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Actinobacillus actinomycetemcomitans is a major periodontopathic bacterium with multiple virulence factors,
including lipopolysaccharide (LPS). Previous reports have demonstrated that LPS induced apoptosis in a
murine macrophage-like cell line, J744.1, as well as in peritoneal macrophages from C3H/HeN mice in the
presence of cycloheximide (CHX). However, the detailed molecular mechanisms involved in the apoptosis of
macrophages induced by LPS and CHX are not well known. To clarify the possible role of LPS in the induction
of macrophage apoptosis, we investigated cell death induced by LPS from A. actinomycetemcomitans and CHX
in human macrophage-like U937 cells, which were differentiated by 12-O-tetradecanoylphorbol 13-acetate
(TPA), and also assessed the molecular mechanisms involved in the process. We found that TPA-differentiated
U937 cells usually showed resistance to LPS-induced apoptosis. However, in the presence of CHX, LPS induced
release of cytochrome c without modifying steady-state levels of Bcl-2, Bcl-xL, Bax, and Bak. Treatment with
LPS in the presence of CHX also led to activation of caspase-3 and apoptosis via, in part, the CD14/toll-like
receptor 4 (TLR4). The induction of cytochrome c release may have been due to dephosphorylation of Akt and
Bad, which were cooperatively induced by CHX and LPS. However, endogenous tumor necrosis factor alpha-
and Fas-induced signals, extracellular signal-regulated kinase kinase/mitogen-activated protein kinases and
I-�B�/nuclear factor-�B (NF-�B) were not required for caspase-3-dependent apoptosis. These results empha-
size the possible important role of the mitochondrial apoptotic pathway leading to caspase-3 activation in
LPS-induced apoptosis of human macrophages in the presence of CHX.

Actinobacillus actinomycetemcomitans is a gram-negative,
capnophilic, and fermentative coccobacillus that has been im-
plicated in the pathogenesis of various infectious diseases, such
as endocarditis, pericarditis, meningitis, osteomyelitis, empy-
ema, and subcutaneous abscess (15) as well as several types of
periodontal disease (6, 47, 48). A. actinomycetemcomitans pos-
sesses or produces multiple virulence factors, including lipo-
polysaccharide (LPS). LPS from A. actinomycetemcomitans is
recognized as an important pathogenic component in the ini-
tiation and progression of periodontal disease, since it stimu-
lates host cells to produce inflammatory cytokines and induces
bone resorption (12).

In inflamed tissue, apoptosis is a cellular event that underlies
a wide variety of physiological phenomena, including the clonal
selection of lymphocytes (49) and the removal of tissue inflam-
matory cells (1). Previous studies have shown apoptotic cell
death in macrophages infected with A. actinomycetemcomitans
(21) and the possible involvement of CD14 (37) and protein
kinase C (42) in apoptosis. Infection with A. actinomycetem-
comitans also induces apoptotic cell death of oral epithelial
cells (20). Further, it has been demonstrated that a purified
toxin from A. actinomycetemcomitans, which shows two major

bands corresponding to molecular masses of approximately 80
and 85 kDa, causes cell cycle arrest in the G2/M phase and
apoptosis in B lymphocyte HS-72 cells (43). These findings
suggest that the ability of A. actinomycetemcomitans to pro-
mote apoptosis in various cell types may be important in the
development of periodontal disease. However, there are few
reports concerning the regulatory effect of A. actinomycetem-
comitans LPS on apoptosis in various host cells.

The effects of LPS on apoptotic cell death differ among cell
types and cell lines, and multiple molecular mechanisms are
involved in its regulation. It has been reported that LPS inhib-
ited apoptosis of human neutrophils through extracellular sig-
nal-regulated kinase (ERK) activation (28, 45), while activa-
tion of p38 mitogen-activated protein (MAP) kinase down
regulated the LPS-induced inhibition of neutrophil apoptosis
(45). LPS also prevented apoptotic cell death in human pe-
ripheral blood monocytes (34). Conversely, LPS administra-
tion has been shown to cause apoptosis in B cells (60), CD4�

8� thymocytes, and lymphoid organs (22). Further, LPS in-
duced apoptotic cell death in endothelial cells via recruitment
of the adaptor Fas-associated death domain (5). The LPS-
induced apoptosis of human vascular endothelial cells has been
shown to be mediated by tumor suppressor gene p53, proapop-
totic Bax, caspase-1, and caspase-3 (36). In contrast, another
report demonstrated that LPS did not cause apoptosis in a
human dermal microvascular endothelial cell line, HMEC-1,
though it did in the presence of cycloheximide (CHX) (11).
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LPS-induced apoptosis in the presence of CHX was also ob-
served in a murine macrophage-like cell line, J744.1 (16–18), as
well as in peritoneal macrophages from C3H/HeN mice (19).
In contrast, caspase-3-like protease was the key enzyme in
promoting apoptosis of J744.1 cells treated with LPS and
CHX, and its activation was dependent on early LPS-induced
signals such as LPS binding, protein tyrosine phosphorylation,
and serine protease activity but not on later LPS signals such as
MAP kinase kinase or MAP kinase (17). However, the detailed
molecular mechanisms of LPS-induced apoptosis of macro-
phages in the presence of CHX are not well known.

