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1.  ABSTRACT 
 

Porphyromonas gingivalis, a major periodontal 
pathogen, must acquire nutrients from host derived 
substrates, overcome oxidative stress and subvert the 
immune system.  These activities can be coordinated via 
the gingipains which represent the most significant 
virulence factor produced by this organism.   In the context 
of our contribution to this field, we will review the current 
understanding of gingipain biogenesis, glycosylation, and 
regulation, as well as discuss their role in oxidative stress 
resistance and apoptosis.  We can postulate a model, in 
which gingipains may be part of the mechanism for P. 
gingivalis virulence. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.  INTRODUCTION 
 

P. gingivalis, a black-pigmented, Gram-negative 
anaerobe, is an important etiological agent of periodontal 
disease and is also linked to cardiovascular disease and 
other systemic diseases [reviewed in (43,103)].  The 
inflammatory nature of periodontal disease implies that 
innate host defense mechanisms play a vital role in limiting 
bacterial growth.  During active infection including tissue 
invasion, toxic reactive oxygen metabolites (e.g. 
superoxides, hydrogen peroxide and hydroxyl radicals) are 
mostly generated by polymorphonuclear leukocytes and 
macrophages (27,29).  In order to survive in the 
inflammatory environment of the periodontal pocket, the 
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bacterium must not only obtain nutrients for growth, but 
also overcome oxidative stress and subvert the immune 
defense system.  Coordinated regulation of these activities 
would be beneficial to the bacterium.  While there is 
documented evidence of the response of P. gingivalis to 
environmental stimulus (56,117,126), one possible 
mechanism for coordination may occur via the gingipains 
produced by this bacterium.  The presence of P. 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. Protease-associated degradation 
of cell-cell adhesion proteins on epithelial and endothelial 
cells resulting in cell death will compromise tissue integrity 
and facilitate spreading of the bacterium.  Furthermore, 
degradation of the immune response components will 
facilitate the survival of the organism.   Together, these 
activities may also satisfy the nutritional requirements of 
the organism.  Gingipain-dependent heme accumulation on 
the bacterium cell surface may also act as an “oxidative 
sink”, thus, leading to protection against oxidative stress 
(191,193).  We will discuss the role of the gingipains in the 
survival/pathogenicity of P. gingivalis and the unique vim 
(virulence modulating) locus that is involved in regulation 
of the gingipains.  We will highlight some of our 
observations that are consistent with the hypothesis that the 
gingipains are central to an effective survival strategy for 
the organism. 
 
3.  P. GINGIVALIS VIRULENCE FACTORS - 
GINGIPAINS 
 

While several virulence factors [(fimbriae 
(adhesins), capsule (antiphagocytosis), lipopolysaccharide 
(bone resorption), proteases (specific and generalized tissue 
destruction) and a variety of toxic by-products (e.g., 
ammonia)] have been implicated in the pathogenicity of P. 
gingivalis, the high proteolytic abilities of this organism are 
considered to play the most significant role in virulence 
[reviewed in (85,142)].  Proteolytic enzymes that have been 
secreted by this organism include endopeptidases, 
aminopeptidases, carboxypeptidase, oligopeptidase, and di- 
and tri-peptidyl peptidases [reviewed in (161)].  The major 
proteases are endopeptidases called gingipains, (P. 
gingivalis +clostripain) and are both extracellular and cell-
associated.  They consist of arginine-specific proteases 
[Arg-gingipain, (Rgp)] and lysine-specific protease [Lys-
gingipain, (Kgp)].   The Rgp is encoded by two genes rgpA 
and rgpB and Kgp is encoded by a single gene kgp (142). 
The gingipains have multiple functions [reviewed in 
(50,80,142,161)].  In addition to being essential for growth, 
because of the asaccharolytic nature of this organism, they 
play a role in complement and immunoglobulin 
degradation, inactivation of cytokines and their receptors, 
platelet aggregation, attenuation of neutrophil antibacterial 
activities, and increasing vascular permeability, as well as, 
prevention of blood clotting.   We and others have also 
demonstrated the ability of the gingipains to disrupt cell-
cell and cell-matrix adhesion and induce apoptosis in 
several cell types (34,99,129,182,183).  An involvement in 
hemoglobin binding and adsorption and heme accumulation 
further confirms their multiple contributions to bacterial 

survival, including oxidative stress resistance 
(3,107,114,152,191). 
 
3.1.  Gingipain biogenesis/activation 

The translated product of the rgpA gene is 
composed of a pre-pro-fragment, followed by a proteinase 
domain, and a large hemagglutinin/adhesion (HA) domain 
at the C-terminus (40,162).  The kgp gene product shares a 
similar size and structure to the RgpA gingipain.  While it 
displays a 20% identity in the catalytic domain compared to 
RgpA, the amino acid sequence of the C-terminal HA 
domains are identical (157,158).  As demonstrated in Kgp, 
the C-terminal HA domains of RgpA are not only essential 
for full expression of gingipain activity, but also for proper 
processing of the multiprotein complex assembly on the P. 
gingivalis outer membrane (199).  In comparison to rgpA, 
the rgpB gene is missing almost the entire section coding 
for the HA domain, with the exception of a small C-
terminal segment (132,141).  Collectively, these 
observations indicate that the mature gingipains are derived 
from extensive processing from the nascent polypeptide 
precursors.  Studies comparing the gene structure with the 
N-terminal sequences of different isoforms of the purified 
gingipain have demonstrated specific post-translational 
cleavage at Arg-Xaa and Lys-Xaa bonds (20).  There is 
emerging evidence that this post-translational process is 
achieved by an autoproteolytic mechanism (131).   Further, 
both gingipains R and K can be mutually involved in the 
efficient maturation of each other in addition to a 
carboxypeptidase (CPG70) that can play a role in the C-
terminus processing of RgpA and Kgp HA domains (219). 

 
As a common theme, the expression of 

extracellular proteolytic activities is highly regulated in 
both prokaryotic and eukaryotic systems [reviewed in 
(39,221)].  This regulation can occur at multiple levels 
including processing of an inactive secreted precursor to its 
active form and/or the post-translational glycosylation of 
the proteins (60,210).  The multiple layers of regulation are 
vital to ensure that expression is tightly controlled in the 
appropriate temporal and spatial patterns.  Currently, 
information is known only on the activation pathway of 
pro-RgpB (131).  The recombinant, full length zymogen 
undergoes three sequential autoproteolytic, intermolecular 
processing steps that involve processing at Arg129, followed 
by Arg229, then the C-terminal extensions, to generate full 
activity.  Each step in the processing requires the previous 
step, and enzyme activity is enhanced in a stepwise manner 
(131).   If gingipain activation occurs by an autoproteolytic 
mechanism, questions are raised on how this process is 
regulated and the involvement of specific bacterial host 
factors.  In fact, in previous reports, we have demonstrated 
the secretion of the inactive proenzyme gingipain species in 
vimA-, vimE- and vimF-defective mutants 
(150,213,214,215).  In both the vimE and vimF isogenic 
mutants, activation of the gingipain proenzyme species 
could not be achieved (213,214).  Taken together, these 
observations suggest a role for the Vim proteins in the 
regulation of gingipain activation; however, their 
mechanisms are unclear and are the subject of ongoing 
investigation (see further discussion below in section 
3.3.). 
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3.2.  Gingipain glycosylation  
Glycosylation is one of the important ways by 

which protein maturation and other cellular processes are 
regulated (71,201,217).  There is emerging evidence that 
this process may also be important in gingipain biogenesis 
in P. gingivalis (60,213,214,215). For glycosylation, 
different glycosyl transferases catalyze the transfer of 
different carbohydrate moieties from active donors to 
specific acceptors (including lipids, proteins and nucleic 
acids) (26).  In proteins, for example, this can have 
significant effects on the intrinsic properties that can 
influence their stability, resistance to proteolysis, and 
tertiary structure which can affect the rate of processes that 
involve conformational changes (112,134,200). The level of 
glycosylation can also modulate the interaction of the 
glycoconjugate with other molecules (14,189).  Given the 
significant impact of carbohydrate modifications on protein 
structure/function, glycosylation of bacterial proteins is of 
major relevance to the molecular basis of pathogenesis.  
There is a growing list of bacterial virulence factors that are 
glycoproteins (60,201).  Curtis and colleagues were the first 
to demonstrate that the gingipains are post-translationally 
modified with carbohydrate additions that are cross-
reactive with monoclonal antibodies to P. gingivalis 
lipopolysaccharide (LPS) (41,60).  Our recent publications 
confirm and extend these results (213,214,215).  Most of 
the LPS-like glycan moieties appear to occur at the C-
terminus of the polypeptide chain and seem to serve to 
anchor the gingipain molecule into the outer membrane 
(146,178,188).  There is also diversity and variable levels 
of carbohydrate modifications demonstrated in the various 
isoforms of the catalytic domains of Rgp (41,60).  This may 
partly account for the heterogeneity in the RgpA and RgpB 
isoforms. 

