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The presence of Porphyromonas gingivalis in the periodontal pocket and the high levels of gingipain activity
detected in gingival crevicular fluid could implicate a role for gingipains in the destruction of the highly
vascular periodontal tissue. To explore the effects of these proteases on endothelial cells, we exposed bovine
coronary artery endothelial cells and human microvascular endothelial cells to gingipain-active extracellular
protein preparations and/or purified gingipains from P. gingivalis. Treated cells exhibited a rapid loss of cell
adhesion properties that was followed by apoptotic cell death. Cleavage of N- and VE-cadherin and integrin �1
was observed in immunoblots of cell lysates. There was a direct correlation between the kinetics of cleavage of
N- and VE-cadherin and loss of cell adhesion properties. Loss of cell adhesion, as well as N- and VE-cadherin
and integrin �1 cleavage, could be inhibited or significantly delayed by preincubation of P. gingivalis W83
gingipain-active extracellular extracts with the cysteine protease inhibitor N�-p-tosyl-L-lysine chloromethyl-
ketone. Furthermore, purified gingipains also induced endothelial cell detachment and apoptosis. Apoptosis-
associated events, including annexin V positivity, caspase-3 activation, and cleavage of the caspase substrates
poly(ADP-ribose) polymerase and topoisomerase I (Topo I), were observed in endothelial cells after detach-
ment. All of the effects observed were correlated with the different levels of cysteine-dependent proteolytic
activity of the extracts tested. Taken together, these results indicate that gingipains from P. gingivalis can alter
cell adhesion molecules and induce endothelial cell death, which could have implications for the pathogenicity
of this organism.

Porphyromonas gingivalis is an asaccharolytic, black-pig-
mented, gram-negative anaerobe that is strongly associated
with chronic periodontitis (13), a chronic inflammatory condi-
tion affecting tooth-supporting tissues that ultimately results in
tooth loss, and may be involved in systemic illnesses, such as
atherosclerosis (reviewed in references 28 and 44). P. gingivalis
is well known for its cysteine proteases, designated gingipains,
of two different specificities that are both extracellular and
membrane bound. The rgpA gene encodes the arginine-specific
protease isoforms HRgpA, RgpA(cat), and mt-RgpA, while
rgpB encodes the RgpB and mt-RgpB isoforms. The lysine-
specific protease Kgp is encoded by the kgp gene (55). Not only
are the gingipains important in nutrition for P. gingivalis, they
also have numerous other effects on host systems, including
dysregulation of clotting and fibrinolytic pathways, activation
of the kallikrein/kinin pathway, and modulation of host cyto-
kine networks (reviewed in reference 41). It has also been
established that gingipains can activate matrix metalloprotein-
ases (MMPs) (16, 18, 31, 41; reviewed in reference 55). MMPs
can cleave numerous cell surface proteins such as cytokine
precursors, growth factors, cytokine receptors, and cell adhe-
sion molecules, including cadherins, causing their shedding
from the cell surface in a regular manner (3, 7, 19, 25, 26, 33,

48). However, the involvement of gingipains in periodontal
tissue destruction is not clearly understood.

Studies of gingival crevicular fluid (GCF) have shown that it
is a mixture of numerous proteases of both host and bacterial
origin (reviewed in reference 55). The host-derived activities of
both neutrophil elastase and MMPs, especially collagenase,
have been shown to correlate with periodontal tissue destruc-
tion in vivo. Gingipain activity can be measured during disease
progression in GCF, and its quantification can be used to
predict attachment loss (20). It has been demonstrated that
gingipains can cleave laminin, fibronectin, and collagen in
vitro; however, this by itself does not seem to be sufficient to
cause the destruction of the periodontal connective tissue.
Because gingipains can activate host MMPs, the gingipains
may be indirectly mediating the observed tissue destruction
(55). Alternatively, the gingipains may harm cells of the peri-
odontal pocket, thereby directly causing tissue damage.

Apoptosis, or programmed cell death, is a physiological form
of cell death that has a characteristic morphology and set of
associated biochemical events. Apoptotic cells are present in
periodontal lesions (24, 40, 59, 67) along with an increased
number of p53-positive cells (24, 67) and a decrease in Bcl-2-
positive cells (59, 67), both important apoptosis-regulating
molecules. It is well documented that proteases from P. gingi-
valis can induce cell death in different cell types in vitro, in-
cluding fibroblasts, epithelial cells, and endothelial cells (5, 30,
37, 51, 62, 69). In addition, we have previously shown that
gingipain-active extracts can induce apoptosis in KB epithelial
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cells (12). In that same study, we determined that prior to cell
death the cell adhesion molecules (CAMs) neural cadherin
(N-cadherin) and integrin �1 were cleaved and that KB cells
lost adhesion to the culture surface. This finding is consistent
with several reports demonstrating the ability of gingipains to
cleave numerous CAMs in various cell types (4, 34, 39, 65).
Since gingipains induce CAM cleavage and cell detachment, a
special type of apoptosis may be induced by gingipains, called
anoikis. It is triggered by cellular detachment and loss of inte-
grin signaling and has not yet been fully characterized (22).
Anoikis has been implicated in pathological processes such as
cardiovascular disease (50).

