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Porphyromonas gingivalis is considered among the etiological agents of human adult periodontitis. Although
in vitro studies have shown that P. gingivalis has the ability to invade epithelial cell lines, its effect on the epi-
thelial barrier junctions is not known. Immunofluorescence analysis of human gingival epithelial cells con-
firmed the presence of tight-junction (occludin), adherens junction (E-cadherin), and cell-extracellular matrix
junction (b1-integrin) transmembrane proteins. These transmembrane proteins are expressed in Madin-Darby
canine kidney (MDCK) cells. In addition, MDCK cells polarize and therefore serve as a useful in vitro model
for studies on the epithelial cell barrier. Using the MDCK cell system, we examined the effect of P. gingivalis
on epithelial barrier function. Exposure of the basolateral surfaces of MDCK cells to P. gingivalis (>109 bac-
teria/ml) resulted in a decrease in transepithelial resistance. Immunofluorescence microscopy demonstrated
decreases in the amounts of immunoreactive occludin, E-cadherin, and b1-integrin at specific times which were
related to a disruption of cell-cell junctions in MDCK cells exposed to basolateral P. gingivalis. Disruption of
cell-cell junctions was also observed upon apical exposure to bacteria; however, the effects took longer than
those seen upon basolateral exposure. Cell viability was not affected by either basolateral or apical exposure
to P. gingivalis. Western blot analysis demonstrated hydrolysis of occludin, E-cadherin, and b1-integrin in ly-
sates derived from MDCK cells exposed to P. gingivalis. Immunoprecipitated occludin and E-cadherin mole-
cules from MDCK cell lysates were also degraded by P. gingivalis, suggesting a bacterial protease(s) capable
of cleaving these epithelial junction transmembrane proteins. Collectively, these data suggest that P. gingivalis
is able to invade the deeper structures of connective tissues via a paracellular pathway by degrading epithelial
cell-cell junction complexes, thus allowing the spread of the bacterium. These results also indicate the impor-
tance of a critical threshold concentration of P. gingivalis to initiate epithelial barrier destruction.

The gram-negative, black-pigmented bacterium Porphyro-
monas gingivalis is recognized as one of the primary etiologic
agents of adult periodontal disease. P. gingivalis has been com-
monly isolated from periodontal disease sites, and patients
with periodontitis have serum antibodies specific to this patho-
gen. Thus, P. gingivalis has the ability to invade host tissues.
Recent studies have also provided evidence that the effects of
periodontal pathogens on the host are not limited to periodon-
tal tissues; they can be more widespread and systemic. Asso-
ciations between periodontal pathogens and cardiovascular
disease (5) and low birth weight (37) have been suggested.
Perhaps this represents the tip of the iceberg as to the conse-
quences of harboring pathogens such as P. gingivalis for the
systemic manifestation of diseases.

Bacterial colonization of soft-tissue structures is central to
periodontal disease pathogenesis since microbes and their
products gain access to the subepithelial connective tissue from
the sulcular region of gingiva, where the pathophysiological
process of periodontal disease is initiated (60). P. gingivalis can
invade gingival epithelial cells (48), and its replication in oral
epithelial cell lines and primary cultures of gingival epithelial
cells has been shown in vitro (10, 28, 49, 50). However, it is not
clear how this pathogen gains access to the underlying connec-

tive tissue. Studies with the periodontal pathogen Actinobacil-
lus actinomycetemcomitans have shown that this bacterium in-
vades the oral epithelium and that invasion can be an actin-
dependent process (6, 54). These results support the concept
that this bacterium gains access to the deeper tissues by cell-
cell spread.

Epithelial cells throughout the body are polarized, which
plays a significant role in resistance to infection (14). Polarity
is established through cell surface signals and requires both
cell-cell and cell-extracellular matrix adhesion to create the
specialized apical and basolateral domains. The apical domain
is separated from the lateral domain by the zonula occludens,
which forms the tight junction. The transmembrane protein
occludin is among the tight-junction components (16). Adja-
cent to the tight junction is the zonula adherens (also known as
the adherens junction), whose major structural protein, E-
cadherin, is responsible for homotypic cell-cell adhesion and
the development of a polarized phenotype in the epithelium
(47).

Basolateral membranes have been shown to express specific
receptors by which certain enteropathogens such as Listeria
monocytogenes and Yersinia species invade host cells. For Yer-
sinia pseudotuberculosis and Yersinia enterocolitica, the most
efficient pathway for invasion is promoted by invasin, which
binds directly to b1-integrin receptors on the mammalian
cell membrane (22, 23, 46). Unlike Yersinia species, the gram-
positive bacterium L. monocytogenes binds E-cadherin as the
ligand for internalin, a protein essential for entry of L. mono-
cytogenes into epithelial cells (32). In addition to intracellular
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pathways for tissue invasion, paracellular proteolysis of the
epithelial barrier could render the subepithelial connective-
tissue structures liable to bacterial invasion. Breakdown of the
interconnecting epithelial cell adhesions has been shown
through a by-product of Bacteroides fragilis. This enteropatho-
gen secretes a proteinase which specifically cleaves tight and
adherens junctions (36, 65). The elimination of E-cadherin
molecules from the basolateral surfaces of the epithelial cells
renders them and underlying tissues susceptible to infection.