 
There is currently no information on the 

enzymology of gingipain glycosylation.  However, the gene 
products of wpbB and several genes in the porR locus 
(31,60,188) have been shown to participate in modification 
of the gingipains.  These mostly conserved groups of 
enzymes in Gram-negative bacteria are known to be 
involved in the biosynthesis of the O-antigen side chains of 
the LPS component of the outer membrane.  Isogenic 
mutants defective in these genes result in the loss of 
pigmentation, glycan synthesis and glycosylation, and 
reduced gingipain activity, which is mostly soluble.  In our 
studies, we have identified other novel genes (vimA, vimE 
and vimF) that also appear to participate in modification of 
the gingipains (213,214,215).  While the vimA-defective 
mutant displayed a similar phenotype to the porR mutant, 
the gingipains in the vimE and vimF mutants, although 
inactive, were cell-associated.  Further, there was no 
observed late onset of gingipain activity in vimE and vimF 
mutants suggesting that other modifications beyond those 
that facilitate membrane anchorage are needed for 
activation.  VimF is a putative glycosyl transferase; 
however, its specific role in glycosylation leading to 
gingipain activation is unclear.  Ongoing studies are testing 
the hypothesis that regions of the gingipain require specific 
glycosylation to facilitate activation/maturation.  Consistent 
with this hypothesis is the recent observation that 
truncation of the last two residues (valyl-lysine) from the C 

terminus of RgpB is sufficient to create an inactive version 
of the protein that lacks the post-translational glycosylation 
seen in the wild type, and the protein remains trapped 
behind the outer membrane.  Alanine scanning of the last 
five residues also revealed the importance of the C-terminal 
motif in mediating correct post-translational modification 
of the protein (146).  RgpB is required for the normal post-
translational glycosylation of Arg-gingipains derived from 
rgpA (165).  It is unclear how the vim genes are involved in 
this process. 
 
3.3.  Regulation of gingipain biogenesis and virulence in 
P. gingivalis - Role of the bcp-recA-vimA region 

Although several virulence regulators have been 
described in P. gingivalis [reviewed in (56,81)], there is an 
emerging view that modulation of virulence in P. gingivalis 
may be coordinated via an ability to modulate proteolytic 
activity.  For example, there is evidence that the gingipains 
can modulate heme uptake/utilization which is vital for its 
survival [(151) and reviewed in (152)].  Fimbrial 
expression is also regulated by the gingipains (229).  Other 
studies in our laboratory have also shed light on the 
relationship of virulence and the ability of P. gingivalis to 
manage the oxidative stress typical of the inflammatory 
microenvironment of the periodontal pocket.  A coordinate 
relationship between gingipain activity, oxidative stress 
resistance and virulence is further confirmed by the gene 
cluster at the bcp-recA-vimA locus.  We have demonstrated 
that the recA gene plays the expected role in DNA repair 
(55) (see section 4. below).  The bcp and vimA (virulence 
modulating) genes are part of the same recA transcriptional 
unit (1) and upstream of the vimE and vimF genes 
(213,214).  While P. gingivalis FLL301, the bcp-defective 
mutant, showed in vitro sensitivity to hydrogen peroxide, 
its virulence potential in a mouse model was unaltered 
when compared to the wild-type (95).  In contrast, the 
vimA- vimE- and vimF-defective mutants were non-black-
pigmented and showed decreased gingipain activity 
(1,213,214).  The gingipain proenzyme species were 
observed in these mutants providing some of the first 
evidence for post-translational regulation of protease 
activity in P. gingivalis. It is also consistent with other 
observations which suggest that glycosylation plays an 
important role in post-translational regulation of gingipain 
activity (60,188).  In in vivo experiments using a mouse 
model, the vimA-defective mutant (P. gingivalis FLL92) 
was dramatically reduced in virulence when compared with 
wild-type W83 strain (1).  We have also demonstrated that 
VimA interacts with the gingipains and other proteins 
known to be associated with sugar metabolism and protease 
maturation and is not cleaved by purified RgpB (216).  In 
our bioinformatic studies, VimA appears to be a unique 
protein that lacks DNA binding motifs or known enzyme 
domains.  It may be a putative membrane protein and the 
C-terminus may also have a putative protein binding 
domain (216).  These data suggest that VimA may be part 
of a protein complex that is involved in gingipain 
biogenesis/glycosylation (Figure 1). 

 
Collectively, our observations indeed support the 
hypothesis that regulation of virulence in P. gingivalis may 
be coordinated via an ability to modulate proteolytic 
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Figure 1.  Putative model for VimA-dependent glycosylation of the gingipains.  Glycosylation of gingipains are altered by 
inactivation of the vimA gene.  It is likely that VimA could function as an accessory protein that will facilitate the interaction of 
other proteins (e.g. VimF) that is vital for glycosylation/activation.  Possible defects of specific glycosyl transferases may prevent 
the gingipains from folding correctly resulting in lack of activation. 
 
activity, although we cannot rule out any other direct or 
indirect effect of the vim genes on the expression of other 
virulence factors. It is interesting that the recA and bcp 
genes are part of the same transcriptional unit with the vim 
genes that are involved in modulating proteolytic activity.  
This kind of association may be significant since a response 
to oxidative stress will involve binding of oxygen and its 
toxic derivatives to iron accumulated on the surface of the 
cell via the gingipains (193).  The bound heme can be 
involved in the catalytic destruction of the toxic oxygen 
derivative species (191).  Since proteolytic activity in P. 
gingivalis is associated with heme accumulation (152) via 
the HA2 hemagglutinin domains of Arg- and Lys-
gingipains (192), it might be considered an important 
strategy for the organism to coordinate its oxidative stress 
and proteolytic activities.  Under conditions of oxidative 
stress, there is an increased proportion of cell-bound 
gingipain (RgpA and Kgp) activity (45).  This importance 
is further underscored by the observation that the recA gene 
is expressed during infection of the murine host (118).  
Further, expression of the recA gene is regulated by 
temperature, iron, and calcium (117) which are components 
known to coordinately regulate the expression of other 
bacterial virulence genes [reviewed in (56,126)].   
 
4.  THE SIGNIFICANCE OF OXIDATIVE STRESS 
IN THE SURVIVAL OF P. GINGIVALIS 
 

In the inflammatory microenvironment of the 
mouth, reactive oxygen species (ROS) which are mostly 
produced by polymorphonuclear leukocytes and 
macrophages (30), constitute an important component 
(133).  An increase in ROS or depletion of antioxidant 
molecules and/or enzymes results in oxidative stress.  Thus, 
oxidative stress occurs when there is an imbalance between 
oxidant exposure and antioxidant protection.  In addition, 
the occasional exposure of P. gingivalis to air can give rise 
to the metabolic conversion of atmospheric oxygen to ROS 
inside bacterial cells.  ROS are highly reactive and can 
damage proteins, lipids, RNA and DNA (27,133).  The 
generation and accumulation of O2

*, H2O2 and hydroxyl 
radicals (16,30,133) that target DNA, cellular membranes, 
metalloproteases and transcription factors 
(69,86,87,123,195) can be lethal to the organism.  In 

bacteria, DNA damage appears to be the most significant 
consequence of oxidative stress [reviewed in (133)].  While 
oxidant-induced DNA damage generates over 20 different 
oxidatively altered bases (44), 8-oxoG is the major product 
of DNA oxidation (179).  Unlike some other modified 
DNA bases, 8-oxoG does not block replication.  Instead, it 
can Watson-Crick base pair with cytosine, as well as, 
Hoogsteen base pair with adenine (68,205).  The 
polymerases can efficiently incorporate both cytosine and 
adenine across from 8-oxoG.  Mispairing with adenine 
often leads to GC → TA transversion mutations that can be 
dangerous for the cell (68).  Because the average G + C 
content of the genome of P. gingivalis is 49% [(145), 
(www.oralgen.lanl.gov)], a mechanism(s) to prevent or 
repair lesions resulting from guanine oxidation is 
imperative.  This is further underscored by the observations 
that the salivary levels of 8-oxoG; P. gingivalis and T. 
forsythia in the periodontitis patients were significantly 
higher than those in healthy subjects (173).  In addition, 8-
oxoG was significantly correlated with the presence of P. 
gingivalis (173).  Thus, it is crucial that P. gingivalis utilize 
an arsenal of mechanisms to either prevent or fix oxidative 
damage resulting from ROS in order to survive in this 
hostile environment.  P. gingivalis has developed 
various strategies some of which involve the gingipains 
in protecting itself from oxidative stress.  These 
strategies include antioxidant enzymes, the hemin layer, 
DNA repair enzymes, the bcp-recA-vimA locus, htrA, 
feoB2, and other hypothetical genes of unknown 
function.   
 
4.1.  Oxidative stress resistance:  antioxidant enzymes 
and hemin accumulation 
 In the first report to describe oxidative DNA 
damage in an anaerobe, Prevotella melaninogenica is 
shown to be highly sensitive to O2 or H2O2 exposure (203).  
Under these conditions, the elevated 8-oxoG detected in 
that strain correlated with its decreased survival.  This 
suggests that oxidative DNA damage is an important cause 
of oxygen intolerance in P. melaninogenica.  In our studies, 
we have also identified the presence of 8-oxoG in the 
chromosomal DNA of P. gingivalis W83 and the non-
pigmented isogenic mutant FLL92 after exposure to H2O2 
(97).  
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Two cellular systems function in bacteria to 
protect against oxidative stress (12,119,171).  In one 
system, antioxidant enzymes such as superoxide dismutase 
(SOD), catalase, peroxidase, and oxidase attempt to 
neutralize molecular oxygen and ROS (2,4,51,177) before 
they can damage cellular components.  The other system, 
which will be discussed later, involves endonucleases 
which are involved in the repair of nucleic acids that have 
already been damaged (21,105,119), as seen in Escherichia 
coli.  Although P. gingivalis is oxygen tolerant and is 
missing catalase activity, it has been shown to express 
cytosolic SOD activity (35).  This SOD activity, however, 
is protective only for atmospheric oxygen but ineffective 
against H2O2 or exogenously generated ROS (121,143).  
Recently, rubrerythrin (a non-heme iron protein which 
functions as a cytoplasmic peroxidase), encoded by the rbr 
gene, and DNA binding proteins, encoded by the dps gene, 
were shown to provide oxidative stress protection against 
H2O2 (198,209).  Our own studies (96) have investigated the 
ability of Ahp (alkyl hydroperoxide reductase), a peroxide-
scavenging enzyme, to protect against oxidative damage.  This 
enzyme consists of two components, AhpC with peroxidase 
activity and the flavoprotein AhpF.  Our findings suggest that 
the ahpC gene may play an important role in peroxide 
resistance in P. gingivalis in vitro, but does not contribute to its 
virulence in vivo.  These results were partly confirmed recently 
by Diaz, et al (47) who demonstrated that P. gingivalis seems 
to lack a protective NADH oxidase but AhpF-C could 
contribute to its moderate tolerance to reactive oxygen species 
by metabolizing H2O2.  

