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Abstract

Porphyromonas gingivalis, is the most prominent member of the bacteria flo-
ra associated with pathogenesis of periodontitis, a chronic inflammatory dis-
ease resulting in tooth loss. The extent of oral mucosal reaction to P. gingivalis
invasion relays heavily on Toll-like receptors (TLRs) that recognize structu-
rally common motifs of pathogens and initiate antibacterial responses.
Among the virulence factors of P. gingivalis implicated in TLRs activation and
triggering inflammatory responses leading to the development of periodonti-
tis is the bacterium cell-wall lipopolysaccharide (LPS). The engagement by the
LPS of oral mucosal TLR4 leads to initiation of signaling events characterized
by the activation of mitogen-activated protein kinase (MAPK) and IxB-kinase
complex (IKK) cascades, induction of phosphoinositide-specific phospholi-
pase C (PLC)/protein kinase C (PKC)/PI3K pathway, up-regulation in TGF-a
ectodomain shedding and EGFR transactivation, and the amplification of
proinflammatory signals by spleen tyrosine kinase (Syk). These events, in
turn, exert their control over transcription factors implicated in the induction
of the expression of cyclooxygenase-2 (COX-2) and inducible nitric oxide
synthase (iNOS) genes that lead to up-regulation in the inflammatory media-
tors, PGE2 and NO. The systems involved in transcription factors activation, fur-
thermore, remain under additional regulatory control through S-nitrosylation.
Moreover, the LPS-induced TLR4 activation provides a docking site for Syk,
the activation of which leads to amplification of the inflammatory signals by
affecting transcription factors activation and their assembly to transcriptional
complexes. Interestingly, the extent of oral mucosal inflammatory response to
P. gingivalis remains under modulatory influence by two biologically active
peptide hormones, leptin and ghrelin. Therefore, the presence of these multi-
functional peptides in oral mucosa and saliva may be of significance in coun-
tering the destructive consequences of P. gingivalis—induced chronic mucosal
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inflammation that characterizes periodontitis.
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1. Introduction

Porphyromonas gingivalis is a non-motile, rod-shaped, Gram-negative anaerob-
ic bacterium, which together with more than 700 bacterial species colonize the
epithelial surfaces of oral mucosa, soft gingival tissue and tooth enamel [1] [2]
[3]. Under normal physiological conditions, this diverse community of oral mi-
crobiota exists in commensal harmony with the host and this status is main-
tained primarily by saliva, a viscous secretion elaborated by the major and minor
salivary glands located within the oral cavity [4] [5]. The proteins and glyco-
proteins of saliva not only participate in the formation of the tenacious protec-
tive coating covering tooth enamel and oral mucosa, but are also endowed by a
large repertoire of biological functions that play a major role in bacterial aggre-
gation and clearance from the oral cavity [4] [5] [6] [7] [8]. The disturbances in
salivary glands secretory function and the ensuing decline in the protective po-
tential of saliva heralds the weakening of oral mucosal defense perimeter and
provides an opportunity for bacterial infection, and the development of chronic
mucosal inflammation that leads to periodontal disease [5] [8] [9] [10].

The bacterial species implicated as primary etiological agents of periodontal
diseases are the members of so called “red bacterial complex”, and include Por-
phyromonas gingivalis, Treponema denticola, and Tannerella forsythia [11]
[12], while the role of facultative anaerobe, Actinobacillus actinomycetemcomi-
tans, in etiology of periodontal disease is less apparent, although the bacterium is
more frequently found in localized aggressive form of periodontitis [1] [13] [14].
Based on subgingival plaque analysis data, P. gingivalis is by far the most prom-
inent member of the bacterial flora found in periodontal packets of people with
gum disease [15], and is generally recognized as a major culprit in the pathoge-
nesis of periodontitis, a chronic inflammatory disease that affects about 15% of
population and leads to progressive destruction of teeth-supporting tissue, and is
the major cause of adult tooth loss [1] [12] [16]. Apparently, the first step in 2.
gingivalis invasion of gingival epithelium is the evasion of host defense mechan-
isms followed by the bacterium attachment to the epithelial surfaces through
cell-surface specific receptors, and the unleash of a large panel of virulence fac-
tors that provoke the inflammatory response of the host tissue [2] [5] [12]. The
factors implicated in the progressive destruction of periodontal tissues by P. gin-
givalis include its cell surface major (FimA) and minor (Mfal) fimbriae proteins

[17] [18], elaborated arginine and lysine specific cysteine proteinases, referred to
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as gingipain R and gingipain K [16] [19], collagenases, capable of extracellular
matrix proteins degradation and activation of the host matrix metalloproteinases
[2] [20] [21] [22] [23], and the secreted sufatases directed towards cell mem-
brane glycosphingolipids as well as proteoglycans of extracellular matrix [2]
[24].

A factor of particular significance to the pathogenic action of P. gingivalis
leading to the development of periodontitis is its cell-wall lipopolysaccharide
(LPS) [25] [26] [27]. Indeed, the oral mucosal responses to P. gingivalis LPS are
manifested by a marked increase in epithelial cell apoptosis and proinflammato-
ry cytokine expression, up-regulation in endothelin-1 (ET-1) and TNF-a release,
stimulation in NF-xB nuclear translocation, excessive nitric oxide (NO) and
prostaglandin (PGE2) generation, and the proinflammatory signal propagation
associated with the activation of epidermal growth factor receptor (EGFR) and
mitogen-activated protein kinase (MAPK) cascade [25]-[31]. Moreover, studies
into the events underlying the inflammatory processes elicited by bacterial in-
vaders revealed that these responses are mediated by Tool-like receptors (TLRs),
a class of transmembrane pattern recognition receptors (PRRs) that recognize
structurally common motifs of bacterial, fungal and protozoan origin [32] [33]
[34]. Among the bacterial products implicated in TLRs activation and triggering
vigorous inflammatory responses are lipoteichoic proteoglycans of Gram-positive
bacteria and LPS of Gram-negative bacteria, including that of P. gingivalis [26]
[28] [35] [36] [37].

