g. The pellets were resuspended in 200 ml of the lysis buffer, and the
samples were precipitated with 1 N perchloric acid at 4°C. The DNA was pelleted
at 13,000 3 g for 20 min, and the supernatant was removed. After addition of 50
ml of 1 N perchloric acid, the samples were boiled for 20 min. The DNA contents
were quantified by use of the diphenylamine reagent (7). The percentage of
fragmented DNA was calculated as the ratio of the DNA content in the super-
natant to the amount in the pellet.

Western blot analysis. THP-1 cells under serum-free culture conditions were
incubated in the presence or absence of test samples. Cell lysis was achieved with
lysis buffer (10 mM Tris-HCl [pH 7.9], 1% sodium deoxycholate, 1% Nonidet
P-40, 0.1% sodium dodecyl sulfate, 150 mM NaCl, 5 mM EDTA, 0.5 mM
phenylmethylsulfonyl fluoride). The samples were electrophoresed on 10.0, 15.0,
or 17.5% polyacrylamide gels by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis using a Tris-glycine buffer system (0.025 M Tris, 0.192 M glycine,
0.1% sodium dodecyl sulfate). The proteins were transferred to a polyvinylidene
difluoride membrane (Millipore Co., Bedford, Mass.) by using the semidry trans-
blot system (ATTO Co., Tokyo, Japan). The blots were blocked with 5% skim
milk in Tris-buffered saline including 0.1% Tween 20 (TBS-T) overnight at 4°C
and then washed with TBS-T. Then, the membrane was incubated with the
primary antibody in 5% skim milk in TBS-T overnight at 4°C. Proteins were
detected with a Phototope-HRP Western blot detection kit (New England Bio-
labs, Inc., Beverly, Mass.). The blots were exposed to X-Omat film (Eastman
Kodak Co., Rochester, N.Y.).

Antibodies and inhibitors. The following antibodies were used for Western
blot analysis: anti-CPP32 (Santa Cruz Biotechnology, Santa Cruz, Calif.), anti-
p21 (Santa Cruz Biotechnology), anti-PARP (Enzyme Systems Products, Liver-
more, Calif.), anti- MAPK, and anti-phosphorylated p44/42 MAPK (New
England Biolabs, Inc). Secondary-antibody–horseradish peroxidase conjugates
were purchased from Santa Cruz Biotechnology and Bio-Rad Laboratories
(Richmond, Calif.). PD98059 was purchased from Calbiochem-Novabiochem
Corporation (La Jolla, Calif.). Ac-YVAD-CHO (acetyl-L-tyrosyl-L-valyl-L-alanyl-
L-aspart-1-al), a caspase-1 family inhibitor, and Ac-DEVD-CHO (acetyl-L-aspar-
tyl-L-glutamyl-L-valyl-L-aspart-1-al), a caspase-3 family inhibitor, were purchased
from Peptide Institute, Inc. (Osaka, Japan).

Antisense oligonucleotide. The antisense oligonucleotide used was based on
the p21 coding sequence. Antisense p21 oligonucleotide (59-TCC CCA GCC
GGT TCT GAC AT-39) is complementary to the region around the initiation
codon, and the control sense p21 oligonucleotide (59-ATG TCA GAA CCG
GCT GGG GA-39) is complementary to the antisense p21 oligonucleotide. Each
oligonucleotide and Lipofectin (Life Technologies, Inc., Rockville, Md.) were

incubated for 15 min at 37°C. The mixture was diluted with medium to a final
concentration of 0.5 or 1 mM oligonucleotide and added to the THP-1 cells.

RESULTS

P. gingivalis fimbriae inhibit THP-1 cell apoptosis under
growth factor deprivation. In the absence of an appropriate
survival stimulus, human monocytes undergo spontaneous ap-
optosis (13, 26–28). Therefore, we first looked by DNA frag-
mentation assay for apoptosis of the untreated or fimbria-
treated cells under growth factor deprivation. In preliminary
experiments, we observed that the fimbriae inhibited the apo-
ptosis of THP-1 cells under these conditions in a dose-depen-
dent manner (1 to 5 mg of protein/ml), with the maximum
inhibitory action at 5 mg of protein/ml of fimbriae. Therefore,
we used this fimbrial concentration in the following experi-
ments.

