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Abstract Periodontitis, a common infectious disease, is initi-
ated by various gram-negative bacteria and characterized by
the destruction of the periodontal tissue. Here, we investigated
the role of caspases, intracellular proteases that are the key
mediators of apoptosis. We show that activation of caspase-3
and caspase-7 is considerably enhanced in gingival tissue from
patients with periodontitis. We also demonstrate in in vitro
experiments that various periodontopathic bacteria exert a direct
growth-suppressing effect and, moreover, can trigger a host-
mediated cytotoxic activity involving the CD95 death receptor.
Our data suggest that caspase activation is a prominent feature
in periodontitis-associated tissue injury.
� 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

Periodontitis is a common infectious disease characterized

by inflammation and destruction of periodontal tissue which

can result in tooth loss [1]. The severity of periodontitis corre-

lates with the presence of certain bacteria that mediate inflam-

matory responses and cause periodontal tissue destruction.

Various periodontal pathogens including Porphyromonas gin-

givalis, Actinobacillus actinomycetemcomitans and Eikenella

corrodens have been identified. The mechanisms responsible

for gingival tissue damage are poorly understood, and both

immune-mediated reactions and direct cytopathic effects of

bacteria may be involved. Based on a direct effect of bacteria

in cell cultures, it has been suggested that apoptosis might play

an important role in periodontitis [2–6]. However, it remains

unknown which molecular mechanisms participate in this

process.

Recent studies demonstrate that apoptosis is essentially

mediated by a family of cysteine proteases, called caspases,

which can be divided into initiator and effector caspases [7].

Initiator caspases, such as caspase-8 or -9, exert regulatory

roles by activating downstream effector caspases, such as cas-

pase-3, -6, or -7, which cleave various cellular substrates [8].

Activation of caspases is achieved via two signaling pathways
Abbreviations: CD95L, CD95 ligand; MNC, mononuclear cell; PARP,
poly(ADP-ribose)polymerase
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[9]. The extrinsic death pathway involves the ligation of death

receptors that leads to the recruitment of pro-caspase-8 into a

death-inducing signaling complex. The intrinsic death pathway

is initiated by the mitochondrial release of cytochrome c, a

process that is inhibited by anti-apoptotic Bcl-2 proteins.

When released, cytochrome c binds together with the apopto-

sis protease-activating factor-1 to procaspase-9 to form the

apoptosome.

One of the best-defined apoptotic pathways is mediated by

the death receptor CD95, which is expressed on many cell

types including gingival and skin keratinocytes [10–12]. The

CD95 pathway is triggered upon binding of its ligand CD95

ligand (CD95L) that is expressed mostly in T-cells but also

in other cell types. T-cells that recognize bacterial antigen

become activated and inducibly express CD95L that can then

transduce a death signal into gingival keratinocytes and other

CD95-bearing cells [10].

Despite the elucidation of apoptotic signaling cascades, it is

almost completely unknown whether and to which extent

caspases are activated in human pathologies. In the present

study, we investigated the activation of effector caspases in

gingival biopsies from patients with chronic periodontitis.

We demonstrate that periodontitis-associated tissue damage

is characterized by a strongly increased activation of casp-

ases. We also provide evidence that periodontopathic bacteria

can trigger a host-mediated cytotoxic activity involving at

least partially the CD95 death receptor system.
2. Materials and methods

2.1. Gingival biopsies
Eighteen patients (8 males, 10 females; 22–66 years) with previously

untreated moderate to severe periodontitis, and 11 healthy control
individuals (7 males, 5 females, 28–37 years) were recruited. Subjects
in the control group had no prior history of periodontal disease and
had no signs of attachment loss or clinical inflammation. Gingival
biopsies were obtained under local anaesthesia and consisted of oral
gingival epithelium, pocket epithelium and the underlying connective
tissue. Biopsies from controls were taken from the premolar area on
the palate using a paramarginal incision close to the gingival margin.

