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Abstract
Phospholipase Cγ2 (PLCγ2) plays a pivotal role in mediation of inflammatory reaction to bacterial
lipopolysaccharide (LPS) as well as serves as a key target in modulatory influence of the hormone
ghrelin. Here we explore the involvement of Rac1 and its activator, guanine nucleotide exchange
factor (GEF), Dock180, in mediation of PLCγ2 activation in salivary gland acinar cells in response
to P. gingivalis LPS and ghrelin. We show that stimulation of the acinar cells with the LPS leads to
up-regulation in Dock and PLCγ2 activation, and is reflected in the membrane translocation of
Rac1 and PLCγ2, while the effect of ghrelin is manifested by the suppression in Rac1 translocation.
Further, we reveal that stimulation with the LPS leads to Dock180 phosphorylation on Tyr and Ser,
while the modulatory influence of ghrelin, manifested by a drop in membrane Rac1-GTP, is associated with a distinct decrease in Dock180 phosphorylation on Ser. Moreover, we demonstrate
that phosphorylation on Tyr remains under the control of Src kinase and is accompanied by
Dock180 membrane translocation, while protein kinase Cδ(PKCδ) is involved in the LPS-induced
phosphorylation of the membrane-recruited Dock180 on Ser. Thus, our findings underscore the
role of Src/PKCδ-mediated GEF Dock180 phosphorylation on Tyr/Ser in modulation of salivary
gland acinar cell PLCγ2 activation in response to P. gingivalis as well as ghrelin.
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1. Introduction

Porphyromonas gingivalis, a Gram-negative bacterium found in periodontal pockets of people with gum disease,
is recognized as a major culprit in the etiology of periodontitis, a chronic inflammatory condition that affects
about 15% of adult population and is a major cause of adult tooth loss [1] [2]. The oral mucosal responses to P.
gingivalis and its key endotoxin, cell wall lipopolysaccharide (LPS), are characterized by the disturbances in NO
signaling pathways, massive rise in epithelial cell apoptosis, and the increase in proinflammatory cytokine production [3]-[6]. Studies into the events underlying the proinflammatory signal regulation indicate that P. gingivalis LPS, like LPS of other Gram-negative bacteria, is capable of Toll-like receptor 4 (TLR4) ligation resulting
in the receptor dimerization, followed by the TLR4 autophosphorylation at the several critical Tyr residues that
are essential for initiation of downstream signaling events [3] [7]-[9]. The key element of this signaling is the
receptor-mediated recruitment of phosphoinositide-specific phospholipase C (PLC) which catalyzes formation
of the second messengers, inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG), from membrane phosphatidylinositol 4,5-bisphosphate (PIP2) [10]-[13].
Moreover, PLC activation not only plays a major role in defining the extent of inflammatory response to LPS,
but is also considered as a primary target in modulatory influence of the hormone ghrelin on the mucosal responses to bacterial invasion [6] [9] [13]-[15]. This 28-amino acid peptide, initially isolated from the stomach [16]
and subsequently identified in oral mucosa, saliva and the acinar cells of salivary glands [17], is commonly recognized as an important modulator of the processes of mucosal repair and the control of local inflammatory
responses to bacterial infection. Indeed, engagement by ghrelin of the growth hormone secretagogue receptor
type 1a (GHS-R1a), a G protein-coupled receptor (GPCR), leads to activation of heterotrimeric G protein-dependent signal transduction pathways, including PLC/PKC, PI3K, and Src/Akt implicated in signaling to NOgenerating system [6] [13] [14] [18] [19].
The PLC generated second messengers have far-reaching regulatory and metabolic roles: DAG is known to
stimulate the activity of a variety of enzymes, including PKC, while the IP3 is recognized for its role in the regulation of the cytoplasmic calcium concentration [10] [11]. 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 through phosphorylation on Ser [13]
[20]-[22]. Furthermore, several PLC isozymes, including mucosal tissue PLCγ2, appear to be directly activated
by Ras superfamily of small guanosine triphosphatases (GTPases), and many GPCR-initiated signaling pathways also involve Ras activation [11] [23]-[26]. The Ras superfamily of GTPases consist of over 150 small, 20 40 kDa, monomeric proteins, and are divided into five major families (Ras, Rho, Rab, Ran, and Arf) on the basis
of sequence and functional similarities [24] [27] [28].
The small GTPases specifically implicated in the regulation of PLCγ2 activation are represented by the two
members of Rho family, Rac1 and Rac2, and their activation status is controlled through the exchange of GDP
for GTP, catalyzed by the guanine nucleotide exchange factors, also known as GEFs [23] [26] [27]. In mammals,
the Rho GEFs comprise of 11 members and are referred to as Dock (dedicator of cytokinesis) 180-related family
of GEFs [28]-[30]. The Dock180, facilitating GDP/GTP exchange in Rac1, responds to stimuli activating tyrosine kinase receptors (RTKs) by the Src kinase-mediated increase in Rac1-GTP formation, and up-regulation in
Rac1 activation has been observed in association with LPS-induced gastric mucosal and pulmonary inflammation [26] [31] [32].
Taking into consideration a pivotal role of PLCγ2 in propagation of proinflammatory reaction to bacterial endotoxins being a primary target in modulatory influence of ghrelin on the extent of oral mucosal inflammatory
reaction [5] [6], in this study, we examined the involvement of P. gingivalis LPS in the amplification of PLCγ2
activation associated with the salivary acinar cell Rac1 activation by GEF Dock180.