P. gingivalis possesses a number of factors of potential im-
portance in the periodontal disease process. Among these fac-
tors are fimbriae (19, 24, 38, 63, 66), lipopolysaccharide (20),
hemagglutinins (11, 34, 40, 44, 45), capsule (55, 61), and pro-
teases (1, 9, 42, 43, 59). The proteolytic capability of P. gingi-
valis strains is known; however, only recently have protease
genes been cloned. Although studies have reported that P.
gingivalis expresses arginine- and lysine-specific proteases (4,
39, 41, 43), the direct involvement of the proteases in the
pathogenesis of periodontal disease is not yet known.

The aim of the present study was to determine the effects of
P. gingivalis on epithelial cell barrier function and junctional
complexes. Specifically, we set out to determine the involve-
ment of E-cadherin (adherens junction), occludin (zonula oc-
cludens junction), and b1-integrin (cell-extracellular matrix
junction) in the pathogenesis of periodontal disease. In the
present study, we have utilized as an in vitro model the Madin-
Darby canine kidney (MDCK) cells. MDCK cells have been
widely used for studies in epithelial cell biology, since they form a
well-polarized epithelial monolayer, essentially reconstituting
a simple epithelial tissue. In addition, polarized MDCK cells
express adherens, zonula occludens, and cell-extracellular ma-
trix junctions.

MATERIALS AND METHODS

Bacteria. P. gingivalis ATCC 33277 was used in these studies. The bacteria
were cultured and maintained on enriched Trypticase soy agar (ETSA) plates
consisting of Trypticase soy agar supplemented with yeast extract (1%), 5%
defribinated sheep blood, hemin (5 mg/liter), and menadione (1 mg/liter) at 37°C
in an anaerobic atmosphere of 10% H2, 5% CO2, and 85% N2 (56, 57). For the
preparation of P. gingivalis for in vitro studies, cultures were grown in basal
anaerobic broth (57) at 37°C under anaerobic conditions (26, 27, 57). The
bacteria were harvested, washed in sterile Dulbecco’s phosphate-buffered saline
containing Mg21 (0.4919 mM MgCl2 z 6H2O) and Ca21 (0.9009 mM CaCl2)
(PBS1), and centrifuged (6,000 3 g for 20 min). The number of bacteria in the
suspension was determined by reading the optical density at 580 nm and extrap-
olating from a standard curve. The bacteria were then centrifuged and resus-
pended in antibiotic-free minimal essential medium (MEM) containing Earl’s
balanced salt solution (Cellgro; Mediatech, Inc., Washington, D.C.) supple-
mented with 5% fetal calf serum (Hyclone, Logan, Utah).

Cell culture. Type II MDCK cells were used between passages 5 and 15. Cells
were cultured in MEM containing Earl’s balanced salt solution supplemented
with 5% fetal calf serum and 100 U of penicillin, 100 mg of streptomycin, and
0.25 mg of amphotericin B/ml. Cells were cultured at 37°C in a humidified
atmosphere of 5% CO2 in air. For all our experiments, MDCK cells were seeded
at confluency on Transwell filter units (Costar, Cambridge, Mass.) with either 3-
or 0.4-mm-diameter pores. Cell monolayers were used for experiments after 3
days of culture with daily changes in media.

Primary cultures of gingival epithelial cells. Biopsies of human gingiva were
obtained from patients undergoing periodontal surgery or preprosthetic surgical
extractions in the Department of Periodontics, University of Alabama School of
Dentistry. Specimens were obtained from clinically healthy sites and diseased
sites from which tissue was removed due to functional or aesthetic considerations
or as part of periodontal treatment. Gingival tissue samples were placed in
culture medium (described above) on ice immediately after surgical excision.
Within 1 h, tissues were prepared to obtain epithelial cells by a modified expla-
nation technique (64). Briefly, under sterile conditions, gingival specimens were
cut into small pieces and washed by gentle shaking in 70% ethanol to remove
bacteria and reduce the risk of contamination. The tissue pieces were rinsed in
medium (described above) and placed in culture flasks for 30 to 60 min to allow
their attachment to the plastic surface. The tissue explants were incubated in
serum-free keratinocyte (SFK) medium to which supplements were added ac-
cording to the manufacturer’s instructions (GIBCO, Grand Island, N.Y.). The
SFK medium was supplemented with 5% fetal calf serum for the first 4 to 6

weeks, and then SFK medium alone was used. For immunofluorescence studies
(see below), cells were used at passage one or two and plated at confluency on
Transwell filter units with 0.4-mm-diameter pores.