2.2. Immunoblotting and fluorimetric determination of caspase activation
Gingival biopsies were homogenized in 1% Triton X-100, 50 mM

Tris–HCl, pH 7.6 and 150 mM NaCl containing 3 lg/ml aprotinin,
3 lg/ml leupeptin, 3 lg/ml pepstatin A and 2 mM phenylmethylsul-
fonyl fluoride. After centrifugation, homogenates were separated by
15% SDS–PAGE and transferred onto a polyvinylidene difluoride
membrane. The membranes were immunoblotted with monoclonal
antibodies against caspase-3 (Transduction Laboratory, Heidelberg,
Germany) or caspase-7 (Pharmingen, Hamburg, Germany) as descri-
bed [13]. Caspase activity was also determined by incubation of tissue
ation of European Biochemical Societies.
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homogenates with the fluorogenic substrate Ac-DEVD-AMC (N-ace-
tyl-Asp-Glu-Val-Asp-aminomethyl-coumarin; Bachem, Heidelberg,
Germany). To this end, homogenates were incubated with 50 lM
DEVD-AMC in 200 ll buffer containing 50 mM HEPES pH 7.4,
100 mM NaCl, 10% sucrose, 0.1% CHAPS and 10 mM dithiothreitol,
and measured in a fluorimeter using an excitation and emission wave-
lengths of 360 and 475 nm.

2.3. Immunohistochemical staining of tissue sections
Frozen sections (5 lm) of gingival tissue were examined. After

blocking endogenous peroxidase and non-specific binding the activa-
tion-specific anti-caspase-3 (0.3 lg/ml, RDS, Wiesbaden, Germany),
anti-caspase-7 (1 lg/ml, NEB, Beverly, MA) and anti-poly(ADP-ribose)-
polymerase (PARP) antibodies (0.2 lg/ml) were added to the slides.
The characterization of the anti-caspase and the cleavage site-directed
anti-PARP antibodies has been described previously [13,14]. Isotype-
matched control antibodies served as a control. The reactions were
developed using biotinylated horse anti-rabbit IgG and peroxidase-
conjugated avidin–biotin complex (Vector Laboratories Burlingham,
CA). Finally, the sections were stained with amino-9-ethyl-carbazole
and counterstained with hematoxylin. The number of immunoreactive
cells was assessed by an imaging software. Positive cells in four micro-
scopic fields of a 400-fold magnification were counted. Statistical ana-
lysis was performed using the U-test according to Mann and Whitney.
A P-value <0.001 was considered to be significant.

2.4. Bacterial coincubation and cell death assays
Actinobacillus actinomycetemcomitans ATCC 33384, E. corrodens

BCMG 232 and P. gingivalis MCCM 527 were incubated under anaer-
obic conditions at 37 �C in M199 medium (Life Technologies, Kar-
lsruhe, Germany) supplemented with 10% FCS and 10% horse serum
without antibiotics. Bacterial coincubation assays were performed with
primary human gingival fibroblasts, the immortalized keratinocyte cell
line HaCaT and peripheral blood mononuclear cells (MNCs). Gingival
fibroblasts and HaCaT cells were cultured in complete M199 medium.
MNCs were prepared by Ficoll gradient centrifugation and maintained
in RPMI 1640 medium supplemented with 10% FCS.
In order to assess direct cytotoxic effects of the bacteria, gingival

fibroblasts and HaCaT cells were seeded with 3 ml growth medium
into 6-well plates at a density of 5 · 105 cells/well. Prior to coincuba-
tion, cells were washed and then incubated with A. actinomycetemcom-
itans (1.4 · 107–4.2 · 108 CFU/well), E. corrodens (1.5 · 107–7.4 · 108