Our previous report demonstrated that gingipain-active ex-
tracts from P. gingivalis W83 induced cell detachment and
apoptosis in KB epithelial cells (12). Furthermore, extracts
from strain FLL32, a recA-defective mutant with significantly
reduced gingipain activity (1), and a W83 extract pretreated
with N�-p-tosyl-L-lysine chloromethylketone (TLCK), a cys-
teine protease inhibitor shown to inhibit both Rgp and Kgp
activity (21, 54), exhibited no significant cell rounding and
detachment (12). Because of the degradation of proteins of
epithelial cell-cell junctional complexes, P. gingivalis may be
able to invade and spread in deeper structures via a paracel-
lular pathway (38). The periodontal pocket is a highly vascu-
larized tissue in close proximity to the bacterial biofilm (15)
that is separated from endothelial cells by one to two epithelial
cells and a negligible layer of extracellular matrix (71). It has
been suggested that in periodontitis, proapoptotic signals, such
as direct toxic effects of bacterial products from the nearby
plaque, at times overwhelm the usual antiapoptotic functional
signals that maintain periodontal vessels (71). Because of the
close proximity of epithelial cells and endothelial cells in the
periodontal pocket, the damage of endothelial cells in peri-
odontitis lesions (71), and the apoptosis that occurs in peri-
odontitis (24, 40, 59, 67), we investigated if the gingipains
would also induce loss of adhesion properties in two different
types of endothelial cells, bovine coronary artery endothelial
cells (BCAEC) and human microvascular endothelial cells
(HMVEC). In patients with aggressive periodontal disease,
total gingipain activity present in GCF ranged from 47.5 to
407.3 �U/�l (20). We demonstrate here that gingipain-active
extracts with an enzyme activity similar to that of GCF of
aggressive periodontal lesions induce apoptosis in both
BCAEC and HMVEC. Prior to apoptosis, endothelial cells
detached from the culture surface and N-cadherin, vascular
endothelial cadherin (VE-cadherin), and integrin �1 were
cleaved, suggesting that gingipains may induce cell death via
anoikis.

MATERIALS AND METHODS

P. gingivalis strains and culture conditions. P. gingivalis strains W83 and
FLL32, a recA-defective mutant with reduced proteolytic activity that is nonviru-
lent in a mouse model (1), were grown in brain heart infusion broth (Difco
Laboratories, Detroit, Mich.) supplemented with 0.5% yeast extract (Difco Lab-
oratories), hemin (5 �g/ml), vitamin K (0.5 �g/ml), and cysteine (0.1%) (all from
Sigma-Aldrich, St. Louis, Mo.). All cultures were incubated at 37°C in an an-
aerobic chamber (Coy Manufacturing, Ann Arbor, Mich.) in 10% H2, 10% CO2,
and 80% N2.

Gingipain extract preparation and protease assay. P. gingivalis W83 and
FLL32 were grown as previously described (12). Bacterial cultures were centri-
fuged (12,000 � g, 45 min, 4°C) to remove cells and then filtered through a

0.45-�m-pore filter (Millipore, Bellerica, Mass.). The extracellular culture fluid
was acetone precipitated at �20°C in a 60:40 ratio of acetone (Fisher Scientific,
Tustin, Calif.) to cell-free medium, with constant stirring. This precipitate was
centrifuged (12,000 � g, 30 min, 4°C), and the pellet was resuspended in a
solution containing 150 mM NaCl (VWR Scientific, Brisbane, Calif.), 20 mM
Bis-Tris (Sigma-Aldrich), and 5 mM CaCl2 (VWR Scientific). The resuspended
pellets were dialyzed at 4°C in Spectrapor 12,000- to 14,000-molecular-weight-
cutoff dialysis tubing versus 4 liters of the same buffer with Aldrithiol-4 (Sigma-
Aldrich), to stabilize the gingipains, overnight with three more changes of dialysis
buffer without Aldrithiol-4. After dialysis, the sample was centrifuged (34,000 �
g, 1 h, 4°C), and the resulting supernatant was concentrated in a pressurized
stirring concentrator (Millipore) with a 10,000-molecular-weight-cutoff mem-
brane at 4°C. This concentrated gingipain-active extract was clarified by centrif-
ugation (192,000 � g, 1 h, 4°C) and stored in aliquots at �80°C.

To determine gingipain activity, 5 �l (for Rgp) and 15 �l (for Kgp) of con-
centrated extract were preincubated in a final volume of 150 �l of activated assay
buffer, pH 7.6, containing 0.2 M Tris-HCl, 0.1 M NaCl, and 9 mM L-cysteine. The
reaction was initiated by the addition of 50 �l of 4 mM N-�-benzoyl-DL-arginine-
p-nitroanilide (BAPNA) (Sigma), for Rgp activity, or acetyl-lysine-p-nitroanilide
(ALNA) (Bachem, King of Prussia, Pa.), for Kgp activity, which was added to the
150-�l reaction mixture, and the rate of enzymatic substrate hydrolysis was read
with a microplate reader (Bio-Rad, Hercules, Calif.) at 405 nm using its kinetic
measurement software program. One unit of gingipain activity is defined as the
amount of enzyme releasing 1 pmol of p-nitroanilide per minute as calculated
based on maximum velocity and the extinction coefficient of p-nitroanilide of
9,200 at 405 nm. For each sample used in this paper, gingipain activity was
calculated based on the average of three measurements of the maximum velocity
of the enzymatic reaction of specific substrate turnover and converted to units of
gingipain activity.

