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Invasion of host cells is believed to be an important strategy utilized by a number of pathogens, which affords
them protection from the host immune system. The connective tissues of the periodontium are extremely well
vascularized, which allows invading microorganisms, such as the periodontal pathogen Porphyromonas gingi-
valis, to readily enter the bloodstream. However, the ability of P. gingivalis to actively invade endothelial cells
has not been previously examined. In this study, we demonstrate that P. gingivalis can invade bovine and human
endothelial cells as assessed by an antibiotic protection assay and by transmission and scanning electron
microscopy. P. gingivalis A7436 was demonstrated to adhere to and to invade fetal bovine heart endothelial cells
(FBHEC), bovine aortic endothelial cells (BAEC), and human umbilical vein endothelial cells (HUVEC).
Invasion efficiencies of 0.1, 0.2, and 0.3% were obtained with BAEC, HUVEC, and FBHEC, respectively.
Invasion of FBHEC and BAEC by P. gingivalis A7436 assessed by electron microscopy revealed the formation
of microvillus-like extensions around adherent bacteria followed by the engulfment of the pathogen within
vacuoles. Invasion of BAEC by P. gingivalis A7436 was inhibited by cytochalasin D, nocodazole, staurosporine,
protease inhibitors, and sodium azide, indicating that cytoskeletal rearrangements, protein phosphorylation,
energy metabolism, and P. gingivalis proteases are essential for invasion. In contrast, addition of rifampin,
nalidixic acid, and chloramphenicol had little effect on invasion, indicating that bacterial RNA, DNA, and de
novo protein synthesis are not required for P. gingivalis invasion of endothelial cells. Likewise de novo protein
synthesis by endothelial cells was not required for invasion by P. gingivalis. P. gingivalis 381 was demonstrated
to adhere to and to invade BAEC (0.11 and 0.1% efficiency, respectively). However, adherence and invasion of
the corresponding fimA mutant DPG3, which lacks the major fimbriae, was not detected. These results indicate
that P. gingivalis can actively invade endothelial cells and that fimbriae are required for this process. P.
gingivalis invasion of endothelial cells may represent another strategy utilized by this pathogen to thwart the
host immune response.

Adult periodontitis is a bacterially induced chronic inflam-
matory disease that is the major cause of tooth loss in the adult
population (28). The disease has recently been associated with
cardiovascular disease and preterm delivery of low birth weight
infants (2, 10, 23). Interactions of the periodontal pathogen
Porphyromonas gingivalis with the host immune system are
believed to be the basis for the destructive inflammatory re-
sponse which is characteristic of this disease, and the intimate
interaction of P. gingivalis with the host has become the subject
of intense investigation. The innate host defense system has
been postulated to function in limiting the spread of P. gingi-
valis within the periodontal pocket by maintaining an intact
epithelial cell barrier. However, several studies have docu-
mented that P. gingivalis can be found within gingival tissues in
vivo, suggesting that it may pass through the epithelial barrier
(24, 26). Invasion of oral epithelial cells by P. gingivalis in vitro
has also been demonstrated by a number of investigators (8,
14, 16, 22). Reports by Madianos et al. (16) and by Lamont et
al. (14) have confirmed the ability of P. gingivalis to replicate
within KB cells and within primary gingival epithelial cells. P.
gingivalis has also been shown to advance into deeper epithelial
layers (24, 26), a process that could play a role in the systemic
spread of the organism.