Figure 1A shows that the characteristic DNA laddering of
the cells under these conditions increases in a culture time-
related manner. However, such significantly increased DNA
laddering was not observed when the medium was supple-
mented with 5% serum. Interestingly, we observed that the
fimbriae clearly inhibit DNA laddering of the cells induced
under growth factor deprivation. In addition, this inhibitory
action of the fimbriae was also supported by the results of the
diphenylamine assay (Fig. 1B). Furthermore, to confirm the
inhibitory action of the fimbriae, we examined by DNA frag-
mentation and diphenylamine assays whether the fimbrial in-
hibition could be neutralized by a monoclonal antibody against
the fimbriae. The monoclonal antibody completely neutralized
the fimbrial inhibition of cell apoptosis (Fig. 1C and D).

P. gingivalis fimbriae stimulate expression of p21 in THP-1
cells. Many studies (2, 3, 15, 34, 42, 43) have shown that
expression of p21 is essential for the differentiation and sur-
vival of several kinds of cells. Also, there is a study showing
that the fimbriae were able to induce monocytic-cell differen-
tiation (21). Therefore, we suspected the involvement of p21
expression in the fimbrial inhibition of THP-1 cell apoptosis
under growth factor deprivation. Based on this suspicion, we
examined by Western blot analysis whether the fimbriae could
stimulate the expression of p21 protein in the cells under these
culture conditions. As a result, we observed the clearly stimu-
lated expression of p21 protein in the cells when the expression
was examined at 12 or 24 h after the initiation of the fimbrial
treatment (data not shown). In addition, using an antisense
p21 oligonucleotide, we confirmed the fimbria-stimulated ex-
pression of the p21 protein. Figure 2 shows that the fimbria-
stimulated expression of the p21 protein was inhibited by an-
tisense p21 oligonucleotide treatment but not by sense p21
oligonucleotide. These results clearly demonstrate that the
fimbriae act as potent stimulators of p21 expression in the cells
in the absence of growth factors.

On the other hand, since Bcl-2, an oncoprotein, acts as an
inhibitor of cell apoptosis, we also examined by Western blot
analysis the effect of the fimbriae on the expression of the Bcl-2
protein in THP-1 cells under growth factor deprivation. Figure
3 shows that the fimbriae had no effect on the expression of the
Bcl-2 protein, suggesting to us that the regulation of Bcl-2
expression is probably not involved in the fimbrial inhibition of
THP-1 cell apoptosis induced under growth factor deprivation.
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P. gingivalis fimbriae inhibit THP-1 cell apoptosis via p21
under growth factor deprivation. The fimbrial stimulation of
the expression of the p21 protein in THP-1 cells suggested to
us the possibility that the p21 protein is involved in the fimbrial
inhibition of cell apoptosis under growth factor deprivation. To
demonstrate the possibility, we examined whether fimbrial in-
hibition is blocked by antisense p21 oligonucleotide treatment,
and we observed that the antisense oligonucleotide at 1 mM,
but not the sense oligonucleotide, significantly blocked fimbrial

inhibition of apoptosis (Fig. 4). These results indicate an im-
portant role for the p21 protein in the inhibitory action of the
fimbriae on cell apoptosis under growth factor deprivation.

