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Introduction: Collagen phagocytosis by fibroblasts is involved in the intracellular
pathway related to collagen breakdown in soft connective tissues. The possible role of
lipopolysaccharide (LPS) in regulating this fibroblast function has not been elucidated so
we investigated the effect of LPS from Actinobacillus actinomycetemcomitans, a
periodontopathic bacterium, on collagen phagocytic activity in human gingival fibroblasts
and associated regulatory mechanisms.

Methods: LPS pretreatment stimulated binding of collagen-coated beads to cells and,
subsequently, their internalization.

Results: The LPS-activated collagen phagocytic process was enhanced in the presence of
the soluble form of CD14 (sCD14) or LPS-binding protein (LBP), while the LPS/LBP
treatment activated Akt and induced actin reorganization. Furthermore, these LPS/LBP-
induced effects were partially suppressed by adding phosphatidyl-inositol-3 kinase
(PI3K) inhibitors.

Conclusion: These results suggest that 4. actinomycetemcomitans LPS disturbs the
homeostasis of collagen metabolism within gingival tissue by facilitating collagen
phagocytosis by gingival fibroblasts, and serum sCD14 and LBP positively regulate
the action of LPS. In addition, the PI3K/Akt signaling is thought to partially mediate the
LPS/LBP-stimulated collagen phagocytic pathway, which may be dependent on actin
cytoskeletal rearrangement.
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Lipopolysaccharide (LPS) from Actino-
bacillus actinomycetemcomitans is well
characterized as an important pathogenic
component in the initiation and progres-
sion of periodontal disease, because it
stimulates host cells to produce inflamma-
tory cytokines and induces bone resorption
(16, 22).

The breakdown of collagen is enhanced
in inflamed gingival tissue, and both
extracellular and intracellular pathways
are involved in that breakdown. Of the
two pathways, the intracellular pathway,
which involves phagocytosis of collagen
fibrils by fibroblasts and subsequent diges-
tion by lysosomal cysteine proteinases, is

suggested to be the major route of collagen
degradation under steady-state conditions
in soft connective tissues (6, 7). In partic-
ular, the intracellular collagen degradation
is prevalent in connective tissues with a
rapid turnover of collagen, including gin-
gival tissue (21). Furthermore, inflamma-
tory cytokines such as tumor necrosis
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factor-o and interferon-y decrease collagen
phagocytosis by gingival fibroblasts (5,
27), suggesting that the inhibition by these
inflammatory cytokines of fibroblast col-
lagen phagocytosis contributes to collagen
overgrowth in inflamed gingival tissue.
However, little is known about the regu-
latory effect of LPS from periodontopath-
ogens on collagen phagocytosis by
fibroblasts and the associated regulatory
mechanisms.