In the present study, we confirmed apoptotic cell death in-
duced by LPS from A. actinomycetemcomitans (strain Y4) and
CHX in human macrophage-like U937 leukemic cells, which
were differentiated by treatment with 12-O-tetradecanoylphor-
bol 13-acetate (TPA), and also assessed the molecular mech-
anisms involved with that process. Our results demonstrated
that A. actinomycetemcomitans LPS, in the presence of CHX,
induced cytochrome c release as well as subsequent caspase-3
activation and apoptosis in the cells and that the induction of
cytochrome c release may have been due to dephosphorylation
of Akt and Bad. We also found that the caspase-3-dependent
apoptosis induced by LPS and CHX was mediated, in part, by
CD14/toll-like receptor 4 (TLR4). However, endogenous tu-
mor necrosis factor alpha (TNF-�)- and Fas-induced signals as
well as ERK kinase (MEK)/MAP kinases and I-�B�/nuclear
factor-�B (NF-�B) were not required. These results suggest
that the mitochondrial apoptotic cascade leading to caspase-3
activation plays a crucial role in LPS-induced apoptosis of
human macrophages in the presence of CHX.

MATERIALS AND METHODS

Materials. Phosphate-buffered saline (PBS), RPMI 1640, penicillin-strepto-
mycin, and fetal bovine serum (FBS) were obtained from Gibco BRL (Rockville,
Md.). Recombinant human TNF-� (rhTNF-�) and anti-human TNF-� antibody
(anti-hTNF-�) were obtained from Genzyme/Techne (Minneapolis, Minn.).
SB203580 and gliotoxin were purchased from Calbiochem (Hornby, Canada).
U0126 was obtained from Promega (Madison, Wis.). Benzyloxycarbonyl-Asp-
CH2OC(O)-2,6,-dichlorobenzene (Z-asp-CH2-DCB) was purchased from the
Peptide Institute, Inc. (Osaka, Japan). The antibody against mouse cytochrome
c was obtained from Pharmingen (San Diego, Calif.). Mouse anti-human TLR4
antibody (HTA125) was donated by S. Akashi (Department of Microbiology and
Immunology, The Institute of Medical Science, The University of Tokyo, Tokyo,
Japan). Polyclonal antibodies against Bcl-2, Bcl-xL, Bax, Bak, Bad, and Akt;
mouse anti-human CD14 antibody (MY4), mouse immunoglobulin G2b
(IgG2b); and mouse IgG2a were obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, Calif.). Polyclonal antibodies against phosphorylated Akt (Thr308),
phosphorylated Bad (Ser136 and Ser112), phosphorylated ERK1/2, ERK1/2,
phosphorylated c-Jun N-terminal kinase 1/2 (JNK1/2), JNK1/2, phosphorylated
p38, p38, and phosphorylated I-�B� and a Phototope-HRP Western Blot De-
tection System were obtained from Cell Signaling Technology, Inc. (Beverly,
Mass.). TPA, CHX, Hoechst 33258, monoclonal anti-Fas ligand antibody (anti-
FasL), PD098059, N-acetyl-L-cysteine (NAC), pyrrolidine dithiocarbamate
(PDTC), LPS from Escherichia coli 055:B5 and the other reagents were obtained
from Sigma (St. Louis, Mo.). LPS from A. actinomycetemcomitans Y4 and Por-
phyromonas gingivalis 381 were provided by T. Nishihara (Department of Oral
Microbiology, Kyushu Dental College, Fukuoka, Japan). LPS was isolated from
whole cells by the phenol-water procedure previously described by Westphal and
Jann (54). The crude extracts were treated with nuclease, washed extensively with
pyrogen-free water by ultracentrifugation, and lyophilized (39).

Cell line. Human leukemia U937 cells were obtained from Japanese Cell
Research Resources Bank (Tokyo, Japan). The cells were cultured in RPMI 1640
supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin (10 �g/ml)
at 37°C in a 5% CO2 saturated atmosphere. Prior to each experiment, cells were

treated with TPA (10 ng/ml) for 12 h to differentiate them into adherent mac-
rophage-like cells (TPA-differentiated U937 cells).

Morphological assessment of apoptotic cells. After treating TPA-differenti-
ated U937 cells (105 cells), apoptosis was evaluated by morphological assessment
using Hoechst 33258 staining. Briefly, following each treatment, cells were
stained with Hoechst 33258 and evaluated under a fluorescence microscope for
treatment-induced apoptosis. Apoptotic cells were identified by classical mor-
phological features (i.e., condensed and fragmented nuclei, cell shrinkage, and
formation of apoptotic bodies). Five randomly selected fields were evaluated to
determine the percentage of apoptotic cells for each treatment condition.

Analysis of DNA fragmentation. TPA-differentiated U937 cells (107 cells)
were treated with LPS (1 �g/ml) from A. actinomycetemcomitans, P. gingivalis, or
E. coli in the presence or absence of CHX (10 �g/ml) for 3 h. After each
treatment, cellular DNA was extracted as reported previously (53). Briefly, cells
were collected by centrifugation and washed with PBS and then lysed in a
solution of 10 mM Tris-HCl (pH 8.0), 10 mM EDTA, 0.5% (wt/vol) sodium
dodecyl sulfate (SDS), and 0.1% (wt/vol) RNase A, with incubation for 60 min
at 50°C. The lysates were incubated for an additional 60 min at 50°C with
proteinase K (1 mg/ml) and then subjected to electrophoresis in a 1% (wt/vol)
agarose gel in 40 mM Tris-acetate buffer (pH 7.4) at 50 V. After electrophoresis,
DNA was visualized by staining with ethidium bromide.

Detection of cytochrome c release. TPA-differentiated U937 cells (107 cells)
were treated with A. actinomycetemcomitans LPS (1 �g/ml) and/or CHX (10
�g/ml) for 3 h. After each treatment, cells were harvested by centrifugation at
600 � g for 10 min at 4°C. The cell pellets were washed once with ice-cold PBS
and resuspended with 5 volumes of buffer A (20 mM HEPES-KOH [pH 7.5], 10
mM KCl, 1.5 mM MgCl2, 1 mM sodium EDTA, 1 mM sodium EGTA, 1 mM
dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 250 mM sucrose) and then
were homogenized with 10 strokes of a Teflon homogenizer, after which the
homogenates were centrifuged twice at 100,000 � g for 10 min at 4°C. The
resulting supernatants (30 �g of protein for each treatment) were used for
Western blot analysis with an anti-cytochrome c antibody.