Bacterial translocation and measurement of electrical resistance. Bacterial
translocations from apical to basolateral surfaces and from basolateral to apical
surfaces were assessed using monolayers of MDCK cells cultured on 3-mm-pore-
size filters. The total volumes of antibiotic-free medium in the apical and baso-
lateral chambers were 600 and 1,200 ml, respectively. Freshly harvested P. gin-
givalis cells (10-fold dilutions, ranging from 1011 to 106 bacteria/ml) were added
to the apical (200-ml) or basolateral (400-ml) compartment. Aliquots were re-
moved from the apical (10 ml) and basolateral (20 ml) compartments at 0, 2, 4,
6, and 8 h and cultured on ETSA plates at 37°C in an anaerobic environment.
The CFU were counted after 7 days of incubation. Controls included wells with
MDCK cells alone or with bacteria and no cells. Measurements of the transepi-
thelial resistance (TER) in monolayers cultured on 0.4-mm-pore-size filters at 0,
2, 4, 6, 8, and 24 h were done using an EVOM electrical resistance system (World
Precision Instruments, New Haven, Conn.) (17). Filter units with no MDCK cells
or with bacteria only were used to obtain baseline levels. All conditions were
established in triplicate for each experiment. The TER results are expressed as
the measured resistance in ohms multiplied by the area of the filter (1 cm2).

Invasion assay. An antibiotic protection assay as modified for P. gingivalis (10,
14, 49, 58) was used to quantitate bacterial invasion of the epithelial cells. For
this assay, MDCK cells were cultured on 0.4-mm-pore-size filters. The medium
was removed from the apical compartment, and 200 ml of antibiotic-free medium
containing 1010 P. gingivalis cells/ml (total volume of 600 ml) was added. Fresh
antibiotic-free medium (1,200 ml) was also added to the basolateral compart-
ment. The cultures were incubated for 15, 45, or 90 min at 37°C. External
nonadherent bacteria were removed by washing the MDCK cells three times with
PBS1. MDCK cells were then incubated for 60 min at 37°C with gentamicin (300
mg/ml) and metronidazole (200 mg/ml) to kill extracellular bacteria. The MDCK
cells were then washed three times with PBS1, and internalized bacteria were
released by incubating cells in sterile distilled water for approximately 45 min at
37°C for cell lysis. The lysates were plated on ETSA plates and incubated at 37°C
under anaerobic conditions. Black-pigmented colonies were counted after 7 days,
and the numbers of CFU in the lysates (invasive bacteria) were determined. All
conditions were established in triplicate.

Assessment of epithelial cell injury. MDCK cell monolayers, cultured as de-
scribed above, were incubated with 1010 P. gingivalis cells/ml for 4 or 24 h. The
culture medium in the apical compartment was collected, and nonadherent cells
were recovered by centrifugation. The adherent cells were washed one time with
PBS2 (PBS1 without Ca21 or Mg21) and detached from the filter by treatment
with EDTA-trypsin. A portion of the cells was resuspended in 0.4% trypan blue
(Sigma), and viability was assessed by trypan blue exclusion using light micros-
copy. Cytotoxicity was also determined using the LIVE/DEAD EukoLight via-
bility/cytotoxicity assay (Molecular Probes, Inc., Eugene, Oreg.), which differen-
tiates between viable and dead cells by using green and red fluorescent dyes,
respectively. The percentages of viable and dead cells were determined using a
fluorescence microscope (see below).

Immunofluorescence analysis of epithelial cells. MDCK cells were grown on
0.4-mm-pore-size Transwell filters. P. gingivalis cells (1010/ml) were added to the
apical or basolateral compartments of sets of wells prepared in triplicate. A third
set of wells had no bacteria added. Wells with bacteria in the apical compartment
were incubated for 1, 6, 12, 24, or 48 h, whereas wells with bacteria in the
basolateral domain were incubated for 0.5, 1, 2, 4, or 8 h. Cultures of MDCK cells
or primary epithelial cells were fixed and labeled as previously described (3) with
minor modifications. Briefly, at the indicated times, the filters were washed once
in cold PBS1 and the cells were fixed with ice-cold 4% paraformaldehyde in
PBS1 for 20 min. After the filters were washed three times with PBS1, the cells
were quenched with 75 mM NH4Cl–20 mM glycine, pH 8.0, plus KOH (quench
solution) for 10 min at room temperature (RT). Filters were washed one time
with PBS1 and permeabilized with PBS1–0.7% fish skin gelatin–0.025% saponin
(PFS) for 15 min at 37°C. Cells were labeled with mouse anti-human b1-integrin
monoclonal antibody (MAb; 1:100 dilution in PFS) (Life Technologies, Inc.,
Gaithersburg, Md.), mouse anti-human E-cadherin MAb (1:500) (Transduction
Laboratories, Lexington, Ky.), or rabbit anti-human occludin polyclonal antibody
(PAb) (1:500) (Zymed Laboratories Inc., San Francisco, Calif.). Cells were
incubated for 60 min at 37°C with the primary antibody, washed four times for 5
min each with PFS at RT, and then incubated with the appropriate fluorescein-
labeled secondary antibody (rabbit anti-mouse or goat anti-rabbit immunoglob-
ulin G [IgG]; Jackson ImmunoResearch Laboratories, West Grove, Pa.) in PFS
for 60 min at 37°C. Filters were rinsed four times for 5 min each with PFS, one
time with PBS1, two times with PBS1 containing 0.1% TX-100, and one time
with PBS1. Cells were postfixed with 4% paraformaldehyde for 15 min at RT.
Filters were cut from the support with a scalpel and mounted in Vectashield
mounting medium (Vector Laboratory, Burlingame, Calif.). Immunofluorescent
images were obtained with a Leica fluorescence microscope equipped with a
Hamamatsu C5810 digital camera as previously described (2). The generated
photomicrographs were captured and labeled using Adobe Photoshop on a
Power Macintosh G3.