We first examined the modulation of
phagocytic activity by A. actinomycetem-
comitans LPS in human gingival fibro-
blasts (HGF). The HGF were isolated from
attached gingival tissues, which had been
obtained from three adult male volunteers,
each with clinically healthy periodontium.
The volunteers were fully informed of the
nature and extent of the study, and their
informed consent was obtained. The pro-
tocol for this human study was approved
by the ethical committee of Showa Uni-
versity School of Dentistry, Tokyo, Japan.
The collected tissues were cultured until
confluent cell monolayers were formed.
Typical HGF populations isolated from the
tissues of each of the three volunteers were
designated as HGF-1, -2, and -3. Collagen
phagocytic activity in HGF was deter-
mined using an assay for internalization of
collagen-coated beads, following the pre-
viously published method (27). Similar to
the findings of previous studies (5, 27),
when HGF were incubated with collagen-
coated beads for 3 h in medium with 0.5%
bovine serum albumin (BSA), the percent-
age of cells that contained ingested beads
was increased (mean 22.3%) (data not
shown). We next investigated the effect of
LPS on the phagocytosis of collagen-
coated beads by HGF. Our preliminary
experiment showed that the stimulatory
effect of LPS on collagen phagocytosis by
HGF treated in medium with 10% fetal
bovine serum was significantly stronger
than that on phagocytosis by cells treated
in medium with 0.5% BSA (data not
shown). Then, to avoid the biological
effects of growth factors and hormones,
as well as a soluble form of CDI14
(sCD14)/LPS-binding protein (LBP) con-
tained in fetal bovine serum, we assessed
the LPS action in medium with 0.5% BSA.
When the cells were pretreated with A.
actinomycetemcomitans Y4 LPS, which
was provided by T. Nishihara (Department
of Oral Microbiology, Kyushu Dental
College, Fukuoka, Japan), for 72 h, the
subsequent internalization of collagen-
coated beads was weakly, but significantly,
stimulated by that pretreatment at concen-
trations above 100 ng/ml (mean % of cells
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containing beads; 36.7% at 100 ng/ml and
39.3% at 1000 ng/ml vs. control, 26.2%)
(Fig. 1A,B). Further, pretreatment with
LPS (100 ng/ml) for 24-72 h stimulated
the subsequent internalization of collagen-
coated beads in a time-dependent manner
(Fig. 1C). The percentage of cells with
internalized collagen-coated beads was
significantly increased by LPS pretreat-
ment for each period (LPS vs. control;
mean 31.1% vs. 24.1% after pretreatment
for 24 h, 37.5% vs. 25.7% after pretreat-
ment for 48 h, 39.5% vs. 26.2% after
pretreatment for 72 h) (Fig. 1C). When the
cells were pretreated with LPS from Esc-
herichia coli 055 : BS (100 ng/ml; Sigma,
St Louis, MO) for 72 h, a similar percent-
age (mean 35.4%) of cells internalized
collagen-coated beads (data not shown).

Fig. 1. LPS facilitates the phagocytosis of col-
lagen-coated beads by HGF. Cells at confluence
were pretreated with various concentrations of
Actinobacillus  actinomycetemcomitans ~ LPS
(10-1000 ng/ml) for 72 h (A, B) or pretreated
with LPS (100 ng/ml) for 24-72h (C) in
medium with 0.5% BSA. Following each treat-
ment, collagen-coated yellow-green (YG) fluo-
rescent beads, which were prepared according to
the method described by Lee et al. (18), were
added to the cell cultures at a bead-to-cell ratio of
4 :1 (2 x 10° beads) and incubated for 3 h in
medium containing 0.5% BSA at 37°C. Follow-
ing incubation, the cells were washed, detached
with 0.01% trypsin at 37°C for 10 min, then
centrifuged and resuspended in 1 ml phosphate-
buffered saline. Internalization of the beads was
then analyzed using a flow cytometer (FACScal-
ibur™; Becton Dickinson, Mountain View, CA)
with excitation set at 488 nm and a 530/30 nm
band-pass filter in the emission path for the YG
fluorescent beads. (A) Data are representative of
the results of one of three separate experiments
with HGF-1 cells. Similar results were obtained
with HGF-2 and -3 cells (data not shown). (B, C)
The graphs demonstrate the percentages of cells
that contained beads. Values are shown as the
mean + SD of three separate experiments for
each of the three populations of HGF. Differ-
ences from the values for untreated cells were
considered to be significant at **P < 0.01 and
*P < 0.05.

This stimulatory effect of LPS, therefore,
may be a common characteristic of gram-
negative bacteria.

Since the binding of collagen is an early
and potentially rate-limiting step in colla-
gen phagocytosis by fibroblasts, we further
examined the effect of 4. actinomycetem-
comitans LPS on the binding of collagen-
coated beads to HGF, according to the
previously described method (27). Similar
to our previous findings (27), the number
of collagen-coated beads bound to the cell
layer was increased 1 h after adding beads
to the culture (data not shown). As
expected, the increased bead binding was
weakly, but significantly, enhanced by
pretreatment with LPS at concentrations
above 100 ng/ml for 72 h (vs. control;
mean 1.3-fold increase at 100 ng/ml, 1.4-
fold increase at 1000 ng/ml) (Fig. 2A).
Furthermore, a significant increase in bead
binding was observed with LPS pretreat-
ment (100 ng/ml) for more than 24 h
(Fig. 2B).