 
Protection against oxidative damage may also 

utilize another unique mechanism in P. gingivalis.  Cell 
surface heme acquisition has been postulated to be a 
defense mechanism against ROS in P. gingivalis (191,193).  
The storage of the heme on the cell surface which gives the 
organism its characteristic black pigmentation, can form µ-
oxo dimers in the presence of ROS and can give rise to the 
catalytic degradation of H2O2 (191).  An important 
component of the heme acquisition system in P. gingivalis 
involves the gingipains (65,115,148).  Recent reports 
suggest that gingipains Kgp and RgpA are the major 
proteases involved in hemin acquisition, binding and 
accumulation in P. gingivalis (24,42,115,163,186,192).  
This raises an important question as to whether this 
organism would be more susceptible to oxidative stress in 
the absence or reduction of this "oxidative sink" layer.  
Because the gingipains are downregulated at elevated 
temperature, typical of the inflammatory microenvironment 
of the periodontal pocket (104,159), or when P. gingivalis 
contacts host cells (156), this may have implications for its 
capacity to adapt to conditions of oxidative stress.  In our 
studies, we sought to determine if this organism was more 
susceptible to oxidative stress in the absence or reduction 
of this hemin layer.  Thus, we examined a non-pigmented 
vimA-defective isogenic mutant of P. gingivalis (FLL92) 
which has reduced cell surface associated gingipain 
activity.  As expected, the 8-oxoG and its repair activity 
were elevated in the non-pigmented isogenic mutant (97), 
which could further support a protective role of the 
pigmented layer and, consequently, gingipain involvement 
in oxidative stress resistance.  

4.2.  DNA repair mechanisms in oxidative stress   
Although vital for survival, there is currently a 

gap in our understanding of mechanism(s) used by P. 
gingivalis or other anaerobes to repair oxidative DNA 
damage.  It is unclear if the gingipains are coordinately 
regulated with this process given its association with the 
formation of the “oxidative sink” layer (191,193).  In other 
bacteria DNA damage can be repaired by several 
mechanisms including base excision repair (BER) and 
nucleotide excision repair (NER) (21,106,139,174). 

 
In general, most oxidative DNA damage, whether 

it is base or sugar damage or the formation of abasic sites, 
is repaired by BER (106).  DNA lesions generated as a 
result of ROS damage are usually not bulky DNA lesions 
and are excellent substrates for the process of BER (69).  
BER involves MutM, MutY, and MutT.  MutM removes 8-
oxoG paired with cytosine.  If replication occurs without 
the removal of 8-oxoG, MutY, a glycosylase, removes 
adenine mispaired with 8-oxoG.  Thus, MutM and MutY 
work together to prevent GC → TA transversions 
associated with 8-oxoG.  MutT hydrolyzes 8-oxodGTP to 
8-oxodGMP, thus depleting the nucleotide pool of 8-
oxodGTP.  DNA N-glycosylases are the effectors of BER 
and are more specific in lesion recognition and repair than 
the process of NER (106). 

 
NER is a universal DNA repair mechanism found 

in all kingdoms of life (15,206).  It is different from all the 
other forms of DNA repair in its ability to act on a wide 
variety of substrates (15).  NER was one of the first repair 
mechanisms discovered in bacteria (180) and is mediated 
by the products of the following genes: uvrABC, uvrD, 
polA and lig (15,172).  NER recognizes distortions in DNA 
caused by bulky adducts that also alter the chemistry of the 
DNA.  Damaged DNA is recognized, cleaved 3’ and 5’ to 
the DNA lesion, and repaired in a sequential multistep 
process that requires ATP (15,172).   

 
In a previous report, we have determined the 

repair of 8-oxoG-induced DNA damage in P. gingivalis 
(97).  Bacterial extracts from the P. gingivalis isogenic 
strains grown in the presence or absence of H2O2 were used 
in glycosylase assays with a 5’-end labeled [(-32P]-ATP 8-
oxodG:C containing oligonucleotide (24mer) (97).  If 8-
oxoG is removed by a BER mechanism, a cleavage product 
corresponding to a 12mer would be observed because the 
8-oxodG:C was placed in the middle of the 24mer.  The 
Formamidopyrimidine-DNA glycosylase (Fpg) enzyme 
generated the expected 12mer fragment in oligonucleotide 
containing 8-oxoG; however, a fragment of a similar size 
was missing in P. gingivalis strains W83 and FLL92. 
Instead, a cleavage product of approximately 17 bases was 
observed.  In addition, when compared to other anaerobic 
periodontal pathogens, the removal of 8-oxoG was unique 
to P. gingivalis.  Collectively, these data indicate that the 
repair mechanism of 8-oxoG is different in P. gingivalis 
when compared to E. coli and suggests a mechanism that 
needs to be defined.   In contrast to MutY and MutT, there 
is no detectable evidence of the E. coli mutM homologue in 
the P. gingivalis genome [(145), 
(http://www.oralgen.lanl.gov/)].  Preliminary studies in the 
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laboratory have demonstrated that as in E. coli, MutY 
appears to play a similar role in protecting against oxidative 
stress in P. gingivalis (168). 

 
The P. gingivalis genome contains genes which 

encode for the UvrA, UvrB, and UvrC proteins (145) 
(http://www.oralgen.lanl.gov/).  UvrB is the central 
component of bacterial NER. It is directly involved in 
distinguishing damaged from undamaged DNA and guides 
the DNA from recognition to repair synthesis [reviewed in 
(206)].  To further evaluate if NER may play a role in this 
repair activity given the size of the cleavage product (97), 
the uvrB gene in P. gingivalis was inactivated (78).  In 
contrast to the wild-type P. gingivalis W83, the uvrB- 
deficient mutant FLL144 was significantly more sensitive 
to UV irradiation.  However, the enzymatic removal of 8-
oxoG was unaffected by the inactivation of the uvrB gene.  
Collectively, these results suggest that the uvrB gene in P. 
gingivalis may not be involved in the removal of 8-oxoG 
and that another yet unidentified mechanism may be 
employed in its repair.  
 
4.3.  Other mechanisms: role of the bcp-recA-vimA 
locus, htrA, and hypothetical genes of unknown function 
in oxidative stress resistance   
 In P. gingivalis, oxidative stress was found to 
modulate the expression of several proteins including 
HtpG, GroEL, DnaK, AhpC, FeoB2, TPR domain protein, 
and trigger factor (8,46,77,82,101,149,184).  Since several 
of these proteins are also involved in heat shock, it implies 
that the organism uses a multifunctional approach that may 
involve the gingipains to maintain cell viability under 
adverse environmental conditions. 
 

Since the recA gene product is a key protein in 
DNA repair, we hypothesized that this DNA repair ability 
may play a role in the survival and virulence of P. 
gingivalis.  We constructed a recA-deficient mutant by 
allelic exchange mutagenesis and showed that in contrast to 
the wild-type strain, this mutant was more sensitive to UV 
irradiation (55).  Thus, this gene may play the expected role 
in DNA damage repair (55).  We have also identified other 
genes, bcp and vimA-vimE-vimF that are part of the same 
recA transcriptional unit and can be differentially expressed 
(1,213,214).  The bacterioferritin comigratory protein (Bcp) 
is a part of the thiol-specific antioxidant (TSA)/alkyl 
hydroperoxidase family and functions in a similar way to 
the AhpC in detoxifying H2O2 (92,96).  Preliminary 
evidence has shown that P. gingivalis FLL301, a bcp-
defective mutant, showed increased in vitro sensitivity to 
H2O2 (95).  The vimA-defective mutant also showed 
increased sensitivity to H2O2 compared to the wild-type 
strain; however, the level of resistance is inducible (125).   

 
In protein-protein interaction studies, the VimA 

protein was shown to interact with gingipains and other 
proteins including high temperature requirement A (HtrA) 
(216).  In several organisms, including bacteria, yeast, 
plant, and humans, HtrA is considered an important factor 
that is involved in protein folding and maturation as well as 
in the degradation of proteins that are misfolded (160).  It 
functions as a molecular chaperone at low temperatures and 

has proteolytic activity at elevated temperatures (102). 
Inactivation of the htrA gene has been shown to affect 
the sensitivity of many organisms to thermal and 
oxidative stress (116,155).  In P. gingivalis, HtrA is also 
involved in resistance to thermal and oxidative stress 
(169).  P. gingivalis FLL203, an htrA-defective mutant, 
had increased sensitivity to H2O2 and decreased Rgp 
activity.  HtrA was also shown to physically interact 
with the gingipains RgpA, RgpB and Kgp (169).  This 
further underscores the importance of the gingipains and 
their regulator vim genes in oxidative stress resistance in 
P. gingivalis.   Thus, we can envision a scenario in P. 
gingivalis where the HtrA protein may be important for 
regulation of gingipain activity in the inflammatory 
microenvironment of the periodontal pocket.  A specific 
mechanism for this interaction is unclear and should be 
further investigated.   