Ulcerations and disruptions of the basement membrane
commonly occur in periodontitis (20) and may result from the
production of potent P. gingivalis proteases that can degrade
type IV collagen present in the basement membrane (33). The
connective tissues of the periodontium are extremely well vas-
cularized (9), allowing the invading microorganisms to readily
enter the bloodstream. Thus, in addition to invasion of epithe-
lial cells, the ability of P. gingivalis to actively invade endothe-
lial cells could represent an additional mechanism evolved by
this pathogen to evade the host response. The interactions
between P. gingivalis outer membrane components and endo-
thelial cells (EC) have been investigated by Darveau and col-
leagues, who examined the ability of P. gingivalis lipopolysac-
charide (LPS) to stimulate an inflammatory response (5).
These investigators found that unlike Escherichia coli LPS, P.
gingivalis LPS did not stimulate the expression of E-selectin in
human umbilical cord EC nor did it stimulate neutrophil ad-
hesion to these cells (5). These observations are consistent with
a role of P. gingivalis in suppressing the innate host inflamma-
tory response to bacteria. Although these studies demonstrate
that P. gingivalis components can interact with EC and cause a
direct effect on the expression of adhesion molecules, the abil-
ity of viable P. gingivalis whole cells to interact with EC (active
invasion process) has not been previously examined. The goal
of this study was to determine whether P. gingivalis invades
vascular EC in vitro. Our results indicate that P. gingivalis can
actively invade EC and can replicate intracellularly. Expression
of the major fimbriae is required for both adherence to and
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invasion of EC. We have also characterized the metabolic
requirements for invasion of EC by P. gingivalis.

MATERIALS AND METHODS

Bacterial strains. P. gingivalis A7436 was originally isolated from a patient with
refractory periodontitis and was characterized in our laboratory; strain 381 and
its fimA mutant DPG3 have been described previously (17). P. gingivalis fimA
mutant DPG3 was constructed following allelic exchange of P. gingivalis 381 with
the insertionally inactivated fimA gene (17). As seen previously, P. gingivalis 381
cultures were electron dense and produced long slender fimbriae (ca. 15 nm in
diameter) that were easily seen in negatively stained preparations (22). By con-
trast, we did not detect these long fimbriae on the surface of the corresponding
P. gingivalis fimA mutant DPG3 (22), indicating that the insertion mutation in
DPG3 blocked fimbria production. P. gingivalis A7436 and 381 were grown on
anaerobic blood agar (ABA) plates (BBL media; Becton Dickinson Co., Cock-
eysville, Md.), and DPG3 was grown on ABA containing erythromycin (10
mg/ml) under anaerobic conditions in an anaerobic chamber (with 85% N2, 10%
CO2, and 5% H2) for 3 to 5 days, inoculated into fresh Schaedler broth (Difco)
(containing erythromycin for DPG3), and grown for 24 h until the optical density
reached 1.0.

Interaction of P. gingivalis with EC. Adherence and invasion of P. gingivalis was
assessed in bovine aortic endothelial cells (BAEC), fetal bovine heart endothelial
cells (FBHEC), and human umbilical vein endothelial cells (HUVEC) as de-
scribed previously with EC (22). Invasion of KB oral EC (GIBCO-BRL Life
Technologies, Grand Island, N.Y.) was as previously described (22). BAEC
(Repository no. AG08592, N.I.A. Aging Cell Culture Repository, Coriell Insti-
tute for Medical Research, Camden, N.J.) and FBHEC (ATCC CRL 1395,
American Type Culture Collection [ATCC], Rockville, Md.) were maintained in
Dulbecco’s modified Eagle medium (DMEM) (GIBCO-BRL Life Technologies)
supplemented with 10% heat-inactivated newborn calf serum (NCS [GIBCO-
BRL]) and penicillin-streptomycin-glutamine (GIBCO-BRL). FBHEC were
supplemented with 100 ng of fibroblast growth factor (GIBCO-BRL)/ml.
HUVEC (ATCC CRL 1730; ATCC) were maintained in F-12K medium
(ATCC) supplemented with heparin (100 mg/ml; Sigma Chemical Co., St. Louis,
Mo.) and EC growth supplement (50 mg/ml; Sigma) in addition to normal human
serum and antibiotic solution as described for BAEC. Subcultivation was per-
formed on confluent cultures that had been plated 24 h earlier. All EC were
plated at a concentration of 106 cells per ml, as determined by cell counting on
a Coulter Counter (8). For all invasion assays, we used Falcon six-well flat-
bottom plates with a volume of 15.5 ml/well and a surface area of 9.6 cm2/well.
The multiplicity of infection (MOI) was calculated based on the number of cells
per well at confluence. P. gingivalis strains grown to an optical density of 1.0 were
centrifuged, washed with phosphate-buffered saline (PBS), and resuspended in
DMEM containing 1 mM MgCl2 and 0.2 mM CaCl2 at a final concentration of
108 cells per ml in the absence of serum. Bacterial suspensions (1.0 ml) were
added to confluent EC monolayers (MOI 5 100) and incubated at 37°C in 5%
CO2 for 2 h. After incubation, unattached bacteria were removed following
washing of the monolayers twice with PBS. EC were lysed in 1 ml of sterile
distilled water (dH2O) per well and incubated for 30 min, during which they were
disrupted by repeated pipetting. Control experiments demonstrated that expo-
sure to water for 30 min did not affect bacterial viability. Lysates were serially
diluted, plated on ABA plates, and incubated anaerobically at 37°C for 7 days to
determine the number of organisms that adhered to EC. All assays were per-
formed in triplicate.