P. gingivalis fimbriae inhibit THP-1 cell apoptosis under
growth factor deprivation via ERK- and MAPK-dependent
expression of p21. Since we found the p21 protein to be in-
volved in the fimbrial inhibition of THP-1 cell apoptosis under
growth factor deprivation, it was of interest to us to explore
which protein kinase acts in signaling of the fimbria-stimulated
expression of p21 in the cells. Interestingly, several studies (5,
25) have suggested that p21 expression is induced by activation

FIG. 1. Inhibitory effect of P. gingivalis fimbriae on THP-1 cell apoptosis induced by growth factor deprivation. (A) THP-1 cells were incubated
with or without serum in the absence or presence of fimbriae at 5 mg of protein/ml. DNA fragments from the supernatant of the lysed cells were
isolated at selected times after the initiation of the cultures and then subjected to agarose gel electrophoresis. fX174 RF DNA HaeIII fragments
were used as molecular weight markers (M). (B) The cells were treated as described for panel A, and DNA fragmentation was quantified by the
diphenylamine assay. (C) Cells in serum-free medium were incubated in the absence or presence of fimbriae at 5 mg of protein/ml that had been
pretreated or not with anti-fimbrial antibody (Ab). DNA fragments from the supernatant of the lysed cells were analyzed by agarose gel
electrophoresis at 24 h after the initiation of the cultures. (D) Cells were treated as described for panel C, and DNA fragmentation was quantified
by the diphenylamine assay at 24 h after the initiation of the cultures. The results of the diphenylamine assays are expressed as the mean 6 standard
deviation of three cultures. An identical experiment independently performed gave similar results.

FIG. 2. Inducing effect of P. gingivalis fimbriae on expression of p21
protein in THP-1 cells under growth factor deprivation. THP-1 cells in
serum-free medium were pretreated for 24 h in the absence or pres-
ence of 1 mM antisense or sense p21 oligonucleotide and were then
incubated, also in serum-free medium, in the absence or presence of
the fimbriae at 5 mg of protein/ml. The expression of p21 protein in the
cells was analyzed by Western blotting with anti-p21 antibody 24 h
after the initiation of the fimbrial treatment. An identical experiment
independently performed gave similar results.

FIG. 3. Effect of P. gingivalis fimbriae on expression of Bcl-2 pro-
tein in THP-1 cells under growth factor deprivation. THP-1 cells were
treated as described in the legend to Fig. 2, and the expression of Bcl-2
protein in the cells was analyzed by Western blotting with anti-Bcl-2
antibody 12 and 24 h after the initiation of the cultures. An identical
experiment independently performed gave similar results.
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of ERK and MAPK. Therefore, using Western blot analysis
with anti-phosphorylated p44/42 MAPK antibody, we investi-
gated whether the fimbriae stimulated expression of p21 in
THP-1 cells through activation (i.e., phosphorylation) of ERK
and MAPK. As shown in Fig. 5, although they had no effect on
the total amount of the ERK and MAPK proteins in THP-1
cells, the fimbriae markedly increased the expression of the
phosphorylated forms of ERK and MAPK in the cells. Since a
recent study (2) demonstrated that p21 inhibits apoptosis of
monocytic cells via inhibition of c-Jun N-terminal kinase–
stress-activated protein kinase (JNK-SAPK) activation, we also
examined whether JNK-SAPK activation was involved in
THP-1 cell apoptosis under growth factor deprivation. Al-
though the data are not shown, the increased expression of
phosphorylated JNK-SAPK was not observed in the absence of
growth factors. In addition, our Western blot analysis showed
that the fimbria-stimulated expression of p21 protein in the
cells was inhibited by PD98059, a specific inhibitor of mitogen-
activated protein-ERK kinase (MEK) activation (12) (Fig.

6A). These observations caused to us to investigate the effect
of PD98059 on the fimbrial inhibition of cell apoptosis. Figure
6B shows that the inhibitor blocked the fimbrial inhibition of
cell apoptosis in a dose-dependent manner. Taken together,
these results suggest that the fimbriae inhibited THP-1 cell
apoptosis under growth factor deprivation via ERK- and
MAPK-dependent expression of p21.