Assay for caspase activity. Following each treatment of TPA-differentiated
U937 cells (107 cells), caspase activities were measured using colorimetric assay
kits according to the manufacturer’s instructions (Medical and Biological Lab-
oratories Co., Ltd. Nagoya, Japan). Briefly, caspase activity in cytosolic extracts
was measured by spectrophotometric detection of the chromophore p-nitroani-
lide (p-NA) after its cleavage from the labeled substrates DEVD (Asp-Glu-Val-
Asp)-pNA for caspase-3, YVAD (Tyr-Val-Ala-Asp)-pNA for caspase-1, and
IETD (Ile-Glu-Thr-Asp)-pNA for caspase-8. p-NA light emission was quantified
using a microtiter plate reader at 400 nm (molar absorption coefficient, ε � 2.0
�104 �mol/min).

Western blot analysis. TPA-differentiated U937 cells (106 cells) were treated
with A. actinomycetemcomitans LPS (1 �g/ml) and/or CHX (10 �g/ml) for 30 min
or 3 h. After each treatment, the cells were washed with cold PBS and lysed by
adding 200 �l of 1� SDS sample buffer (0.05 M Tris-HCl [pH 6.8], 2% [wt/vol]
SDS, 6% �-mercaptoethanol, 10% glycerol). The lysates were immediately
scraped, collected into microcentrifuge tubes, and sonicated for 10 to 15 s on ice.
The sonicated samples were then centrifuged at 17,360 � g for 15 min at 4°C.
Protein amounts were determined using a protein assay kit (Bio-Rad Laborato-
ries Inc., Hercules, Calif.). Each protein sample (20 or 30 �g/line) was run on an
SDS–10% or –15% polyacrylamide gel for electrophoresis at 40 mA. The sepa-
rated proteins were then electroblotted onto a polyvinylidene difluoride transfer
membrane (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire,
England) using a semidry blotter (MilliBlot-SDE system; Millipore Co., Bedford,
Mass.), according to the manufacturer’s instructions. The membranes were
washed once with 10 mM Tris-HCl (pH 7.2) containing 150 mM NaCl and 0.1%
Tween 20 (TBS-T) and then were blocked for 1 h in TBS-T containing 5%
(wt/vol) skim milk. After washing the membranes with TBS-T, each polyclonal
antibody against ERK1/2, phosphorylated ERK1/2, JNK1/2, phosphorylated
JNK1/2, p38, phosphorylated p38, phosphorylated I-�B�, Bcl-2, Bcl-xL, Bax,
Bak, Bad, phosphorylated Bad (Ser136, Ser112), Akt, phosphorylated Akt
(Thr308), and cytochrome c was added separately at a dilution of 1:500 or 1:1,000
in TBS-T containing 5% (wt/vol) skim milk or 5% bovine serum albumin and
then incubated for 1 or 8 h at 4°C. After washing three times with TBS-T, the
immunoreactive bands were visualized using a Phototope-HRP Western Blot
Detection System. Briefly, the membrane was treated for 1 h with horseradish
peroxidase-conjugated anti-rabbit IgG (1:2,000) in TBS-T containing 5% (wt/vol)
skim milk at room temperature. After washing three times with TBS-T, the
membrane was incubated with LumiGLO reagent for 1 min at room tempera-
ture.

Statistical analysis. All experiments were performed three times. For mor-
phological assessment of apoptotic cells and an assay of caspase activity, the
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experiments were performed three times, with each conducted in triplicate. The
means and standard deviations (SD) were then calculated, and the statistical
significance of differences among the groups was examined by one-way analysis
of variance and a post hoc t test. A post hoc t test was performed when analysis
of variance test results indicated significance, which was determined at P � 0.01.

RESULTS

Periodontopathic bacterial LPS induce apoptotic cell death
of TPA-differentiated U937 cells in the presence of CHX. Hu-
man leukemia U937 cells were exposed to TPA for 12 h, and
more than 90% of the cultured cells were found to be differ-
entiated into adherent macrophage-like cells, which were des-
ignated TPA-differentiated U937 cells for this study. As shown
in Fig. 1, rhTNF-� at 1 ng/ml induced apoptotic cell death in
TPA-differentiated cells as early as 6 h, as detected by mor-
phological assessment of Hoechst 33258-stained cells, and the
percentage of apoptotic cells increased until 72 h. However,
the induction of apoptotic cell death could not be observed

when the cells were treated with a 1- or 10-�g/ml concentration
of LPS from enterobacteria (E. coli) or periodontopathic bac-
teria (A. actinomycetemcomitans and P. gingivalis) for any of
the indicated treatment times (Fig. 1). The morphological find-
ings also demonstrated that induction of apoptotic cell death in
cells treated for 3 h with CHX (10 �g/ml) alone could not be
detected, whereas LPS from A. actinomycetemcomitans and P.
gingivalis as well as E. coli at 1 �g/ml induced apoptotic cell
death in the presence of CHX (10 �g/ml). After treatment, the
ratio of apoptotic cells was 41% of cells treated with A. acti-
nomycetemcomitans LPS and CHX, 32% of those treated with
P. gingivalis LPS and CHX, and 47% of those treated with E.
coli LPS and CHX (Fig. 2A and B).