Invasion of EC monolayers by P. gingivalis strains was quantified by determin-
ing the number of CFU recovered following antibiotic treatment. Confluent EC
monolayers were infected with 1.0 ml of a bacterial suspension (final concentra-
tion, 108 cells), and tissue culture plates were centrifuged at 2,000 3 g for 10 min
at 4°C to enhance contact between EC and bacteria. Infected monolayers were
incubated at 37°C for 1 to 4 h in a 5% CO2 incubator. After every hour,
unattached bacteria were removed following washing of the monolayers twice
with PBS. External adherent cells were killed by incubating the infected mono-
layers with DMEM containing 100 mg of metronidazole/ml. This concentration
of antibiotic was sufficient to completely kill 108 bacteria per ml in 1 h (data not
shown). The antibiotic did not affect the morphology or viability of the EC as
detected by their ability to exclude trypan blue. Controls for antibiotic killing of
P. gingivalis were included in all experiments. After exposure to antibiotic, mono-
layers were washed twice with PBS, and EC were lysed in 1 ml of sterile dH2O
per well and incubated for 30 min. Lysates were diluted and plated on ABA
plates and incubated anaerobically at 37°C for 7 days. CFU of invasive organisms
were then enumerated. Invasion was expressed as the percentage of the initial
inoculum recovered after antibiotic treatment and EC lysis. All assays were
performed in triplicate. E. coli JM109 and HB101 were used as appropriate
negative controls for invasion assays with BAEC.

Since our results indicated that cytochalasin D treatment inhibited P. gingivalis
invasion of EC (see below), we also examined the adherence of P. gingivalis to
EC in cytochalasin D-treated cultures. When adherence was measured without
cytochalasin D treatment, we obtained an adherence efficiency of 0.16%. When
adherence was measured in cytochalasin D-treated cultures, we observed an
adherence efficiency of 0.14%. Thus, the adherence assay described here is a
good readout of the number of bacteria adhering.

To address the possibility of intracellular replication of P. gingivalis within the
EC, P. gingivalis A7436 was incubated with BAEC for 2 h after which the
extracellular bacteria were killed by antibiotic treatment. After washing of the
wells to remove the antibiotic, the EC were maintained in culture medium for an
additional 6 h to allow replication of intracellular bacteria. Lysate was prepared
as described above, diluted appropriately, and plated on ABA plates, and CFU
were enumerated after incubation under anaerobic conditions as described
above.