Therefore considering the preponderance of the evidence as to the primary
role of P. gingivalis in the initiation and propagation of oral mucosal inflamma-
tory responses leading to the development of periodontitis, in this article we re-
view data on the signaling cascades triggered by the bacterium LPS activation of
TLR4, and examine how these cascades are modulated by the endogenous pep-

tide hormones, leptin and ghrelin.

2. Tool-Like Receptors

2.1. Structure and Activation

TLRs are a family of ten type I transmembrane glycoproteins, consisting of a
highly N-glycosylated extracellular domain characterized by the presence of a
leucine-rich repeat motifs (LRR) involved in ligand recognition, a single trans-
membrane spanning region, and an intracellular domain that contains a
Toll-1I-1 receptor (TIR) region involved in the activation of signaling cascade
[32] [38]. Majority of TLRs are located mainly in the cell membrane (TLRI,
TLR2, TLR4, TLR5, and TLR6), with some (TLR7, and TLR9) being also present
in the endosomes (34), and their TIR domains are not only found in the recep-
tors but also in the adaptors involved in IL-1 signaling [39].

In general, the stimulation of TLRs by the respective ligands triggers receptor
dimerization followed by the recruitment of different adaptor molecules to the

cytoplasmic domain (TIR) of the receptor, such as myeloid differentiation factor
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88 (MyD88) or Toll/Interleukin-1 receptor (TIR) domain-containing adap-
tor-inducing interferon-(TRIF) [32] [39]. Depending on which of the adaptors
are involved, these molecules trigger a different response and affect different
downstream signaling cascades converging on NF-«B, interferon response fac-
tors (IRFs), and MAPKSs [32] [34]. Indeed, with the exception of TLR3, all TLRs
utilize MyD88 adaptor pathway. In this pathway, TLR binding leads to recruit-
ment of MyD88, which in conjunction with another TIR-containing adaptor
molecule, Mal (MyD88 adaptor-like), form complex with IRAK kinases, fol-
lowed by polyubiquitination and activation of TAK1 [33] [34]. This results in
activation of IxB-kinase complex (IKK) and MAPK pathways involving extra-
cellular signal-regulated kinase (ERK), c-Jun terminal kinase (JNK), and p38
[32] [40]. Activation of IKK leads to phosphorylation of NF-«B inhibitory pro-
tein IxBa and translocation of NF-«B to the nucleus and induction of the ex-
pression of proinflammatory genes, while MAPKs are involved in the activation
of activator protein-1 complex (AP-1) transcription program [33] [34] [41].
Based on the ligand recognition and binding, TLR4 is now well-documented
as a receptor that mediates inflammatory responses to bacterial LPS, including
that of P. gingivalis [25] [26] [27]. Indeed, studies show that the exposure of sa-
livary gland acinar cells to P. gingivalis LPS results in the TLR4 activation
through autophosphorylation (Figure 1) on several critical Tyr residues that are

essential for the initiation of downstream signaling events [42].

2.2.LPS and Its Interaction with TLR4

The Lipopolysaccharide is an integral glycolipid component of the outer mem-
brane of Gram-negative bacteria where it plays important role in the mainten-
ance of cellular and structural integrity, folding and insertion of membrane pro-
teins, and the entry of hydrophobic molecules [2] [32] [37]. The glycolipid con-
sists of membrane anchored hydrophobic domain, referred to as lipid A,
non-repeating core oligosaccharide region, and a distal polysaccharide structure
referred to as O-antigen chain. The lipid A region is composed of phosphory-
lated A(1,6)-linked diglucosamine backbone with four to seven fatty acyl chains
ranging from 10 to 16 carbon units attached to it. Of these, four acyl chains are
directly linked to the glucosamine backbone, and the remaining being attached
to the hydroxyl groups of the lipid chains [38] [39]. The non-repeating core oli-
gosaccharide region is rich in heptose and KDO (keto-deoxyoctulosonate), and
coupled to the O-specific highly heterogeneous set of carbohydrate chains ex-
tending from the cell surface [32] [38] [39].

The endotoxin and the immunological properties of LPS reside mainly in the
heterogeneous acylation character of lipid A domain, which in different bacterial
species shows considerable variation in the acylation pattern and the number of
phosphate groups [36] [39] [43]. The core and O-specific regions of LPS appear
to have only minor role in recognition by host immune receptors, as the chemi-

cal removal of carbohydrate chains has only limited effect on the inflammatory
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TLR4 TLR4

Figure 1. Structural elements of TLR4 signaling pathway activated by LPS binding. The LPS-induced di-
merization of the TLR4/MD2 complex elicits phosphorylation of the intracellular TIR domain at Tyr,
followed by its dimerization and the recruitment of the adaptor molecules myD88, Mal, and TAKI. This
leads to the activation of IxB-kinase complex (IKK) and MAP kinases, and resulting in the induction and

translocation to the nucleus of NF-xB and AP-1 transcription factors involved in the activation of proin-

flammatory genes. pY, phosphotyrosine.