Purification of gingipains from P. gingivalis strain HG66. HRgpA, Kgp, and
RgpB were purified from strain HG66 culture fluid as described previously (54,
56). Briefly, Kgp and HRgpA were purified by using gel filtration and arginine-
Sepharose chromatography, while RgpB was purified by using a combination of
gel filtration and anion-exchange chromatography on Mono Q (56). In this way,
approximately 5 mg of each gingipain from 1 liter of bacterial culture was
obtained in homogenous form as determined by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE).

Eukaryotic cell culture and gingipain treatments. BCAEC and HMVEC were
cultured according to the manufacturer’s specifications and using their medium
and reagents (Cambrex, Walkersville, Md.). Briefly, BCAEC (or HMVEC) were
thawed and seeded at a density of 2,500 cells/cm2 (5,000 cells/cm2 for HMVEC)
in Falcon T-75 flasks in 15 ml of EGM-MV medium (EGM-2 MV for HMVEC).
The medium was changed on the cells every other day and doubled in volume
when the cells were approximately 50% confluent. Cells from passages 6 through
9 were tested for viability prior to seeding in appropriate tissue culture dishes and
allowed to reach near-confluency before gingipain treatment. Culture medium
was removed from culture dishes and replaced with fresh medium containing 5
mM L-cysteine to activate the gingipains. Gingipain-active extracellular extracts
or purified gingipains were added to the endothelial cells and allowed to incubate
for the indicated times at 37°C in 5% CO2. Cells were also treated with 200 �g
of P. gingivalis FLL32 extract/ml of medium (equivalent to 0.73 units of Rgp
activity/ml of medium and 0.49 units of Kgp activity/ml of medium) as a negative
control for gingipain activity and to exclude any other bacterial factors. To inhibit
gingipain activity, purified gingipains or 200 �g of W83 extracts/ml of medium
was pretreated for at least 30 min on ice with 10 mM TLCK (Sigma) and then
added to the cells. Untreated cells did not have P. gingivalis extracts added to the
cysteine-containing medium.

Caspase-3 (DEVDase) activity assay. BCAEC were seeded in 250 �l of me-
dium in black, clear-bottom, 96-well tissue culture plates and treated as described
above with gingipain extracts in 100 �l of medium. Staurosporine (STR) (4 �M)
was used as a positive control. Treatment was allowed to continue for the indicated
times, and caspase-3 activity was determined by cleavage of the fluorescent substrate
acetyl-Asp-Gly-Val-Asp-7-amino-4-methylcoumarin (Ac-DEVD-AMC; Alexis Bio-
chemicals, San Diego, CA) according to the method of Carrasco and colleagues (8).
One-step caspase-3/7 assay buffer (50 �l) containing dithiothreitol, Ac-DEVD-
AMC, and phenylmethylsulfonyl fluoride was added to the wells and then incu-
bated at 37°C in 5% CO2 for 1 h. The plate was then read at excitation and
emission wavelengths of 380 and 460 nm, respectively, in a BIO-TEK Instru-
ments (Winooski, Vermont) FLX800 microplate fluorescence reader. To calcu-
late the increase in DEVDase activity, the average relative fluorescence intensity
of three treated wells was divided by the average relative fluorescence intensity
of three untreated wells. Standard error of the mean was calculated from seven
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independent trials, and significance was determined using the two-tailed, non-
paired Student’s t test.

Quantification of apoptosis in BCAEC by flow cytometry. Endothelial cells
were seeded in duplicate onto 60-mm-diameter dishes and treated with P. gin-
givalis W83 extract as described above. After the indicated incubations, the cells
were removed by pipette from both dishes, placed into a 15-ml tube, and cen-
trifuged for 5 min at 2,500 rpm in a Labnet Hermle Z300 clinical centrifuge. The
supernatant was removed, and the cell pellet was resuspended in 2 to 4 ml of 1�
binding buffer (Annexin V-FITC Apoptosis Detection Kit I; BD Biosciences
Pharmingen, San Diego, Calif.). One hundred microliters of cells was incubated
for 15 min at room temperature in the dark with 5 �l of annexin V-fluorescein
isothiocyanate and/or 5 �l of propidium iodide (PI) (both from the apoptosis
detection kit). For each time point, a total of 10,000 unlabeled cells, cells stained
with PI only, cells stained with annexin V only, and cells stained with annexin-V
and PI were counted with a BD FACSCalibur flow cytometer (BD Biosciences,
San Jose, Calif.) using CellQuest software. The percentage of annexin V-positive
cells was calculated from the quadrants as follows: percent annexin V-positive
cells � (upper right � lower right in annexin V- and PI-stained cells) � (upper
left � upper right � lower right from unstained cells) � (upper right � lower
right from cells stained with PI only) � (upper left from cells stained with
annexin V). The standard error of the mean was calculated from four indepen-
dent trials.

Preparation of BCAEC lysates for SDS-PAGE. Attached BCAEC were
washed once with Dulbecco’s phosphate-buffered saline (DPBS) and directly
lysed in the plate with cell lysis buffer (100 mM Tris-HCl [pH 6.8], 4% SDS, 10%
glycerol) containing complete protease inhibitor cocktail (Roche Applied Sci-
ence, Indianapolis, Ind.). Floating cells were collected by centrifugation and
washed with DPBS plus complete protease inhibitor cocktail and combined with
the lysed, attached cells. Lysates were heated to 95°C for 5 min and stored at
�80°C until required. Prior to determination of the protein concentration (DC
protein assay; Bio-Rad), lysates were sonicated to shear DNA.