Cell lysate preparation and immunoprecipitation. Three sets of cultures, sim-
ilar to those described in the immunofluorescence studies, were used for the
preparation of cell lysates. Adherent cells on filters were then exposed to 0.2 ml
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of 20 mM Tris-HCl (pH 7.4)–150 mM NaCl–0.1% sodium dodecyl sulfate–1%
TX-100–1% deoxycholic acid–5 mM EDTA (radioimmunoprecipitation assay
[RIPA] buffer) containing inhibitors of proteases (2 mM phenylmethylsulfonyl
fluoride; 5 mg of pepstatin, 10 mg of chymostatin, 5 mg of leupeptin, and 10 mg
of antipain/ml; 500 mM benzamidine; 5 mU of aprotinin/ml) for 15 min on ice.
Nonadherent cells in the apical compartment were collected by centrifugation
and added to the RIPA buffer on the respective filters. Adherent cells were
scraped from the filter with a rubber policeman. Total cell lysates were sedi-
mented in a 4°C microcentrifuge. The protein concentration of each cell lysate
was determined by using the bicinchoninic acid protein determination assay
(Pierce Chemical Co., Rockford, Ill.). For the immunoprecipitation of E-cad-
herin and occludin, MDCK cells were cultured in 10-cm-diameter tissue culture
petri dishes until confluent. Confluent monolayers were rinsed once in ice-cold
PBS1 and lysed in RIPA buffer. Total cell lysates were sedimented in a 4°C
microcentrifuge. Soluble lysates were rotated with either an E-cadherin MAb or
an occludin PAb. Immunocomplexes were collected with affinity-purified, rabbit
anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc.) coupled to pro-
tein A-Sepharose beads or protein A-Sepharose beads alone. Immunoprecipi-
tated beads were washed three times with PBS1 and resuspended in 200 ml of the
same. Twenty microliters of immunoprecipitated E-cadherin or occludin was
exposed to 5 ml of 0.25% trypsin, bacterial suspension (1010 cells/ml), bacterial
culture supernatant, or PBS1 (control) for specific incubation periods. The
reactions were terminated by the addition of 8 ml of 43 Laemmli buffer con-
taining 100 mM dithiothreitol and boiling for 5 min.

Electrophoresis and Western blotting. Cell lysates or immunoprecipitates of
E-cadherin or occludin incubated with bacteria or trypsin were electrophoresed
in sodium dodecyl sulfate–8% polyacrylamide gel electrophoresis minigels and
transferred to Immobilon P filters (Millipore Corp., Bedford, Mass.). Filters
were blocked for 60 min at RT with PBS2–5% milk–0.1% Tween 20 (block
solution) and probed with an occludin PAb (1:500 dilution), an E-cadherin MAb
(1:500), and a b1-integrin MAb (1:500) (Transduction Laboratories). The filters
were then washed five times for 5 min each with PBS2–0.1% Tween 20 (wash
solution) and probed with horseradish peroxidase-labeled goat anti-mouse (1:
25,000 for E-cadherin; 1:10,000 for b1-integrin) or goat anti-rabbit (1:25,000)
IgG (Jackson ImmunoResearch Laboratories, Inc.) diluted in block solution for
60 min. Filters were washed five times for 5 min each with wash solution. All
filters were visualized on Kodak X-OMAT AR film with an enhanced chemilu-
minescence kit (ECL; Amersham Corp.). Autoradiographs were scanned and
saved as Adobe Photoshop files with a UMAX PowerLook II scanner.

RESULTS

Characterization of gingival epithelial cells for transmem-
brane proteins. MDCK cells have been used as a model to
study interactions between bacterial pathogens and epithelial
cells (13, 33). When grown on permeable supports, MDCK
cells are well polarized with tight and adherens junctions char-
acterized by the presence of occludin (18), E-cadherin (3), and
integrins (51). Since P. gingivalis is a periodontal pathogen, we
wanted to determine if the junctional proteins occludin, E-
cadherin, and b1-integrin were present in the gingival epithe-
lium in a manner analogous to that previously observed in
MDCK cells. The transmembrane proteins occludin, E-cad-
herin, and b1-integrin were present in primary cultures of
gingival epithelial cells (Fig. 1). Immunofluorescence staining
of gingival epithelial cells showed junctional and cytoplasmic
localization of E-cadherin, occludin, and b1-integrin. No stain-
ing was seen with cells incubated with secondary antibody only

(data not shown). Furthermore, junctional complexes in the
epithelial layers of gingival tissue sections were demonstrated
(data not shown). These data demonstrated the presence of
junctional proteins in gingival tissue similar to those detected
in MDCK cells and support the use of the MDCK cell system
as an in vitro model to study the interaction of P. gingivalis with
the gingival epithelium.