potential of LPS [38] [39] [44]. It should be noted, however, that due to its am-
phipathic character, the extent of inflammatory response to LPS is controlled by
the accessory protein molecules, LPS-binding protein (LBP), CD14, and myeloid
differentiation-2 (MD-2). The LBP and CD14 molecules, apparently, determine
the level of the enhancement in detection of LPS by TLR4: with LBP binding to
LPS aggregates and delivering them to CD14, and the CD14 transferring the
bound LPS to the TLR4/MD-2 aggregates on the plasma membrane [39] [41].
Indeed, studies show that LBP binds tenaciously to the LPS oligomers release
from bacterial membrane and transfers them to the binding factor, CD14, exist-
ing either as membrane-anchored through glycosylphosphatidylinositol tail or as
soluble glycoprotein in the serum. The LPS aggregates are sorted on CD14 into
monomeric forms and as such presented to the TLR4/MD2 complex [33] [41].
While MD2 has neither transmembrane or signaling domain, its hydrophobic
cluster offers a seamless interface for binding with the hydrophilic lipid A region
of the LPS, whereas the exposed oligosaccharide portion of LPS presents an ideal
perimeter for the interaction with the second TLR4/MD2 complex [32] [39]. The
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LPS-induced and symmetrically arranged TLR4/MD2 dimerization on the cell
surface is at the core of TLR4 activation that is then followed by TIR domain
dimerization and induction of binding of the adaptor molecules. Indeed, after
binding LPS, the TIR domain of membrane-located TLR4 interacts with the TIR
domain-containing adaptor protein Mal (MyD88 adaptor-like), followed by the
interaction with the TIR region of myeloid differentiation factor 88 (MyD88).
Apparently, in this process, dimerization of the extracellular domains leads to
juxtaposition of the intracellular domains and their dimerization, followed by
the recruitment of signaling adaptors [39]. The My88 aggregation signal is then
transmitted to IRAK kinases, ultimately leading to activation of signaling kinases
involved in the activation through phosphorylation of two sets of kinases, IKK
and MAPKs (Figure 1). Activation of IKK result in translocation of NF-xB
transcription factors to the nucleus and induction of the expression of proin-
flammatory genes, while MAPKs are involved in the activation of AP-1 tran-

scription complex-mediated signaling cascades [36] [39] [41].

3. Endogenous Modulators of Oral Mucosal Inflammatory
Responses to P. gingivalis

3.1. Leptin

Advances in identification of salivary constituents of significance to the main-
tenance of oral mucosal integrity have brought to focus the importance of sali-
vary bioactive peptides in the protection of oral cavity against the hordes of in-
vading bacteria. Historically, the classical example of biologically active peptide
of salivary origin, identified nearly 70 years ago and recognized for its role in
cellular proliferation, mucosal protection and wound healing, is epidermal
growth factor [45] [46]. Equally important, although more recent development,
was the identification in saliva and oral mucosal tissue of two biologically active
peptides of a broad physiological relevance, leptin and ghrelin [6] [7].

Leptin, a multifunctional16 kDa peptide hormone encoded by the obese (0b)
gene and initially acknowledged for its role in the maintenance of body energy
stores and weight homeostasis, has emerged as an important regulator of mu-
cosal inflammatory responses to bacterial infection [28] [47] [48]. The biological
activities of leptin are mediated through the interaction with the specific mem-
brane receptor, OB-R, a member of the class I cytokine receptor superfamily,
which exists in several variant forms sharing the same extracellular domain but
differing in the length of transmembrane coding regions [48]. Aside of its hypo-
thalamic site of action, leptin and leptin receptors have been identified along the
alimentary tract, including oral mucosa and the acinar cells of salivary gland [6]
[28] [47]. Indeed, leptin was found to interfere with the detrimental effects of 2.
gingivalis LPS on the synthesis of salivary mucins, increase in the level of leptin
characterizes gastric mucosal inflammatory responses to H. pylori infection, and
the exogenous leptin has been demonstrated to affect the extend of inflammato-

ry responses to E. coli LPS [28] [49] [50]. Moreover, leptin released locally with-
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in mucosal tissue has been implicated in the interaction with proinflammatory
cytokines to control local inflammations, and the regulation of proinflammatory
mediators, NO and PGE2 production [51] [52].

3.2. Ghrelin

Another peptide hormone, identified more recently as an important modulator
of oral mucosal inflammatory responses to P. gingivalis is ghrelin [7] [29] [53].
This 28-amino acid peptide, found in saliva and oral mucosal tissue has gained
recognition as principal modulator of the local inflammatory responses by affecting
the cross-talk between nitric oxide synthase isozyme system (NOS), and the cyc-
looxygenase synthase (COX) enzymes. The signaling mechanism that underlies this
regulatory of mode of ghrelin action involves the stimulation of growth-hormone
secretagogue receptor type la (GHS-R1a), a seven-transmembrane G protein-coupled
receptor (GPCR), that leads to activation of heterotrimeric G-protein-dependent
network of protein kinases, including phospholipase C (PLC)/protein kinase C
(PKC) implicated in phosphatidylinositol 3-kinase (PI3K)/Src and Akt signaling,
as well as those involved in the regulation of NO and PGE2 production [54] [55]
[56] [57].

4. LPS and Proinflammatory Mediators,
NO and PGE2, Production

4.1. Porphyromonas Gingivalis LPS-Induced NOS/COX Cross-Talk

The oral mucosal responses to P. gingivalis and its key virulence factor, LPS are
characterized by a massive rise in epithelial cell apoptosis and proinflammatory
cytokine expression, excessive NO generation, and a marked increase in PGE2
production [22] [28] [58]. A growing volume of literature, moreover, points to-
wards the existence of functional and signaling relationship between NO, gener-
ated by the action of NOS, and the formation of PGE2 synthesized from arachi-
donic acid (AA) by the action of COX systems [30] [59] [60]. While NO and
PGE2 generated by the constitutive nitric oxide synthase (cNOS) and cycloox-
ygenase-1 (COX-1) enzyme systems are deemed essential to maintaining normal
housekeeping functions, the induction of inducible nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2) expression in response to inflammatory stimu-
lus, including that of P. gingivalis LPS, have been demonstrated to promote the
proinflammatory events propagation [37] [59] [61].