Apoptosis induced by periodontopathic bacterial LPS in the
presence of CHX was also confirmed in the DNA fragmenta-
tion analysis. Briefly, when the TPA-differentiated U937 cells
were treated for 3 h with LPS from A. actinomycetemcomitans
or P. gingivalis (1 �g/ml) and/or a 10-�g/ml concentration of
CHX, LPS, or CHX alone did not cause fragmentation of
chromosomal DNA. However, cotreatment with LPS and
CHX induced DNA fragmentation in the cells (Fig. 2C).

CHX and A. actinomycetemcomitans LPS cooperatively in-
duce dephosphorylation of Akt and Bad as well as subsequent
cytochrome c release. Cytochrome c release is considered to be
an early key event in apoptosis (10, 30) that is prevented by
antiapoptotic Bcl-2 and Bcl-xL (29, 51, 59) and induced by
proapoptotic Bax and Bak (13, 38, 46). Accordingly, we con-
firmed cytochrome c release and the expression of Bcl-2 family
proteins in TPA-differentiated U937 cells treated with CHX
and/or A. actinomycetemcomitans LPS. Cytochrome c release
was first detected when the cells were simultaneously treated
with CHX (10 �g/ml) and LPS (1 �g/ml) for 1 h; however,
treatment with CHX or LPS alone did not induce its release
(data not shown). When the cells were treated for 3 h, CHX,
but not LPS, slightly induced cytochrome c release, which was
enhanced by cotreatment with LPS (Fig. 3A). Treatment with
CHX or LPS alone or in combination did not change any
steady-state Bcl-2, Bcl-xL, Bax, or Bak levels within 3 h of each
treatment (Fig. 3B).

Activated Akt is known to phosphorylate Bad in the serine
136 residue; however, the mechanism of the second phosphor-
ylation at serine 112 is more controversial, as it allows binding
to the 14-3-3 protein instead of Bcl-2 or Bcl-xL (33, 52, 35),
resulting in the liberation of antiapoptotic proteins and pro-
motion of cell survival. Conversely, following apoptotic stimuli,
Bad is dephosphorylated, which is released from the 14-3-3
protein, subsequently dimerizes with antiapoptotic Bcl-xL (58,
61), and inactivates the antiapoptotic protein in the outer mi-
tochondrial membrane, thereby promoting cell death. We ex-
amined changes in the levels of phosphorylated Akt (Thr308)
and phosphorylated Bad (Ser136 and Ser112) in TPA-differ-
entiated U937 cells treated with CHX (10 �g/ml) and/or A.
actinomycetemcomitans LPS (1 �g/ml). The cells showed a
constitutive expression of the phosphorylated forms of Akt and
Bad (in both Ser136 and Ser112 sites). Further, steady-state
phosphorylated Akt and phosphorylated Bad levels decreased
in cells treated with CHX for 15 min, and this CHX-induced
dephosphorylation of Akt and Bad was slightly enhanced by
cotreatment with LPS (Fig. 3C).

FIG. 1. Effects of LPS and rhTNF-� on apoptotic cell death in
TPA-differentiated U937 cells. U937 cells were pretreated with TPA
(10 ng/ml) for 12 h. (A) The TPA-differentiated U937 cells (105 cells)
were further treated with E. coli LPS (1 �g/ml) (Œ), A. actinomyce-
temcomitans LPS (e), P. gingivalis LPS (■ ), rhTNF-� (1 ng/ml) (F), or
nothing (E) for 6 to 72 h. (B) Other TPA-differentiated U937 cells (105

cells) were treated with a 1- or 10-�g/ml of LPS from E. coli, A.
actinomycetemcomitans, or P. gingivalis; rhTNF-� (1 ng/ml); or nothing
for 24 h. After each treatment, apoptosis induced in the cells was
evaluated by morphological assessment using Hoechst 33258 dye, as
described in Materials and Methods. Values shown (percent apoptotic
cells) are the means 	 SD (error bars) of three separate experiments,
each conducted in triplicate. Differences from the value for untreated
cells (vehicle) were considered significant (**) at a P of �0.01.
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Apoptosis induced by cotreatment with A. actinomycetem-
comitans LPS and CHX is dependent on caspase-3 activation.
As noted above, cotreatment with A. actinomycetemcomitans
LPS and CHX decreased steady-state phosphorylated Akt and
Bad levels and subsequently induced cytochrome c release in
TPA-differentiated U937 cells. Cytochrome c release activates
caspase-9 and subsequently activates caspase-3 and the pro-

teolytic cascade that leads to apoptosis (31). We investigated
the participation of various caspases in apoptosis induced by
cotreatment with A. actinomycetemcomitans LPS and CHX in
TPA-differentiated U937 cells. When the cells were treated
with LPS (1 �g/ml) and/or CHX (10 �g/ml) for 30 min, 1 h, and
3 h, caspase-1 and caspase-8 activities did not significantly
change under any of the treatment conditions (Fig. 4A and
4C). Treatment with LPS or CHX alone also had no effect on
caspase-3 activity. In contrast, significant caspase-3 activation
in cells cotreated with LPS and CHX was first observed at 30
min and was remarkably enhanced at 3 h (Fig. 4B). Further-
more, apoptosis induced by simultaneous treatment with LPS
and CHX was significantly inhibited by pretreatment for 1 h
with 100 �M Z-asp-CH2-DCB, a caspase inhibitor (Fig. 4D).