Caspase-3 inhibitor blocks growth factor deprivation-in-
duced apoptosis of THP-1 cells. It is well demonstrated that
the caspase cascade plays an important role in the signaling of
apoptosis of many kinds of cells. Therefore, using Ac-YVAD-
CHO and Ac-DEVD-CHO, inhibitors of caspase-1 and -3,
respectively, we examined which caspase mediates THP-1 cell
apoptosis under growth factor deprivation. As shown in Fig. 7,
cell apoptosis was significantly inhibited by the caspase-3 in-
hibitor but not by the caspase-1 inhibitor, thus suggesting that
caspase-3 activation may be involved in cell apoptosis.

P. gingivalis fimbriae inhibit growth factor deprivation-in-
duced caspase-3 activation in THP-1 cells via activation of
ERK and MAPK and expression of p21. To confirm caspase-3
activation during induction of THP-1 cell apoptosis under
growth factor deprivation, we examined by Western blot anal-
ysis whether the caspase-3 proform and PARP would be
cleaved in the cells under growth factor deprivation. As shown
in Fig. 8A, the caspase-3 proform and PARP of the cells in the
presence of serum were cleaved when the cells were incubated
under growth factor deprivation. However, the fimbriae inhib-
ited the cleavage of the caspase-3 proform and PARP in the
cells. Importantly, our interest was to explore whether the
fimbrial inhibition of caspase-3 activation would be blocked by
antisense p21 oligonucleotide and PD98059 treatment. We
observed that the fimbrial inhibition of caspase-3 activation in
the cells was blocked by antisense p21 oligonucleotide and
PD98059 treatment, because the inhibition of cleavage of the
caspase-3 proform and PARP in fimbria-treated cells was re-
duced by the treatment (Fig. 8B and C).

DISCUSSION
It is of interest to investigate whether bacterial fimbriae,

important structures in the triggering of bacterial infection,
modulate apoptosis of monocytes/macrophages, cells that play
a central role in inflammatory reactions caused by pathogenic

FIG. 4. Antisense p21 oligonucleotide blocks fimbrial inhibition of
THP-1 cell apoptosis induced under growth factor deprivation. THP-1
cells were treated as described in the legend to Fig. 2, and DNA
fragmentation was quantified by the diphenylamine assay 24 h after the
initiation of the fimbrial treatment. The results of the assay are ex-
pressed as the mean 6 standard deviation of three cultures. Variations
between values from the fimbria-treated groups with or without anti-
sense p21 oligonucleotide that were found to be statistically significant
by Student’s t test are indicated by asterisks (p, P , 0.05; pp, P , 0.01).
An identical experiment independently performed gave similar results.

FIG. 5. Effect of P. gingivalis fimbriae on phosphorylation of ERK and MAPK in THP-1 cells under growth factor deprivation. The cells were
treated as described in the legend to Fig. 2. The expression of ERK or phosphorylated ERK proteins in the cells was analyzed by Western blotting
with anti-p44/42 MAPK antibody or anti-phosphorylated p44/42 MAPK antibody at selected times after the initiation of the cultures. An identical
experiment independently performed gave similar results.

VOL. 69, 2001 BACTERIAL FIMBRIAE INHIBIT MONOCYTIC-CELL APOPTOSIS 4947



bacteria. Therefore, using fimbriae of P. gingivalis, which is a
pathogen causing periodontal disease, we investigated the reg-
ulatory role of bacterial fimbriae in the apoptosis of cultured
human monocytic THP-1 cells. The present study demon-
strates that the bacterial fimbriae inhibited THP-1 cell apopto-
sis under growth factor deprivation via ERK- and MAPK-
dependent expression of p21.