2. Materials and Methods
2.1. Salivary Gland Acinar Cell Incubation
The acinar cells of sublingual salivary gland, collected from freshly dissected rat (Sprague-Dawley) salivary
glands, were suspended in five volumes of ice-cold Dulbecco’s modified (Gibco) Eagle’s minimal essential medium (DMEM), supplemented with fungizone (50 µg/ml), penicillin (50 U/ml), streptomycin (50 µg/ml), and 10%
fetal calf serum (Sigma), and gently dispersed by trituration with a syringe [5]. After centrifugation, the cells
were resuspended in the medium to a concentration of 2 × 107 cell/ml, and transferred in 1 ml aliquots to
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DMEM in culture dishes and incubated under 95% O2 and 5% CO2 at 37˚C for up to 2 h in the presence of 0 100 ng/ml P. gingivalis LPS [5]. P. gingivalis used for LPS preparation was cultured from clinical isolates obtained from ATCC No. 33277 [33]. In the experiments evaluating the effect of ghrelin (rat), Rac1 inhibitor, NSC
23766, and wide spectrum PKC inhibitor, GF109203X (Sigma), PLC inhibitor, U73122, and Src family protein
tyrosine kinases (SFK-PTKs) selective inhibitor, PP2 (Calbiochem), the cells were first preincubated for 30 min
with the indicated dose of the agent or vehicle before the addition of the LPS.

2.2. Rac1-GTP Activation Assay
The measurements of Rac activation in the acinar cells were carried out with Rac1 Activation Assay Kit (EMD
Millipore). The cells from the control and experimental treatments were lysed in magnesium lysis buffer (MLB),
containing protease inhibitor cocktail (10 µg/ml leupeptin, 10 µg/ml aprotinin, 1 mM sodium orthovanadate, 1
mM PAF, and 1 mM NaF), at 4˚C for 30 min and centrifuged at 12,000 ×g for 10 min. The supernatants were
precleared with GST beads and incubated with PAK-1 PBD-agarose for 1 h at 4˚C. The beads were washed
three times in MLB, resuspended in Laemmle reducing sample buffer, resolved on SDS-PAGE, and immunoblotted for GTP-bound Rac1 using anti-Rac1 antibody.

2.3. PKC Activity Assay
Protein kinase C activity measurement in the acinar cells of sublingual salivary gland was conducted with
ELISA PKC Activity Assay Kit (Stressgen). The cells were rinsed with 0.05 M phosphate buffer/saline, pH 7.4,
settled by centrifugation, and suspended for 30 min at 4˚C in the lysis buffer consisting of 20 mM Tris-HCl, pH
7.4, 150 mM NaCl, 4 mM EGTA, 2 mM EDTA, 1% NP40, 1 mM PMSF, 1 mM sodium orthovanadate, and 10
µg/ml of leupeptin and aprotinin. Following sonication (3 × 10 sec pulses), the samples were centrifuged at
12,000 ×g for 10 min and the resulting supernatant was subjected to protein determination using BCA protein
assay kit (Pierce). The samples from various experimental treatments were adjusted to 5 µg of crude protein/30
µl, and added to the wells for PKC activity measurement using peroxidase conjugated secondary antibody and
TMB spectrophotometric quantification [22].

2.4. PLC Activity Assay
PLC activity in sublingual salivary gland acinar cells was measured by the production of inositol phosphates [34]
[35]. Aliquots of the cell suspension (1 ml) were transferred to DMEM in cell culture dishes containing 2 µCi of
myo-[2-3H]inositol and incubated for 16 h under 95% O2/5% CO2 atmosphere at 37˚C. The cells were then centrifuged at 300 ×g for 5 min, washed three times with DMEM containing 5% albumin to remove the free radiolabel, and resuspended in a fresh DMEM free of albumin containing 10 mM LiCl. After 10 min equilibration
period, the cells were transferred to a medium containing 0 or 100 ng/ml of H. pylori LPS and incubated for 1 h.
In the experiments on the effect of ghrelin, and PLC, PKC and SFK-PTK Inhibitors, the cells prior to the addition of the LPS were first preincubated for 30 min with the indicated dose of the agent or the vehicle. At the end
of the specified incubation period, the cells were treated for 30 min at 4˚C with 20 mM formic acid, and following neutralization with 20 mM ammonium hydroxide the lysates were centrifuged for 5 min at 12,000 × g to
remove particulate material. The supernatants were applied to Dowex (AG1-X8 100-200 mesh) anion exchange
(formate) columns, and following washing with 50 mM sodium formate/ 5 mM sodium tetraborate, the [3H] inositol phosphates were eluted with 1 M ammonium formate/0.1 M formic acid [34]. The content of [3H]inositol
phosphates was measured by scintillation spectrometry and normalized against the protein content in the lysates
determined by BCA protein assay kit (Pierce).

2.5. Cell Membrane Preparation
To assess membrane translocation of DOck180, Rac1 and PLCγ2 in response to the LPS and ghrelin, the sublingual salivary gland acinar cells from the control and experimental treatments were subjected to cell membrane
preparation. The aliquots of the acinar cell suspension were settled by centrifugation at 1500 × g for 5 min,
rinsed with phosphate-buffered saline, and homogenized for 10 s at 600 rpm in 3 volumes of 50 mM Tris-HCl
buffer, pH 7.4, containing 0.25 M sucrose, 25 mM magnesium acetate, 1 mM EDTA, 1 mM dithiothreitol, 10
mM aprotinin, 10 mM leupeptin, 10 mM chymostatin, and 1 mM PMSF [36]. The cell lysates were then centri-
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fuged at 5000 x g for 15 min, the supernatant was diluted with two volumes of cold homogenization buffer and
centrifuged at 10,000 x g for 20 min. The resulting supernatant was then subjected to centrifugation at100,000 ×
g for 1 h at 4˚C, and the obtained membrane pellet was suspended in the extraction buffer, containing 20 mM
HEPES, pH 7.9, 25% glycerol, 0.4 M NaCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol, and 1 mM
PMSF. After 30 min of incubation at 4˚C, the suspension was centrifuged at 15,000 × g for 15 min, and the supernatant containing solubilized membrane fraction was collected and stored at −70˚C until use. Protein content
of the prepared membrane fraction was analyzed using BCA protein assay kit (Pierce).