Inhibitors of bacterial and EC functions. The effect of a variety of inhibitors
of procaryotic and eucaryotic cell functions on P. gingivalis invasion of BAEC was
investigated. All chemicals were obtained from Sigma. The following inhibitors,
in the solvent and at the final concentration indicated, were used: cytochalasin D,
1 mg/ml in dimethyl sulfoxide (DMSO); nocodazole, 10 mg/ml in DMSO; stau-
rosporine, 1 mM in DMSO; sodium azide, 50 mM in PBS; cycloheximide, 100
mg/ml in ethanol; chloramphenicol, 5 mg/ml in DMEM; rifampin, 0.25 mg/ml in
acetone; nalidixic acid, 5 mg/ml in 1 N NaOH; and a cocktail of protease
inhibitors containing aprotonin, 2 mg/ml in dH2O; phenylmethylsulfonyl fluoride,
0.1 mM in methanol; pepstatin, 0.7 mg/ml in methanol; and benzamidine, 1 mM
in methanol. Cytochalasin D and staurosporine were preincubated with the EC
for 30 min prior to the addition of the bacteria and remained present throughout
the invasion assay. Nocodazole was preincubated with the EC for 1 h on ice and
then at 37°C for 30 min prior to reacting with the bacteria. The drug was present
during the invasion assay. Cycloheximide was preincubated with the EC for 4 h
before bacterial addition and was present during the assay. Sodium azide was
preincubated with the EC for 4 h and then removed by washing three times in
DMEM prior to bacterial addition. Sodium azide was also preincubated with P.
gingivalis for 4 h and then removed by washing prior to the assay. Chloramphen-
icol, rifampin, and nalidixic acid were preincubated with the bacteria for 4 h
before reaction with the EC and were present during the assay. Protease inhib-
itors were preincubated with the bacteria for 30 min prior to the assay. All
potential inhibitors were tested at the concentrations used for possible adverse
effects on the EC (compared with cells without the inhibitor) by examining the
morphology of the cells and the confluency of the monolayer and by trypan blue
exclusion. Cytochalasin D, nocodazole, staurosporine, cycloheximide, and the
protease inhibitors were examined for any toxic effects on P. gingivalis as deter-
mined by viable cell counting and were found to have no adverse effect on the
viability at the concentrations used. Ethanol, acetone, DMSO, methanol, and
NaOH, which were used as solvents, were tested at the appropriate concentra-
tions and found to produce no reduction in P. gingivalis numbers.

Electron microscopy. Transmission and scanning electron microscopies (TEM
and SEM) were performed on designated samples to confirm adherence to EC
and internalization within the cells. For TEM, EC were cultured in six-well plates
and treated as described for the invasion experiments, with the following mod-
ifications. Following a 2-h incubation with bacteria, monolayers were washed
four times in PBS and detached from the plastic surface with trypsin. The cell
slurry was then immediately centrifuged for 4 min at 15,000 3 g. The cell pellet
was washed twice with PBS and fixed with 2.5% gluteraldehyde in 0.1 M sodium
cacodylate. Cells were pelleted and postfixed in 1% OsO4 in 0.1 M sodium
cacodylate for 1 h, and the ultrathin sections were contrasted with lead citrate
and uranyl acetate before examination by TEM with a 1200EX electron micro-
scope (JEOL, Tokyo, Japan). For SEM, EC were incubated with P. gingivalis for
1 h and washed with PBS, and bacteria attached to EC were observed with a
scanning electron microscope (JSM-820; JEOL).

RESULTS

Invasion of EC by P. gingivalis. P. gingivalis A7436 was found
to invade BAEC, FBHEC, and HUVEC at invasion efficien-
cies of 0.1, 0.3, and 0.2%, respectively (Table 1). Adherence of
P. gingivalis A7436 to KB epithelial cells was approximately
one log higher than that observed with EC. However, the
invasion efficiencies observed for P. gingivalis A7436 with EC
(0.1 to 0.3%) were approximately one log higher than that
observed for P. gingivalis invasion of epithelial cells (0.01%)
(Table 1). As expected, we did not observe invasion of BAEC
with E. coli JM109 or HB101, which were used as negative
controls. The invasion efficiencies observed for E. coli JM109
and HB101 were 0.0007 and 0.005%, respectively (data not
shown).

The number of input P. gingivalis cells was also observed to
influence the invasion efficiency of P. gingivalis for BAEC. The
invasion efficiency of P. gingivalis for BAEC at an MOI of 1:1
was 0.04% and increased to 0.1% at an MOI of 1:10 (Fig. 1).
The maximum invasion efficiency of 0.2% was observed at an
MOI of 1:100. We obtained a slightly lower level of invasion of
BAEC by P. gingivalis A7436 at an MOI of 1:1,000, and thus for
the remainder of the studies described below we utilized an
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MOI of 1:100. At an MOI of 1:100, optimal invasion of BAEC
by P. gingivalis A7436 was observed at 2 h with no further
increase in invasion with an extended incubation period up to
4 h (data not shown). We also found that a majority of the P.
gingivalis organisms that had adhered to the EC were found to
invade as assessed by an antibiotic protection assay (Table 1).
Centrifugation of P. gingivalis cultures on the EC monolayers
was observed to slightly enhance the invasion efficiency but was
not required for active invasion (data not shown).