Indeed, the stimulation of NO production through iNOS induction has been
shown to lead to the up-regulation in COX-2 activation, whereas the inhibition
in iNOS activation results in a decrease in PGE2 formation [60] [61] [62].
Moreover, we have demonstrated that COX-2 activation and the ensuing in-
crease in PGE2 generation is the result of iNOS-derived and NO-induced
COX-2 enzyme protein S-nitrosylation [30] [60]. Hence, the LPS elicited induc-
tion in iNOS expression and the resulting COX-2 activation through
S-nitrosylation leads the excessive PGE2 generation (Figure 2). PGE2 then acts
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Figure 2. Signaling pathways and transcription factors involved in oral mucosal inflam-
matory responses to P. gingivalis LPS. Ligation of TLR4 by the LPS results in the activa-
tion of IKK complex and MAP kinases, ERK, p38 and JNK, and triggers the nuclear
translocation of transcription factors involved in the induction of COX-2 (AP-1), CREB
and C/EBP) and iNOS (NF-«B). This leads to iNOS-induced up-regulation in NO gener-
ation and COX-2 activation through S-nitrosylation that results in the excessive PGE2
production. pY, phosphotyrosine; P, phosphate.

locally through binding of one or more of its four eicosanoid receptors (ER) and
triggers the persistence of inflammatory microenvironment by promoting local
vasodilation, attraction and activation of neutrophils, macrophages, natural kill-
er cells, and dendritic cells [63] [64].

Furthermore, P. gingivalis-induced enhancement in oral mucosal iNOS acti-
vation and the excessive NO generation results in cNOS S-nitrosylation that in-
terferes with its activation through Akt-mediated phosphorylation on Ser'”
[29]. The induction in iNOS expression by P. gingivalis LPS also leads to the in-
crease in salivary gland acinar cell apoptosis as well as Akt kinase inactivation
through S-nitrosylation, that is manifested by a decrease in the kinase phospho-

rylation on Ser*” [29] [56] [65] [66]. There are also data suggesting that P. gin-
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givalis LPS-induced up-regulation in the acinar cell iNOS leads to disturbances
in ctNOS phosphorylation that exerts the detrimental effect on the processes of
cSrc  kinase activation through c¢NOS-mediated S-nitrosylation (57).
S-nitrosylation has been also convincingly linked to the regulation of IxB-kinase
complex (IKK) activity responsible for NF-xB nuclear translocation, and the ac-
tivation processes of cytosolic phospholipase A, (cPLA,) involved in AA release
[37] [67] [68]. Remarkably, peptide hormone, ghrelin, exerts the modulatory
impact on all of these proinflammatory effects of P. gingivalis LPS by influencing
the extent of Src/Akt-dependent up-regulation in cNOS activation [29] [30] [56]
[57] [65] [66] [68].

4.2. Transcriptional Factors in LPS-Induced iNOS
and Cox-2 Activation

The events underlying the proinflammatory signal regulation in oral mucosa in
response to P. gingivalis challenge relay heavily on the bacterial LPS engagement
of TLR4, the ligation of which results in the receptor dimerization followed
phosphorylation of its intracellular domain at the several critical Tyr residues
[43]. This leads to recruitment to the cytoplasmic domain of the TLR4 of several
different adaptor molecules involved in the propagation of signaling events, in-
cluding Mal and MY88, and triggers the activation of downstream signaling
cascades converging on two sets of kinases, IKK and MAPK [32] [36] [39]. Acti-
vation of MAPK cascade, including ERK, JNK, and p38, results in the phospho-
rylation and activation of transcriptional factors implicated in the induction of
the expression of COX-2, while the activation of IKK converges on NF-xB
pathway involved in the induction of iNOS gene [68] [69] [70] [71]. It is perti-
nent to note, however, that ERK signals also converge on IKK pathway activa-
tion through phosphorylation of its IKK-£ catalytic subunit and hence are asso-
ciated with the enhancement in NF-xB nuclear translocation and the induction
in iNOS expression [37] [72] [73].

In concordance with the current literature data, NF-«B is ubiquitously present
in all types of mammalian cells, where it controls a variety of genes involved in
immune, inflammatory, and proinflammatory responses, including those of
TNEF-a, IL-6, and NOS isozymes responsible for NO production [26] [56] [65].
Although NF-xB is known to consist of five homo- and heterodimers of Rel
protein family, the most characterized complex is a p50/p65 heterodimer, which
is sequestered in the cytoplasm of resting cells bound to a family of inhibitory
IxB proteins [68] [69]. Activation of NF-«B via LPS elicited TLR4 ligation in-
volves a rapid phosphorylation of the inhibitory IxB-a at two critical serine re-
sidues by IKK complex. This phosphorylation event signals IxB-a for degrada-
tion by ubiquitin-proteasomal pathway, and leads to nuclear translocation of the
released NF-«B, its binding to promoter response elements, and activation of the
transcription of genes implicated in immunoregulation and inflammation, in-
cluding that of iNOS [30] [68]. Moreover, we have observed that ERK activation
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by P. gingivalis LPS, like the LPS of other bacteria (Figure 2), elicits an en-
hancement in IKK-g phosphorylation as well as the upsurge in NF-«B nuclear
translocation that is accompanied by the induction in iNOS expression [42] [69]
[73]. In addition, the LPS-induced upregulation in IKK-/ activity displays sus-
ceptibility to suppression by the inhibitors of ERK phosphorylation, thus attest-
ing further to the role of ERK in the processes of NF-xB-dependent induction of
iNOS expression for the increase in NO generation [37] [42]. Interestingly, the
effect of hormone ghrelin on the LPS-induced up-regulation in iNOS expression
is manifested by the inhibition in IxB-a degradation and a decrease in NF-xB
nuclear translocation [71].