CFU/well) and P. gingivalis (1.2 · 107–1.8 · 108 CFU/well). Then, the
bacteria were removed and the cells were further incubated in medium
containing amphothericin B (0.5 mg/l) and gentamycin (96 mg/l).
Following incubation for various times (6–72 h), cells were fixed with
acetone–methanol (1:1). Cell death was quantified by the crystal violet
assay [15]. Each experiment was performed at least two times in tripli-
cates. As a control for apoptosis, cells were treated with staurosporine
(2 lM) or agonistic anti-CD95 antibody (1 lg/ml) in the presence or
absence of cycloheximide (10 lg/ml). CD95-mediated apoptosis was
also assessed by coincubation of fibroblasts and HaCaT cells with
K562 cells (2 · 105 cells/well) overexpressing human CD95L [16]. Indi-
rect cytotoxic effects were assessed by preincubation of the bacteria
with primary blood MNCs, which were further coincubated with
HaCaT cells in cytotoxicity assays. To this end, the MNCs were infec-
ted with A. actinomycetemcomitans, E. corrodens or P. gingivalis. After
24 h the MNCs were washed and transferred into 6-well plates that had
been seeded with HaCaT cells. After further 36 h the MNCs were
removed, and their cytotoxic effects on HaCaT cells were evaluated.
To investigate the involvement of CD95, HaCaT cultures were treated
with neutralizing anti-CD95L (clone 5G51, 20 lg/ml, BioCheck,
Münster, Germany) or isotype-matched control IgG.
Fig. 1. Immunoblot analysis of caspase activation in periodontitis.
Gingival homogenates from a healthy control (C) and a patient with
periodontitis (P) were immunoblotted with anti-caspase-3 (A) and
anti-caspase-7 (B) antibodies. The inactive proforms of the caspases
are marked with an open arrowhead, and the processed fragments with
a closed arrowhead. In homogenates of chronic periodontitis procas-
pase-3 was cleaved into the 21 and 17 kDa fragments, whereas in
gingival tissue from a healthy control almost no caspase-3 processing
was observed. Similarly, healthy controls contained exclusively the
proform of caspase-7, whereas periodontitis patients additionally
expressed the active p20 subunit of caspase-7.
3. Results

3.1. Immunoblot and enzymatic analysis of caspase activation in

periodontitis-associated gingival tissues

In initial experiments, we investigated the activation of cas-

pase-3 and -7, two essential effector caspases, by monitoring

the processing of their proforms in immunoblot analyses.
Homogenates of healthy gingivial tissue as well as of biopsies

from patients with chronic periodontitis were prepared and

analyzed using antibodies specific to the individual proteases.

As shown in Fig. 1A, in gingival biopsies of healthy controls

only the 32 kDa form of procaspase-3 was detected, whereas

the active subunits were almost not visible. In contrast, in

chronic peridontitis tissue the conversion of procaspase-3 into

its 21 kDa intermediate fragment and the 17 kDa active

subunit was clearly evident. Similarly, an antibody against

caspase-7 detected only the inactive p32 percursor form of

caspase-7 in healthy individuals, whereas periodontitis samples

revealed also a 20 kDa protein band, corresponding to the

large active subunit of caspase-7 (Fig. 1B). To further verify

the elevated caspase activation in periodontitis patients, we

performed caspase activity assays using the fluorogenic cas-

pase-3 substrate DEVD-AMC. As demonstrated in Fig. 2,

tissue homogenates from patients with chronic periodontitis

contained DEVDase activity that was significantly higher

than the activity in normal healthy gingival tissue. Thus, these

data indicate that caspase activation is increased in chronic

periodontitis.