A. actinomycetemcomitans LPS induces caspase-3-dependent
apoptosis in the presence of CHX via, in part, CD14/TLR4.
CD14 acts as a receptor for LPS combined with LPS-binding
protein (56), and TLR4 has been well-documented to act as a
LPS-signaling receptor (55). We examined whether CD14 and
TLR4 mediate caspase-3 activation and apoptosis induced by
A. actinomycetemcomitans LPS (1 �g/ml) in combination with
CHX (10 �g/ml) in TPA-differentiated U937 cells. Pretreat-
ment with MY4 (5 �g/ml), an anti-human CD14, or HTA125
(20 �g/ml), an anti-human TLR4 antibody, for 1 h significantly,
though not completely, inhibited caspase-3 activity (Fig. 5A)

FIG. 2. LPS-induced apoptosis of TPA-differentiated U937 cells in
the presence of CHX. TPA-differentiated U937 cells (105 cells [A and
B] or 107 cells [C]) were treated with a 1-�g/ml concentration of E. coli
LPS, A. actinomycetemcomitans LPS, or P. gingivalis LPS in the pres-
ence or absence of CHX (10 �g/ml) for 3 h. Following each treatment,
apoptosis in the cells was evaluated by morphological assessment using
Hoechst 33258 dye (A and B) or analysis of DNA fragmentation (C),
as described in Materials and Methods. (A) Values shown (percent
apoptotic cells) are the means � SD (error bars) of three separate
experiments, each conducted in triplicate. Differences from the value
for untreated cells were considered significant (**) at a P of �0.01.
(B) Morphological features of apoptotic cells (i.e., condensed and
fragmented nuclei, cell shrinkage, and formation of apoptotic bodies).
White arrow indicates apoptotic cells. (C) Agarose gel detection of
DNA fragmentation. Lanes: 1 vehicle; 2, CHX alone; 3, A. actinomy-
cetemcomitans LPS alone; 4, P. gingivalis LPS alone; 5, A. actinomyce-
temcomitans LPS plus CHX; 6, P. gingivalis LPS plus CHX.

FIG. 3. Effects of A. actinomycetemcomitans LPS and/or CHX on
cytochrome c release, expression of Bcl-2 family proteins and phos-
phorylation of Akt and Bad. TPA-differentiated U937 cells (107 cells
[A] or 106 cells [B and C]) were treated with A. actinomycetemcomitans
LPS (1 �g/ml) in the presence or absence of CHX (10 �g/ml) for 15
min (C) or 3 h (A and B). Following each treatment, cytochrome c
release (A); expression of Bcl-2, Bcl-xL, Bax, and Bak proteins (B);
and phosphorylation of Bad (Ser136, Ser112) and Akt (Thr308)
(C) were evaluated by Western blot analysis, as described in Materials
and Methods.
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and apoptosis (Fig. 5B) in cells subsequently cotreated with
LPS and CHX for 3 h. In contrast, pretreatment with isotype-
matched mouse IgG2b (5 �g/ml) or mouse IgG2a (20 �g/ml),
control antibodies against MY4 and HTA125, respectively, had
no effect on the caspase-3 activation or apoptosis induced by
LPS and CHX (Fig. 5).

Endogenous TNF-�- and Fas-induced signals are not re-
quired for caspase-3-dependent apoptosis induced by cotreat-
ment with A. actinomycetemcomitans LPS and CHX. TNF-�-
and Fas-induced signals cause apoptosis of U937 cells in the

presence of CHX (9, 40, 41). LPS from E. coli and P. gingivalis
stimulates production of TNF-� in phorbol myristic acid
(PMA)-treated macrophage-like U937 cells (44). PMA-treated
THP-1 cells, which also differentiate into macrophage-like
cells, express high levels of FasL (however, not Fas), while LPS
induces Fas expression in those cells (4). We investigated the
participation of endogenous TNF-�- and Fas-induced signals
in the caspase-3 activation and apoptosis induced by cotreat-
ment with A. actinomycetemcomitans LPS (1 �g/ml) and CHX
(10 �g/ml) in TPA-differentiated U937 cells. Stimulation with
LPS, but not CHX, produced TNF-� in the cells, whereas
TNF-� was not detected in the culture medium when the cells
were simultaneously treated with LPS and CHX (data not
shown). Further, pretreatment with anti-FasL (10 �g/ml) or
anti-hTNF-� (5 �g/ml) for 1 h had no effect on caspase-3
activity (Fig. 6A) or apoptosis (Fig. 6B) in cells subsequently
cotreated with LPS and CHX for 3 h.

MEK/MAP kinases and I-�B�/NF-�B are not involved in A.
actinomycetemcomitans LPS-induced apoptosis in the presence
of CHX. The roles of MAP kinases and I-�B/NF-�B in the

FIG. 4. Involvement of caspase-3 activation in apoptosis induced
by A. actinomycetemcomitans LPS in the presence of CHX. TPA-
differentiated U937 cells (107 cells) were treated with A. actinomyce-
temcomitans LPS (1 �g/ml) in the presence or absence of CHX (10
�g/ml) for 30 min, 1 h, and 3 h (A to C). Following each treatment,
caspase-1 (A), caspase-3 (B), and caspase-8 (C) activities were mea-
sured using colorimetric assay kits according to the manufacturer’s
instructions. (D) TPA-differentiated U937 cells (105 cells) were also
pretreated for 1 h with a 100 �M concentration of a caspase inhibitor,
Z-asp-CH2-DCB, or nothing, and were subsequently cotreated with A.
actinomycetemcomitans LPS (1 �g/ml) and CHX (10 �g/ml) for 3 h.
Following each treatment, the effect of Z-asp-CH2-DCB on apoptosis
induced by LPS and CHX (D) was evaluated by morphological assess-
ment using Hoechst 33258-dye, as described in Materials and Methods.
Values shown (units per milligram of protein [A to C] or percent
apoptotic cells [D]) are the means � SD (error bars) of three separate
experiments, each conducted in triplicate. Differences from the value
for untreated cells (B) or cells cotreated with LPS and CHX (D) were
considered significant (**) at a P of �0.01.