Growth factor deprivation has been shown to provoke apo-
ptosis in a variety of cells, including monocytes/macrophages
and endothelial cells (8, 9, 13, 26–28). Although the induction
of monocytic apoptosis under growth factor or serum with-
drawal conditions is physiologically irrelevant, these experi-
mental conditions appear to provide an effective method for
examining the regulation of monocytic apoptosis. Therefore, in
this study, we employed this experimental design to explore the
regulation of apoptosis in THP-1 cells by P. gingivalis fimbriae.
In fact, we observed that THP-1 cells effectively undergo apo-
ptosis upon growth factor deprivation as determined by detec-
tion of the characteristic genomic DNA laddering. The
bacterial fimbriae inhibited monocytic-cell apoptosis. This in-
hibitory action of fimbriae was confirmed by their inability to
rescue the apoptotic cells when the fimbriae were pretreated

with a specific monoclonal antibody against themselves. To our
knowledge, this is the first demonstration that bacterial fim-
briae play a functional role as inhibitors of monocytic-cell
apoptosis.

It is known that p21 is involved in DNA damage repair,
differentiation, and apoptosis, and many studies (2, 3, 15, 34,
42, 43) have demonstrated that expression of p21 inhibits ap-
optosis of several kinds of cells, such as monocytic cells, muscle
cells, neuroblastoma cells, and melanoma cells. Therefore, we
explored whether p21 was involved in the fimbrial inhibition of
THP-1 cell apoptosis induced under growth factor deprivation.
Using Western blot analysis, we observed that expression of
p21 protein in the cells markedly increased following the fim-
brial treatment. The antisense p21 oligonucleotide inhibited
the fimbria-stimulated expression of the p21 protein and also
blocked the fimbrial inhibition of cell apoptosis. These obser-
vations strongly suggest that fimbrial inhibition of cell apopto-
sis is mediated by the action of the p21 protein.

Since we showed earlier that fimbrial signaling of P. gingi-
valis occurred via b2 integrin on macrophages (40), our interest
was in exploring a possible intracellular signaling pathway re-
sponsible for the inhibitory effects of the fimbriae on the
apoptotic cells. A recent study (36) demonstrated that lipo-
polysaccharide inhibited growth factor withdrawal-induced ap-
optosis of dendritic cells via an ERK- and MAPK-dependent
pathway. Therefore, we investigated the possibility that the
fimbriae inhibited serum withdrawal-induced apoptosis via the
ERK- and MAPK-dependent expression of p21. Our Western
blot analysis using phosphospecific antibody against ERK and
MAPK showed that the fimbriae increased the phosphoryla-
tion of ERK and MAPK in the cells at 6 h after the initiation
of the treatment and that this increase was sustained up to
24 h. However, the total amount of the ERK and MAPK
proteins was not affected by the fimbriae within the period
tested. Using PD98059, a MEK1-specific inhibitor, we ad-
dressed whether the increased phosphorylation of ERK and
MAPK was MEK dependent. The fimbrial inhibition of the
apoptotic cells was blocked by the inhibitor. In addition, the
fimbrial stimulation of p21 expression in the cells was inhibited
by PD98059 treatment. Since PD98059 has little effect on other
kinases, including cyclic-AMP-dependent kinase, protein ki-

FIG. 6. Involvement of ERK and MAPK activity in fimbria-stimu-
lated expression of p21 protein in and inhibitory effect of the fimbriae
on THP-1 cell apoptosis induced under growth factor deprivation. (A)
THP-1 cells in serum-free medium were pretreated or not for 1 h with
PD98059 at 5 mM and then incubated in the absence or presence of
fimbriae at 5 mg of protein/ml. After 24 h, the expression of the p21
protein in the cells was analyzed by Western blotting with anti-p21
antibody. (B) Cells were treated as described for panel A, and DNA
fragmentation was quantified by the diphenylamine assay 24 h after the
initiation of the fimbrial treatment. The results of the assay are ex-
pressed as the mean 6 standard deviation of three cultures. An iden-
tical experiment independently performed gave similar results.

FIG. 7. Effect of caspase inhibitors on THP-1 cell apoptosis in-
duced under growth factor deprivation. THP-1 cells in serum-free
medium were treated with the indicated concentration of Ac-YVAD-
CHO or Ac-DEVD-CHO or untreated. Then DNA fragmentation was
quantified by the diphenylamine assay 24 h after the initiation of the
treatment. The results of the assay are expressed as the mean 6
standard deviation of three cultures. Similar results were obtained in
an identical experiment.
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nase C, and other serine and threonine kinases, these results
suggest that the fimbrial inhibition of cell apoptosis under
growth factor deprivation is mediated by the phosphorylated
ERK- and MAPK-dependent expression of p21.