 
Transcriptome analysis of P. gingivalis in the 

presence of hydrogen peroxide has further extended our 
understanding of the complex response of this organism 
to oxidative stress (8,46,184). Diaz, et al  (46) in their 
DNA microarray analysis of P. gingivalis isogenic 
mutants, have demonstrated that common OxyR-
regulated genes such as dps and ahpFC were not 
positively regulated in response to H2O2, although, their 
expression was dependent on the presence of a 
functional OxyR protein.   As confirmed elsewhere 
(147), they concluded that OxyR does not act as a sensor 
of H2O2 in P. gingivalis.  In preliminary experiments, 
we have shown that the duration of oxidative stress can 
modulate different sets of genes (125).  As expected, an 
up-regulation of DNA repair/modification genes and 
several hypothetical genes which have not been 
previously characterized were mostly seen at a shorter 
H2O2 exposure time.  However, during prolonged 
exposure to H2O2, several genes some of which are 
known to be involved in protein repair and many 
previously uncharacterized were up-regulated.   
Characterization of the hypothetical genes should lead 
to a more comprehensive understanding of mechanisms 
of oxidative stress resistance in P. gingivalis.  It is of 
particular interest to identify transcriptional regulators 
that activate transcription of oxidative-stress-related 
genes in response to H2O2.  This is being further being 
investigated in the laboratory.  The mechanisms that P. 
gingivalis employs to combat the effects of ROS are just 
beginning to be elucidated.  It will be interesting to 
determine the extent of gingipain involvement in these 
processes. 

 
5. GINGIPAIN-INDUCED EFFECTS ON HOST 
CELL SURVIVAL 
 
5.1.  Gingipain-induced degradation of cell adhesion 
molecules 
5.1.1.  Gingipains directly cleave Cell Adhesion 
Molecules (CAMs)  
 CAMs mediate cell-cell interaction, cell-matrix 
interactions, and cell signals for growth, differentiation, and 
apoptosis [reviewed in (164)].  There are four major 
families of CAMs: cadherins, integrins, immunoglobulin
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Figure 2.  Cleavage of N-cadherin, VE-cadherin, and integrin β1 by gingipain-active extracts from strain W83.  10µg of protein 
from BCAEC treated, in the presence of 5 mM L-cysteine, for the indicated times with W83 extracts (70 Units Rgp activity/ml 
media and 5.3 units Kgp activity/ml media), TLCK-treated W83 and FLL32 extracts (0.73 Units of Rgp activity/ml media and 
0.49 Units of Kgp activity/ml media) were separated by SDS-PAGE and immunoblotted with a monoclonal antibody to (A) N-
cadherin or (B) a polyclonal antibody to VE-cadherin.  (C) BCAEC treated with 200µg/ml W83 extract (230 Units of Rgp 
activity/ml media and 19.4 Units of Kgp activity/ml media), FLL32 extract (0.73 Units of Rgp activity/ml media and 0.49 Units 
of Kgp activity/ml media), and W83 extract pretreated with 10 mM TLCK were harvested, after treatment for the indicated times, 
and 20 µg was separated by SDS-PAGE.  Membranes were reacted with a monoclonal antibody to integrin β1.  Arrows indicate 
cleavage products.  Un, untreated.  Reproduced with permission from ASM) (182). 
 
gene superfamily members, and selectins.  Proteolytic 
cleavage of these proteins can modulate their signaling 
functions (130,226).  Thus, gingipain-induced degradation 
of CAMs could be implicated in periodontal disease 
pathogenesis.  There is evidence that degradation of 
proteins of cell-cell junctional complexes by P. gingivalis 
may facilitate the organism’s invasion and spread to deeper 
structures via a paracellular pathway (98).   
 

We and others have shown that gingipains cleave 
or modulate the expression of CAMs in various cell types 
(34,79,83,99,100,182,183,202,220,222).  There is specific 
affinity and cleavage efficiency of the gingipains for 
CAMs.  HRgpA was found to be 12 times more effective 
than RgpA in cleaving integrin α5β1 on human gingival 
fibroblasts, while αvβ3 was unaffected (176).  This study 
also established that the adhesion domain of HRgpA 
facilitates binding to integrin β1 (176).  However, in human 
gingival fibroblasts Rgp was implicated in the cleavage of 
integrins α2, β1, and β3, but not α5 and αv (10).  Yun et al. 
(236) showed that in human umbilical vein endothelial cells 
(HUVEC), RgpA and Kgp degrade CD99, a CAM that has 

been implicated in multifactorial cellular events producing 
prominent contraction and progressive intercellular gap 
formation in the endothelial monolayer (232).  These 
investigators also demonstrated that endothelial leukocyte 
adhesion molecule-1 (ELAM-1 also known as E-selectin), 
VCAM-1, and ICAM-1 were not degraded by the 
gingipains (232).  These effects may contribute to the 
successful colonization of P. gingivalis by limiting the host 
inflammatory response (232).   

 
We have also demonstrated that treatment with gingipain-
active W83 extracts of both coronary artery (BCAEC) and 
microvascular (HMVEC) endothelial cells resulted in 
detachment and BCAEC displayed cleaved N-cadherin, 
VE-cadherin, and degraded integrin β1 (182,183).  BCAEC 
integrin β1 was cleaved rapidly after exposure to gingipain-
active W83 extracts with complete degradation by 
approximately 30 min (Figure 2C).  This degradation 
occurred when BCAEC were still fully adherent.  VE-
cadherin cleavage was evident at 2 h and progressed to 
almost total disappearance of the full length protein by 24 h 
(Figure 2B).  N-cadherin cleavage occurred somewhat later
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Figure 3.  Synergism of purified gingipains in induction of CAM cleavage.  15 µg of total protein from BCAEC treated for 6 h 
(N-cadherin), 24h (VE-cadherin), or 12h (integrin β1), in the presence of 5 mM L-cysteine, with purified HRgpA (8 µg /ml), Kgp 
(3 µg /ml), or RgpB (5.2 µg /ml) (all equivalent to 113 Units of Rgp activity/ml media or 12.4 Units of Kgp activity/ml media) 
were separated by SDS-PAGE and immunoblotted with antibodies to N-cadherin, VE-cadherin, and integrin β1.  Arrows indicate 
cleavage products, whereas lines indicate intact proteins.  Un, untreated; +, present.    Reproduced with permission from ASM  
(183). 
 
than VE-cadherin cleavage (Figure 2A).  These cleavages 
were confirmed in vitro by direct exposure of 
immunoprecipitated N- and VE-cadherin to gingipains 
(182).  Using selective gingipain inhibitors, we 
demonstrated that Kgp activity was responsible for 
degradation of integrin β1 while both Kgp and Rgp activity 
were responsible for cleavage of N-cadherin and VE-
cadherin (183).  In experiments were BCAEC were 
exposed to purified gingipains, Kgp was found to be the 
most efficient gingipain at cleaving integrin β1 while N-
cadherin was cleaved by both HRgpA and Kgp but not by 
RgpB (Figure 3). VE-cadherin was cleaved by HRgpA, 
Kgp, and RgpB, (Figure 3).  BCAEC treated with purified 
Kgp reattached and remained viable during the time course 
but still exhibited cleaved/degraded CAMs, most notably 
integrin β1 (Figure 3).  This indicated that re-attachment 
was not because of the loss of Kgp activity. 

 
 Taken together, these results showed that the 

gingipains work together to detach cells and cleave specific 
CAMs (183).  Although it cannot be ruled out that these 
observations may be cell type dependent, they implicate a 
role for gingipains in the pathogenesis of periodontitis and 
possibly modulation of host cell survival through 
detachment-induced apoptosis. 

5.1.2.  CAM degradation may implicate anoikis in 
gingipain-induced apoptosis 
 Anoikis is a type of caspase-dependent apoptosis 
that can be triggered by cellular detachment that is 
associated with loss of integrin survival signaling or 
inappropriate cell-matrix contacts (57,233).  Anoikis has 
been described in numerous cell types, including epithelial 
cells (57), endothelial cells (127,166), keratinocytes, 
thyroid cells, fibroblasts, and osteoblasts (233). 
 

Numerous kinase and phosphatase signaling 
molecules have been implicated as major regulators of 
anoikis [reviewed in (58)].  It has been reported that 
gingipains cleave focal adhesion kinase (FAK) and p130Cas 
(79), which suggests the possibility that gingipains can 
induce anoikis in BCAEC.  FAK acts as a bridge protein 
linking growth factor receptor and integrin stimulated 
signaling pathways and is potentially able to modulate 
anoikis because it is connected to signaling pathways 
involving the cytoskeleton and transcriptional activity in 
the nucleus (136).  It has been shown that gingipains cleave 
FAK in immortalized human oral keratinocytes, which 
could be inhibited by peptide caspase inhibitors (79), 
suggesting Kgp involvement in this cleavage (183).  The 
cleavage of FAK has several consequences related to 
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apoptosis induction.  For example, loss of FAK signaling 
triggers Bid and Bax translocation (167).  In addition, it 
was also reported that FAK interacts directly with receptor-
interacting protein (RIP), which is a Fas receptor binding 
protein that induces apoptosis, and that the caspase 
cleavage fragment of FAK inhibits FAK survival signaling 
(167). This raises the possibility that a gingipain-induced 
FAK cleavage fragment may also be self inhibitory.  
Furthermore, the cleavage of FAK may disrupt its ability to 
be phosphorylated and thereby activating p53 and cell 
death (84).  Further studies demonstrating that FAK is 
cleaved in BCAEC, determining whether Kgp is 
responsible for FAK cleavage, and exploring the inability 
of Kgp to induce apoptosis at the levels used in our models 
system need to be performed. 

 
Viable BCAEC treated with purified Kgp 

displayed no full length integrin β1, whereas detached 
apoptotic BCAEC treated with HRgpA or RgpB still had 
some full length protein (Figure 3).  This would suggest 
that signaling pathways triggered by the loss of functional 
integrin β1 do not play a role in gingipain-induced 
apoptosis.  P. gingivalis activates the PI3-K/Akt pathway to 
increase host cell survival in response to apoptotic triggers 
(230), raising the possibility that in BCAEC treated with 
purified Kgp these same pathways are activated to prevent 
initiation of apoptosis in response to cell detachment.  In 
addition, the cytosolic domain of integrin requires 
membrane localization to promote apoptosis, and it is 
possible that cleavage of the β integrin cytosolic domain 
observed in extracellular matrix (ECM)-deprived cells may 
even act to delay apoptosis by preventing integrin mediated 
death (196).   