In contrast to the signaling events involved in the control of the mucosal ex-
pression of iNOS, the nature of factors implicated in transcriptional regulation
and the induction of COX-2 expression by LPS is considerably more complex.
Indeed, the current consensus is that the process may be maintained in the syn-
chrony through several redundant systems involving at least four central response
elements located on the COX-2 gene promoter. These include transcriptional fac-
tor, NF-xB, activator protein-1 (AP-1), cAMP response element-binding protein
(CREB), and CCAAT/enhancer-binding protein (C/EBP) which plays an im-
portant role in COX-2 promoter induction mainly through interaction with its
two-family members, C/EBPS and C/EBPJ [37] [74] [75] [76]. Certainly, the
available data clearly suggest that LPS-induced JNK, p38 and ERK activation
through phosphorylation leads to the transcription factors, AP-1, CEB, and
C/EBP activation, that results in the induction of COX-2 expression (Figure 2).

MAPK ERK, moreover, in addition to its well-defined involvement in the ac-
tivation of IKK-f associated with the up-regulation in NF-kB nuclear transloca-
tion, also exerts its effect on the activation of transcription factor, cFos, involved
in the assembly of AP-lcomplex associated with the induction in COX-2 gene
expression [37] [42] [70] [75] [77]. There are furthermore, preponderant data
demonstrating that LPS-induced ERK activation plays a principal role in the ac-
tivation of cytosolic phospholipase A, (cPLA,), an enzyme implicated in the AA
release for PGE2 synthesis [58] [60] [73] [78]. Indeed, the activity pf cPLA, is
tightly regulated by posttranslational mechanism involving ERK-dependent en-
zyme phosphorylation that facilitates its translocation from cytosol to membrane
to gain access to phospholipid substrates for the increase in AA generation [73]
[78]. Interestingly, the literature data indicate that the gene locus of cPLA, is lo-
cated on chromosome I in the proximity of COX-2 gene, and the increased level
of AA is known to affect the COX-2 expression [79].

The systems implicated in transcription factors activation, furthermore, re-
main under additional regulatory control through S-nitrosylation (Figure 3).
Indeed, S-nitrosylation has been implicated in the processes COX-2 and cPLA,
activation, as well as the regulation of IKK-/ activity and the level of NF-kB
nuclear translocation [29] [30] [67] [68] [69]. Moreover, we have demonstrated

that P. gingivalis LPS-elicited induction in iNOS leads to up-regulation in COX-2
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Figure 3. Schematic representation of the mechanism involved in the excessive oral mucosal NO and PGE, generation in response
to P. gingivalis LPS. Binding of the LPS to TLR4 triggers the activation of JNK, p38 and ERK1/2 MAPKs, and nuclear transloca-
tion of transcription factors involved in the induction of COX-2 (AP-1, CREB and C/EBP), and iNOS (NF-kB) genes transcrip-
tion. Moreover, the activation of ERK by the LPS leads to phosphorylation and activation of IKK-f and cPLA2, which trigger
up-regulation in arachidonic acid (AA) release and the induction in iNOS. The rise in iNOS-elicited NO production leads to
COX-2 activation through S-nitrosylation that results in the excessive PGE, generation. Engagement of the growth hormone se-
cretagogue receptor (GHSR) by ghrelin leads to the inhibition of C/EBP and p38/JNK-mediated AP-1 activation, and hence results
in the reduced COX-2 expression. The effect of ghrelin, moreover, is reflected in further enhancement in the LPS-induced ERK
activation, and up-regulation in Src/Akt-dependent cNOS phosphorylation that leads to the inhibition of IKK-f and cPLA, activa-
tion by cNOS-mediated S-nitrosylation. This results in the repression of iNOS gene induction and the inhibition of COX-2 activa-
tion through iNOS-dependent S-nitrosylation, as well as the suppression of AA release.

activation through S-nitrosylation that results in an excessive PGE2 generation
[30].

5. Factors Affecting Amplification in Proinflammatory
Signal Propagation
5.1. P. gingivalis LPS Amplification in PLC Activation

One of the key elements of LPS-induced activation of TLR4 is the receptor-mediated
recruitment of phosphoinositide-specific phospholipase C (PLC) [80] [81]. The
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mammalian phosphoinositide-specific PLC is a family of 13 isozymes divided
into six subfamilies on the basis of their size, amino acid sequences, domain
structure, and activation mechanisms [80]. The most ubiquitously expressed are
the two isoforms of the PLCy subfamily, PLCy1 and PLC)2, both activated fol-
lowing TLR4 ligation by LPS and resulting in generation of the second messen-
gers, inositol 1,4,5-trisphosphate (IP;) and diacylglycerol (DAG), from mem-
brane phosphatidylinositol 4,5-bisphosphate (PIP,) [80] [81] [82] [83]. The gen-
erated second messengers have far-reaching regulatory and metabolic roles:
DAG is known to stimulate the activity of a variety of enzymes, including PKC,
while IP; is recognized for its role in the regulation of the cytoplasmic calcium
concentration [80]. Other data point to the existence of cross talk between PLC
and PKC, and indicate that while DAG causes stimulation of PKC activation, the
PKC in turn may be involved in the reciprocal modulation of PLC as well as
PI3K activation [81] [83].

Moreover, several PLC isozymes, including mucosal tissue PLC)2, appear to
be directly activated by Ras superfamily of small guanosine triphosphatases
(GTPases) [84] [85] [86]. The GTPases specifically implicated in the regulation
of PLC)2 activation, Racl and Rac2, are members of Rho family and their acti-
vation status is controlled through the exchange of GDP for GTP, catalyzed by
the guanine nucleotide exchange factors, referred to as Dock (dedicator of cyto-
kinesis) 180-related family of GEFs [87]. Interestingly, the Dock180 facilitating
GDP/GTP exchange in Racl responds to stimuli activating tyrosine kinase re-
ceptors and up-regulation in Racl activation has been observed in association
with LPS-induced gastric mucosal and pulmonary inflammation [88] [89].