2.6. Immunoblotting Analysis
The acinar cells of sublingual salivary gland from the control and experimental treatments were collected by
centrifugation and resuspended for 30 min in ice-cold lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10%
glycerol, 1% Triton X-100, 2 mM EDTA, 1 mM sodium orthovanadate, 4 mM sodium pyrophosphate, 1 mM
PMSF, and 1 mM NaF), containing 1 µg/ml leupeptin and 1 µg/ml pepstatin [5] [6]. Following brief sonication,
the lysates were centrifuged at 10,000 g for 10 min, and the supernatants were subjected to protein determination
using BCA protein assay kit (Pierce). The lysates of whole cells as well as those of membrane preparations were
then used either for immunoblots analysis, or proteins of interest were incubated with the respective primary antibodies for 2 h at 4˚C, followed by overnight incubation with protein G-Sepharose beads. The immune complexes were precipitated by centrifugation, washed with lysis buffer, boiled in SDS sample buffer for 5 min, and
subjected to SDS-PAGE using 40 µg protein/lane. The separated proteins were transferred onto nitrocellulose
membranes, blocked for 1 h with 5% skim milk in Tris-buffered Tween (20 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 0.1% Tween-20), and probed with specific antibodies directed against Rac1, Dock180, phosphotyrosine
(4G10), and PKCδ (EMD Millipore), phosphoserine PKC substrate, phospho-Src (Tyr416), and PLCγ2 (Cell
Signaling), and cSrc (Sigma).

2.7. Data Analysis
All experiments were carried out using duplicate sampling, and the results are expressed as means ± SD. Analysis of variance (ANOVA) and nonparametric Kruskal-Wallis tests were used to determine significance. Any difference detected was evaluated by means of post hoc Bonferroni test, and the significance level was set at p < 0.05.

3. Results
In view of a central role of PLCγ2 in propagation of proinflammatory response to bacterial endotoxins as well as
being a key target in modulatory influence of peptide hormone, ghrelin, we investigated the factors affecting the
PLCγ2 activation in rat sublingual salivary gland acinar cells exposed to LPS of periodontopathic bacterium, P.
gingivalis. As shown in Figure 1, incubation of the acinar cells with P. gingivalis LPS led to a marked increase
in PLC activity, while preincubation with ghrelin elicited a significant reduction in the LPS effect. Moreover, as
the literature evidence suggests that PLC activation shows dependence on Rac GTPases [25] [26], we have also
assessed the influence of the LPS and ghrelin on the acinar cell activity of Rac1 GEF, Dock180. The results revealed that the effect of the LPS was manifested by a significant increase in Dock180 activity, whereas preincubation with ghrelin exerted the modulatory effect. Furthermore, the activation of PLC and Dock180 by the LPS
was susceptible to suppression by PLC inhibitor, U73122, as well as the inhibitor of Rac1, NSC23766, thus
pointing to existence of the cross talk between PLC and Rac1.
Since PLC as well Rac1 activation involves the membrane translocation, we next evaluated the influence of P.
gingivalis LPS and ghrelin on the acinar cell membrane recruitment of PLC and Rac1. Western blot analysis of
the whole cell lysates as well as the cell membrane fraction, using anti-PLCγ2 and anti-Rac1 antibody, revealed
that incubation with the LPS resulted in translocation of both PLC and Rac1 to the membrane fraction, while the
effect of ghrelin was manifested by the elevation in membrane-associated PLCγ2 and the suppression in the
membrane translocation of Rac1 (Figure 2). Moreover, blocking the Rac1 activation with NSC23766 had no
effect on the LPS and ghrelin-elicited membrane translocation of PLCγ2, while the inhibitor of PLC, U73122,
appeared to exert less apparent effect on Rac1 translocation.
To gain further insights into the involvement of Rac1 in the regulation of PLC activation, we have followed
the leads as to the role of Src/PKC in Rac1 GEF activation. Accordingly, the sublingual salivary gland cells
prior to incubation with P. gingivalis LPS and ghrelin were pretreated with wide spectrum PKC inhibitor,
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Figure 1. Impact of Rac and PLC inhibitors on the changes induced in sublingual salivary gland acinar cells by P. gingivalis
LPS and ghrelin (Gh) in the expression of PLC and Dock180 (GTP-Rac1) activities. The cells, preincubated with 50 µM of
Rac1 inhibitor, NSC23766, or 15 µM PLC inhibitor, U73122, were treated with 0.5 µg/ml Gh, and incubated for 1 h in the
presence of100 ng/ml LPS. Values represent the means ± SD of five experiments. *p < 0.05 compared with that of control,
**
p < 0.05 compared with that of LPS, ***p < 0.05 compared with that of Gh + LPS.

0
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Figure 2. Impact of Rac and PLC inhibitors on the changes induced by P. gingivalis LPS and ghrelin (Gh) in membrane recruitment of Rac1 and PLC. The sublingual salivary gland acinar cells were treated with the LPS at 100 ng/ml or Gh at 0.5
µg/ml + LPS, in the presence of Rac1 inhibitor, NSC23766 (NSC) at 50 µM, or PLC inhibitor, U73122 (U), at 50 µM, and
incubated for 2 h. The lysates of whole cells (T) and the corresponding membrane (M) fractions were analyzed for PLCγ2
and Rac1 with specific antibodies (A). The relative densities of proteins are expressed as fold of control (B), and the total (T)
PLCγ2 and Rac1 were used as loading control. The data represent the means ± SD of four separate experiments. *p < 0.05
compared with that of control, **p < 0.05 compared with that of LPS, ***p < 0.05 compared with that of Gh + LPS.