Adherence and invasion efficiencies of the P. gingivalis wild-
type strains 381 and A7436 to BAEC were similar (Table 2). In
contrast to the results obtained with the P. gingivalis wild-type
strain 381, we did not detect adherence of the P. gingivalis fimA
mutant DPG3 to BAEC. In agreement with the results ob-
tained in the adherence assay, we did not detect invasion of
BAEC by P. gingivalis DPG3. These results are in agreement
with our previous observations in a KB oral epithelial cell line
(22) and indicate that the major fimbriae are required for
invasion of EC.

We also found that P. gingivalis was capable of replicating
within BAEC, increasing from a mean of 4.2 3 106 CFU
detected following a 2-h incubation to a mean of 6.2 3 107

CFU detected following a 6-h incubation period (data not
shown). The BAEC were viable following the 6-h incubation

period with P. gingivalis as determined by trypan blue dye
exclusion (data not shown). We were unable to accurately
assess the growth of P. gingivalis in EC for longer periods of
time due to alterations in the morphology of the BAEC mono-
layer following long-term incubation with P. gingivalis A7436.

Electron microscopy. We next examined the nature of the
interaction of P. gingivalis with EC by electron microscopy. P.
gingivalis wild-type strain A7436 was seen adhering to BAEC
and could be seen entering an individual cell (Fig. 2A and B).
P. gingivalis A7436 could be seen intimately attached to both
BAEC and to FBHEC (Fig. 2A, B, E, and F). This intimate
attachment included the presence of microvilli protruding
from the EC and surrounding the attached bacteria; this pro-
cess may represent the initial formation of a cytoplasmic vac-
uole. P. gingivalis A7436 was also visible within the cytoplasm
of BAEC and FBHEC and was detected within what appeared
to be vacuoles (Fig. 2B and F). Similar results were observed in
HUVEC infected with P. gingivalis A7436 (data not shown).
We also observed the presence of microvilli protruding from
the cell surface in BAEC infected with P. gingivalis wild-type
strain 381 (Fig. 2C). In contrast, we did not observe microvilli
on the surface of BAEC infected with the fimA mutant strain,
nor did we detect alterations in the BAEC surface (Fig. 2D).
Likewise, P. gingivalis DPG3 was not detected within EC.

We also examined the interactions of P. gingivalis A7436,
381, and DPG3 with BAEC and FBHEC by SEM. Following
the addition of P. gingivalis wild-type strain A7436 or 381,
profound changes in the normal architecture of the EC surface
occurred with the appearance of long microvilli surrounding
large bacterial clumps (Fig. 3B, C, and F). However, no such
change was observed with the fimA mutant DPG3 (Fig. 3D).
Taken together, these results suggest that the major fimbriae
may trigger a sequence of events that can lead to the reorga-
nization of cytoskeletal components, giving rise to long mi-
crovilli which facilitate fimbrial contact with the EC. In the
absence of fimbria expression, P. gingivalis does not appear to
come into contact with the EC nor does it trigger host signaling
events.

Metabolic requirements for invasion. Inhibition of invasion
of BAEC by P. gingivalis with compounds that impede various
metabolic functions of eucaryotic and procaryotic cells was
examined as shown in Table 3. Bacterial DNA and RNA syn-
thesis does not appear to be required for invasion, as nalidixic
acid and rifampin did not inhibit P. gingivalis invasion of
BAEC. Similarly, bacterial and BAEC de novo protein synthe-
sis was not required for invasion since both chloramphenicol
and cycloheximide did not reduce the invasion of BAEC by P.
gingivalis. All these compounds were also tested at higher con-
centrations (five times the concentration indicated in the Ma-
terials and Methods section) and were found to have no effect
on the invasion of BAEC by P. gingivalis (data not shown).