Hence, considering the pivotal role of PLC)2 in proinflammatory signal
propagation in response to bacterial endotoxins, we explored the mechanism
involved in P. gingivalis LPS-induced amplification in PLCj)2 activation [90].
Our findings revealed that stimulation of salivary gland acinar cells with P. gin-
givalis LPS leads to up-regulation in Dock180 and PLC)2 activation and is asso-
ciated with membrane translocation of Racl and PLC)2. Apparently, in this
process, the LPS-induced TLR4 activation triggers Src-dependent Dock180
phosphorylation on Tyr and the PLC)2-mediated activation of PKCJ. This leads
to the PKCd-induced up-regulation in Dock180 and PLC)2 activation through
phosphorylation on Ser. The up-regulation in Dock180, in turn, stimulates the
formation of Rac1-GTP and promotes its association with PLC}2, thus resulting
in the amplification in PLC)2 activation. The modulatory effect of hormone,
ghrelin, on the other hand, is manifested by the suppression in Racl membrane
translocation as well as a distinct drop in Dock180 phosphorylation on Ser.

Taken together, the findings underscore the role of Src/PKCd-mediated GEF
Dock180 phosphorylation on Tyr/Ser in the amplification of salivary gland aci-
nar cell PLC)2 activation in response to P. gingivalis as well as in the modula-
tion of PLC)2 activity by ghrelin. The schematic representation of the signaling
pathways involved in P. gingivalis LPS-elicited amplification in oral mucosal
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PLC)2 activation and the modulatory influence of ghrelin is depicted in Figure
4.

5.2. P. gingivalis LPS and EGFR Transactivation

Investigations into the signaling cascades triggered byTLR4 activation indicate
that proinflammatory signal propagation induced by LPS is also associated with
the activation of EGFR [91] [92] [93]. Indeed, recent data show that
LPS-induced EGFR transactivation is an essential part of the inflammatory and
repair process, and involves TACE-dependent release of inflammatory regula-
tors, including EGFR ligand, TGF-a [93] [94].

The EGFR is a transmembrane glycosylated protein consisting of an extracel-
lular ligand binding domain, a single membrane-spanning region, and a cytop-
lasmic tyrosine kinase domain, that has been implicated in growth and repair
processes of a variety of epithelial cells, including those of oral mucosa and sali-
vary glands [46] [95] [96]. Upon ligand binding to the extracellular domain,
EGFR undergoes dimerization, and the intrinsic tyrosine kinase activation
through phosphorylation of key tyrosine residues within the cytoplasmic region
of the receptor [95] [97]. Subsequently, these phosphorylated tyrosine residues
serve as docking sites for a variety of the recruited signal transducer molecules

Figure 4. Diagram of the regulatory role of GEF Dock180 phosphorylation on Tyr/Ser in
modulation of Rac-1 activation in response to P. gingivalis LPS and ghrelin. Ligation by
ghrelin of salivary gland acinar cell GHS-R1a activates several G protein-dependent signal
transduction pathways, including that of Src kinase-dependent Dock180 phosphorylation
on Tyr that maintains the regulatory level of Racl-GTP formation. Binding of the LPS to
TLR4 triggers Src kinase-dependent Dockl180 phosphorylation on Tyr and the
PLC)2-mediated PKCJ activation that leads to the PKCd-induced up-regulation in
Dock180 and PLC)2 activation through phosphorylation on Ser. The up-regulation in
Dockl180, in turn, stimulates the formation of Racl-GTP and promotes its association
with PLCg2, thus resulting in the amplification in PLC)2 activation. G, heterotrimeric
G-protein; pS, phosphoserine; pY, phosphotyrosine.
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[95]. Furthermore, in addition to its cognate epidermal growth factor (EGF) li-
gand, the EGFR activation occurs in response to transforming growth factor-a
(TGF-a), heparin binding EGF-like growth factor (HB-EGF), epiregulin, am-
phiregulin, and epigen [95] [97] [98]. All these ligands are expressed as inactive
membrane-anchored proteins that in response to a specific cellular stimulus un-
dergo proteolytic cleavage, termed ectodomain shedding, to release the particu-
lar mature growth factor [95] [99].

The cleavage of EGFR ligands occurs with the involvement of mem-
brane-anchored family of disintegrin-metalloproteases (ADAMs), which show
preference with respect to stimulus response and exhibit various degree of sub-
strate specificity [95]. Among the metalloproteinases that respond to LPS stimu-
lation, the primary role is assigned to TNF-a converting enzyme (TACE), also
known as ADAM17 [93] [94] [98] [99]. Indeed, studies show that LPS-induced
TACE activation leads to the enhancement in TGF-a shedding and EGFR trans-
activation [93] [94]. Furthermore, EGFR transactivation by TACE-dependent
TGF-a shedding has been linked to LPS-induced TLR4 signaling through p38
MAPK [94] [98], and there are strong indications for the involvement of Racl
GTPase in the activation process [89] [98] [100].

As oral mucosal inflammatory responses to P. gingivalis LPS are characterized
by up-regulation in MAPK and Racl activation, and the role of Racl has been
suggested in p38 and ADAM17 activation in association with pulmonary, oral,
and gastric mucosal inflammatory responses to LPS [70] [88] [89] [90], we ex-
plored the nature of factors associated with the induction in salivary gland acinar
cell EGFR transactivation by P. gingivalis LPS. Our findings revealed that stimu-
lation of the acinar cells with the LPS leads to p38 MAPK-dependent increase in
TGF-a ligand shedding and EGEFR transactivation [31]. We further demonstrat-
ed that the LPS-induced TGF-a ectodomain shedding and EGFR transactivation
involves the activation of membrane-anchored TACE through phosphorylation
by p38 that requires Dock 180 mediated up-regulation in Racl-GTP formation
(Figure 5). Moreover, we established that the LPS-elicited Racl membrane
translocation serves as an essential platform for the localization of p38 with the

735

TACE, its activation through phosphorylation on Thr’®, and subsequent in-
crease in TGF-a ectodomain shedding for EGFR transactivation [31].