FIG. 5. Participation of CD14/TLR4 in caspase-3 activity and ap-
optotic cell death induced by A. actinomycetemcomitans LPS in the
presence of CHX. TPA-differentiated U937 cells (107 cells [A] or 105

cells [B]) were pretreated for 1 h with MY4 (5 �g/ml), control isotype-
matched mouse IgG2b (5 �g/ml), HTA125 (20 �g/ml), control isotype-
matched mouse IgG2a (20 �g/ml), or nothing and were subsequently
cotreated with A. actinomycetemcomitans LPS (1 �g/ml) and CHX (10
�g/ml) for 3 h. Following each treatment, caspase-3 activity (A) was
evaluated using colorimetric assay kits, and apoptosis (B) was evalu-
ated by morphological assessment using Hoechst 33258 dye, as de-
scribed in Materials and Methods. Values shown (units per milligram
of protein [A] or percent apoptotic cells [B]) are the means � SD
(error bars) of three separate experiments, each conducted in tripli-
cate. Differences from the value for cells cotreated with LPS and CHX
were considered significant (**) at a P of �0.01.
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regulation of apoptosis have been evaluated using many cell
types and stimuli; however, they remain largely undefined. To
clarify the participation of MEK/MAP kinases and I-�B�-
NF-�B pathways in caspase-3-dependent apoptosis induced by
simultaneous treatment with A. actinomycetemcomitans LPS
and CHX in TPA-differentiated U937 cells, we first investi-
gated the effects of LPS (1 �g/ml) and/or CHX (10 �g/ml) on
the activation of MAP kinases, such as ERK1/2, p38, and
JNK1/2, as well as I-�B�. As shown in Fig. 7, when the cells
were treated with LPS or CHX alone or in combination for 30
min, the steady-state phosphorylated ERK1/2 level was not
remarkably changed under any of the treatment conditions.
CHX, but not LPS, stimulated the phosphorylation of p38 and
JNK1/2, though cotreatment with LPS had no effect on the
CHX-stimulated activation. Conversely, CHX, but not LPS,
suppressed the phosphorylation of I-�B�, and the level of
phosphorylated I-�B� decreased by CHX was not altered by
cotreatment with LPS (Fig. 7). We next examined the effects of
inhibitors of MAP kinases and NF-�B activation on caspase-3

activity and apoptosis in cells subsequently cotreated with A.
actinomycetemcomitans LPS (1 �g/ml) and CHX (10 �g/ml).
When the cells were pretreated with each inhibitor for 1 h, the
MAP kinase inhibitors—PD098059 [100 �M; MAP kinase/
MEK1/2 inhibitor], U0126 [5 �M; MEK1/2 inhibitor], and
SB203580 [10 �M; p38 inhibitor]) and the inhibitors of NF-�B
activation (gliotoxin [250 ng/ml], NAC [5 mM], and PDTC [100
�M]) had no significant effect on caspase-3 activation (Fig. 8A)
or apoptosis (Fig. 8B) induced by cotreatment with LPS and
CHX for 3 h.

DISCUSSION

We examined the possible role of LPS from A. actinomyce-
temcomitans in the induction of apoptosis in human macro-
phage-like TPA-differentiated U937 cells. Our findings dem-
onstrated that the LPS from A. actinomycetemcomitans and P.
gingivalis, both periodontopathic bacteria, as well as from E.
coli, an enterobacterium, alone did not induce apoptosis of the
cells; however, each induced apoptotic cell death in the pres-
ence of CHX. Apoptosis induced by LPS in the presence of
CHX has also been shown in a murine macrophage-like cell
line, J744.1 (16–18), as well as in peritoneal macrophages from
C3H/HeN mice (19). Those findings suggested that macro-
phages usually show resistance to LPS-induced apoptosis and
led us to speculate that CHX inhibits the actions of antiapop-
totic molecules in macrophages, which are spontaneously ex-
pressed. However LPS-induced apoptosis of macrophages in

FIG. 6. Effects of anti-FasL and anti-hTNF-� on caspase-3 activity
and apoptosis induced by A. actinomycetemcomitans LPS and CHX.
TPA-differentiated U937 cells (107 cells [A] or 105 cells [B]) were
pretreated for 1 h with anti-FasL (10 �g/ml), anti-hTNF-� (5 �g/ml),
or nothing and were subsequently cotreated with A. actinomycetem-
comitans LPS (1 �g/ml) and CHX (10 �g/ml) for 3 h. Following each
treatment, caspase-3 activity (A) was determined using colorimetric
assay kits and apoptosis (B) by morphological assessment using
Hoechst 33258 dye, as described in Materials and Methods. Values
shown (units per milligram of protein [A] or percent apoptotic cells
[B]) are the means � SD (error bars) of three separate experiments,
each conducted in triplicate.

FIG. 7. Activation of MAP kinases and I-�B� in TPA-differenti-
ated U937 cells treated with A. actinomycetemcomitans LPS and/or
CHX. TPA-differentiated U937 cells (106 cells) were treated with A.
actinomycetemcomitans LPS (1 �g/ml) and/or CHX (10 �g/ml) for 30
min. Following each treatment, the expressions of ERK1/2, phosphor-
ylated ERK1/2 (p-ERK1/2), p38, phosphorylated p38 (p-p38), JNK1/2,
phosphorylated JNK1/2 (p-JNK1/2), and phosphorylated I-�B� (p-I-
�B�) were evaluated by Western blot analysis, as described in Mate-
rials and Methods.
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the presence of CHX is not an actual physiological phenome-
non, and this model cannot be directly applied to in vivo
conditions encountered with infectious diseases, including
periodontal disease. Nevertheless, to clarify the possible role of
LPS in the induction of macrophage apoptosis, it is important
to understand the mechanisms of apoptosis induced by LPS
and CHX.