SDS-PAGE and Western blot analysis. Total protein in NuPAGE sample
buffer and reducing agent were heated at 72°C for 10 min and separated on
NuPAGE 4 to 12% Bis-Tris gels at 200 V for 60 min according to the supplier’s
instructions (Invitrogen, Carlsbad, Calif.). Gels were transferred to Optitran
nitrocellulose membrane (Schleicher & Schuell, Keene, N.H.) in NuPAGE
XCell blot module at 30 V for 1 to 2 h according to the manufacturer’s instruc-
tions. Nitrocellulose membranes were incubated with blocking buffer (20 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 0.05% Tween 20, 2% nonfat powdered milk)
for 30 min with shaking. Membranes were probed with an appropriate dilution
of primary antibody in blocking buffer for 1.5 h in a humidity chamber without
shaking and washed for 5 min in blocking buffer with shaking. Membranes were
incubated for 30 min with appropriate horseradish peroxidase-conjugated sec-
ondary antibodies diluted in blocking buffer in a humidity chamber without
shaking. Membranes were washed with shaking in 1� phosphate-buffered saline
(Sigma-Aldrich) with 0.1% Tween 20 five times for 5 min each. A 1:1 dilution of
Western Lightning Chemiluminescence Plus (Perkin-Elmer Life Sciences, Bos-
ton, Mass.) reagents was added to the membrane and incubated for 3 min with
shaking. Excess substrate was blotted from the membrane prior to exposure of
the membrane to film.

The primary antibodies used in these experiments were N-cadherin clone 32
and integrin �1 clone 18 (BD Biosciences), VE-cadherin clone C-19 (Santa Cruz
Biotechnology, Santa Cruz, Calif.), poly(ADP-ribose) polymerase (PARP) clone
C2-10 (R & D Systems, Minneapolis, Minn.), and a highly specific human
autoantibody to topoisomerase I (Topo I) (a generous gift from Eng M. Tan, The
Scripps Research Institute, La Jolla, Calif.).

Immunoprecipitation and cleavage of cadherins. BCAEC were seeded onto
60-mm-diameter dishes as described above and allowed to grow to confluency.
Dishes were placed on ice and were washed once in cold 1� DPBS after medium
was removed. One milliliter of cold native radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% IGEPAL CA-360
[equivalent to Triton X-100], 0.25% sodium deoxycholate) was added to the
dishes and allowed to incubate for 10 to 20 min on ice. Lysed cells were collected
by scraping, placed in 1.5-ml tubes, and centrifuged at 4°C for 10 min. The
supernatants of 10 60-mm-diameter dishes were combined and placed into 15-ml
screw-cap tubes. Four hundred microliters of a 50% slurry of protein G-agarose
beads (Roche Applied Science) was added to 10 ml of lysed BCAEC and allowed
to rotate at 4°C for 2.5 h. The beads were collected by centrifugation in a clinical
centrifuge for 1 min, and the supernatants were transferred to new tubes. Twen-
ty-five microliters of N-cadherin antibody or VE-cadherin antibody was added to
the precleared supernatants and allowed to rotate at 4°C for 2 h. Four hundred
microliters of a 50% slurry of protein G-agarose beads was added and allowed to
rotate at 4°C overnight. After centrifugation, the supernatants were removed,

and the beads were washed with native RIPA buffer and placed into a 1.5-ml
tube. The beads were centrifuged at 6,000 � g for 1 min and then washed two
times for 20 min with rotation at 4°C in native RIPA buffer. The beads were then
washed two times in activated assay buffer (see above). The beads were finally
resuspended in 400 �l of activated assay buffer.

For in vitro cleavage of immunoprecipitated N-cadherin and VE-cadherin, 25
�l of the resuspended bead mix was mixed with 0.125 �g of W83 extract (equiv-
alent to 0.19 units of Rgp activity and 0.01 units of Kgp activity), with and without
TLCK pretreatment, and 0.125 �g of FLL32 extract (0.0037 units of Rgp activity
and 0.0025 units of Kgp activity) and incubated at 37°C for the indicated times.
Control samples were incubated for the duration of the time course (20 min).
After incubation, 10 mM TLCK and sample buffer were added to the reaction
tube to a final volume of 50 �l, and the tube was immediately placed at �20°C.
Half of the sample volume was separated by SDS-PAGE and immunoblotted
versus N-cadherin and VE-cadherin as described above. For the VE-cadherin
immunoblot, a secondary antibody designed to react only with the native rabbit
antibody (True Blot; eBioscience, San Diego, Calif.) was used.