Changes in transepithelial resistance. The permeability of
the epithelial monolayer tight-junction barrier is commonly
assessed by measuring TER. This is a measure of the barrier to
small ions (predominantly Na1 and Cl2) in an experimentally
applied electrical field in the bathing medium (12). Therefore,
the measurement of the TER of MDCK cells reflects the
integrity of tight junctions across the monolayer (17). Assess-
ment of the TER after incubating P. gingivalis with MDCK
cells provided information on the ability of this pathogen to
alter the epithelial cell barrier function. Changes in the TER of
the MDCK cell monolayer upon exposure to P. gingivalis were
seen (Fig. 2). Basolateral exposure of MDCK cell monolayers
to P. gingivalis (1010 cells/ml) decreased the TER of MDCK
cells in a time-dependent manner (Fig. 2A). The most acute
drop in resistance was observed between 2 and 4 h. In some
experiments, the pronounced drop in resistance occurred
slightly later (between 5 and 7 h; data not shown). After 4 h of
basolateral exposure, the resistance was not significantly dif-
ferent from the resistance found in filters without cells (Fig.
2C). A more rapid decrease in the TER of MDCK cells was
seen when 1011 bacteria/ml were added. In contrast, exposure
of the apical surfaces of MDCK cells to P. gingivalis (1010

cells/ml) resulted in an increase in the TER up to 24 h (Fig.
2B). The resistance then dropped between 24 and 48 h (not
shown). The initial drop in resistance between 0 and 2 h (Fig.
2A and B) was due to the change of media at the beginning of
the experimental period. It can be seen that after 2 h the
system is equilibrated. These data indicate that P. gingivalis
disrupts epithelial barrier function and that the basolateral
surface is more susceptible to this effect than the apical sur-
face.

Because these experiments were carried out using MDCK
cell monolayers grown on filters with a 0.4-mm pore size, the
effects of basolaterally applied P. gingivalis on TER suggest
that direct contact of the bacterium with the epithelial cells is
not necessary for the effects observed. These results strongly
suggest the involvement of a bacterial soluble factor which is
able to diffuse through the membrane pores to elicit the effect
on TER. In addition, the finding that a lower concentration of
P. gingivalis (,109 bacteria/ml) did not alter the TER (Fig. 2A
and B and data not shown) suggests that a critical threshold
concentration of P. gingivalis is required to disrupt the barrier
function. In control wells containing MDCK cells without bac-

FIG. 1. Immunofluorescence analysis of primary cultures of gingival epithelial cells for cell-cell junction complexes. Primary cultures of gingival epithelial cells were
incubated with antibodies to occludin, E-cadherin, or b1-integrin followed by incubation with the appropriate fluorescein-labeled secondary antibody. Bars, 50 mm.
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teria, the TER was almost twofold higher than that seen in
medium-only wells or in wells with apically applied P. gingivalis
but no MDCK cells (Fig. 2C). The TER measurements in wells
with media only or with P. gingivalis alone were similar.

Bacterial translocation and invasion of MDCK cells. When
P. gingivalis was added to the apical compartment of MDCK
cells cultured on 3-mm-pore-size filters, the number of P. gin-
givalis cells recovered in the basolateral medium increased
over time (Fig. 3). However, an assessment of translocation
following addition of bacteria in the basolateral compartment
revealed variability and only a few P. gingivalis cells in the
apical medium. This finding indicates that this bacterium does
not translocate efficiently from the basolateral to the apical
compartment.

We next assessed the invasion of MDCK epithelial cells by
P. gingivalis using a modified invasion assay (see Materials and
Methods). Monolayers of MDCK cells were harvested at 15,
45, and 90 min following incubation with P. gingivalis, and
aliquots of cell lysates were cultured on ETSA plates. The

mean numbers of black-pigmented colonies recovered from
the cell lysates at 15, 45, and 90 min were 2.9 3 105, 1.7 3 104,
and 2.5 3 104 CFU/ml, respectively.