Although the detailed functional paradigm of the role of Racl in p38 mem-
brane recruitment and TACE activation requires further defining, it is becoming
increasingly apparent that Rac GTPases operate as sophisticated modulators of a
remarkably complex and diverse range of cellular processes, including regula-
tion of MAPK expression and PLC)2 membrane localization, and metallopro-
teinase activation [22] [70] [80] [85]. Hence, therapeutic targeting Rac GTPas-
es may prove to be useful approach for developing more effective treatments of
periodontal disease. A noteworthy step in this direction is the recent use of Rac
inhibitor, NSC23766, to alleviate LPS-induced acute pulmonary inflammation

[89].
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Figure 5. Schematic representation of the signaling mechanism leading to P. gingivalis
LPS-induced EGFR transactivation by TGF-a. Ligation by the LPS of salivary gland acinar cell
TLR4 triggers up-regulation in p38 MAPK phosphorylation, as well as prompts the activation and
translocation of Rac1-GTP to the vicinity of membrane-anchored latent TACE. This, in turn, leads
to the recruitment and localization of p38 to the complex, and TACE activation through phos-
phorylation. The subsequent cleavage by the TACE of pro-TGF-aresults in a soluble TGF-aligand
that binds to and activates EGFR, thus causing the increased signaling to ERK/MAPK.

5.3. Amplification of P. gingivalis LPS Inflammatory Signals by Syk

Careful dissection of the events following TLR4 ligation by LPS indicates that
TLR4 activation and the ensuing phosphorylation of its intracellular tyrosine
domain by Src-family kinases not only leads to recruitment to the cytoplasmic
domain of the receptor of several different adaptor molecules involved in the
propagation of signaling cascades converging on MAPK and IKK [32] [36] [43],
but also provides a convenient docking site for spleen tyrosine kinase (Syk), a
non-receptor tyrosine kinase the activation of which is known to increase the
expression of proinflammatory genes [101] [102] [103].

Indeed, Syk initially found in hematopoietic cells and recognized for its role in
adaptive immune responses, has emerged recently as a major effector in
TLR4-mediated inflammatory reaction to LPS [102]. This 72 kDa non-receptor
tyrosine kinase comprises of two tandem N-terminal Src homology 2 (SH2) do-
mains, a linker region, and a C-terminal kinase domain [101] [102]. The first
step in Syk activation is its binding through SH2 domains to the intracellular
Toll-IL-1 receptor (TIR) domain of TLR4 or signaling proteins containing
phosphorylated immunoreceptor tyrosine-based activation motifs (ITAMs) in
their cytoplasmic regions [103]. This results in conformational changes in Syk
and its activation through phosphorylation on several tyrosine residues, which
leads to the activation of the PLC, PI3K, MAPK and ERK signaling cascades, and
amplification in the induction of inflammatory response [103] [104].

Therefore, to gain further leads into the pathways utilized by P. gingivalis en-
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dotoxin, LPS, in triggering up-regulation in oral mucosal inflammatory res-
ponses, we investigated the nature of factors involved in the recruitment and in-
teraction of Syk with TLR4 in salivary gland acinar cells in response to stimula-
tion by P. gingivalis LPS [42]. By following the acinar cell TLR4 activation and
its interaction with Syk, we found that stimulation with the LPS led to a rapid,
time-dependent induction in the phosphorylation of TLR4 and Syk on Tyr, and
that the association between Syk and TLR4 induced by the LPS required phos-
phorylation of both proteins on Tyr. These findings thus support the results ob-
tained with neutrophils and macrophages demonstrating the increase in phos-
photryrosine-dependent binding of Syk to the cytoplasmic region of TLR4 in
response to stimulation by LPS [102] [105]. Furthermore, we revealed that sti-
mulation of the acinar cells with the LPS leads to PKC&é-mediated Syk phospho-
rylation on Ser which is essential for its localization with the membrane asso-
ciated TLR4 complex and the activation through phosphorylation on Tyr. Thus,
PKCJ¢ appears to be a primary linchpin affecting Syk recruitment to TLR4, as
well as influencing the efficiency of its activation and the magnitude of inflam-
matory responses. This assertion is certainly in line with the literature reports as
to the involvement of PKCJ in Syk activation associated with Detectin-1 signal-
ing and thrombin-induced NF-«B activity involved in ICAM-1 expression [106]
[107] [108].

In further efforts to reveal the role of Syk in the amplification of inflammatory
responses of the acinar cells to P. gingivalis LPS, we have turned our attention to
the involvement of Syk in regulation of the expression of transcription factors
affected byTLR4-mediated signaling cascades converging on IKK and MAPK
kinase systems. Our results revealed that the LPS-induced ERK activation, in ad-
dition to its well-defined involvement in the activation of IKK associated with
up-regulation in the expression of iNOS gene [37] [69] [73], also exerts its effect
on the activation through phosphorylation on transcription factor, c-Fos, in-
volved in the assembly of AP1 transcription complex associated with the induc-
tion in COX-2 gene expression. Furthermore, in agreement with the reported
data [71], we have found that MAPK/p38 is involved in phosphorylation of
ATF2, while Syk-mediated activation of JNK along with p38 are involved in the
phosphorylation of transcriptional factor, c-Jun.