TABLE 1. Invasion of epithelial and endothelial cells by P.
gingivalis A7436

Cell type
Bacteria adhering

and invading
(%)a

Invasion
efficiency

(%)b

KB epithelial 1.1 6 0.3 0.01 6 0.003
Bovine aortic endothelial 0.12 6 0.02 0.1 6 0.03
Bovine heart endothelial 0.35 6 0.04 0.3 6 0.04
Human umbilical vein endothelial 0.5 6 0.06 0.2 6 0.05

a Defined as the percentage of CFU input that bound to epithelial or endo-
thelial cells; represents both bacteria adhering and invading. Values are the
means of triplicate independent determinations from a typical experiment 6
standard deviations.

b Percentage of the inoculum (P. gingivalis) protected from metronidazole
killing after the infection period relative to the number of bacteria adhering.
Values are the means of triplicate independent determinations from a typical
experiment 6 standard deviations.

FIG. 1. MOI of P. gingivalis for BAEC. P. gingivalis A7436 was grown as
described in Materials and Methods, and 105 to 109 CFUs were added to 106

BAEC and incubated as described for the invasion assays. The invasion efficiency
is defined as the percentage of the inoculum (P. gingivalis) protected from
metronidazole killing after the infection period. For MOI of 0.1, 1.0, 10, 100, and
1,000, 105, 106, 107, 108, and 109 P. gingivalis CFU, respectively, were used.

TABLE 2. Invasion of BAEC by P. gingivalis

Strain
Bacteria

adhering and
invading (%)a

Invasion
efficiency (%)b

A7436 0.12 6 0.02 0.10 6 0.03
381 0.11 6 0.01 0.10 6 0.01
DPG3 0.001 6 0.0003 0.001 6 0.0004

a Defined as the percentage of CFU input that bound to EC; represents both
bacteria adhering and invading. Values are the means of triplicate independent
determinations from a typical experiment 6 standard deviations.

b Percentage of the inoculum (P. gingivalis) protected from metronidazole
killing after the infection period. Values are the means of triplicate independent
determinations from a typical experiment 6 standard deviations.
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Cytochalasin D, an inhibitor of actin polymerization, and no-
codazole, an inhibitor of microtubule formation, substantially
reduced invasion, indicating that both microfilaments and mi-
crotubule activity are required for invasion. Staurosporine, a
broad-spectrum inhibitor of protein kinases, inhibited inva-
sion, suggesting that protein phosphorylation is involved in the
EC signaling pathway that results in bacterial entry into the
cell. EC as well as P. gingivalis energy metabolism is also

required for active invasion of P. gingivalis, as sodium azide
(which reduced the proton motive force and inhibits cyto-
chrome oxidase) inhibited invasion when bacteria or BAEC
were preincubated with this compound. The cocktail of pro-
tease inhibitors, aprotonin, phenylmethylsulfonyl fluoride,
pepstatin, and benzamidine, at concentrations predetermined
not to be lethal to the BAEC monolayers or to P. gingivalis,
inhibited P. gingivalis invasion of BAEC by 99% (Table 3).

FIG. 2. Transmission electron micrographs demonstrating P. gingivalis invasion of EC. (A and B) BAEC with P. gingivalis A7436. (A) At the cell surface, bacteria
appear to induce EC structural rearrangements consistent with an endocytic mechanism. (B) Internalized bacteria are found within vacuole. (C) BAEC with P. gingivalis
381. Note the apparent contact between microfilamentous cellular components and surface-adhering P. gingivalis. (D) BAEC with P. gingivalis fimA mutant DPG3.
Absence of intimate interaction between EC surface and bacteria. (E and F) FBHEC incubated with P. gingivalis A7436. Surface adherence (E) and engulfment in
vacuole (F). Arrows in all panels point to P. gingivalis. Bars on each image are 0.5 mm unless otherwise specified. Composite image was constructed with Adobe
Photoshop 3.0.
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DISCUSSION
Invasion of epithelial cells by P. gingivalis has been reported

by a number of investigators (8, 14, 16, 22). However, this is the
first report on the invasion of EC by P. gingivalis. We have
demonstrated that P. gingivalis can invade FBHEC and BAEC

as well as HUVEC. We found that P. gingivalis was capable of
replicating within EC, suggesting that it has the capacity to
persist within this host cell and possibly to alter the integrity of
the EC. We also observed that a majority of the P. gingivalis
organisms that had adhered to the EC were able to actively