3.2. In situ detection of caspase activity and PARP cleavage in

biopsies with chronic periodontitis

Next we analyzed gingival tissue sections by immunohisto-

chemistry using activation-specific antibodies against active

caspase-3 and caspase-7. By a similar approach, we also deter-

mined the cleavage of poly(ADP-ribose)polymerase (PARP), a

DNA repair enzyme that is cleaved by caspase-3. The antibod-

ies used were specific for the proteolytically generated neoepi-

topes and active forms of the molecules, but did not recognize

the inactive proforms of either caspase or non-cleaved PARP,

respectively [13,14]. Fig. 3A–C shows that almost no immuno-

reactivity was evident in healthy gingival tissue. In contrast,

chronic periodontitis tissue clearly showed many cells that

stained positively for active caspase-3, caspase-7 as well as



Fig. 2. Detection of caspase enzymatic activity in periodontitis tissue.
Tissue homogenates (250 lg protein) from two control individuals (C)
and two patients with periodontitis (P) were incubated with the
fluorogenic caspase-3 substrate DEVD-AMC. The mean catalytic
activities from three independent measurements of each sample are
given in arbitrary units (AU). The data show significantly more
caspase-3 activity in biopsies from patients with periodontitis than
from healthy control individuals (*P < 0.01 compared to controls).
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for cleaved PARP (Fig. 3D–F). The immunoreactive cells were

found in the orogingival epithelium, basal cell layer and the

underlying connective tissue. Interestingly, many gingival

keratinocytes, albeit positive for caspase activation and PARP

cleavage, did not exhibit an overt apoptotic nuclear morphol-

ogy, indicating that detection of caspase activation and PARP

cleavage obviously marked an early event in the apoptotic

process.

Statistical analysis of 18 patients with moderate to severe

chronic periodontitis and 11 healthy individuals showed signi-

ficantly (P < 0.001) more activity for caspase-3 and caspase-7

as well as for cleaved PARP in biopsies with chronic periodon-

titis than in sections from healthy controls (Fig. 4). The mean

density for caspase-3-positive cells was 20.03% (±3.24%) in

periodontitis compared to 1.20% (±2.53%) in healthy control

tissue. Similarly, periodontitis tissue showed a mean number

of caspase-7-positive cells of 19.41% (±2.78%), whereas cas-

pase-7 mean activity in control tissue was 0.50% (±0.58%).

Very similar values were obtained when the number of cells

reactive for cleaved PARP in tissue biopsies from patients with

periodontitis (22.84% ± 2.68%) was compared with healthy

controls (2.20% ± 2.78%). Thus, with the three different mar-

kers similar numbers of positive cells were obtained, which

underlies the reliability of the immunostaining. No staining

was obtained using isotype-matched control antibodies (data

not shown).

3.3. Periodontopathic bacteria induce host-mediated cytotoxic

effects

To investigate whether the increased caspase activation in

periodontitis might be caused by a direct cytotoxic effect of bac-

teria or indirect host- and immune-mediated mechanisms, we

performed coincubation experiments of HaCaT keratinocytes
and primary gingival fibroblasts with different periodonto-

pathic bacteria. Incubation of keratinocytes with A. actinomy-

cetemcomitans, E. corrodens and P. gingivalis caused an

approximately 20–30% reduction of cell viability (Fig. 5A). A

slightly weaker effect was observed in gingival fibroblasts

(Fig. 5B). A closer inspection of the cell cultures, however, re-

vealed that this effect was entirely due to a growth suppression

caused by the bacteria. Moreover, incubation of the cells did

not induce caspase activation or apoptotic alterations, such

as membrane blebbing, cell shrinkage or chromatin condensa-

tion (data not shown). In contrast, staurosporine, a classical

proapoptotic agent, strongly induced apoptosis in both gingival

fibroblasts and HaCaT cells (Fig. 5A and B). Both cell types

also underwent apoptosis when incubated with agonistic anti-

CD95 antibody in the presence of cycloheximide. Induction

of apoptosis was also found when fibroblasts and keratinocytes

were coincubated with K562 cells that overexpressed mem-

brane-bound CD95L, which induces efficient death receptor

crosslinking (Fig. 5A and B).