Recent evidence has shown that mitochondria play a crucial
role in many forms of apoptosis by releasing apoptogenic fac-
tors such as cytochrome c (10, 30) from the intermembrane
space into the cytoplasm, which activates the downstream ex-
ecution phase of apoptosis. Antiapoptotic Bcl-2 and Bcl-xL
prevent cytochrome c release (59, 29, 51), whereas proapop-
totic Bax and Bak induce it (13, 38, 46). A previous study (50)
showed that treatment of TPA-differentiated U937 cells with
CHX for 24 h triggered apoptosis and also induced cytochrome
c release and decreased Bcl-xL expression without modifying
Bcl-2, Mcl-1, or Bax protein levels. In the present study, short
term exposure (within 3 h) of the cells to CHX also induced
cytochrome c release, which was enhanced by A. actinomyce-
temcomitans LPS, whereas exposure to LPS alone had no ef-
fect. However, treatment with CHX and/or LPS did not change

the steady-state protein levels of Bcl-2, Bax, and Bak as well as
Bcl-xL. Previous reports (8, 23, 24) have established Akt as a
major determinant of cell survival. Akt mediates cell survival
induced by various growth factors and cytokines in a variety of
cell types and blocks apoptosis induced by multiple apoptotic
stimuli (7, 14). Further, in the presence of survival factors,
activated Akt phosphorylates Bad in the Ser136 residue and
sometimes in Ser112, allowing it to bind to 14-3-3 protein
instead of Bcl-2 or Bcl-xL (33, 52, 35), resulting in the libera-
tion of antiapoptotic proteins and terminal promotion of cell
survival. It has also been shown that Akt inhibits cytochrome c
release, thereby preventing initiation of the apoptotic cascade
leading to activation of caspases (25). Conversely, in the ab-
sence of survival signals or following apoptotic stimuli, Bad is
dephosphorylated. Dephosphorylated Bad is released from 14-
3-3 protein, dimerizes with antiapoptotic Bcl-xL (58, 61), and
displaces and releases Bax from Bcl-xL, which resides in a
constitutive form bound to Bax (58). Thereafter, Bax translo-
cates to mitochondria in which it promotes the release of
cytochrome c and activation of the caspase cascade (31, 3). The
present results demonstrated that steady-state phosphorylated
Akt and phosphorylated Bad levels in TPA-differentiated
U937 cells were decreased by treatment with CHX for 15 min,
however, not by A. actinomycetemcomitans LPS, while the
CHX-induced dephosphorylation of Akt and Bad was slightly
enhanced by cotreatment with LPS. These findings suggest that
CHX induces the dephosphorylation of Akt and Bad, resulting
in cytochrome c release, without modifying steady-state anti-
apoptotic or proapoptotic protein levels, while LPS weakly
enhances this CHX activity.

It has been proposed that the release of cytochrome c acti-
vates caspase-9, and subsequently caspase-3 and the proteo-
lytic cascade leading to apoptosis (31). A previous study (50)
reported that exposure of TPA-differentiated U937 cells to
CHX for 24 h activated procaspase-2L, 
3, and 
8. However,
in this study, the activities of caspase-1, -3, and -8 in the cells
were not changed by CHX or A. actinomycetemcomitans LPS
up to 3 h after treatment. In contrast, caspase-3 activity, but
not caspase-1 and -8 activities, was significantly increased by
cotreatment with LPS and CHX during the treatment time
periods. We also found that apoptosis induced by simultaneous
treatment with LPS and CHX was significantly inhibited by
pretreatment with Z-asp-CH2-DCB. A previous report dem-
onstrated that Z-asp-CH2-DCB inhibited caspase-3- and -6-
like activities, whereas it was less effective on the inhibition of
caspase-1- and -8-like activities (17). Therefore, together with
the present results, it is suggested that caspase-3 is the key
enzyme involved in the progress of apoptosis of TPA-differen-
tiated U937 cells treated with LPS and CHX. The predominant
role of caspase-3-like protease in the promotion of macro-
phage apoptosis has also been shown in previous reports using
J774.1 cells (17, 18); however, the possibility of involvement of
other caspases in apoptosis of TPA-differentiated U937 cells
induced by LPS and CHX is undeniable at present. In the
present study, cytochrome c release was first detected when
TPA-differentiated U937 cells were treated with CHX and LPS
for 1 h; however, significant caspase-3 activation in the treated
cells was first observed at 30 min. Therefore, we considered
that there may be a feedback amplification of cytochrome c
release by caspase-3 activation induced by LPS and CHX in the

FIG. 8. Effects of inhibitors of MEK/MAP kinases or NF-�B acti-
vation on caspase-3 activity and apoptosis induced by A. actinomyce-
temcomitans LPS and CHX. TPA-differentiated U937 cells (107 cells
[A] or 105 cells [B]) were pretreated for 1 h with PD098059 (100 �M;
MEK1/2/MAP kinase inhibitor), U0126 (5 �M; MEK1/2 inhibitor),
SB203580 (10 �M; p38 inhibitor), inhibitors of NF-�B activation (glio-
toxin [250 ng/ml], NAC [5 mM], or PDTC [100 �M]), or nothing and
were subsequently cotreated with A. actinomycetemcomitans LPS (1
�g/ml) and CHX (10 �g/ml) for 3 h. Following each treatment,
caspase-3 activity (A) was determined using the colorimetric assay kits
and apoptosis (B) was evaluated by morphological assessment using
Hoechst 33258 dye, as described in Materials and Methods. Values
shown (units per milligram of protein [A] or percent apoptotic cells
[B]) are the means � SD (error bars) of three separate experiments,
each conducted in triplicate.
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cells, because a recent study (57) demonstrated that caspase-3
induces cytochrome c release by inducing permeability transi-
tion pore opening which is associated with changes in mito-
chondrial respiration and redox potential.