GF109203X, or SFK-PTKs inhibitor, PP2, and assayed for PKC and GEF Dock180 activities. As illustrated in
Figure 3, the effect of the LPS was associated with the elevation in the PKC and Dock180 activation, whereas
the preincubation with ghrelin elicited further stimulation in PKC activity and the reduction in Dock180 activation. The activation of PKC and Rac1 by the LPS, moreover, was susceptible to suppression by PKC inhibitor,
GF109203X as well as the inhibitor of SFK-PTKs, PP2, thus attesting to the involvement of PKC and Src in the
processes of GEF Dock180 activation. Hence, to ascertain the nature of this involvement, the lysates of the acinar cells as well as the cell membrane fraction were immunoprecipitated with anti-Dock180 antibody, and subjected to Western blot analysis using anti-Dock180, anti-pSer-PKC substrate, anti-pTyr, and anti-Rac1 antibody
(Figure 4). The results revealed that the effect of the LPS was manifested by the membrane elevation in Rac1
associated with Dock180 phosphorylated on Tyr as well as Ser, while the effect of ghrelin, characterized by a
drop in membrane-associated Dock180 phosphorylation on Ser, was also reflected in a decrease in membrane
translocation of Rac1. Further, we observed that PKC inhibitor, GF109203X, exerted the inhibitory effect not
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Figure 3. Effect of PKC and SFK-PTK inhibitors on ghrelin (Gh)-induced changes in the expression of PKC and Dock180
(GTP-Rac1) activities in salivary gland acinar cells exposed to P. gingivalis LPS. The cells, preincubated with 30 µM of
SFK-PTKs inhibitor, PP2, or 5 µM of wide spectrum PKC inhibitor, GF109203X (GF), were treated with 0.5 µg/ml Gh, and
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Figure 4. Impact of SFK-PTK and PKC inhibition on the changes induced by P. gingivalis LPS and ghrelin (Gh) in membrane translocation and phosphorylation of Dock180, and its association with Rac1. The acinar cells, preincubated with 30
µM SFK-PTKs inhibitor, PP2, or 5 µM of wide spectrum PKC inhibitor, GF109203X (GF), were treated with 0.5 µg/ml Gh,
and incubated for 1 h in the presence of 100 ng/ml LPS. The lysates of whole cells (T) as well as the corresponding membrane (M) fractions were immunoprecipitated (IP) with anti-Dock180 antibody, and immunoblotted (WB) with anti-Dock180,
anti-pTyr), anti-pSer-PKC substrate, and anti-Rac1 antibody (A). The relative densities of phosphorylated proteins are expressed as fold of control (B), and the total (T) Dock180 was used as loading control. The data represent the means ± SD of
four separate experiments. *p < 0.05 compared with that of control, **p < 0.05 compared with that of LPS, ***p < 0.05 compared with that of Gh + LPS.

only on the LPS-induced membrane localization of Rac1 and Dock phosphorylation on Ser, but also caused further decrease in the effect of ghrelin on Rac1 translocation. We also noticed that that the effect of SFK-PTKs inhibitor, PP2, was associated with the suppression in the LPS and ghrelin-elicited phosphorylation of membraneassociated Dock180 on Tyr as well as Ser and a decrease in Rac1 membrane localization. These results suggest
that Src kinase-mediated phosphorylation on Tyr may be required for the stimulus-induced membrane localization of Dock180, while the PKC isozyme, identified earlier as PKCδ [22], is involved in the phosphorylation of
membrane-recruited Dock180 on Ser.
Therefore, to assess the extent of Src and PKCδ influence over the processes of Dock180 activation and their
involvement in mediation of salivary gland acinar cell responses to P. gingivalis LPS and ghrelin, we examined
the requirements and selectivity of the interactions by co-immunoprecipitation. The results, presented in Figure
5, demonstrated that PKCδ and Dock180 were present in association in both Dock180 and PKCδ immunopreci-
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Figure 5. Impact of SFK-PTK and PKC inhibition on the changes induced by P. gingivalis LPS and ghrelin (Gh) in the association of Dock180 with PKCδ in sublingual salivary gland acinar cells. The cells, preincubated with 30 μM PP2, or 5 μM
GF109203X (GF), were treated with 0.5 µg/ml Gh, and incubated for 1 h in the presence of 100 ng/ml LPS. (a) Cell lysates
were immunoprecipitated (IP) with anti-Dock180 antibody and immunoblotted (WB) with anti-Dock180 and anti-PKCδ antibody, and the relative densities of proteins (b) are expressed as fold of Dock180 control; (c) Cell lysates were immunoprecipitated with anti-PKCδ antibody, immunoblotted with anti-PKCδ and anti-Dock180 antibodies, and the relative densities of
proteins (d) are expressed as fold of PKCδ control. The data represent the means ± SD of four separate experiments. *P <
0.05 compared with that of control. **P < 0.05 compared with that of LPS. ***P < 0.05 compared with that of Gh + LPS.

pitates following the acinar cell stimulation with the LPS and ghrelin. Further, we found that the interaction between the two proteins was dependent on Dock180 phosphorylation on Tyr as well as the activity of PKCδ,
since SFK-PTKs inhibitor, PP2, as well as wide spectrum PKC inhibitor, GF109203X, interfered with the coimmunoprecipitation. Moreover, examination of the interaction between Src kinase and Dock180 by co-immunoprecipitation revealed while the two proteins did not co-precipitate in the absence of stimulation, the Dock180
was found in association with Src following the acinar cell stimulation with P. gingivalis LPS and ghrelin
(Figure 6). However, this association was subject to interference by SFK-PTK inhibitor, PP2. Upon further
probing the salivary gland acinar cell Src immunoprecipitates with anti-pSrc(Tyr416), we found that the effect of
the LPS and ghrelin was manifested by the massive increase in Src phosphorylation on Tyr416, which is the reflection of up-regulation in Src activation. Together, these data underscore the role of Dock180 phosphorylation
on Tyr/Ser in modulation of salivary gland acinar cell PLC activation in response to P. gingivalis LPS.