 
In intestinal epithelial cells, anoikis involved the 

activation of the initiator caspases-2 and -9 within minutes 
of detachment followed by the activation of caspases-7, -3, 
and -6, with caspase-8 activation occurring downstream of 
caspase-9 and -2 activation (70).  Caspase-1 and -10 
remained inactive (70).  Caspase-8 activation occurred 
independently of downstream caspases or caspase-9 (70).  
Yet, the caspase-8 inhibitor z-IETD was also able to block 
anoikis, suggesting that at least two caspase pathways were 
activated for induction and execution of anoikis (70).  By 
contrast, in gingival fibroblasts infected with P. gingivalis, 
caspases-3, -6, -7, -9, but not -8, -10, or -12, were activated 
which strongly points to a mitochondrial mediated 
apoptosis pathway (211).  Further analysis of the hierarchy 
of caspase activation in BCAEC treated with gingipains 
will clarify the role that anoikis plays in gingipain-induced 
apoptosis.   
 
5.2.   P. gingivalis-induced apoptosis 
5.2.1.  Apoptosis can occur with and without caspase 
involvement 
5.2.1.1.  Caspase-dependent P. gingivalis-induced 
apoptosis 
 Because of the close proximity between oral 
pathogens and host cells in the gingiva, the interplay of P. 
gingivalis and the various cell types present in the gingival 
crevice has been under intense scrutiny.  It is becoming 
increasingly clear that host cell responses to pathogenic 

bacteria can involve either elevated apoptosis or 
suppression of cell death (144).  The body of evidence 
reveals that P. gingivalis-induced apoptosis is cell type-
specific. 
 

Murine infection studies using live whole cells of 
P. gingivalis found that apoptosis is induced in fibroblasts 
and that it is modulated by TNF-α (67).  Moreover, 
immortalized human keratinocytes infected with P. 
gingivalis rapidly exhibit significant levels of apoptosis 
(79).  In order to ascertain the active constituent(s) in P. 
gingivalis that induces apoptosis, many have not used 
whole P. gingivalis, but rather different fractions of the 
bacterium or its culture fluid.  Heat-stable molecules 
secreted in the culture medium of P. gingivalis induced 
apoptosis in peripheral blood mononuclear cells (63).  In 
addition, studies in T-cells demonstrated that activation of 
caspase-3 by P. gingivalis culture fluid was not inhibited by 
protease inhibitors (76).  Myocardial cells treated with P. 
gingivalis culture supernatant became apoptotic and had 
increased levels of Bad, calcineurin, a calmodulin-
dependent serine/threonine phosphatase that is a mediator 
of cardiomyocyte hypertrophy and apoptosis, and the 
calcineurin downstream effector nuclear factor of activated 
T cells-3 (NFAT-3) (110).  These results suggested that 
calcineurin dephosphorylates NFAT-3 and Bad, causing 
myocyte hypertrophy and triggering apoptosis (110).  In 
addition, in this same system P. gingivalis culture 
supernatant induced DNA fragmentation and activation of 
caspases-3, -8, and -9.  These effects could be blocked by 
inhibitors of p38 and ERK, but enhanced by a JNK 
inhibitor (111), suggesting that P. gingivalis signals 
through p38 and ERK to initiate apoptosis and that the JNK 
pathway may counteract this signaling. 

 
One of the metabolites in P. gingivalis culture 

supernatant is butyric acid which induced calmodulin-
sensitive apoptosis in two different B lymphoma cell lines 
(108).  Butyric acid induced caspase-8 and -9 dependent 
apoptosis in T-cells that is independent of Fas (109).  
Another feature of the culture supernatant is that it can 
contain P. gingivalis cell membrane, which has been shown 
to induce apoptosis in T cells (64).  P. gingivalis LPS has 
been demonstrated to induce apoptosis in the thymus, 
spleen, and lymph nodes in a mouse model (90).  Culture 
supernatant can also include vesicles that contain both cell 
membrane and gingipains.  In HeLa cells (human 
epithelial-like cells) treated with microspheres coated with 
P. gingivalis vesicles, a portion of the cells detached and 
displayed apoptotic morphology within 6 h, but detachment 
and cell death were not demonstrated with longer treatment 
or with gingipain-deficient mutants (88). 

 
The relationship between gingipains and 

apoptosis has also been intensely studied for more than a 
decade.  The first reports investigated the cytotoxicity of 
gingipains on different epithelial cell lines and found that 
culture supernatants with gingipain activity caused the cells 
to round up and detach from the monolayer concomitant 
with apoptotic morphology in some cell lines (181).  
Cultured human gingival fibroblasts also rounded up, 
detached, and lost cell viability when exposed to outer 
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membrane vesicles that possessed gingipain activity (137).  
However, low levels of cytotoxicity were induced in 
peripheral blood mononuclear cells by the gingipains (197).   

 
Studies with gingival fibroblasts and epithelial 

cells treated with culture supernatants in the presence and 
absence of leupeptin, which inhibits Rgp activity, revealed 
that both Rgp and Kgp activities are responsible for cell 
detachment (93).  More specific assays for apoptotic cells 
established that culture supernatants with gingipain activity 
were responsible for human gingival fibroblast detachment 
and apoptosis (223).  Our group has also shown that 
gingipain active extracts induce epithelial cell detachment 
and apoptosis (34).  Using extracts of wild type P. 
gingivalis, in the presence and absence of Rgp and/or Kgp 
inhibitors, along with Rgp and/or Kgp mutants, Baba and 
colleagues reported that both gingipains, especially Rgp, 
were responsible for cell detachment and loss of viability in 
human gingival fibroblasts (10) and endothelial cells (11).  
Our recent work extended these results by using purified 
gingipains to further elucidate the individual roles of the 
different gingipains in BCAEC apoptosis (182,183).  
Despite the ability of HRgpA, Kgp, and RgpB to cleave 
CAMs to varying degrees, only HRgpA and RgpB were 
able to induce apoptosis in BCAEC, with RgpB-induced 
apoptosis occurring slower (182,183).  Unexpectedly, 
BCAEC treated with Kgp, after initially detaching and 
displaying cellular blebs, were able to re-adhere to the 
culture surface with no apparent loss of cell viability (182).  
In addition, detached cells produced by Kgp appear to still 
adhere to one another, whereas cells detached in the 
presence of HRgpA or RgpB subsequently died by 
apoptosis.  The slower detachment and apoptosis induced 
by RgpB is not unexpected and may be explained by the 
absence of an adhesin domain.  The adhesin domain of 
HRgpA, and most likely Kgp as well, provides a means of 
attachment to cells (32,33) through integrin β1 (176) that 
RgpB does not have.  Moreover, HRgpA has been shown to 
be more effective than RgpA (cat) in decreasing the 
expression of integrin β1 (176) because the adhesion 
domain enhances the binding of HRgpA to the cell.   

 
N-cadherin signaling exerts an anti-apoptotic 

function by complexing with pro-caspase-8 which 
interferes with the recruitment of procaspase-8 to the DISC 
and initiation of apoptosis (74). Therefore, it is tempting to 
speculate that cleavage of N-cadherin, and the possible loss 
of its function, may be integral to the initiation of 
gingipain-induced apoptosis.  In support of this, our results 
demonstrated that N-cadherin cleavage by HRgpA 
produced a single cleavage product of 30 kD (Figure 3). 
However, cleavage by Kgp generated fragments of 
approximately 65 kD and 30 kD and RgpB did not cleave 
N-cadherin within the time frame tested (Figure 3). These 
results suggest that cleavage of N-cadherin is not vital to 
the apoptotic trigger by gingipains since BCAEC treated 
with RgpB had no cleaved N-cadherin, but were apoptotic, 
and BCAEC treated with Kgp had cleaved N-cadherin, but 
were viable.  As stated earlier, in this system Kgp was 
functional throughout the time course since it was able to 
cleave integrin β1 at all time points through 24 h.  A 
potential role for N-cadherin in gingipain induced BCAEC 

apoptosis cannot be completely ruled out solely on the 
basis of its apparent lack of cleavage in apoptotic cells 
induced by treatment with RgpB.  At 24 h there appeared to 
be decreased levels of N-cadherin cleavage by Kgp, as 
evidenced by the disappearance of some of the cleavage 
products in the 65kD group and the 30kD cleavage product 
(our data not shown).  This suggests that BCAEC are in 
some way able to protect N-cadherin from cleavage by Kgp 
activity at later time points in order to counteract the 
apoptotic signaling and/or stimulate survival signaling.  A 
similar phenomenon was observed in the gingipain-
mediated cleavage of TNF-α in fibroblasts, in which 
HRgpA was shown to have the most activity toward TNF-
α, but Kgp-induced cleavage of TNF-α was greatly 
increased if TNF-α re-expression was prevented, 
suggesting that the loss of TNF-α through Kgp cleavage 
could be compensated for by de novo synthesis (128), 
allowing cells to offset the Kgp-induced effects.  Moreover, 
we have observed that a high concentration of Kgp can 
cause BCAEC detachment and apoptosis (our unpublished 
observations) suggesting that there is a threshold level of 
gingipain activity below which a cell can remain viable, but 
at gingipain activity above this level the cell cannot 
overcome gingipain-induced effects and becomes 
apoptotic.  This threshold phenomenon has been 
demonstrated in epithelial cells treated with HRgpA (175). 