On the other hand, Bcl-2 prevents apoptosis induced by a
wide range of agents. Our Western blot analysis showed that
there was no change in expression of the Bcl-2 protein follow-
ing fimbrial treatment. Several studies (33, 45) have demon-
strated that protection from apoptosis stimuli is not deter-
mined simply by Bcl-2 expression per se but by heterodimers of
Bcl-2 and its homologues. Although other members of the
Bcl-2 family were not examined here, Bcl-2 protein expression
probably does not contribute to the fimbrial inhibition of
growth factor withdrawal-induced apoptosis of the cells.

In addition, our interest was to identify the target molecule
of the p21 protein that contributes to the fimbrial inhibition of
THP-1 cell apoptosis under growth factor deprivation. In order
to elucidate this point, it was important for us to address the
question of which molecule plays a central role in the induction
of cell apoptosis. A recent study (13) demonstrated that
caspase-3 plays an important role in spontaneous monocytic-
cell apoptosis. In this study, we observed that Ac-DEVD-
CHO, a potent inhibitor of caspase-3, significantly blocked
growth factor withdrawal-induced cell apoptosis. However,
such blockage was not observed with Ac-YVAD-CHO, a
caspase-1 inhibitor. These observations suggest an important
role for caspase-3 in cell apoptosis under growth factor depri-
vation. Interestingly, recent studies (38, 39) have shown that
p21 acts as a caspase-3 inactivator. Therefore, we assumed that
caspase-3 might be a target molecule of the p21 protein that
contributes to the fimbrial inhibition of THP-1 cell apoptosis.
As expected, the fimbriae inhibited caspase-3 activity of the

cells induced by the absence of serum. And, interestingly, the
fimbrial inhibition of caspase-3 activity was blocked by
PD98059 and antisense p21 oligonucleotide treatment. These
results strongly suggest that caspase-3 is a target molecule of
p21 that mediates the fimbrial inhibition of THP-1 cell apo-
ptosis under growth factor deprivation.

In view of the signaling pathway of the fimbriae described
above, although it is of interest to demonstrate whether the
fimbria-induced ERK–p21–caspase-3 signaling pathway is me-
diated via binding of the fimbriae to b2 integrin, as suggested
by our previous study (40), this point still remains obscure.

An understanding of the processes regulating apoptosis of
monocytes/macrophages is critical to the elucidation of the
pathogenic mechanism of chronic inflammation. Although the
inflammatory reaction in bacterial infection has been well
demonstrated, we suggest here that bacterial fimbriae act as
inhibitors of growth factor withdrawal-induced apoptosis of
cultured monocytic cells through p21 expression via the ERK-
and MAPK-dependent pathway. This action suggests that bac-
terial fimbriae play a functional role as potent regulators of
chronic inflammatory disease, such as periodontal disease
caused by periodontal pathogens.

In conclusion, the present study shows that P. gingivalis fim-
briae inhibit caspase-3-mediated apoptosis of monocytic
THP-1 cells under growth factor deprivation via ERK- and
MAPK-dependent expression of p21.
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FIG. 8. Inhibitory effect of P. gingivalis fimbria-stimulated ERK and MAPK activity and expression of p21 protein on caspase-3 activation in
THP-1 cells induced under growth factor deprivation. (A) THP-1 cells were treated as described in the legend to Fig. 1A. (B) Cells were treated
as described in the legend to Fig. 6A. (C) Cells were treated as described in the legend to Fig. 2. After 24 h, the cleavage of the caspase-3 proform
and PARP was analyzed by Western blotting with anti-CPP32 antibody or anti-PARP antibody. An identical experiment independently performed
gave similar results.
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