As phosphorylation of transcription factors alters their stability and the ex-
tent of dimerization with other members of AP1 complex, giving rise to com-
plexes with different transcriptional potential [77], it is apparent that the
Syk-induced changes in transcription factors activation plays a major role in
the transcriptional outcome of proinflammatory genes expression (Figure 6).
Therefore, pharmacological agents targeting Syk activation offer tempting al-
ternative for the therapeutic intervention in the treatment of chronic peri-
odontitis. It should be noted, however, that most of the current Syk inhibitors
suffer from low therapeutic efficacies, cytotoxicity, and multiple kinase target-
ing [41] [103].
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Figure 6. Illustration of the signaling mechanism involved Syk-induced amplification of
salivary gland acinar cell inflammatory responses to P. gingivalis LPS. Engagement of
TLR4 by the LPS initiates the signal transduction cascades converging on PLC-dependent
pathway of PKCJ activation, MAPKs, and IKK. The induction in PKCJ activation leads
to Syk phosphorylation on Ser that results in up-regulation of its membrane colocaliza-
tion with TLR4 and the activation through phosphorylation on Tyr. The activated Syk, in
turn, amplifies the JNK, p38 and ERK cascades that lead to up-regulation in cJun, cFos
and ATF2 transcription factors involved in the regulation of AP-1 complex assembly and
the induction of COX-2 gene, while the IKK signals converge on NF«B pathway involved
in the induction of iNOS gene. pS, phosphoserine; pY, phosphotyrosine.

6. Conclusions

P. gingivalis is the most prominent member of the bacterial flora associated with
pathogenesis of periodontitis and its role as primary etiological agent of peri-
odontal diseases has been firmly entrenched for over 50 years. However, the role
of the bacterium LPS as the principal virulence factor implicated in triggering
oral mucosal inflammatory responses leading to the development of periodonti-
tis has gained the acceptance more recently. Indeed, the engagement by the LPS
of oral mucosal TLR4 has been convincingly linked to signal transduction events
characterized by the activation of MAPK and IKK cascades, induction of
PLC/PKC/PI3K pathway, up-regulation in TGF-a ectodomain shedding and
EGEFR transactivation, and the amplification in proinflammatory signal propaga-
tion by Syk. Moreover, considerable progress has been made in the identification
and elucidation of the function role of endogenous peptide hormones, leptin and
ghrelin, in the modulation of oral mucosal inflammatory responses to P. gingi-
valis.

The rise and the excessive oral mucosal generation of NO and PGE2 in re-
sponse to P. gingivalis challenge has been demonstrated to relay on the
LPS-induced MAPK activation and the nuclear translocation of transcription

factors involved in the induction of COX-2 gene, while the LPS-elicited activa-
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tion of IKK converges on NF-xB pathway implicated in the induction of iNOS
gene. The ERK activation signals, moreover, induce further activation of IKK-g
and cPLA,, and hence are associated with up-regulation in AA release for PGE2
synthesis and the upsurge in NF-kB nuclear translocation and further induction
in iNOS expression. The systems implicated in transcription factors activation,
furthermore, remain under additional regulatory control through S-nitrosylation.
Indeed, S-nitrosylation has been implicated in P. gingivalis LPS-induced
processes of COX-2 and cPLA, activation, and the regulation of IKK-f activity.
Moreover, the induction in iNOS leads to up-regulation in COX-2 activation
through S-nitrosylation that results in an excessive PGE2 generation.

Another aspect of P. gingivalis elicited proinflammatory signal propagation is
the role of TLR4 activation in the recruitment of phosphoinositide-specific
PLC)2 which catalyzes formation of the second messengers, IP; and DAG. These
messengers in association with two members of Rho family of small GTPases,
Racl and Rac2, facilitate the cross-talk between PLC/PKC and PI3K and, hence,
affect the level of the proinflammatory signal induction by the LPS. Indeed, 2.
gingivalis LPS-elicited TLR4 activation triggers the PLC)2-mediated activation
of PKC¢ that leads to the PKCd-induced up-regulation in Racl membrane
translocation and the amplification in PLC)2 activation. Interestingly, the mod-
ulatory influence of peptide hormone, ghrelin on the excessive LPS-induced
PLC)2 activation is manifested in the suppression in Racl membrane transloca-
tion.

Remarkably, up-regulation in oral mucosal Racl membrane translocation,
induced by P. gingivalis LPS, appears to play a major role in recruitment of the
activated p38 MAPK to the cytosolic aspect of the membrane for TACE activa-
tion and the subsequent increase in TGF-a ectodomain shedding and the EGFR
transactivation. Thus, LPS-induced proinflammatory signal propagation
through MAPK cascade clearly affects the inflammatory and repair processes
associated with EGFR activation. Hence, Rac GTPases, although referred to as
“small GTPases”, appear to function as “full-size” and dominant modulators of a
complex and diverse range of cellular events, including regulation of MAPK ex-
pression, TACE activation and TGF-a shedding, and the amplification in PLC)2
activation.

Equally interesting are the recent developments as to the role of non-receptor
tyrosine kinase, Syk in the amplification of oral mucosal inflammatory responses
to P. gingivalis LPS. The findings indicate that the LPS-elicited phosphorylation
of the intracellular tyrosine domain of TLR4 not only leads directly to propaga-
tion of signals converging on MAPK and IKK, but also provides a convenient
docking site for Syk. The ensuing Syk activation through phosphorylation on
tyrosine results in the kinase binding to a number of downstream signaling ef-
fectors, and amplifies the inflammatory signal propagation by affecting tran-
scription factors activation and their assembly to transcriptional complexes in-

volved in proinflammatory genes expression. Hence, the development of new
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pharmacological agents selectively targeting Syk activation could be of therapeu-

tic value in the treatment of chronic periodontitis.
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