4. Discussion
The mammalian phosphoinositide-specific PLC is a family of 13 isozymes divided into six subfamilies (PLCβ, γ,
δ, ε, η, and ζ) on the basis of their size, amino acid sequences, domain structure, and activation mechanisms [10]
[11]. Perhaps the most ubiquitously expressed are the two isoforms of the PLCγ subfamily, PLCγ1 and PLCγ2,
that appear to play a key role in regulation of cell growth, differentiation, and modulation of the immune and inflammatory responses [10] [13] [35]. Indeed, studies indicate that both PLCγ isoforms are activated by receptor
and non-receptor tyrosine kinases, and PLCγ2 have been shown to undergo phosphorylation on Tyr and Ser fol-
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Figure 6. Impact of SFK-PTK inhibition on the changes induced by P. gingivalis LPS and ghrelin (Gh) in sublingual salivary gland acinar cell Src kinase phosphorylation and its association with Dock180. The cells, preincubated with 30 µM PP2
were treated with 0.5 µg/ml Gh, and incubated for 1 h in the presence of 100 ng/ml LPS. Cell lysates were immunoprecipitated (IP) with anti-Src antibody and immunoblotted (WB) with anti-Src and anti-Dock180 antibody (A). The Src immunoblots were also reblotted with anti-pSrc (Tyr416) antibody, and the relative densities of proteins (B) are expressed as fold of Src
control. *P < 0.05 compared with that of control. **P < 0.05 compared with that of LPS.

lowing TLR4 ligation by LPS resulting in the amplification in the enzyme activity [12] [13] [21]. Furthermore,
recent evidence suggests that PLCγ2 is subject to modulatory influence by the members of Rho family of small
GTPases, Rac1 and Rac2, the activation status of whose is controlled by the GEF Dock180 [11] [23] [26] [27]
[35] [37]. Hence, considering that PLCγ2 is also the major cellular target of peptide hormone, ghrelin in controlling the extent of oral mucosal inflammatory responses to P. gingivalis [3]-[6], in the present study we explored
the involvement Rac1 GTPase and its GEF, Dock180, in mediation of the amplification of PLCγ2 activation in
response to P. gingivalis LPS, and explored the modulatory effect of ghrelin.
Relying on the literature evidence as to the involvement of Rac GTPases in PLC activation [23] [25] [26] [37],
we have exposed rat sublingual salivary gland acinar cells to incubation with P. gingivalis LPS and ghrelin, in
the presence of Rac1 and PLC inhibitors, NSC23766 and U73122, and followed their influence on the acinar
cell activity of Rac1 GEF, DOck180 and PLC, as well as the membrane localization of Rac1 and PLCγ2. Results
of analyses revealed that the effect of the LPS-induced a significant increase in Dock180 and PLC activity,
while preincubation with ghrelin exerted the modulatory effect. Moreover, the LPS-induced activation of
Dock180 and PLC was susceptible to suppression by Rac1 inhibitor, NSC23766, as well as the inhibitor of PLC,
U73122, thus supporting the existence of the cross talk between PLC and Rac1. Indeed, up-regulation in PLC
and Rac1-GTP formation (Dock180 activity) has been also observed in association with LPS-induced pulmonary inflammation in mice as well as gastric mucosal inflammatory response to H. pylori LPS [26] [32] [37].
Furthermore, considering that PLC enzymes are mainly cytosolic and translocate to the membrane upon activation [10] [11] [23], and that Rac proteins undergo regulatory control by GTP binding and membrane translocation for activation and hydrolysis to GDP for inactivation [24] [27] [29], we evaluated the influence of P. gingivalis LPS and ghrelin on membrane recruitment of PLCγ2 and Rac1. Western blot analysis revealed that the effect of the LPS was manifested by the elevation in membrane translocation of both PLCγ2 and Rac1, while the
influence of ghrelin was reflected in the elevation in membrane-associated PLCγ2 and the suppression in the
membrane translocation of Rac1. Moreover, we observed that blocking the Rac1 activation with NSC23766 had
no effect on the LPS and ghrelin-elicited membrane translocation of PLCγ2, while the inhibitor of PLC, U73122,
appeared to exert less apparent effect of Rac1 translocation. Hence, we concluded that up-regulation by P. gingivalis LPS in Rac1 membrane translocation plays a major role in PLCγ2 activation. This contention is consistent with the studies suggesting that the enhancement in PLCγ2 activation is a consequence of membrane proximity of Rac1 and the interaction with the split PH domain of PLCγ2 phosphorylated on Ser, which promotes its
association withRac1 [13] [21] [25] [26] [37].
Next, to address the accumulating evidence as to the role Src and PKC in the regulation of PLC activation [10]
[11] [13], we assessed the influence of SFK-PTK inhibitor, PP2 and PKC inhibitor, GF109203X on the activities
of GEF Dock180 and PKC enzymes in the presence of the LPS and ghrelin. We noted that the effect of P. gin-
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givalis LPS was associated with the elevation in the PKC and Dock180 activation, while ghrelin evoked further
stimulation in PKC activity and the reduction in Dock180 activation. The LPS-induced activation of PKC and
Rac1, moreover, was susceptible to suppression by PKC inhibitor, GF109203X, as well as the inhibitor of
SFK-PTKs, PP2. Hence, we concluded that PKC and Src are active participants in GEF Dock180 activation.
Our assertion is further supported by the results of Western blot analysis of Dck180, in which the lysates of the
acinar cells as well as the cell membrane fraction were immunoprecipitated with anti-Dock180 antibody, and
subjected to probing with anti-pSer and anti-pTyr antibody. The analyses revealed that incubation with the LPS
elicited elevation in membrane Rac1 associated with Dock180, which was phosphorylated on Tyr as well as Ser.
The effect of ghrelin, characterized by the presence of membrane-associated Dock180 phosphorylated on Tyr,
and a drop in its phosphorylation on Ser, was also reflected in a decrease in the membrane translocation of Rac1.
We have also observed that the LPS-induced membrane localization of Rac1 as well as Dock180 phosphorylation on Ser, were susceptible to suppression by PKC inhibitor, GF109203X, that also caused further decrease in
the effect of ghrelin on Rac1 translocation. On the other hand, the effect of SFK-PTKs inhibitor, PP2, was reflected in the suppression of the LPS and ghrelin-elicited phosphorylation of membrane-associated Dock180 on
Tyr and Ser as well as a decrease in Rac1 membrane localization. The fact that activation of Dock180 by the
LPS, reported herein, was susceptible to suppression by both the wide spectrum PKC inhibitor, GF109203X,
and the inhibitor of SFK-PTKs inhibitor, PP2, suggests that Src-kinase mediated phosphorylation on Tyr may be
required for the stimulus-induced membrane localization of Dock180, while the PKC enzyme, identified earlier
as PKCδ [22], is involved in the phosphorylation of membrane-recruited Dock180 on Ser.
The above findings, thus attest to the functional role of Dock180 phosphorylation on Tyr/Ser in the mediation
of proinflammatory consequences of P. gingivalis LPS as well as the modulatory influence of ghrelin on the oral
mucosal responses to this periodontopathic bacterium. Indeed, activation of Rac1 by Src-dependent phosphorylation of Dock180 on Tyr has been reported in association with PDGFRa-stimulated glioma tumorigenesis in
mice and humans [31], and we have shown recently that the increase in H. pylori LPS-induced gastric mucosal
Rac1-GTP generation occurs with the involvement of PKCδ [26] [37]. Therefore to add further credence to our
assertion as to the role of Dock180 phosphorylation on Tyr/Ser in mediation of the signaling pathways triggered
by P. gingivalis LPS as well as ghrelin, we investigated the hierarchy of the rapport between Src and PKCδ with
respect to Dock180 phosphorylation by co-immunoprecipitation. Our analyses revealed that while PKCδ not
co-precipitate with Dock180 in the absence of stimulation, the two proteins were found in association in both
Dock180 and PKCδ immunoprecipitates following the acinar cell incubation with the LPS and ghrelin. Moreover, the association between Dock180 and PKCδ was dependent on the phosphorylation of Dock180 on Tyr as
well as the activity of PKCδ, since pretreatment with SFK-PTKs inhibitor, PP2, as well as wide spectrum PKC
inhibitor, GF109203X, interfered with the co-precipitation. Furthermore, we observed that following the acinar
cell stimulation with P. gingivalis LPS and ghrelin, the Dock180 protein present in the Src immunoprecipitates,
was found in association with Src phosphorylated on Tyr416. As phosphorylation of Src on Tyr416 reflects the kinase activation state [6] [38], the findings provide a clear indication as to the involvement of Src in GEF
Dock180 phosphorylation on Tyr.
Together, our data attest to the involvement of PKCδ and Src in modulation of Dock180 activation through
phosphorylation on Tyr/Ser in response to P. gingivalis LPS. Although the full functional paradigm of GEF
Dock180 phosphorylation has not yet been clearly defined, it is tempting to suggest that phosphorylation of
Dock180 on Tyr could facilitate membrane anchoring and the interaction of Dock180 with nucleotide-free Rac1,
thereby increasing Dock180 binding to Rac1 and its activation, while the LPS-induced phosphorylation of
Dock180 on Ser may be responsible for further increase of Dock180 activation and, hence up-regulation in GTP
loading to Rac1and the amplification in Rac1-GTP formation.