Immunofluorescence studies. The effect of P. gingivalis on
the epithelial cell barrier proteins of MDCK cells was evalu-
ated by immunofluorescence using antibodies to occludin, E-
cadherin (intracellular domain), and b1-integrin. MDCK cells
were incubated with P. gingivalis (1010 bacteria/ml) added to
either the apical or basolateral surface for specific time peri-
ods. Control MDCK cells (no bacteria) showed uniform stain-
ing for occludin, E-cadherin, and b1-integrin (Fig. 4A; con-
trol). The effects of apically applied P. gingivalis after 1, 6, 12,
24, and 48 h were assessed. No difference in the levels of
immunolabeling of occludin, E-cadherin, and b1-integrin was
detected for up to 24 h following exposure of the apical sur-
faces of cells to P. gingivalis (data not shown). However, after
48 h, immunofluorescence labeling of the cells showed disrup-
tion of junctional occludin, E-cadherin, and b1-integrin (Fig.
4A; 48 h). These observations suggested either a loss of junc-
tional proteins or perhaps cell death following 48 h of apical
exposure to P. gingivalis. The effect of incubating P. gingivalis
on the basolateral surfaces of MDCK cells for 0.5, 1, 2, 4, and
8 h was also assessed. After 2 h of exposure, there was a
qualitative decrease in the labeling intensities of occludin, E-
cadherin, and b1-integrin (Fig. 4B). However, after 4 h, im-
munofluorescence labeling of the cells became technically dif-
ficult because the cells detached from the filter during the
fixation and labeling procedure. This observation suggested a
loss of cell-cell junctional proteins or perhaps that the cells
were dead. These data correlate with the TER data in that they
demonstrate a differential sensitivity of polarized epithelial
cells to the effects of P. gingivalis. That is, the apical surface of
the cell monolayer seems to be relatively more resistant than
the basolateral surface to the effects of P. gingivalis. Exposure
of cell monolayers to lower numbers of P. gingivalis cells (108 to
102 bacteria/ml) did not cause detachment of MDCK cells even
after 72 h of bacterial exposure (not shown).

FIG. 2. Effect of exposing MDCK cells to P. gingivalis on TER. The TER of
monolayers of MDCK cells cultured in Transwell filter units with 0.4-mm-diam-
eter pores was assessed at various times following incubation with P. gingivalis
(107 or 1010 bacteria/ml) on the basolateral (A) or apical (B) surface. Transwell
units incubated with MDCK cells, media, or apical P. gingivalis (P. ging) only
served as controls (C). The results are expressed as means 6 standard deviations.
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Cell viability. It was important to ascertain if the lack of
visualization of junctional proteins by immunofluorescence
was due to degradation of epithelial cell junctions, not merely
to the cytotoxicity of P. gingivalis. To address this issue, cell
viability was assessed following exposure of MDCK cells to
P. gingivalis for up to 24 h. Two methods were utilized to assess
viability, namely, trypan blue dye exclusion and the LIVE/
DEAD viability/cytotoxicity assay. No difference in the viability
of MDCK cells, as determined by trypan blue exclusion, was
seen following incubation for 24 h with P. gingivalis cells in
either the apical (75.4%) or basolateral (81.3%) surface, com-
pared to that of control cells (75.2%). Similar results were
observed with the LIVE/DEAD fluorescence assay.

Western blotting. To assess whether the mechanism for the
loss of occludin, E-cadherin, and b1-integrin, as identified by
immunofluorescence, was indeed a degradative process, West-
ern blot analysis with antibodies specific for occludin, E-cad-
herin, and b1-integrin was used to analyze lysates prepared
from MDCK cells exposed to basolateral P. gingivalis. The time
course of the effect of basolateral exposure to P. gingivalis (1010

cells/ml) on MDCK cells was evaluated (Fig. 5). After 30 min
of bacterial exposure, amounts of mature occludin, E-cadherin,
and b1-integrin were decreased. For occludin and b1-integrin,
over 90% of the protein was degraded by 1 h. E-cadherin was
also degraded during basolateral exposure to P. gingivalis with
the generation of several fragments. The most prominent of
these fragments has an apparent molecular mass of 81 kDa.
Because we used an antibody which recognizes an intracellular
epitope of E-cadherin and because 80% of the mature 124-
kDa E-cadherin molecule is predicted to be extracellular (35),
this suggests that cleavage of E-cadherin by P. gingivalis oc-
curred close to the extracellular surface of the plasma mem-
brane. A similarly sized fragment of E-cadherin is generated by
exposure of MDCK cells to trypsin in the absence of Ca21 (17).
Similar results were obtained following exposure of the apical
surfaces of MDCK cells to P. gingivalis for periods extended to
24 h. These results provide evidence that epithelial exposure to
P. gingivalis results in the degradation of epithelial junction
proteins. Exposure of MDCK cells to P. gingivalis at a concen-

tration of 107 cells/ml for periods extended to 24 h did not
result in any apparent degradation of these junctional proteins,
as determined by Western blot analysis (data not shown).
Taken together, these data agree with previous observations
that a certain concentration of bacteria is necessary for the
degradation of epithelial junction complexes at the time points
evaluated in this study.

Effect of P. gingivalis and culture supernatant on immuno-
precipitated E-cadherin and occludin molecules. In order to
test whether the observed degradation of junctional proteins
was due to a direct protease produced by P. gingivalis or by a
mechanism in which an epithelial cell protease(s) is activated
by exposure to P. gingivalis, we next examined the proteolytic
effect of P. gingivalis and P. gingivalis culture supernatant on
immunoprecipitated E-cadherin and occludin molecules (b1-
integrin antibodies used in this study did not work well for
immunoprecipitation). Immunoprecipitated E-cadherin or oc-
cludin molecules were incubated with trypsin, P. gingivalis, or
P. gingivalis culture supernatant for 2, 10, and 30 min. After a
2-min incubation with 1010 bacteria/ml, occludin and E-cad-
herin were completely degraded (Fig. 6, middle). After 2 min
of incubation with trypsin, occludin was completely degraded.
E-cadherin was also sensitive to trypsin digestion. However,
after 30 min of incubation with trypsin, the E-cadherin 81-kDa
proteolytic fragment was still detectable (Fig. 6, right, 30-min
time point). The lag in the degradation of E-cadherin by tryp-
sin may be due to the presence of Ca21, which is known to
stabilize E-cadherin digestion by trypsin (17). While not as
potent as P. gingivalis or trypsin, P. gingivalis culture superna-
tant alone degraded immunoprecipitated occludin and E-cad-
herin molecules (Fig. 6, left). These studies indicate a very high
proteolytic activity of the periodontal pathogen P. gingivalis for
junctional proteins of epithelial cells.