Both sCD14 and LBP are serum pro-
teins and play key roles in LPS recogni-
tion. The sCD14 binds LPS monomers
from LPS-LBP complexes, and partici-
pates in cell activation by transferring
monomeric LPS to membrane CD14
(mCD14) (14) or directly to MD-2/Toll-
like receptor 4 (TLR4) complex on
mCD14-negative cells (9, 25). LBP also



(A) 30—

25

Number of beads
bound to cell layer (x 10°)

- -k N
o g o O o
1 1 1 1

0 10 100
LPS (ng/ml)

—_
o
N
(]
o
J

25 i

N
o
1

*

15 -

Number of beads
bound to cell layer (x 10°)

—
o G o
1 1

24 48 72
Treatment periods (h)

Fig. 2. LPS stimulates collagen-coated bead
binding to HGF. Cells at confluence were
pretreated with various concentrations of LPS
(10-1000 ng/ml) for 72 h (A) or pretreated with
LPS (100 ng/ml) for 24-72 h (B) in medium
with 0.5% BSA. Following each treatment,
collagen-coated beads were added to the cell
cultures at a bead-to-cell ratio of 4 : 1 (2 x 10°
beads) and incubated for 1 h in medium con-
taining 0.5% BSA at 37°C. The incubation
medium was then gently collected, and the
number of beads in each medium sample
(unbound beads) was counted with a hemocy-
tometer. The number of beads bound to the cell
layer was then determined by subtracting the
number of unbound beads from the number of
added beads. The graphs demonstrate the num-
ber of beads bound to the cell layers. Values are
shown as the mean + SD of three separate
experiments for each of the three populations of
HGEF. Differences from the values for untreated
cells were considered to be significant at
**P <0.01 and *P < 0.05.

transfers LPS monomers to the binding
sites of either mCD14 or sCD14 (33), and
the resulting interaction of LPS with
sCD14 or mCDI14 activates signaling
through MD-2/TLR4. The activities of
sCD14 and LBP are generally concentra-
tion-dependent, because low concentra-
tions of sCD14 and LBP augment
responses to LPS, whereas high concen-
trations of these are inhibitory (9, 14, 17,
25). In gingival tissue, the LPS-increased
collagen phagocytosis by fibroblasts may
be modulated by the sCDI14 and LBP
contained in serum. Flow cytometric
analysis demonstrated that the three