 
Because of the differing abilities of the 

gingipains to cleave N-cadherin, VE-cadherin and integrin 
β1, induce cell detachment, and apoptosis, it can be 
assumed that HRgpA, RgpB, and Kgp have other substrate 
specificities, which could explain the dramatic divergence 
in cell survival and death produced by these gingipains.  It 
is conceivable that there may be differences in the ability of 
the specific gingipains to cleave one or more CAMs that 
may be pivotal for gingipain-induced apoptosis in BCAEC. 
Further investigation to define their substrate specificity 
and the apoptotic pathway components modulated by the 
purified gingipains will help pinpoint the nature of the Rgp-
induced apoptotic trigger.     

 
5.2.1.2.  Caspase-independent P. gingivalis –induced 
apoptosis 

The involvement of non-caspase proteases in 
some cases of apoptosis is suggested by observations that 
inhibition of caspases generally causes delays, but does not 
fully block cell death resulting from most apoptotic stimuli 
(94).  While the ability of proteases to implement apoptotic 
signaling in the absence of caspase activity is not 
uncommon, our research work is the first to present initial 
evidence that HRgpA and RgpB can induce a caspase-3 
and -7 independent apoptosis (183).  The non-caspase 
proteases most closely associated with apoptosis are 
cathepsins, calpains, and granzymes (94).  Cathepsins are 
translocated from lysosomes into the cytoplasm during 
apoptosis, where they intersect with and augment other 
apoptosis signaling mechanisms (94).  Since HRgpA has 
been shown to rapidly traverse the plasma membrane (175), 
there is the possibility that the gingipains could interact 
with apoptotic signaling pathways in a manner similar to 
the cathepsins.  Furthermore, HRgpA enters the nucleus 
(175) which may provide even more possibilities for 
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HRgpA and possibly Kgp, since catalytic activity was not 
required for protease translocation, to modulate host cell 
death and survival pathways. 

 
Calpains are known to cleave many important 

proteins that are involved in cellular architecture which 
may be particularly important during apoptosis [reviewed 
in (94)].  Because of the ability of gingipains to cleave 
FAK, a substrate of both caspases (54) and calpains (94), 
paxillin, β-catenin, γ-catenin, p120, integrin β4, Src, and 
p130Cas (79) and as our work demonstrates other CAMs, 
such as N-cadherin, VE-cadherin, integrin β1 (182,183), 
gingipains may have a similar role in apoptosis as calpains.  
Further similarities reside in the ability of calpains and 
gingipains to cleave pro-caspases, although the calpain-
induced cleavage neither activates nor inactivates caspase-3 
and -9 (94), whereas gingipain cleavage does activate 
procaspase-3 (211).  Calpain and caspase-mediated 
apoptotic pathways can be inter-related (94) which raises a 
similar possibility for gingipains in light of our discovery 
of the caspase-independence of gingipain-induced 
apoptosis (183). 

 
Because of the ability of granzyme A to cleave 

after lysine and arginine residues (91,124) and its ability to 
induce caspase-independent cell death (194), it is tempting 
to make a case that gingipains may behave similar to 
granzyme A.  While granzyme A is the most abundant 
protease found in the granules of CTL cells it induces 
apoptosis after prolonged exposure making its role in 
apoptosis induction far more subtle than that of granzyme 
B (94).  However, treatment of cells with granzyme A and 
perforin, a CTL granule protein that permeabilizes cell 
membranes, induces a caspase-independent, rapid 
accumulation of DNA strand breaks with subsequent 
nuclear condensation without the cleavage of poly(ADP-
ribose) polymerase (PARP) and lamin B (94).  However, 
there appears to be cell-type specific variance in some of 
the Granzyme A-induced apoptotic features (234).  
Granzyme A-induced cell death is marked by rapid 
induction of other apoptotic features, including loss of 
membrane integrity with blebbing, loss of mitochondrial 
membrane potential and production of ROS, chromatin 
condensation, and nuclear fragmentation (18,52,53).  
Mitochondrial cytochrome c release, oligonucleosomal 
DNA fragmentation, caspase activation, and Bcl-2 over-
expression, all hallmarks of caspase-dependent apoptosis, 
are absent from granzyme A-induced apoptosis (52).  
Independent of caspases and Bcl-2, granzyme A cleaves 
lamins A, B, and C disrupting the nuclear lamina, a critical 
step in the progression of apoptosis (234).  After gaining 
access to the nucleus (52,53), perhaps through the cleavage 
of lamins (234), granzyme A rapidly degrades histone H1 
and the core histones disturbing the chromatin and 
facilitating exogenous DNase access to the DNA (235). In 
comparison, granzyme B/perforin-mediated apoptosis 
usually involves caspase activation, which granzyme B can 
initiate by the processing of pro-caspase-3, -7, and -9 to the 
active forms, and produces cleaved PARP and lamin B 
(94).  However, granzyme A can also induce apoptotic 
features in a caspase-independent manner (94).  A recent 
report showed that the cleavage of Bid by granzyme B 

occurs at a residue distinct from the caspase cleavage site. 
This initiates apoptosis mediated by cytochrome c, SMAC 
release upstream of caspase activation, and loss of 
mitochondrial transmembrane potential 

 
There are several commonalities between 

granzyme A and gingipains such as cleavage after lysine 
and arginine residues, translocation to the nucleus, and 
induction of caspase-independent cell death.   However, the 
apoptotic features induced by gingipains needs to be further 
characterized.  For example, it is unknown whether ssDNA 
nicks are produced during caspase-independent gingipain-
induced apoptosis in BCAEC or if only oligosomal DNA 
fragmentation is produced in both caspase-dependent and -
independent gingipain-induced apoptosis.  The morphology 
of the nucleus and chromatin during both caspase-
dependent and -independent gingipain-induced apoptosis in 
BCAEC needs to be carefully analyzed for more detailed 
classification of the type of cell death induced.  In addition, 
the effects of gingipains on the mitochondria of BCAEC 
are completely unknown.  It would also be interesting to 
ascertain what classical apoptotic signaling molecules are 
activated during both types of apoptosis triggered by 
gingipains in BCAEC.  For example, granzyme A-induced 
apoptosis is not characterized by Bcl-2 upregulation, since 
it is caspase-independent (52).  However, Bcl-2 can block 
caspase-independent apoptosis by preventing the release of 
cytochrome c in some systems (48) and can also prevent 
granzyme B-mediated apoptosis (208).  It is tempting to 
speculate that Rgp activity could induce caspase-
independent apoptosis via proteolytic activation of Bid at 
Arg65, similar to cathepsins (208), with subsequent 
cytochrome c release and caspase-9 activation.  A recent 
report demonstrated that Clostridium difficile Toxin-A-
induced apoptosis is mediated by the cleavage of Bid prior 
to the activation of caspase-8, -9, -6, and -3 (28), so a 
bacterial mediated activation of Bid in the absence of active 
caspases is not improbable.  We have summarized in Figure 
4 a potential model of a granzyme-like mechanism for 
gingipain-induced caspase-independent apoptosis in 
BCAEC. 

 
 Gingipain activity may be responsible for 

caspase-like activity in cells (23) and it appears that 
gingipains may be able to cleave some of the same cellular 
substrates as caspases, such as FAK (79), N-cadherin 
(182,183), Topoisomerase I (Topo I) (182), and Lamin B 
(our unpublished observations).  These results make it 
tempting to speculate that the gingipains can aid and 
possibly initiate apoptosis.  A recent report described two 
independent apoptotic mechanisms simultaneously induced 
by a single stimulus.  In the first pathway, there was 
breakdown of focal adhesion components leading to 
anoikis, while the second was a direct effect through 
receptor-mediated signal transduction pathways initiated by 
a cell adhesion domain (204).  Conceivably, this scenario 
could be occurring during gingipain-induced apoptosis in 
BCAEC.  Gingipains cleave many proteins involved in 
focal adhesion which can lead to anoikis.  Secondly, the 
cleavage of CAMs by gingipains, such as N-cadherin 
which is involved in pro-caspase-8 recruitment to the DISC 
(74), may induce apoptosis concurrently.  Additionally, 
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Figure 4.  Potential granzyme-like model of gingipain-induced apoptosis.  Through adhesion and cleavage of CAMs, most likely 
integrin β1 (176), gingipains gain access to the host cell cytoplasm.  In the cytoplasm gingipains may cleave pro-caspase-3 to the 
active caspase-3 (211) (as indicated by the scissors) that can cleave other cellular substrates, which may be cleaved by gingipains 
as well, to produce apoptotic morphology.  It remains to be seen if gingipain activity could cleave Bid (208) (as indicated by the 
dashed arrow) producing MOMP, cytochrome c release, and apoptosis.  Similar to granzyme A (19), gingipain activity could 
activate the SET complex that once inside the nucleus produces DNA nicks and fragmentation and apoptosis.  Finally, it is 
conceivable that the possible degradation of lamin B by gingipain activity provides a means for gingipains to enter the nucleus 
and interact with nuclear proteins, such as Topo I, or allows escape of nuclear proteins to the cytoplasm where gingipains could 
cause their cleavage.  Modified from (225) and (52). 
 
Gingipains can signal a third pathway of cell death that is 
caspase-independent (183).  This pathway is not caused by 
cell detachment since the broad caspase inhibitor z-VAD-
FMK has been shown to block anoikis (170), and is not 
mediated by the JNK pathway since active caspases are 
needed for JNK to respond to the loss of cell-matrix contact 
(59). 