RESULTS

Endothelial cells lose adhesion properties after treatment
with gingipain-active extracts. Endothelial cells rounded and
detached from the culture surface and from each other in the
presence of active gingipains and did not detach with TLCK-
inactivated gingipains or extracts from P. gingivalis FLL32 (Fig.
1). A time course of gingipain treatment of BCAEC shows the
beginning of detachment at 2 h, nearly complete detachment at
6 h, and apoptosis occurring by 24 h with no evidence of
necrotic cells during these treatments (Fig. 1A). In contrast,
BCAEC treated with extracts from FLL32 and W83 pretreated
with TLCK to inhibit gingipain activity displayed minimal de-
tachment and cell death by 24 h. HMVEC responded similarly
to treatment with gingipain-active extracts but seemed to be
more sensitive than BCAEC as evidenced by the higher levels
of cells with apoptotic morphology present by 6 h (Fig. 1B).
TLCK was not able to completely prevent the detachment and
apoptosis induced by the gingipain-active extract treatment in
HMVEC. It is possible that TLCK may be more toxic to
HMVEC or that these cells were more stressed during the
culturing process. Since both cell lines displayed similar mor-
phological responses to gingipain-active extract treatment and
BCAEC were healthier throughout culturing procedures, we
chose BCAEC for subsequent experiments. Taken together,
these results suggest that the gingipains are responsible for
inducing the morphological changes exhibited by both BCAEC
and HMVEC.

Gingipain-active extracts induce caspase-3 activation and
annexin V positivity in BCAEC. When cells are no longer
attached to the extracellular matrix and integrin-mediated sur-
vival signals are lost, the cell can be committed to die via
anoikis (22, 68). We have previously shown that apoptotic cell
death in KB cells is induced by the proteolytic activity present
in the P. gingivalis extracellular extracts and that their detach-
ment precedes cell death (12). To verify that the gingipains
induce apoptosis in endothelial cells, we measured the increase
of DEVDase (caspase-3) activity fluorometrically (Fig. 2A) in
BCAEC treated with P. gingivalis gingipain-active extracts.
Measuring the activity of caspase-3 is normally used to assess
the induction of apoptosis, irrespective of the apoptotic path-
way activated. As a positive control, BCAEC were treated with
4 �M STR, a classic inducer of apoptosis. As expected with
STR, caspase-3 was activated quickly, with maximal levels oc-
curring between 12 and 15 h. In W83 extract treatments, there
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FIG. 1. Loss of adhesion and apoptosis in endothelial cells treated with P. gingivalis extracts. (A) BCAEC were treated with 200 �g of
extracellular proteins from strains W83 (70 units of Rgp activity/ml of medium and 5.3 units of Kgp activity/ml of medium) and FLL32 (0.73 units
of Rgp activity/ml of medium and 0.49 units of Kgp activity/ml of medium) per ml of medium in the presence of 5 mM L-cysteine for the indicated
times. (B) HMVEC were treated with 200 �g of extracellular proteins from strains W83 (113 units of Rgp activity/ml of medium and 12.4 units
of Kgp activity/ml of medium) and FLL32 (0.73 units of Rgp activity/ml of medium and 0.49 units of Kgp activity/ml of medium) per ml of medium
in the presence of 5 mM L-cysteine for the indicated times. Extracellular extracts from W83 were preincubated on ice with 10 mM TLCK to inhibit
both Rgp and Kgp activity before cell treatment. Arrows indicate cells with apoptotic morphology.
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was a significant increase in DEVDase activity compared to
that of FLL32 extract treatments (P � 0.005 for 6 and 9 h and
P � 0.0004 for 12, 15, and 18 h of W83 extract treatment).
There was no significant difference between early time points
of TLCK pretreatment of W83 extract and FLL32 extract
treatment (6 and 9 h; P 	 0.12) (data not shown). Moreover,
TLCK inhibition of gingipain activity significantly inhibited
caspase-3 activation at 6 h compared to W83 treatment at 6 h
(P � 0.04) (data not shown). These results confirmed that
gingipains induce an apoptotic morphology and caspase-3 ac-
tivation characteristic of apoptosis in BCAEC. The levels of
apoptosis after detachment induced by W83 gingipain-active
extracts were quantified by flow cytometry. There was an in-
crease in the percentage of annexin V-positive cells from ap-
proximately 20% at 6 h to nearly 50% at 24 h (Fig. 2B). There
was no evidence that gingipain extract treatment induced pri-
mary necrosis (cells positive for PI only) in BCAEC during the
24-h time course (data not shown). Collectively, our results
indicate that gingipain-active extracts induce endothelial cell
detachment and apoptosis.

Gingipain-active extracts induce cleavage of PARP and
Topo I. Endothelial cell lysates were monitored by Western
blotting for cleavage of PARP and Topo I. The cleavage prod-
ucts of these proteins that occur during cell death can be used
to distinguish between apoptosis and necrosis. During apopto-
sis, caspases specifically cleave PARP and Topo I into 85- and
70-kDa products, respectively. However, in necrosis, PARP is
cleaved into a 50-kDa product and Topo I is cleaved into 70-
and 45-kDa products (9). In cell lysates from BCAEC treated
with extract from W83 for 24 h, PARP was cleaved into its
signature 85-kDa apoptotic fragment with no 50-kDa necrotic
fragment, and Topo I was cleaved into its apoptotic 70-kDa
product (Fig. 3). These cleavages were significantly inhibited
by reducing the levels of gingipain activity. However, cells
treated with extracts of FLL32 and extracts of W83 pretreated