DISCUSSION

The integrity of the epithelium plays an important role in
host defense against pathogens. In the present study, we in-
vestigated the effects of the periodontal pathogen P. gingivalis
on occludin, E-cadherin, and b1-integrin, which are important
molecules involved in cell-cell and cell-extracellular matrix ad-
hesion and in maintaining the integrity and polarity of the
epithelium. These transmembrane proteins are expressed by
gingival epithelial cells as established by immunofluorescence
using antibodies specific to these proteins. Previous studies
have reported the presence of b1-integrin in gingival tissue (21,
31); however, to our knowledge the present study is the first
report of the presence of occludin and E-cadherin in primary
cultures of gingival epithelial cells. Our findings showed that
E-cadherin and b1-integrin were colocalized adjacent to oc-
cludin, thus indicating that b1-integrin was present in areas of
cell-cell adhesion. Studies by Schoenenberger et al. (51) and
Larjava et al. (30) have shown the presence of b1-integrin at
similar sites in MDCK and epidermal keratinocytes, respec-
tively. Although the studies by Larjava et al. (30) indicated a
role of b1-integrins in cell-cell adhesion, there is currently no
consensus as to the function of these molecules.

MDCK cells were used in the present study as an in vitro
model to investigate P. gingivalis effects on the epithelial cell
barrier. MDCK cells form a well-polarized epithelial mono-
layer and express occludin, E-cadherin, and b1-integrin. It has
been previously reported that a decrease in the TER of MDCK
cells is associated with an alteration of the epithelial cell bar-
rier (17). In the present study, we have shown a decrease in the
TER of MDCK cells within 4 h after exposure of their baso-
lateral surfaces to P. gingivalis. Exposure of the apical surfaces

FIG. 3. Quantitation of translocation of P. gingivalis across the MDCK cell
monolayer. Freshly harvested P. gingivalis was added to either the basolateral
(BL) or apical surfaces of MDCK cells in Transwell filter units. Aliquots were
removed from the basolateral (20 ml) or apical (10 ml) compartments and plated
on ETSA plates under anaerobic conditions for 7 days. Results for triplicate
cultures are shown.
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of MDCK cells to P. gingivalis caused an increase in resistance
during the first 24 h prior to a decrease. These results suggest
that basolateral surfaces are more susceptible than apical sur-
faces to the effects of P. gingivalis. Fleiszig et al. (14) demon-
strated that cell polarization characterized by apical and baso-
lateral domains is involved in defense against Pseudomonas
aeruginosa infection and that increased susceptibility to bacte-
rial invasion occurred at exposed basolateral surfaces. Further-
more, Wu et al. (65) demonstrated that B. fragilis toxin affects
epithelial cell morphology and function in a more potent and
rapid manner when exposed to the basolateral membranes.

The drop in the resistance of MDCK cells after the addition
of P. gingivalis to the basolateral (after 2 h) or apical (after
24 h) surface was consistent with detachment of MDCK cells
from the filters, as established by immunofluorescence analy-
sis, implying a disruption of the epithelial barrier proteins.
Studies by Kallman and Kihlstrom (25) showed that group B

FIG. 4. Immunofluorescence analysis of MDCK cells following exposure of their apical or basolateral surfaces to P. gingivalis (1010 bacteria/ml). (A) Effects of apical
exposure to bacteria at 48 h. Control, MDCK cells without bacteria. (B) Basolateral exposure to P. gingivalis at 0.5, 1, and 2 h. Bars, 50 mm.

FIG. 5. Immunoblot of MDCK cell lysates basolaterally exposed to P. gingi-
valis (1010 bacteria/ml) for 0.5, 1, 2, 4, and 8 h and reacted with occludin,
E-cadherin, and b1-integrin. Controls (C), blots of lysates prepared from MDCK
cells not exposed to P. gingivalis.
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streptococcus U5 caused a decrease in resistance and some
widening of intercellular spaces after 24 h of apical bacterial
inoculation. However, Finlay et al. (13), who examined the
interactions between Salmonella enterica serovar Choleraesuis
and MDCK cells showed a drop in resistance without an al-
teration of intercellular morphology. The various observations
can perhaps be reconciled on the basis of the specific bacterial
pathogens used in the studies.