5. Conclusion
Our findings suggest that GEF Dock180 activation through Src/PKCδ mediated phosphorylation on Tyr/Ser
plays a pivotal role in the salivary gland acinar cell PLCγ2 activation not only in response to proinflammatory P.
gingivalis LPS signaling, but also in reaction to the modulatory action of ghrelin (Figure 7). Although the modulatory influence of ghrelin, signaling through GPCR activation, relies on Src-dependent Tyr phosphorylation of
Dock180, and the propagation of proinflammatory events by P. gingivalis LPS relies on TLR4 ligation and sub-
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Figure 7. Schematic 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 Rac1-GTP formation. Binding of the LPS to TLR4 triggers Src kinase-dependent Dock180 phosphorylation on Tyr and the PLCγ2-mediated PKCδ activation that leads to the PKCδ-induced up-regulation in Dock180 and PLCγ2 activation through phosphorylation on Ser. The up-regulation in Dock180, in turn, stimulates the
formation of Rac1-GTP and promotes its association with PLCγ2, thus resulting in the amplification in PLCγ2 activation. G
heterotrimeric G-protein, pS phosphoserine, pY phosphotyrosine.

sequent amplification in Dock180 activation through Src/PKCδ-dependent Tyr/Ser phosphorylation, the major
consequence of these seemingly opposing inputs is Rac1 activation and the amplification in PLCγ2.