FIG. 3. Adherence of P. gingivalis to EC examined by SEM. (A) Uninfected BAEC. (B) BAEC infected with P. gingivalis A7436. (C) BAEC infected with P. gingivalis
381. (D) BAEC infected with P. gingivalis fimA mutant DPG3. (E) Uninfected FBHEC. (F) FBHEC infected with P. gingivalis A7436.
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invade, suggesting a highly efficient endocytic uptake of sur-
face-adherent organisms. Similar results have been observed
during invasion of brain microvascular EC by group B strep-
tococci (21). Whether P. gingivalis uses an endocytic pathway
for uptake into EC has not yet been established; however,
analysis of the invasion of EC by P. gingivalis by electron
microscopy supports the endocytic pathway of engulfment. In
addition, studies of P. gingivalis invasion of epithelial cells have
shown that treatment of epithelial cells with monodansylcadav-
erine and ouabain, substances that inhibit the formation of
coated pits, results in reduction in the number of invading P.
gingivalis (27). Thus it is possible that P. gingivalis utilizes a
similar pathway for the invasion of EC.

The major fimbria of P. gingivalis appears to play a major
role in adherence and invasion of BAEC, since we did not
detect invasion by the fimA mutant DPG3. Previous studies
have established that P. gingivalis DPG3 does not produce
fimbriae detectable by electron microscopy or Western blot
analysis (17, 22). The involvement of P. gingivalis major fim-
briae in invasion of epithelial cells has been reported previ-
ously (23, 32). We cannot rule out the possibility that mole-
cules other than fimbriae may also be required for the
adherence of P. gingivalis to EC. Our recent results indicate
that digestion of P. gingivalis A7436 with amyloglucosidase,
which partially dissolves the polysaccharide capsule, increases
threefold the invasion efficiency of P. gingivalis for BAEC (6).
It is well documented that in other bacteria the production of
a polysaccharide capsule may interfere with attachment of
bacteria to epithelial and endothelial cells (30, 31). It has been
demonstrated that polysaccharide capsule-deficient mutants of
Haemophilus influenzae type B exhibit enhanced adherence to
and invasion of human cells (30). Whether the partial digestion
of P. gingivalis capsule helped to unmask or expose adhesive
ligands and fimbriae present on P. gingivalis cell surface re-
mains to be determined.

It appears that invasion of EC by P. gingivalis shares some
similar characteristics with the invasion process for epithelial
cells, while other characteristics are unique to the EC. Electron
microscopic analysis confirmed the intimate interaction of P.
gingivalis A7436 and 381 with BAEC. The interaction of P.
gingivalis with BAEC appears to involve attachment to BAEC
and subsequent engulfment of the bacteria and is similar to
what has been previously observed during invasion of epithelial
cells by P. gingivalis (22). Invasion of EC by P. gingivalis does
not require bacterial DNA, RNA, or de novo protein synthesis,

while these bacterial functions are reported to be essential for
epithelial cell invasion by P. gingivalis (14). Endothelial and
epithelial cell invasion, however, seems to require the energy
metabolism of both BAEC and bacteria, as well as the expres-
sion of the P. gingivalis proteases (14). In agreement with
observations of invasion of epithelial cells by P. gingivalis (27),
our results indicate that cytoskeletal rearrangements and pro-
tein phosphorylation are required for invasion of BAEC by P.
gingivalis. It appears that the receptors required for adherence
of P. gingivalis may be present on the EC surface since de novo
protein synthesis of EC is not required for invasion.