LPS-enhanced collagen phagocytosis

populations of HGF expressed weak but
similar levels of mCD14 (% positive cells;
mean 13.8%) and TLR4 (% positive cells;
mean 25.1%) on the cell surfaces
(Fig. 3A), suggesting that the weak
responsiveness to LPS in the present
HGF may have been the result of the
relatively low frequency of expression of
mCD14 and TLR4. Then, we investigated
the regulatory effects of sCD14 and/or
LBP on 4. actinomycetemcomitans LPS-
stimulated binding and internalization of
collagen-coated beads. Before the addition
of collagen-coated beads, the cells were
pretreated for 48 h with LPS (100 ng/ml)
or nothing in the presence or absence of
sCD14 and/or LBP (1-100 ng/ml) in
medium with 0.5% BSA. Neither sCD14
(100 ng/ml) nor LBP (100 ng/ml) had a
significant effect on the subsequent bead
binding for 1 h or on internalization for
3 h, while each of the proteins at concen-
trations of 100 ng/ml significantly en-
hanced LPS-stimulated binding and
internalization of the beads (binding —
sCD14: mean 1.3-fold increase, LBP:
mean 1.5-fold increase; internalization —
sCD14: mean 1.2-fold increase, LBP:
mean 1.3-fold increase, vs. pretreatment
with LPS alone) (Fig. 3B,C). However, the
synergistic enhancement by sCD14 and
LBP could not be observed (Fig. 3B,C).
Actin, a major cytoskeletal protein, may
be required for LPS-activated cellular
signaling and its functions. Actually, LPS
induces reorganization of actin filaments in
various cell types, while the actin arrange-
ment in response to LPS leads to changes
in cellular functions, such as adhesion,
spreading, phagocytosis, cytokine produc-
tion, and barrier dysfunction (1, 3, 4, 12,
32). However, since an involvement of
actin in LPS-modulated collagen phago-
cytosis by fibroblasts has not been eluci-
dated, we examined cytoskeletal changes
induced by co-treatment with A. actino-
mycetemcomitans LPS and LBP in HGF.
At the start of treatment (Time 0), cultured
HGF-1 cells showed abundant stress fibers
stained with rhodamine—phalloidin
(Fig. 4). Following co-treatment with
LPS (100 ng/ml) and LBP (100 ng/ml)
for 12 h, the cells exhibited reorganization
of actin filaments. Namely, most stress
fibers were eliminated, whereas only stain-
ing of actin filaments subjacent to the
plasma membrane, in part, as well as
perinuclear actin staining could be de-
tected (Fig. 4). Such cytoskeletal changes
were also observed after treatment for 24,
48, and 72 h (data not shown). Similar
results were obtained with HGF-2
and HGF-3 cells (data not shown).
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Fig. 3. LPS-stimulated binding and phagocy-
tosis of collagen-coated beads are enhanced in
the presence of sCD14 or LBP. (A) For
analysis of mCD14 expression, cells at con-
fluence were stained with fluorescein isothio-
cyanate (FITC)-conjugated anti-CD14
monoclonal antibody MY4 (blue line; Coulter
Co., Miami, FL) or FITC-conjugated mouse
immunoglobulin  G2b  (IgG2b; black line;
Coulter) as a control at 4°C for 30 min. For
analysis of TLR4 expression, the cells were
stained with the anti-TLR4 monoclonal anti-
body HTAI125 (blue line; provided by Dr K.
Miyake; The Institute of Medical Science, The
University of Tokyo, Tokyo, Japan) or mouse
IgG2a (black line; Coulter) as a control at 4°C
for 30 min, followed by FITC-conjugated goat
anti-mouse IgG (Biosource International Inc.,
Camerillo, CA) at 4°C for an additional
30 min. Flow cytometric analysis was per-
formed using the FACScalibur™. Data are
representative of the results of one of three
separate experiments with HGF-1 cells. Sim-
ilar results were obtained with HGF-2 and
-3 cells (data not shown). (B, C) Cells at
confluence were pretreated for 48 h with LPS
(100 ng/ml) in the presence or absence of
sCD14 (1-100 ng/ml) and/or LBP (1-100 ng/
ml) in medium with 0.5% BSA, before
incubation with collagen-coated YG fluores-
cent beads for 1h (B) or 3h (C). The
graphs demonstrate the number of beads
bound to the cell layer (B) and the percent-
ages of cells containing beads (C). Values are
shown as the mean = SD of three separate
experiments for each of the three populations
of HGF. Differences from the values for the
control cells and LPS-treated cells were con-
sidered to be significant at **P < 0.01 and
##P < 0.01, respectively.
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Time 0

LPS/LBP

Fig. 4. Co-treatment with LPS and LBP induces actin reorganization. Cells seeded on eight-well
chamber slides were co-treated with LPS (100 ng/ml) and LBP (100 ng/ml) in medium with 0.5%
BSA for 12 h. Following each treatment, the cells were fixed with 4% formaldehyde, permeabilized
with 0.1% Triton X-100 in phosphate-buffered saline and stained with rhodamine—phalloidin (diluted
1:500: Molecular Probes, Eugene, OR). Photographs were taken with an epifluorescence
microscope. Each photograph is representative of the results of one of three separate experiments
with HGF-1 cells. Similar results were obtained with HGF-2 and -3 cells (data not shown).

Cytochalasin D inhibits actin polymeriza-
tion by binding to the barbed end of actin
filaments, thereby preventing actin fila-
ment formation. Furthermore, cytochalasin
D has been shown to inhibit collagen-
coated bead binding in gingival fibroblasts
(26). We, therefore, assessed the effects of
cytochalasin D on increased binding and
internalization of collagen-coated beads by
pretreatment with both LPS and LBP in
HGEF. As described in the previous study
(26), pretreatment for 30 min with cyto-
chalasin D (1 uMm) significantly reduced
the subsequent binding and internalization
of collagen-coated beads as compared with
the control cells pretreated with dimethyl-
sulfoxide alone (data not shown). Further-
more, LPS/LBP-stimulated binding and
internalization of collagen-coated beads
were also significantly suppressed to
nearly the levels of the control by cyto-
chalasin D (data not shown).
Phosphatidyl-inositol-3 kinase (PI3K) is
activated in response to LPS stimulation,
and it has been shown to both positively
and negatively regulate LPS-induced pro-
duction of cytokines and matrix metallo-
proteinase-9 (MMP-9) in monocytes/
macrophages (13, 19, 23). PI3K is also