References
[1]

Ximenz-Fyvie, L.A., Haffajee, A.D. and Socransky, S. (2000) Microrbial Composition of Supra- and Subgingival Plaque in Subjects with Adult Periodontitis. Journal of Clinical Periodontology, 27, 722-732.
http://dx.doi.org/10.1034/j.1600-051x.2000.027010722.x

[2]

Nonnenmacher, C., Mutters, R. and de Jacoby, L.F. (2001) Microbiological Characteristics of Subgingival Microbiota
in Adult Periodontitis, Localized Juvenile Periodontitis and Rapidly Progressive Periodontitis Subjects. Clinical Microbiology and Infection, 7, 213-217. http://dx.doi.org/10.1046/j.1469-0691.2001.00210.x

[3]

Wang, P.L. and Ohura, K. (2002) Porphyromonas gingivalis Lipopolysaccharide Signaling in Gingival FibroblastsCD14 and Toll-Like Receptors. Critical Reviews in Oral Biology and Medicine, 13, 132-142.
http://dx.doi.org/10.1177/154411130201300204

[4]

Slomiany, B.L. and Slomiany, A. (2010) Constitutive Nitric Oxide Synthase-Mediated Caspase-3 S-Nitrosylation in
Ghrelin Protection against Porphyromonas gingivalis-Induced Salivary Gland Acinar Cell Apoptosis. Inflammopharmacology, 18,119-125. http://dx.doi.org/10.1007/s10787-010-0035-7

[5]

Slomiany, B.L. and Slomiany, A. (2010) Suppression by Ghrelin of Porphyromonas gingivalis-Induced Constitutive
Nitric Oxide Synthase S-Nitrosylation and Apoptosis in Salivary Gland Acinar Cells. Journal of Signal Transduction,
2010, Article ID: 643642. http://dx.doi.org/10.1155/2010/643642

[6]

Slomiany, B.L. and Slomiany, A. (2011) Ghrelin-Induced cSrc Activation through Constitutive Nitric Oxide SynthaseDependent S-Nitrosylation in Modulation of Salivary Gland Acinar Cell Inflammatory Responses to Porphyromonas
gingivalis. American Journal of Molecular Biology, 2, 43-51. http://dx.doi.org/10.4236/ajmb.2011.12006

[7]

Akira, S., Uematsu, S. and Takeuchi, O. (2006) Pathogen Recognition and Innate Immunity. Cell, 124, 783-801.
http://dx.doi.org/10.1016/j.cell.2006.02.015

[8]

Carpenter, S. and O’Neill, L.A.J. (2009) Recent Insights into the Structure of Toll-Like Receptors and Post-Translational Modifications of Their Associated Signaling Proteins. Biochemical Journal, 422, 1-10.

75

B. L. Slomiany, A. Slomiany

http://dx.doi.org/10.1042/BJ20090616

[9]

Slomiany, B.L. and Slomiany, A. (2013) Induction in Gastric Mucosal Prostaglandin and Nitric Oxide by Helicobacter
pylori Is Dependent on MAPK/ERK-Mediated Activation of IKK-β and cPLA2: Modulatory Effect of Ghrelin. Inflammopharmacology, 21, 241-251. http://dx.doi.org/10.1007/s10787-013-0169-5

[10] Kadamur, G. and Ross, E.M. (2013) Mammalian Phospholipase C. Annual Review of Physiology, 75, 127-154.
http://dx.doi.org/10.1146/annurev-physiol-030212-183750
[11] Oude Weernink, P.A., Han, L., Jakobs, K.H. and Schmidt, M. (2007) Dynamic Phospholipid Signaling by G ProteinCoupled Receptors. Biochimica et Biophysica Acta, 1768, 888-900.
http://dx.doi.org/10.1016/j.bbamem.2006.09.012
[12] Gong, P., Angelini, D.J., Yang, S.Q., Xia, G.J., Cross, A.S., Mannro, D., et al. (2008) TLR4 Signaling is Coupled to
SRC Family Kinase Activation, Tyrosine Phosphorylation of Zonula Adherens Proteins, and Opening of the Paracellular Pathway in Human Lung Microvascular Endothelia. Journal of Biological Chemistry, 283, 13437-13449.
http://dx.doi.org/10.1074/jbc.M707986200
[13] Slomiany, B.L. and Slomiany, A. (2015) Role of Amplification in Gastric Mucosal Phospholipase Cγ2 Activation in
Modulation of Gastric Mucosal Inflammatory Responses to Helicobacter pylori: Effect of Ghrelin. Inflammopharmacology, 23, 37-45. http://dx.doi.org/10.1007/s10787-014-0220-1
[14] Lodeiro, M., Alen, B.O., Mosteiro, C.S., Beiroa, D., Nogueiras, R., Theodoropoulou, M., et al. (2011) The SHP-1 Protein Tyrosine Phosphatase Negatively Modulates Akt Signaling in the Ghrelin/GHSR1a System. Molecular Biology of
the Cell, 22, 4182-4191. http://dx.doi.org/10.1091/mbc.E11-04-0373
[15] Xu, X., Bong, S.J., Chang, H.H. and Jin, Z.G. (2008) Molecular Mechanism of Ghrelin-Mediated Endothelial Nitric
Oxide Synthase Activation. Endocrinology, 149, 4183-4192. http://dx.doi.org/10.1210/en.2008-0255
[16] Kojima, M., Hosoda, H., Date, Y., Nakazato, M. and Kangawa, K. (1999) Ghrelin is a Growth-Hormone-Releasing
Acylated Peptide from Stomach. Nature, 402, 656-660. http://dx.doi.org/10.1038/45230
[17] Groschl, M., Topf, H.G., Bohlender, J., Zenk, J., Klussmann, S., Dötsch, J., et al. (2005) Identification of Ghrelin in
Human Saliva: Production by the Salivary Glands and Potential Role in Proliferation of Oral Keratinocytes. Clinical
Chemistry, 51, 997-1006. http://dx.doi.org/10.1373/clinchem.2004.040667
[18] Slomiany, B.L. and Slomiany, A. (2014) Protein Kinase Cd-Mediated Posttranslational Phosphorylation of Constitutive Nitric Oxide Synthase Regulates Gastric Mucosal Inflammatory Responses to Helicobacter pylori: Effect of Ghrelin. Journal of Biosciences and Medicines, 2, 20-33. http://dx.doi.org/10.4236/jbm.2014.25003
[19] Slomiany, B.L. and Slomiany, A. (2014) Role of Ghrelin-Induced Phosphatidylinositol 3-Kinase Activation in Modulation of Gastric Mucosal Inflammatory Responses to Helicobacter pylori. Inflammopharmacology, 22, 169-177.
http://dx.doi.org/10.1007/s10787-013-0190-8
[20] Lee, J.Y., Chiu, Y.H., Asara, J. and Cantley, L.C. (2011) Inhibition of PI3K Binding to Activators by Serine Phosphorylation of PI3K Regulatory Subunit p85α Src Homology-2 Domains. Proceedings of the National Academy of
Sciences of the United States of America, 108, 14157-14162. http://dx.doi.org/10.1073/pnas.1107747108
[21] Deason-Towne, F., Perraud, A.L. and Schmitz, C. (2012) Identification of Ser/Thr Phosphorylation Sites in the
C2-Domain of Phospholipase Cγ2 (PLCγ2) Using TRPM7-Kinase. Cell Signaling, 24, 2070-2075.
http://dx.doi.org/10.1016/j.cellsig.2012.06.015
[22] Slomiany, B.L. and Slomiany, A. (2014) Modulation of Gastric Mucosal Inflammatory Responses to Helicobacter pylori via Ghrelin-Induced Protein Kinase Cd Tyrosine Phosphorylation. Inflammopharmacology, 22, 251-262.
http://dx.doi.org/10.1007/s10787-014-0206-z
[23] Harden, T.K., Hicks, S.N. and Sondek, J. (2009) Phospholipase C Isozymes as Effectors of Ras Superfamily GTPases.
Journal of Lipid Research, 50, S243-S248. http://dx.doi.org/10.1194/jlr.R800045-JLR200
[24] Parri, M. and Chiarugi, P. (2010) Rac and Rho GTPases in Cancer Cell Motility Control. Cell Communication and
Signaling, 8, 23-37. http://dx.doi.org/10.1186/1478-811X-8-23
[25] Walliser, C., Retlich, M., Harris, R., Everett, K.L., Josephs, M.B., Vatter, P., et al. (2008) Rac Regulates Its Effector
Phospholipase Cγ2 through Interaction with a Split Pleckstrin Homology Domain. Journal of Biological Chemistry,
283, 30351-30362. http://dx.doi.org/10.1074/jbc.M803316200
[26] Slomiany, B.L. and Slomiany, A. (2015) Mechanism of Rac1-Induced Amplification in Gastric Mucosal Phospholipase
Cγ2 Activation in Response to Helicobacter pylori: Modulatory Effect of Ghrelin. Inflammopharmacology, 23, 101109. http://dx.doi.org/10.1007/s10787-015-0231-6
[27] Wennerberg, K., Rossman, K.L. and Der, C.J. (2005) The Ras Superfamily at Glance. Journal of Cell Science, 118,
843-846. http://dx.doi.org/10.1242/jcs.01660
[28] Boulter, E., Estrach, S., Gracia-Mata, R. and Feral, C.C. (2012) Off the Beaten Paths: Alternative and Crosstalk Regu-