FIG. 2. Treatment of BCAEC with gingipain-active extracts in-
duces activation of DEVDase activity and annexin V positivity.
(A) BCAEC were treated with 4 �M STR or extracts (200 �g/ml) from
W83 (113 units of Rgp activity/ml of medium and 12.4 units of Kgp
activity/ml of medium, 76.2 units of Rgp activity/ml of medium and 5.2
units of Kgp activity/ml of medium, or 230 units of Rgp activity/ml of
medium and 19.4 units of Kgp activity/ml of medium) and FLL32 (0.73
units of Rgp activity/ml of medium and 0.49 units of Kgp activity/ml of
medium) for the indicated times and then assayed for cleavage of the
fluorescent caspase-3 substrate Ac-DEVD-AMC. Error bars indicate
standard errors of the means, with �P � 0.005 and ��P � 0.0004.
(B) BCAEC were treated with extracts (200 �g/ml) from W83 (230
units of Rgp activity/ml of medium and 19.4 units of Kgp activity/ml of
medium). Beginning at 6 h, when endothelial cells detached, cells were
collected and stained with annexin V and/or PI. Stained cells were then
counted with a BD FACSCalibur flow cytometer using the CellQuest
software. Error bars indicate standard errors of the means.

FIG. 3. Treatment of BCAEC with gingipain-active extracts induces cleavage of caspase substrates. Twenty micrograms of protein from
BCAEC treated in the presence of 5 mM L-cysteine with W83 extract (70 units of Rgp activity/ml of medium and 5.3 units of Kgp activity/ml of
medium) was separated by SDS-PAGE and immunoblotted with a monoclonal antibody to PARP (R & D Systems) and a highly specific human
autoantibody to Topo I (9). Arrows indicate cleavage products. Un, untreated.

VOL. 73, 2005 GINGIPAIN-INDUCED ENDOTHELIAL CELL APOPTOSIS 1547



with TLCK, which have minimal gingipain activity and do not
induce high levels of apoptosis, still showed some cleavage of
PARP and Topo I. These results suggest that the residual
amount of gingipain activity may be enough to induce low
levels of apoptosis and limited caspase substrate cleavage.

Gingipain-active extracts induce cleavage of N-cadherin,
VE-cadherin, and integrin �1. Cells treated with gingipain-
active extracts detach quickly from the culture surface, sug-
gesting the cleavage of CAMs. This would be consistent with
other studies showing that gingipains can cleave different
CAMs in several cell types (5, 30, 37, 51, 62, 69). Therefore, we
expected gingipain-induced CAM cleavage in endothelial cells,
which was confirmed by Western blot analysis of BCAEC ly-
sates with different anti-CAM antibodies (Fig. 4). N-cadherin
was cleaved into several fragments ranging from 62 to 65 kDa
and into a single 30-kDa product (Fig. 4A). Cleavage of N-
cadherin did not occur in the presence of inactivated gingipains
or with FLL32 extract treatment. Only extracts from W83
caused the disappearance of full-length N-cadherin in
HMVEC (data not shown), further establishing that these two
endothelial cell types react similarly to treatment with gingi-
pain-active extracts. In addition, VE-cadherin in BCAEC is
also cleaved into four predominant fragments by gingipain-
active extracts from P. gingivalis W83 (Fig. 4B). It is noteworthy
that VE-cadherin was cleaved prior to N-cadherin in as little as
2 h after treatment. Surprisingly, TLCK pretreatment of W83

extracts was not able to completely inhibit VE-cadherin cleav-
age. VE-cadherin in the presence of TLCK was cleaved into
two products, one of which was also present in W83-treated
cells.

Endothelial cells express several different members of the
integrin �1 family along with �v�3 and �v�5 (58). Because of
the predominance of integrin �1 on endothelial cells, we in-
vestigated the effects of the gingipains on this cell adhesion
molecule. Integrin �1 appeared to be degraded even more
rapidly and completely than VE-cadherin. By 2 h, there was no
longer any full-length integrin �1 detectable by Western blot-
ting, while the full-length protein remained in cells treated with
FLL32 and TLCK-inactivated W83 extracts (data not shown).
The amount of full-length integrin �1 was decreased at 15 min,
with near-total disappearance at 30 min (Fig. 4C). Remark-
ably, complete integrin �1 degradation occurred considerably
before the beginning of cell detachment at 2 h (Fig. 1A).
Treatment of BCAEC with either FLL32 extracts or W83
extracts pretreated with TLCK did not result in integrin �1
degradation (Fig. 4C). These data show that gingipain-active
extracts have significant multiple effects on endothelial cell
adhesion to other cells and to the extracellular matrix and
potentially on cell survival signaling, which may lead to detach-
ment-induced apoptosis.

Gingipain-active extracts can directly cleave N-cadherin
and VE-cadherin. To determine if the cleavages of N-cadherin