The increase in the TER of MDCK cells following apical
bacterial inoculation could represent a defense mechanism by
the epithelial cell barrier before succumbing to the bacterial
load (24 to 48 h). Immunofluorescence and Western blot anal-
ysis did not reveal a more pronounced staining of occludin,
E-cadherin, or b1-integrin. Furthermore, the accumulation of
P. gingivalis in the pores of the filters could not account for the
increased resistance, since there was no change in the TER of
filters incubated with bacteria only. Therefore, at this time we
cannot provide a sound explanation for this observation.

The change in TER of MDCK cells was dependent on the
number of P. gingivalis cells added since the addition of a lower
number of bacteria to the cultures had no effect on the TER.
Others have shown a dependency on the number of S. enterica
serovar Choleraesuis cells and the loss of resistance of MDCK
cells (13). These findings indicate that the threshold of bacteria
is important for the resulting effects. Specifically, for P. gingi-
valis, this point is of paramount importance in relation to
prevention, treatment, and periodontal health maintenance.

P. gingivalis was shown to cross the MDCK epithelial cell
monolayer from the apical to the basolateral compartment but
not to cross in the opposite direction. Studies with group B
streptococci (25), but not with Salmonella (13), have shown
similar results. Whether cell- and/or bacterium-specific recep-
tors are involved in this process, as in the binding of L. mono-
cytogenes to E-cadherin (32) or that of Yersinia species to
b1-integrin (23), is at this time not known. The movement of
P. gingivalis through the epithelium could involve the intra- or
paracellular pathway or both. Since black-pigmented colonies
were recovered from the lysates of MDCK cells following in-
cubation with P. gingivalis, it is likely that the intracellular
pathway is involved in the translocation/transcytosis of P. gin-
givalis from the apical to the basolateral surface. Studies by
Lamont et al. (28) showed that P. gingivalis invasion of healthy
derived gingival epithelial cells occurred at about 13% of the
initial inoculum. Furthermore, invasion efficiency increased
over time for up to 90 min. Duncan et al. (10) assessed P. gin-
givalis invasion of the human oral epidermoid KB cell line, and,
although invasion took place, it was less than 0.1%. In the
present study, about 0.01% of the initial inoculum was de-
tected after 15 min in lysates of MDCK cells. This low level of
bacterial invasion may be due to the observed increased resis-
tance of the MDCK cells. Meyer et al. (33) have shown that
invasion of MDCK cells by A. actinomycetemcomitans is sub-
stantially lower than that seen with KB cells. It is known that
MDCK cells form a well-polarized epithelial monolayer and
thus are excellent for studies of microbial effects on the epi-

thelial cell barrier (13, 14). It is known that KB cells do not
polarize well. This is no surprise, since KB cells do not express
occludin or E-cadherin, which are important in cell-cell inter-
actions, although they do express b1-integrin (personal obser-
vations).

Passage of P. gingivalis across the MDCK monolayer was at
least in part through a paracellular route based on the evidence
that P. gingivalis did not appear to have an effect on MDCK cell
viability but did have an effect on the integrity of the epithelial
cell barrier. Results of Western blot analysis indicated that
following basolateral incubation of P. gingivalis with MDCK
cells, degradation of occludin, E-cadherin, and b1-integrin was
apparent. This was confirmed by immunoprecipitation studies
with purified E-cadherin and occludin and demonstrated that
the paracellular proteolysis observed was most likely due to a
proteinase(s) derived from P. gingivalis and not the result of a
eukaryotic enzymatic activation. Paracellular proteolysis of
HT29/C1 cloned epithelial cells (36) and of type II alveolar and
MDCK cells (65) has been demonstrated by a zinc metallo-
proteinase produced by B. fragilis, the most commonly isolated
anaerobe of the human colonic microflora implicated in
diarrheal disease (36, 65). Furthermore, a cysteine proteinase
derived from Dermatophagoides pteronyssinus (62) causes dis-
ruption of occludin, thus suggesting that openings of the para-
cellular barrier may be involved in the development of asthma.
It is known that P. gingivalis produces a series of proteases in
cell-associated (8, 29) and secretory forms (7, 15, 42). At this
time we do not know the protease(s) of P. gingivalis that might
be responsible for the observed results. Studies by Scragg et al.
(52, 53) have shown the loss of b1-integrin on human gingival
fibroblasts due to arginine-specific protease activities derived
from P. gingivalis. Future work in our laboratories will inves-
tigate the possible P. gingivalis enzyme(s) involved in the effect
on the integrity of the epithelial cell barrier that we observed
as well as the epithelial cell mechanisms involved.

In conclusion, this study demonstrates for the first time the
presence of E-cadherin and occludin in primary cultures of
gingival epithelial cells. Furthermore, our results suggest that
P. gingivalis is able to invade the deeper structures of connec-
tive tissues via a paracellular pathway by degrading epithelial
cell-cell junction complexes, thus allowing the spread of the bac-
terium. Our results also indicated the importance of a critical
threshold concentration of P. gingivalis to initiate epithelial bar-
rier destruction. This is a very relevant concept not only for the
prevention and treatment of periodontal disease but also for
the potential systemic consequences of periodontal infection.
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