Since certain bacteria can induce apoptosis by upregulation

of CD95L, we next investigated whether cytotoxicity could be

indirectly triggered by such a host-mediatedmechanism. To this

end, blood mononuclear cells (MNCs) were infected with the

bacteria, and further coincubated with HaCaT keratinocytes

24 h postinfection. As shown in Fig. 5C, infection with Actino-

bacillus, Eikenella, and to a weaker extent with Porphyromonas

induced a cytotoxic activity in MNCs against HaCaT target

cells. Interestingly, the cytotoxic activity of the MNCs was par-

tially, but consistently abolished by neutralizing anti-CD95L

antibodies. These results therefore suggest that periodontal

bacteria, at least in vitro, exert growth-suppressing effects and

can trigger apoptotic events by host-mediated mechanisms

involving the CD95 death receptor.
4. Discussion

Data from in vitro cell cultures and a few reports of patient

biopsies had suggested that apoptosis might play a role in

periodontitis-associated gingival tissue damage [2–6,17].

However, the relative contribution of apoptosis and the func-

tional role of caspases in periodontal tissue damage remained

largely unknown. In the present study, we demonstrate by

immunoblot and substrate assays that caspase-3 and -7, two

major effector caspases, are activated to a higher extent in tis-

sue homogenates from patients with chronic periodontitis

than in healthy tissue. Furthermore, increased caspase activa-

tion was directly detectable in inflamed gingival biopsies. A

considerable number of cells in the gingival epithelium and

connective tissue revealed active caspases, whereas in healthy

tissue almost no caspase activation was observed. These re-

sults therefore suggest that caspase activation may be func-

tionally invol-ved in periodontitis-associated tissue damage.

Previously, the occurrence of apoptosis in chronic periodon-

titis has mainly been studied by morphologic criteria as well as

by the widely used TUNEL technique that is based on the

detection of DNA fragmentation. An increased number of

TUNEL-positive inflammatory cells has been reported in

periodontitis [17]. By using three independent markers, i.e., cas-

pase-3 and -7 activation as well as PARP cleavage, our results

clearly show caspase activation is found in keratinocytes, basal



Fig. 3. Immunohistochemical detection of active caspase-3, active caspase-7 and cleaved PARP in gingival tissue. Tissue biopsies from healthy
control persons (A–C) and from patients with chronic periodontitis (D–F) were analyzed with activation-specific antibodies for caspase-3 (A,D),
caspase-7 (B,E) and cleaved PARP (C,F). Almost no immunostaining was obtained in normal gingival tissue, whereas biopsies from patients with
periodontitis showed intense staining with activation-specific antibodies (original magnification 400·).

Fig. 4. Statistical comparison of caspase activity and PARP cleavage
in periodontitis patients and healthy controls. Gingival biopsies of 18
patients with chronic periodontitis (P) and of 11 control individuals (C)
were stained with the activation-specific antibodies for caspase-3,
caspase-7 and cleaved PARP. The number of positive cells was assessed
by counting four microscopic fields at a 400-fold magnification.
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cells and connective tissue cells, cell types that are damaged in

periodontitis. This finding is compatible with a study demon-

strating that cells with p53 expression and DNA damage

are mainly localized in the epithelium and connective tissue

of periodontitis patients [5].
The rate of cells showing caspase activation was consider-

ably high with all three apoptotic markers, even though the

cells often revealed no classical apoptotic alterations. This high

number of cells with active caspases certainly exceeds the

number of cells that can be usually detected by techniques

measuring DNA fragmentation, which is a late event in apop-

tosis [13]. There are several possibilities to explain this finding.

It is commonly assumed that activation of caspases results in

apoptosis, although there is increasing evidence that within a

cell the extent of caspase activation may be restricted and

not necessarily lead to cell death [18–21]. More importantly

is presumably the fact that caspase activation is a very early

event in apoptosis. Cells in later stages might be rapidly phago-

cytosed by macrophages and therefore escape morphological

detection.