CD14/TLR4 has been well-documented to mediate LPS-
signaling (55, 56). In the present study, pretreatment with MY4
or HTA125 significantly, but not completely, inhibited
caspase-3 activity and apoptosis in TPA-differentiated U937
cells subsequently cotreated with A. actinomycetemcomitans
LPS and CHX. This result indicates that in the presence of
CHX, A. actinomycetemcomitans LPS induces caspase-3 activ-
ity and apoptosis in cells via, in part, CD14/TLR4.

TNF-�- and Fas-induced signals are known to cause apo-
ptosis of undifferentiated U937 cells in the presence of CHX
(9, 41, 40), whereas TPA-differentiated U937 cells have dem-
onstrated resistance to Fas- and TNF-�-induced apoptosis
(50). Vitamin D3- and retinoic acid-treated U937 cells, both of
which differentiate into macrophage-like cells, also acquire
resistance against Fas- or TNF receptor-mediated apoptosis
(27). On the other hand, LPS from E. coli and P. gingivalis
stimulate macrophage-like PMA-treated U937 cells to produce
TNF-� (44). Further, macrophage-like PMA-treated THP-1
cells express high levels of FasL but do not express Fas,
whereas LPS induces Fas expression in those cells (4). These
findings led us to hypothesize that endogenous TNF-�- and
Fas-mediated signals are involved in the caspase-3 activation
and apoptosis induced by LPS and CHX in TPA-differentiated
U937 cells. However, the results reported here also suggest
that endogenous TNF-�- and Fas-mediated signals are not
required for caspase-3-dependent apoptosis induced by A. ac-
tinomycetemcomitans LPS and CHX, because TNF-� produc-
tion could not be detected in cells cotreated with LPS and
CHX (data not shown), and pretreatment with anti-FasL or
anti-hTNF-� had no effect on caspase-3 activity or apoptosis
subsequently induced by LPS and CHX. These findings sup-
port those of previous reports showing that endogenous
TNF-� does not mediate the cytotoxicity of mouse peritoneal
macrophages (19) and J774.1 cells (2) induced by LPS and
CHX. Therefore, macrophage apoptosis induced by LPS in the
presence of CHX is suggested to be due to some direct effect
of LPS.

The roles of MEK/MAP kinases and I-�B/NF-�B in the
regulation of apoptosis have been evaluated using many cell
types and stimuli; however, they have not been completely
elucidated. Previous studies have shown that LPS from some
gram-negative bacterial species activate MAP kinase/AP-1
and/or IKK/I-�B/NF-�B in various macrophage cell lines as
well as macrophages isolated from different species. Previ-
ously, we also observed that A. actinomycetemcomitans LPS
weakly stimulated phosphorylation of MAP kinases and I-�B�
in TPA-differentiated THP-1 cells (unpublished data). How-
ever, in the present study, treatment with A. actinomycetem-
comitans LPS did not cause significant changes in the levels of
the phosphorylated forms of MAP kinases or I-�B� in TPA-
differentiated U937 cells, while E. coli LPS only weakly acti-
vated those (data not shown). Therefore, the magnitude of the
effect of LPS on the phosphorylation of MAP kinases and
I-�B� may be different among bacterial species or macrophage
cell lines. We also found that CHX stimulated the phosphor-
ylation of p38 and JNK1/2, while LPS showed no effect on the

CHX-stimulated activation of p38 and JNK1/2. The activation
of MAP kinases by CHX using murine RAW 264.7 macro-
phages has also recently been presented in another study (32).
Conversely, CHX suppressed the phosphorylation of I-�B�
and the CHX-decreased phosphorylated I-�B� level was not
changed by cotreatment with LPS. Akt activation can promote
the phosphorylation of I-�B� and subsequent NF-�B activa-
tion (26), while CHX induced the dephosphorylation of Akt in
TPA-differentiated U937 cells in the present study. Therefore,
CHX-induced dephosphorylation of Akt may participate with
subsequent dephosphorylation of I-�B� in those cells. How-
ever, neither the MEK/MAP kinase inhibitors nor the inhibi-
tors of NF-�B activation had a significant effect on caspase-3
activation or apoptosis induced by cotreatment with LPS and
CHX. This suggests that MEK/MAP kinases and I-�B�/NF-�B
are not involved in LPS-induced caspase-3-dependent apopto-
sis in the presence of CHX. The present results agree with
previously provided evidence (17) that MAP kinase kinase and
MAP kinase were not involved in the activation of caspase-3-
like protease in J744.1 cells treated with LPS and CHX.

Our present results clarified the precise mechanisms by
which LPS from A. actinomycetemcomitans induces apoptosis
in human macrophages cultured with CHX. Further, they sug-
gest that TPA-differentiated U937 cells usually show resistance
to LPS-induced apoptosis, and CHX has a potential to cancel
that resistance, because CHX, but not LPS, induced dephos-
phorylation of Akt and Bad as well as the subsequent cyto-
chrome c release without modifying the steady-state protein
levels of Bcl-2, Bcl-xL, Bax, and Bak, while LPS weakly en-
hanced the CHX actions. Accordingly, LPS can subsequently
induce caspase-3 activation and apoptosis in the presence of
CHX via, in part, CD14/TLR4. However, endogenous TNF-�-
and Fas-induced signals, MEK/MAP kinases, and I-�B�/
NF-�B are not required for caspase-3-dependent apoptosis.
We considered that these findings emphasize the important
role of the mitochondrial apoptotic pathway leading to
caspase-3 activation in LPS-induced apoptosis of human mac-
rophages in the presence of CHX.
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