widely implicated in the regulation of the
actin cytoskeleton (30). In addition, this
kinase plays an important role in various
cellular responses, such as lens cell differ-
entiation (31) and keratinocyte migration
(24), through reorganization of the actin
cytoskeleton. Then, to investigate the
possible role of PI3K in A. actinomyce-
temcomitans LPS/LBP-facilitated binding
and internalization of collagen-coated
beads in HGF, the cells were incubated
with LY294002 (25 uM) or wortmannin
(50 pm) (PI3K  inhibitors) for 30 min
before pretreatment with both LPS and
LBP. LY294002 and wortmannin each
significantly suppressed the subsequent
binding and internalization of collagen-
coated beads as compared with the control
cells (Fig. 5A,B). Furthermore, each
inhibitor partially, but significantly, re-
duced LPS/LBP-stimulated bead binding
and internalization (Fig. 5A,B). Since Akt
is one of the well-characterized down-
stream effectors of PI3K, we also deter-
mined the LPS activation of Akt in HGF
by Western blotting. HGF-1 cells treated
with LPS (100 ng/ml) showed a weak
increase in the phosphorylated form of Akt
expression, which peaked after 60 min

stimulation with LPS (Fig. 5C). Akt
phosphorylation facilitated by LPS treat-
ment for 15 min was enhanced in the
presence of sCD14 (100 ng/ml) or LBP
(100 ng/ml), while the synergistic
enhancement of LPS-activated Akt by
simultaneous treatment with sCD14 and
LBP was not observed (Fig. 5D). Similar
results were obtained with HGF-2 and -3
cells (data not shown). Finally, we
assessed whether PI3K mediates LPS/
LBP-induced actin reorganization in
HGF. Pretreatment with wortmannin
(50 uMm) for 30 min abolished actin reor-
ganization, such as the disappearance of
stress fibers, induced by co-treatment with
LPS and LBP for 12 h in HGF-1 cells
(Fig. SE). Similar results were obtained
with HGF-2 and -3 cells (data not shown).

The present study is the first to dem-
onstrate that A. actinomycetemcomitans
LPS activates the collagen phagocytic
pathway in gingival fibroblasts. The stim-
ulation by LPS of collagen phagocytosis
by fibroblasts is supported by a previous
in vivo study, which found that an appli-
cation of LPS to a gingival sulcus stim-
ulated phagocytic activity of collagen
fibrils in fibroblasts that existed within
the periodontal ligament area (15). On the
other hand, Bodet etal. (2) recently
demonstrated that A. actinomycetemcomi-
tans LPS stimulated the production of a
urokinase-type plasminogen activator,
MMP-2, and to lesser extent MMP-3, by
gingival fibroblasts. They also showed
that stimulating the cells with the LPS
resulted in an increased production of
tissue inhibitor of metalloproteinases-1
(TIMP-1); however, this up-regulation of
TIMP-1 was likely not sufficient to com-
pensate the increased MMP expression
(2). Therefore, A. actinomycetemcomitans
LPS may enhance collagen degradation in
gingival tissue by stimulating both extra-
cellular and intracellular pathways in
gingival fibroblasts.