FIG. 4. Cleavage of N-cadherin, VE-cadherin, and integrin �1 by gingipain-active extracts from strain W83. Ten micrograms of protein from
BCAEC treated in the presence of 5 mM L-cysteine with W83 extracts (70 units of Rgp activity/ml of medium and 5.3 units of Kgp activity/ml of
medium) and TLCK-treated W83 (W83 � TLCK) and FLL32 extracts (0.73 units of Rgp activity/ml of medium and 0.49 units of Kgp activity/ml
of medium) for the indicated times was separated by SDS-PAGE and immunoblotted with a monoclonal antibody to N-cadherin (A) or a
polyclonal antibody to VE-cadherin (B). (C) BCAEC treated with W83 extract (200 �g/ml) (230 units of Rgp activity/ml of medium and 19.4 units
of Kgp activity/ml of medium), FLL32 extract (0.73 units of Rgp activity/ml of medium and 0.49 units of Kgp activity/ml of medium), and W83
extract pretreated with 10 mM TLCK were harvested after treatment for the indicated times, and 20 �g was separated by SDS-PAGE. Membranes
were reacted with a monoclonal antibody to integrin �1. Arrows indicate cleavage products. Un, untreated.
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and VE-cadherin resulted from direct action of the gingipains,
we performed the cleavage in a cell-free system devoid of
endothelial cell factors. N-cadherin and VE-cadherin were im-
munoprecipitated from untreated BCAEC and then treated
with extracts from W83, W83 pretreated with TLCK, and
FLL32. Treatment with W83 extracts showed complete disap-
pearance of the full-length N-cadherin band within 20 min and
significant decrease of the VE-cadherin band in the same
amount of time (Fig. 5). As expected, there was little change in
the intensity of either cadherin band after treatment with in-
activated gingipains or FLL32 extract. These results strongly
suggest that the gingipains can directly cleave CAMs.

Purified gingipains induce loss of adhesion in BCAEC.
BCAEC were treated with purified HRgpA, Kgp, and RgpB to

further demonstrate that the gingipains directly induce cell
detachment and to ascertain which gingipain(s) may be respon-
sible for the observed effects. All three gingipains caused the
detachment of BCAEC that could be prevented by pretreat-
ment with TLCK (Fig. 6). Interestingly, BCAEC treated with
Kgp detached first (data not shown); but over the duration of
the time course, most of the cells reattached to the culture
substrate and continued to grow. Cells treated with RgpB
showed a delay in detachment compared to cells treated with
HRgpA and Kgp; but at 24 h, the only difference between
HRgpA and RgpB was that RgpB-treated cultures had more
clumps of detached cells, which may indicate differences in
adhesion molecule cleavage. Furthermore, cell cultures treated
with HRgpA and RgpB exhibited apoptosis following detach-
ment. Collectively, these results confirmed that the gingipains
are responsible for BCAEC detachment and suggest that they
may have a synergistic function in inducing endothelial cell
detachment and, subsequently, apoptosis.

DISCUSSION

In this study, we have demonstrated that gingipains induce
detachment and apoptosis in endothelial cells. This is consis-
tent with reports of gingipain-induced apoptosis in several
other cell types (5, 30, 37, 51, 62, 69). However, the kinetics of
cell adhesion molecule cleavage appear to differ between epi-
thelial and endothelial cells (12). While heat-stable molecules
(such as butyric acid and lipopolysaccharide) produced by P.
gingivalis can induce cell death (27, 32, 36, 42, 43), it is unlikely
that the apoptosis induced in our experimental conditions was
not gingipain dependent. Furthermore, there was no evidence
indicating that the gingipains can induce primary necrosis in
BCAEC. Interestingly, however, in BCAEC treated with W83
extract, there was the early, transient appearance of a 45-kDa
cleavage product of Topo I, usually associated with necrosis

FIG. 5. Gingipains can cleave N-cadherin and VE-cadherin immu-
noprecipitated from BCAEC. N-cadherin and VE-cadherin were im-
munoprecipitated from BCAEC lysates. The immunoprecipitated N-
cadherin and VE-cadherin were incubated with 0.125 �g of W83
extract (equivalent to 0.19 units of Rgp activity and 0.01 units of Kgp
activity), in the presence and absence of TLCK, and 0.125 �g of FLL32
extract (0.0037 units of Rgp activity and 0.0025 units of Kgp activity)
for the indicated times. Control samples were incubated for the full
time course. Samples were separated by SDS-PAGE, and Western
blots were performed with antibodies to N-cadherin and VE-cadherin.

FIG. 6. Purified gingipains induce BCAEC detachment and apoptosis. BCAEC were treated with purified HRgpA (8 �g/ml of medium), Kgp
(3 �g/ml), or RgpB (5.2 �g/ml of medium) (all equivalent to 113 units of Rgp activity/ml of medium or 12.4 units of Kgp activity/ml of medium)
in the presence of 5 mM L-cysteine for the indicated times. Purified gingipains were preincubated on ice with 10 mM TLCK to inhibit both Rgp
and Kgp activity before cell treatment. Arrows indicate cells with apoptotic morphology.

VOL. 73, 2005 GINGIPAIN-INDUCED ENDOTHELIAL CELL APOPTOSIS 1549



(9). Since gingipains can traverse the plasma membrane and
localize within the cell (60), it is tempting to speculate that the
gingipains could directly cleave Topo I, which may have in-
volvement in the cell death process. Surprisingly, TLCK pre-
treatment of W83 extracts was not able to completely inhibit
VE-cadherin cleavage, most likely from incomplete gingipain
inhibition. TLCK has been shown to more completely inhibit
Kgp activity than Rgp activity (54). Alternatively, other bacte-
rial or host factors could be responsible for this cleavage, or it
could also be a by-product of apoptosis. This seems unlikely,
since cells treated with FLL32 extracts show no VE-cadherin
cleavage, gingipains can directly cleave immunoprecipitated
cadherins, and there was no VE-cadherin cleavage when apo-
ptosis was induced with staurosporine (data not shown). To
our knowledge, this is the first demonstration of gingipain-
induced cleavage of VE-cadherin, N-cadherin, and integrin �1
in endothelial cells.