Several bacteria are able to trigger apoptosis of host cells

either by direct or indirect mechanisms [22]. Direct effects

can be mediated by different virulence factors, whereas indirect

processes are mostly immune-mediated. It has been shown that

A. actinomycetemcomitans induces apoptosis in cultured epi-

thelial cells and macrophages, a process that may be mediated

by leukotoxin or other bacterial factors [3,6]. P. gingivalis has

been reported to induce apoptosis in T-cell lines [5]. In addi-

tion, proteases of P. gingivalis such as gingipains can induce

the loss of attachment of fibroblasts, which could mediate cell

death by anoikis [23,24]. In support of the present data, it was



Fig. 5. Effect of periodontopathic bacteria on cell viability. Gingival
fibroblasts (A) and HaCaT keratinocytes (B) were seeded into 6-well
plates and infected with Actinobacillus actinomycetemcomitans (Aa,
4.2 · 108 CFU/well), Eikanella corrodens (Ec, 7.4 · 108 CFU/well) and
Porphyromonas gingivalis (Pp, 1.8 · 108 CFU/well). As a positive
control cells were treated with staurosporine (Stauro) or anti-CD95
in the presence or absence of cycloheximide (CHX). CD95-mediated
apoptosis was also assessed by coincubation of target cells with K562
cells overexpressing membrane-bound CD95L. After 36 h cell survival
was measured by the crystal violet assay in triplicate cultures and
calculated as the percentage relative to the untreated controls. (C)
Periodontopathic bacteria induce a cytotoxic activity in blood mono-
nuclear cells that partially involves CD95. Mononuclear cells were
infected with the bacteria as described above. 24 h later the bacteria
were removed, and the mononuclear cells (1.6 · 104/well) were added
to the HaCaT target cells. Some HaCaT cultures were additionally
incubated with neutralizing anti-CD95L (20 lg/ml) or control IgG,
and cell death was assessed after further 36 h.
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also reported that P. gingivalis did not directly induce, but

even inhibited apoptosis [25,26]. It must be noted that most

studies demonstrating a proapoptotic effect of periodontitis-
associated bacteria employed cell lines that, unlike keratino-

cytes, are highly sensitive to apoptosis.

In keratinocytes and fibroblasts we did not observe a direct

apoptotic effect of the bacteria, suggesting that rather immune

or host-mediated reactions are involved in caspase activation.

Important mediators in immune-mediated tissue damage are

death receptors, in particular CD95. In many inflammatory

conditions CD95L expression is induced in antigen-stimulated

T-cells. CD95L may additionally exert proinflammatory acti-

vities by inducing IL-1b secretion and neutrophil infiltration

[27]. CD95 is expressed in gingival epithelial cells from chronic

periodontal lesions [11]. Thus, induction of CD95L expression

in lymphocytes or other cells in response to bacterial infection

may trigger caspase activation in gingival epithelial cells.

In our experiments gingival fibroblasts and HaCaT keratino-

cytes were almost completely resistant to soluble agonistic

anti-CD95 antibodies. CD95L when expressed on the cell sur-

face, in contrast, was more potent in inducing apoptosis due to

efficient crosslinking of the CD95 receptor. Thus, both cell

types are principally sensitive to CD95-triggered apoptosis,

although their sensitivity is less pronounced than in other cell

types, e.g., T-lymphocytes. Consequently, we investigated

whether fibroblasts and keratinocytes could be indirectly killed

by the bacteria through the induced upregulation of CD95L or

other proapoptotic stimuli in peripheral blood MNCs. After

bacterial infection of MNCs and subsequent coincubation with

HaCaT cells, we observed that A. actinomycetemcomitans and

E. corrodens induced a cytotoxic activity in MNCs that was

interestingly attenuated by neutralizing anti-CD95L antibod-

ies. Whether the remaining cytotoxic activity induced in bacte-

ria-treated MNCs is due to other death ligands or unrelated

cytotoxic mediators remains to be clarified. Thus, our data

indicate that host-mediated mechanisms are involved in perio-

dontitis-associated tissue damage. Moreover, the finding that

tissue injury is associated with elevated caspase activation

could open up new diagnostic possibilities and therapeutic

strategies to prevent tissue destruction in periodontal disease.
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