Various LPS-induced cellular functions
in fibroblasts and dental pulp cells, as well
as in monocytes, have been shown to be
enhanced by adding low concentrations
(< 1 pg/ml) of sCD14 or LBP (8, 10, 20).
Also in the present study, sCD14 and LBP
at 100 ng/ml each significantly augmented
the A. actinomycetemcomitans LPS-in-
creased binding and internalization of
collagen-coated beads in HGF. Since
sCD14 and LBP are present in serum at
concentrations > 2 pg/ml (28, 34) and
10> pg/ml (11, 29), respectively, the pres-
ent data suggest that physiological con-
centrations of serum sCD14 and LBP
positively regulate the LPS-activated
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Fig. 5. PI3K/Akt mediates collagen-coated
bead binding and phagocytosis stimulated by
LPS/LBP. (A, B) Cells at confluence were
pretreated with LY294002 (25 nm; Calbiochem,
San Diego, CA) or wortmannin (50 pMm; Cal-
biochem) (PI3K inhibitors) for 30 min and then
pretreated with both LPS (100 ng/ml) and LBP
(100 ng/ml) for 72 h, before incubation with
collagen-coated YG fluorescent beads for 1 h
(A) or 3 h (B). The graphs demonstrate the
number of beads bound to the cell layer (A) and
the percentages of cells containing beads (B).
Values are shown as the mean + SD of three
separate experiments for each of the three
populations of HGF. Differences from the
values for the control cells and LPS-treated
cells were considered to be significant at
**P <0.01 and ##P < 0.01, respectively. (C,
D) Cells were treated for 10—120 min with LPS
(C) or treated for 15 min with LPS alone or in
combination with sCD14 (100 ng/ml) and/or
LBP (D). Following each treatment, the phos-
phorylation of Akt was determined by a con-
ventional method for Western blotting, which
used each polyclonal antibody against Akt and
phosphorylated Akt (diluted 1 :1000; Cell
Signaling Technology Inc., Beverly, MA) and
horseradish peroxidase (HRP)-linked anti-rabbit
immunoglobulin G (IgG; diluted 1 : 3000; Cell
Signaling). (E) Cells were pretreated with
wortmannin or nothing for 30 min before
simultaneous treatment with LPS and LBP for
12 h. Following each treatment, the cells were
fixed, permeabilized, and stained with rhoda-
mine—phalloidin. Photographs were taken under
an epifluorescence microscope. (C-E) Each
photograph is representative of the results of
one of three separate experiments with HGF-1
cells. Similar results were obtained with HPL-2
and -3 cells (data not shown).

demonstrated upon LPS treatment in endo-
thelial cells (12) and fibroblasts (4). We
also showed here that HGF co-treated with
A. actinomycetemcomitans LPS and LBP
exhibited similar reorganization of actin
filaments. Furthermore, cytochalasin D,
which prevents actin filament formation,
significantly suppressed LPS/LBP-stimu-
lated internalization as well as binding
of collagen-coated beads to almost the
control levels. These findings, therefore,
suggest an involvement of actin reorgani-
zation in LPS/LBP-enhanced collagen
binding and phagocytosis in gingival
fibroblasts. On the other hand, A. actino-
mycetemcomitans LPS weakly stimulated
the phosphorylation of Akt in HGF, and
the LPS activation of Akt was enhanced by
separate co-treatments with sCD14 and
LBP. This may result in the enhancement
by sCD14 or LBP of PI3K/Akt-mediated
cellular responses to LPS treatment. In
addition, PI3K inhibitors partially, but
significantly, attenuated the increased col-
lagen-coated bead binding and internaliza-
tion by pretreatment with both LPS and
LBP. The present results, therefore, sug-
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gest the involvement of the PI3K/Akt
signaling pathway in the LPS/LBP-facili-
tated collagen phagocytic process in HGF.
PI3K is thought to mediate the LPS/LBP-
induced actin reorganization in HGF
because actin reorganization induced by
both LPS and LBP was abolished by a
PI3K inhibitor. Together, 4. actinomyce-
temcomitans LPS/LBP may induce actin
reorganization, leading to enhancement of
the phagocytic route of collagen in gingi-
val fibroblasts through the PI3K/Akt sig-
naling pathway, at least in part.

In conclusion, 4. actinomycetemcomi-
tans LPS may disturb the homeostasis of
collagen metabolism within gingival tis-
sue by facilitating collagen phagocytosis
by fibroblasts, and sCD14 and LBP in
serum may positively regulate the action
of LPS. In addition, the PI3K/Akt signal-
ing pathway is thought to partially medi-
ate the LPS/LBP-stimulated collagen
phagocytic pathway, which may be
dependent on actin cytoskeletal rearrange-
ment.
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