The interactions between P. gingivalis outer membrane com-
ponents and EC have been studied extensively by Darveau and
colleagues (5). These investigators have shown that LPS of P.
gingivalis does not stimulate E-selectin expression and that it
can block E-selectin expression by LPS from other gram-neg-
ative bacteria (5). However, it remains to be determined how
the active invasion of EC by viable P. gingivalis cells affects the
regulation of specific adhesion molecules as well as the cyto-
kine response of the EC. A number of microorganisms have
been observed to actively invade EC by a process that stimu-
lates adhesion molecule expression and cytokine production
(7, 11–13, 15). Chlamydia pneumoniae, which has recently been
linked to coronary heart disease, has been demonstrated to
cause an upregulation of E-selectin, intercellular adhesion
molecule (ICAM-1), and vascular cell adhesion molecule
(VCAM-1) (13). Rickettsia rickettsii infection of EC stimulates
these cells to produce interleukin-1a (IL-1a) (29). Rickettsia
conorii infection of EC has also been demonstrated to enhance
the expression of the adhesive molecules E-selectin, ICAM-1,
and VCAM-1 (7). Active invasion of R. conorii was also re-
quired for production of IL-6 and IL-8 from cultured human
EC (12). Likewise, active invasion of epithelial cells by several
microorganisms has been demonstrated to modulate endoge-
nous cytokine production (1, 4). Aihara et al. (1) found that
only viable Helicobacter pylori in direct contact with gastric
epithelial cells induces IL-8 formation. Killed bacteria, culture
supernatants, and juxtaposition of a cell-impermeable barrier
between the epithelial cells and bacteria abrogated the effect.
Recent studies indicate that invasion of epithelial cells by P.
gingivalis results in the inhibition of IL-8 secretion (4). Thus,
growing evidence suggests an important role for direct bacteria
cell interactions for the modulation of expression of cell adhe-
sion molecules and cytokines.

Several reports have described an association between peri-
odontal disease and coronary artery disease. These include
case control studies which demonstrated significant associa-
tions after correction for cholesterol, smoking, hypertension,
social class, and body mass index (2, 10, 18, 19). Infection with
P. gingivalis and the biological consequences for increased risk
for cardiovascular disease have recently received considerable
attention (10). P. gingivalis infection can cause local inflamma-
tion which leads to ulceration of the gingivae and local vascular
changes which increase the incidence and the severity of tran-
sient bacteremias when the gingivae are traumatized. Proce-
dures such as dental extraction, periodontal surgery, tooth
scaling, and even tooth brushing can lead to the presence of
oral bacteria in circulating blood (3). The gingival sulcus is
believed to be the most likely area of entry of oral bacteria into
the bloodstream, and the integrity of the basement membrane
of the oral mucosa, and particularly the gingival sulcus, is
paramount in the protection of patients at risk for cardiovas-
cular disease (3). The results presented here indicate that P.
gingivalis can actively invade and multiply within EC, indicating
that P. gingivalis has evolved mechanisms for survival and rep-
lication within vascular EC. Injured or activated EC (during

TABLE 3. Effects of metabolic inhibitors on P. gingivalis A7436
invasion of BAEC

Inhibitor Targeta %
Inhibitionb

Cytochalasin D EC (actin) 97.5 6 1.2
Nocodazole EC (microtubule) 87.4 6 1.3
Staurosporine EC (protein kinase) 86.6 6 4.2
Cycloheximide EC (protein synthesis) 2.5 6 0.8
Sodium azide EC (energy metabolism) 80.5 6 2.1
Sodium azide P. gingivalis (energy metabolism) 99.1 6 0.1
Chloramphenicol P. gingivalis (protein synthesis) 3.2 6 0.4
Rifampin P. gingivalis (RNA synthesis) 4.1 6 1.9
Nalidixic acid P. gingivalis (DNA synthesis) 3.3 6 1.1
Protease inhibitors P. gingivalis (proteases) 99.1 6 0.2

a Inhibitors were preincubated with either the endothelial cells or P. gingivalis
as described in the text.

b Reduction in invasion in the presence of inhibitors as compared with that of
a control with no inhibitor present. Values are means 6 standard deviations (n 5
3).
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infection) may show various artherogenic properties, including
increased procoagulant activity, secretion of vasoactive and
inflammatory mediators, and expression of adhesion mole-
cules. E-selectin, ICAM-1, and VCAM-1 have been detected
in atherosclerotic areas of human arteries (25), and inflamma-
tory cells are abundant at these sites. Studies are currently
under way in our laboratory to examine the regulation of
adhesion molecule expression as well as the cytokine produc-
tion in response to P. gingivalis invasion of EC. Invasion of
vascular and heart EC by P. gingivalis after entry into the
bloodstream may contribute to the pathology of cardiovascular
disease.
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