 
Our studies demonstrated that gingipain-active 

W83 extracts, HRgpA, and RgpB induce apoptosis with a 

more pronounced blebbing in the absence of active 
caspases (182).  It will be interesting to determine if death-
associated protein kinase (DAP kinase) as well as DAP 
kinase-related kinase (DRP kinase) are involved in this type 
of cell death.  They are members of a family of 
calcium/calmodulin-regulated serine/threonine death 
kinases (72) that have been shown to be involved in 
membrane blebbing and function independent of caspase 
activity (238).  Other proteins that may be activated by 
gingipains in the presence of z-VAD-FMK are p21-
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Figure 5.  Comparison of potential caspase-dependent and 
-independent apoptosis pathway members induced by 
gingipain activity.  Treatment of endothelial cells with 
gingipains causes the cleavage of CAMs and possibly Topo 
I and lamin B.  In the presence of active caspases, this 
produces classically defined apoptosis and/or anoikis that is 
most likely mediated by the mitochondrial pathway of 
apoptosis (211).  Apoptosis triggers the cleavage of PARP 
and Topo I.  Other proteins that have yet to have their role 
defined in gingipain-induced apoptosis are Bid and AIF.  In 
addition, it is unknown at this time whether DNA cleavage 
is a significant feature of gingipain-induced caspase-
dependent apoptosis.  Alternatively, the cleavage of CAMs 
and possibly Topo I and lamin B in the absence of active 
caspases, may provide the opportunity for gingipain-
activity to initiate apoptosis that may also be mitochondrial 
in nature.  The roles of PARP and Topo I cleavage in 
caspase-independent apoptosis, as well as, Bid, AIF, and 
DNA fragmentation need to be clarified. 

 
activated kinase 2 or Rho-activated serine/threonine kinase, 
which also produce cellular blebbing (113).   

 
Other features of caspase-independent cell death 

involve loss of mitochondrial membrane potential, 
cytochrome c and apoptosis-inducing factor (AIF) release 
from the mitochondria, zeiosis, phosphatidylserine 
translocation, chromatin cleavage to 50 kD pieces, and 
chromatin condensation and margination (228). While the 
nature of caspase-independent gingipain-induced apoptosis 

in BCAEC needs to be further characterized, there are 
several proteins that maybe involved in this pathway that 
merit initial studies.  For example, AIF was identified in 
human coronary artery endothelial cells outside the nucleus 
in the basal state and translocated to the nucleus upon 
induction of apoptosis in a caspase-independent manner 
(236) Moreover, treatment of BCAEC with gingipains may 
affect mitochondrial function (17), leading to the release 
AIF and/or endoG, both of which induce apoptotic 
morphology (89).  Another possible protein involved in 
gingipain-induced caspase-independent signaling pathway 
could be Bax since it induces cytochrome c release that is 
not inhibited by z-VAD-FMK (9).  P. gingivalis also 
modulates Bcl-2 levels (144) and Bcl-2 has been shown to 
block caspase-independent apoptosis via antioxidant effects 
(22).  It will be interesting to compare the modulation of 
Bcl-2 in gingipain-induced caspase-dependent and -
independent apoptosis. 

 
Besides apoptosis-related proteins AIF, Bax and 

Bcl-2, gingipains may modulate other proteins to activate 
caspase-independent signaling. Interestingly, Topo I, a 
substrate for both caspases and cathepsins, was cleaved to a 
45 kD fragment in the presence of active gingipains 
(182,183).  A fragment of this size usually appears in 
caspase-independent, necrotic cell death and is generated 
by cathepsins (154), however, we did not observe necrosis 
during gingipain-induced cell death in BCAEC.   This 
suggests that gingipains might be able to directly cleave 
Topo I.  This pattern of Topo I cleavage was observed in 
BCAEC cells exposed to purified gingipains or gingipain-
active W83 extracts in the presence and absence of 
selective inhibitors of Rgp and Kgp (183), suggesting that 
both Rgp and Kgp can cleave Topo I to varying degrees.  
However, Topo I cleavage may not be relevant to 
gingipain-induced apoptosis since endothelial cells treated 
with Kgp that are attached and viable also display this 45 
kD cleavage fragment.   

 
Lamins are major structural proteins of the 

nuclear envelope (37) that are cleaved by caspases to 
induce chromatin condensation (207) and possibly disrupt 
lamin-lamin interactions, as well as, interactions of lamins 
with other nuclear components (37).  Cleavage of lamins 
also results in nuclear shrinkage (113).  HRgpA localizes to 
the nucleus (175) and may be able to cleave lamin B and 
subsequently gain access to the nucleus to cleave Topo I 
and possibly modulate other nuclear proteins, producing the 
nuclear apoptotic morphology.  Kgp may function similarly 
to and work with HRgpA, since its nuclear targeting ability 
was not dependent on proteolytic activity (175).  Figure 5 is 
a comparison of potential caspase-independent apoptosis 
pathway members induced by gingipain activity. 
 
5.3.  P. gingivalis-induced resistance to apoptosis 

Despite several reports of the ability of P. 
gingivalis whole cells, culture supernatants, membranes, 
and gingipains to induce apoptosis, there is also data 
indicating that P. gingivalis inhibits apoptosis in some cell 
types.  Furthermore, there is evidence that P. gingivalis 
infection may initiate divergent survival and death 
pathways (36).  P. gingivalis fimbriae inhibited growth 
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factor deprivation-induced apoptosis via ERK-dependent 
expression of p21 in a human monocytic cell line (153).  In 
addition, it has been demonstrated that P. gingivalis LPS 
can prevent apoptosis of neutrophils derived from a human 
promyelocytic cell line, which may prolong an acute 
inflammatory response resulting in an increased potential 
for tissue destruction (140).  Experimental results of 
Nakhjiri, et al., suggested that the first response to P. 
gingivalis infection in primary gingival epithelial cells was 
apoptosis; however, over time P. gingivalis initiated anti-
apoptotic signaling via increased levels of Bcl-2 and 
decreased levels of Bax that canceled the cells’ death 
response and was even able to promote cell survival in the 
presence of the apoptotic inducer camptothecin (144).  
Furthermore, inhibition of the PI3-K/Akt pathway 
abolished the P. gingivalis-induced protection from 
apoptosis (230).  We believe that these studies 
demonstrated that apoptosis was induced first since a 
reversible phosphatidylserine exposure triggered by P. 
gingivalis invasion could be inhibited by z-VAD-FMK 
(230), suggesting that caspases are activated but the anti-
apoptotic signaling overrides the apoptotic signaling.  
Yilmaz, et al  proposed that P. gingivalis inhibited 
mitochondrial-dependent apoptosis in gingival epithelial 
cells in order to maintain its intracellular lifestyle long 
enough to allow the successful spread of the bacteria to 
adjacent cells (231) and deeper host tissues (5,230).  In 
contrast, another report found that heat-killed P. gingivalis 
induced caspase-3 and -8 activation and apoptosis in 
gingival epithelial cells through FasL-mediated apoptosis 
that was mediated by nuclear factor-κB (NF-κB) and Toll-
like receptor -2 (TLR-2) (25).  Brozovic, et al surmised that 
NF-κB activation was likely to be both anti-apoptotic and 
pro-apoptotic, depending on the stimulus, such as variances 
in bacterial concentrations, and the specific cell type 
involved (25). 

 
Evidence is emerging that P. gingivalis can 

modulate several different monocytic cell survival 
mechanisms in order to evade host defenses such as, signal 
transducer and activator of transcription 6 (STAT6), which 
permits nitric oxide synthesis in macrophages; interferon-
dependent positive-acting transcription factor (STAT1), 
which is essential in caspase-independent cell death of 
activated macrophages; double stranded RNA (dsRNA) -
activated protein kinase (PRKR), which may be important 
in the anti-apoptotic signaling by P. gingivalis; calreticulin 
precursor (CALR), which binds complement C1q 
modulating the host immune response, and gene associated 
with retinoid-interferon induced mortality (GRIM19) (237).  
GRIM19 appears to be a nuclear protein that is expressed in 
response to interferon and retinoic acid, induces cell death 
(7), and is involved in pathogen recognition and invasion 
(13).  Moreover, in human immortalized gingival 
keratinocytes P. gingivalis modulated 25 apoptosis-
associated genes linked to p53 and the mitochondrial 
pathway of apoptosis (75).  A recent study defined the anti-
apoptotic pathways mediated by P. gingivalis in response 
to camptothecin treatment.  It was demonstrated that P. 
gingivalis transiently activates the JAK1/Stat3 pathways 
with Akt pathway modulation also being involved.  These 
pathways up-regulate Survivin, at the mRNA level, and 

ultimately block activation of caspase-3 (122).  Considering 
the many diverse signaling pathways engaged in apoptosis, 
it is not surprising that some bacteria inhibit or delay 
apoptosis while others induce it (230). 

 
Interestingly, P. gingivalis can recognize 

different host cell types and is capable of targeting specific 
and distinct signaling pathways (6).  For example, P. 
gingivalis has been shown to be uniquely capable of 
selectively activating one MAPK pathway and down-
regulating another which may cause responses of epithelial 
cells to be species and even strain specific (224).  In 
addition, the effects that are produced in a particular host 
cell may be specific to the infecting bacterial strain.  Out of 
15 clinical isolates and a reference American Type Culture 
Collection (ATCC) strain 33277 of P. gingivalis only one 
strain was cytotoxic to KB epithelial cells (49).  
Interestingly, the strains used in this study had a higher 
lysine-specific cysteine protease activity than the reference 
strain and there was no decrease in arginine-specific 
activity in strains that did not possess an rgpB gene (49).   
These results suggest that not only may the effects 
triggered be dependent on the host cell, but may also be 
related to the strain of P. gingivalis used, especially since 
our group has shown that gingipain-active extracts from 
strain W83 induced apoptosis in KB cells (34).  P. 
gingivalis has also exhibited the ability to modulate the NF-
κB pathway differently during the course of infection.  In 
gingival fibroblasts early NF-κB activation occurred with a 
later decrease in activity via a PI3-K mediated pathway that 
appeared not to be mediated by the gingipains (34,211).  It 
may be possible that the anti-apoptotic effects of P. 
gingivalis infection in some cell types signal initially 
through NF-κB similar to Rickettsia rickettsii, whose 
primary target is vascular endothelial cells (227).   