Since the gingipain adhesin domains can modulate P. gingi-
valis adherence to epithelial cells (10, 11), it is not surprising
that Kgp and HRgpA were able to induce morphological
changes before RgpB. This would also be consistent with the
report that HRgpA was more effective than RgpA(cat) in caus-
ing the loss of integrin �1 expression on human gingival fibro-
blasts (61). It is noteworthy that BCAEC treated with Kgp
quickly detached and then over time reattached, with no sig-
nificant loss in cell viability. It is possible that the purified Kgp
was less stable than purified HRgpA or RgpB or the Kgp
present in extracellular extracts from W83. Thus, in the con-
tinued presence of Kgp, with diminishing activity, the endo-
thelial cells are able to recover, possibly through upregulation
of adhesion molecules or cell survival proteins. There is evi-
dence that Kgp can modulate gene expression in endothelial
cells (52). We cannot rule out the possibility that in the peri-
odontal pocket, where all gingipains would be present, they
synergistically cause endothelial cell damage. Kgp and HRgpA
could quickly adhere to endothelial cells and cause their de-
tachment, while HRgpA and RgpB would be responsible for
inducing cell death.

Because anoikis can be induced by loss of integrin signaling
following cell detachment (23), integrin-extracellular matrix
interactions are essential for cell survival and also protect en-
dothelial cells from anoikis (2). The rapid degradation of in-
tegrin �1 suggests that the trigger for endothelial cell death
induced by gingipains might be the loss of integrin signaling,
which occurs prior to cell detachment and apoptosis. This
would be consistent with a recent report demonstrating that
disruption of focal adhesions and the actin cytoskeleton by
overexpression of integrin �1 cytoplasmic domains preceded
cell detachment and was, therefore, the cause rather than a
consequence of endothelial cell detachment (53). Further-
more, it has been demonstrated that ligation of integrin �1 by
antibodies protected fibroblasts from apoptosis through up-
regulation of phosphatidylinositol 3-kinase and Akt/protein
kinase B activity (66) and that Akt is deactivated in both
caspase-dependent and caspase-independent cell death in sev-
eral cell types (46). It has even been suggested that integrins
can mediate an apoptotic cell death distinct from anoikis,
called “integrin-mediated death,” in which caspase-8 is re-
cruited to unligated integrins (64) and triggers the caspase
cascade of apoptosis.

Integrin �1 can directly interact with focal adhesion kinase
(45) to transduce signals via Ras, phosphatidylinositol 3-ki-
nase, and Akt, leading to upregulation of expression of bcl-2
(47), a prosurvival gene. If integrin signaling is prevented by
gingipain-induced cleavage, it is likely that the levels of bcl-2
would decrease, sensitizing cells to die. Integrin �1 can also
associate with Shc and signal survival through the mitogen-
activated protein kinase pathway (70). Furthermore, since in-
tegrin �1 can regulate the proapoptotic protein Bim, it is also
conceivable that loss of integrin function could release Bim
and signal apoptosis through the Erk pathway (57). Integrins
are associated with numerous survival pathways (reviewed in
reference 63), and we are exploring the involvement of integrin
�1 in gingipain-induced endothelial apoptosis-anoikis. In the
periodontal pocket, integrin �1 is expressed within the gingival
epithelium and junctional epithelium and in the endothelial
cells of the connective tissue (35). Integrin �1 is consistently
expressed in endothelial cells of all vessel types and sizes (49),
and several different integrin �1 molecules are expressed on
the luminal side of vessels (14). The tissue distribution of
integrin �1 and the recent report that P. gingivalis invades
aortic tissue in the ApoE�/� mouse model and accelerates
atheroma development (29) raise the possibility that gingipains
can cause endothelial cell dysfunction and apoptosis in both
the periodontal pocket and the cardiovascular system.

It has been suggested that VE-cadherin, which is specific for
endothelial cells of almost all types of vessels (17), promotes
homotypic interactions with endothelial cells and that N-cad-
herin may be responsible for the anchorage of endothelial cells
to other cell types. VE-cadherin acts as a seal at intercellular
junctions, associating with �-catenin, plakoglobin, p120, and
the actin cytoskeleton (17), and is a target of agents that in-
crease vascular permeability. Inhibition of its function pro-
duced more damage to the endothelial monolayer in vivo than
in vitro (6), suggesting that gingipain-induced disruption of
VE-cadherin integrity may have a considerable role in the
tissue damage that occurs in the periodontal pocket. It appears
that the gingipains may be able to trigger endothelial cell
detachment and cell death through degradation of several dif-
ferent molecules.

In conclusion, we have shown that gingipain-active extracts
mediate the detachment and apoptosis of endothelial cells.
BCAEC treated with gingipains become apoptotic, as deter-
mined by cell morphology, caspase-3 activation, annexin V
positivity, and cleavage of PARP and Topo I. Gingipains
cleave N-cadherin and VE-cadherin and degrade integrin �1,
whereas extracts of FLL32 that have significantly reduced gin-
gipain activity do not have cleaved CAMs. Gingipains directly
cleave immunoprecipitated N-cadherin and VE-cadherin.
Moreover, purified gingipains induce endothelial cell detach-
ment and apoptosis, implicating the gingipains in vascular tis-
sue destruction.
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