 
The recent findings that fimbriae from P. 

gingivalis modulated both pro-apoptotic and anti-
apoptotic genes in human aortic endothelial cells (36) 
and in gingival fibroblasts (211) confirmed that P. 
gingivalis could induce either apoptosis or resistance to 
apoptosis.  It appears that the pathway that prevails in a 
given cell type depends on the balance of cell death and 
survival modulators that are present.  These results raise 
some questions.  In cells in which P. gingivalis can 
induce apoptosis, is this because of direct pro-apoptotic 
signaling by P. gingivalis or because of a specific 
survival signal that is absent in those cells and is 
essential to prevent P. gingivalis-induced apoptosis?   
For instance, a recent report demonstrated that the same 
apoptotic stimulus induced an intrinsic apoptosis that 
was caspase-dependent in one cell type and caspase-
independent in a different cell type (89), implying 
cellular differences and not apoptotic stimulus 
differences.  In cells that survive despite P. gingivalis 
infection, is this because P. gingivalis is overriding the 
host cell’s apoptotic reflex or because the cell is 
‘ambivalent’ to the presence of the invading bacterium?  
It has been proposed that cells respond to changes that 
bacteria cause by activating the apoptotic mechanism, 
although they are not acting primarily to cause apoptosis 
(218).   
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There is overwhelming evidence that host cell 
responses to pathogenic bacteria can involve either 
apoptosis induction or suppression of cell death (144) and 
that host cells appear to be able to distinguish between 
infecting organisms and their components (237).  Recently, 
it has been proposed that the possibly finite number of 
pathways that the pathogen may have evolved to modulate 
could be characteristic of the organism’s genus (75). This 
suggests that the outcome of infection may be more 
determined by the presence or absence of the host cells’ 
repertoire of defensive molecules than by components of 
the pathogen’s virulence arsenal.  A review of the literature 
indicates that P. gingivalis induces apoptosis in only some 
cell types.  The molecules involved in triggering apoptosis 
by P. gingivalis are only beginning to be elucidated.  It will 
be interesting to determine if the same molecules are 
involved in both gingipain-induced apoptosis and 
gingipain-induced resistance to apoptosis and to compare 
the morphological characteristics and pathways of caspase-
dependent and -independent apoptosis mediated by the 
gingipains.  
 
5.4. The purpose of pathogen-induced effects on host 
cell survival 
 Numerous microbes are known to affect host cell 
survival; some trigger apoptosis while others provide 
increased cell survival in host cells [reviewed in 
(61,62,66,138,227)].  Overall, there appears to be two 
general mechanisms for Gram-negative pathogen-induced 
cell death.  In the first, effector proteins delivered by a 
Type III secretion system activate caspase-1 producing 
both features of apoptosis and necrosis.  In the second 
mechanism, activation of TLR-4 by LPS triggers apoptosis 
(73). 
 

Apoptosis induced in any host cell type by 
bacteria acting external to the cell is likely to be a 
pathogenic mechanism for promoting invasiveness (38).  It 
would be beneficial to the bacteria to induce apoptosis of 
the host cell in order to evade the immune system by 
eliminating key defense cells like lymphocytes, monocytes, 
and neutrophils (227); however, cell death may also be a 
protective mechanism signaled by the host cell to induce 
inflammation through caspase-1 activation (61,62), clear 
the pathogen, and limit intracellular replication (38).  For 
example, apoptosis of lung epithelial cells upon infection 
with Pseudomonas aeruginosa constitutes a pivotal part of 
host defense against P. aeruginosa infections.  However, 
this apoptosis crucially contributes to the host defense 
against the bacteria (66).  It is also possible that apoptosis 
contributes to the spread of intracellular bacteria, as 
appears to be the case for Salmonella-induced apoptosis of 
macrophages (62,135) through successive rounds of 
intracellular growth, apoptosis, and phagocytosis of 
infected apoptotic bodies, perpetuating the infection and 
ensuring cell to cell spread (73).  In addition, apoptosis may 
play a role in bacterial trafficking into a niche permissive 
for intracellular replication (62), as in the case of Shigella 
flexneri, which kills macrophages by apoptosis and thereby 
gains access to Peyer patches, permitting the bacteria to 
spread and to infect enterocytes from the basolateral side 
(66).  A recent report speculated that P. gingivalis invaded 

HeLa cells and did not cause cell death to acquire 
intracellular persistence, but if the invasion is rather quick 
there was probably not enough time for complete P. 
gingivalis-induced anti-apoptotic signaling to initiate 
before pro-apoptotic signals induced some apoptotic 
morphology (88).  However, it has also been suggested that 
an initial delay of apoptosis would allow P. gingivalis extra 
time to replicate intracellularly to a higher yield while 
providing protection from the host immune system before 
inducing apoptosis for bacterial spread to other cells (211).  
Anoikis could be triggered to prevent the lateral spread of 
bacteria and aid in the removal of the infected host cell 
(185).  Collectively, these findings suggest that there is no 
universal function for pathogen regulated cell death (138). 

 
Host cells infected by some pathogens may 

actually have increased cell survival that aids in 
pathogenesis.  Inhibiting host cell apoptosis would provide 
a safe haven for an intracellular pathogen (227) and help to 
maintain the metabolic activity of the infected cell (62).  
For example, inhibiting host cell death facilitates the 
intracellular development of Toxoplasma gondii, which 
increases parasitemia and may lead to an enhanced 
inflammatory response to the parasite resulting in host 
mortality (120).  Experimental evidence suggests that T. 
gondii inhibits apoptosis of host cells by different 
mechanisms, both direct inhibition of infected cells and 
indirect mechanisms, to protect both infected and 
uninfected host cells (120).  Direct mechanisms interfere 
with caspase cascade activation, increase levels of anti-
apoptotic Bcl-2 family members, increase inhibitor of 
apoptosis proteins (IAPs), and decrease levels of PARP that 
may inhibit apoptosis in a caspase-independent fashion 
(120).  Remarkably, a single viable parasite was sufficient 
to block apoptosis of the host cell and this inhibition was 
reversed when the parasite was killed (120).  Some 
pathogens signal both cell death and cell survival.  For 
example, Mycobacterium tuberculosis induces apoptosis in 
macrophages via a TNF-α and caspase-1 dependent 
pathway, but also protects cells from apoptosis via NF-κB 
and neutralization of TNF-α pro-apoptotic activity (62).  
Chronic infection with Helicobacter pylori is associated 
with gastric cancer suggesting that this bacterium would 
induce apoptosis resistance in gastric cells.  However, it 
induces apoptosis in the majority of gastric cells, but a 
small percentage of cells are resistant to H. pylori-induced 
apoptosis, as well as, other apoptotic stimuli (187).  The 
bacterial-related factors responsible for this effect are 
unclear.  Furthermore, Chlamydia induces resistance to 
apoptosis during the initial stages of infection and then later 
induces apoptosis in host cells (227).  This indicates that 
intracellular bacteria can fine tune the balance between 
anti- and pro-apoptotic activities even at discrete stages of 
infection (62), with the ultimate goal to facilitate the spread 
of infection.  
 
6.  SUMMARY 
 
 In order for P. gingivalis to survive and grow 
in the host, it must be able to obtain nutrients and overcome 
lethal factors, such as oxidative stress which may result 
from the host’s immune response.  The gingipains of P. 
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gingivalis are vital for the survival of the bacterium.  They 
degrade host tissue to provide a source of nutrients and 
through degradation of cell adhesion molecules, induce 
apoptosis and access deeper tissue layers evading some 
aspects of the host immune system.  Gingipains are 
involved in the accumulation of heme on the bacterial 
surface creating a shield from ROS, as well as, interacting 
with other gene products that are involved in oxidative 
stress resistance. 
 
 In summary, based on our observations, we can 
postulate a tentative model, which may be part of the 
mechanism for P. gingivalis virulence.  Central to this 
model are the gingipains and the regulatory role of the vim 
gene products.  1)  The accumulation of the earliest 
colonizers on the tooth surface initiates an inflammatory 
reaction known as gingivitis.  2)  As the ecological 
succession continues, conditions in the subgingival area 
will facilitate the colonization of the anaerobes, in 
particular, P. gingivalis.  Gingipains and the expression of 
the genes in the recA region in this organism are an 
important strategy in an environment with increasing 
inflammation and neutrophil infiltration.  These gene 
products are required to facilitate survival of P. gingivalis 
in this oxidative stress environment.  3)  The recA gene 
product is involved in repair of DNA damage while the 
products of the vim genes facilitate the appropriate 
production and cell-associated localization of the 
gingipains.  The cell-associated localization of the 
gingipains may be important because protection from 
oxidative damage may also be facilitated by surface 
accumulation of hemin which will form µ-oxo dimers in 
the presence of oxygen and its toxic reactive derivatives 
(190,193).  P. gingivalis gingipains are known to be 
associated with heme accumulation [reviewed in (152)].  4)  
Survival in the oxidative environment requires that P. 
gingivalis also utilize a combination of other mechanisms 
for growth and proliferation.  Other mechanisms utilized by 
the bacterium such as Hydrogen peroxide reductase and 
Bcp can guard against oxidative damage which would 
curtail the growth of P. gingivalis.  Gingipain-associated 
degradation of cell-cell adhesion proteins (cadherins and 
integrin) on epithelial and endothelial cells resulting in cell 
death will compromise tissue integrity.  Increased tissue 
permeability will facilitate access of P. gingivalis to the 
vascular system, giving rise to other systemic effects (e.g. 
cardiovascular disease) potentially providing a more 
hospitable niche.  Degradation of host tissues also provides 
nutrients for the organism.  Since the mouth reflects the 
health of the whole body, as suggested by the Surgeon 
General (212), preventing gingipain activity in the oral 
cavity and, thus, inhibiting the key mediator of survival for 
P. gingivalis may be a means to greatly improve the overall 
health status. 
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