76

B. L. Slomiany, A. Slomiany

lation of Rho GTPases. FASEB Journal, 26, 469-479. http://dx.doi.org/10.1096/fj.11-192252

[29] Gregg, D., Rauscher, F.M. and Goldschmidt-Clermont, P.J. (2003) Rac Regulates Cardiovascular Superoxide through
Diverse Molecular Interactions: More than Binary Switch. American Journal of Physiology and Cell Physiology, 285,
C723-C734. http://dx.doi.org/10.1152/ajpcell.00230.2003
[30] Cote, J.F. and Vouri, K. (2007) GEF What? Dock180 and Related Proteins Help Rac to Polarize Cells in New Ways.
Trends in Cell Biology, 17, 383-393. http://dx.doi.org/10.1016/j.tcb.2007.05.001
[31] Feng, H., Hu, B., Liu, K.W., Liu, Y.X., Lu, X.H., Cheng, T., et al. (2011) Activation of Rac1 by Src-Dependent Phosphorylation of Dock180Y1811 Mediates PDGFRα-Stimulated Glioma Tumorigenesis in Mice and Humans. Journal of
Clinical Investigation, 121, 4670- 4684. http://dx.doi.org/10.1172/JCI58559
[32] Yao, H.Y., Chen, L.H., Wang, J.R., Chen, J.Q., Xie, Q.M., Wu, X.M., et al. (2011) Inhibition of Rac Activity Alleviates Lipopolysaccharide-Induced Acute Pulmonary Injury in Mice. Biochimica et Biophysica Acta, 1810, 666-674.
http://dx.doi.org/10.1016/j.bbagen.2011.03.020
[33] Slomiany, B.L. and Slomiany, A. (2010) Role of Ghrelin in Modulation of S-Nitrosylation-Dependent Akt Inactivation
Induced in Salivary Gland Acinar Cells by Porphyromonas gingivalis. Health, 2, 1448-1455.
http://dx.doi.org/10.4236/health.2010.212215
[34] Chen, P., Xie, H., Sekar, M.C., Gupta, K. and Wells, A. (1994) Epidermal Growth Factor Receptor-Mediated Cell Motility: Phospholipase C Activity Is Required, but Mitogen-Activated Protein Kinase Activity is not Sufficient for Induced Cell Movement. Journal of Cell Biology, 127, 847-857. http://dx.doi.org/10.1083/jcb.127.3.847
[35] Piechulek, T., Rehlen, T., Walliser, C., Vatter, P., Moepps, B. and Gierschik, P. (2005) Isozyme-Specific Stimulation
of Phospholipase C-γ2 by Rac GTPases. Journal of Biological Chemistry, 280, 38923-38931.
http://dx.doi.org/10.1074/jbc.M509396200
[36] Slomiany, A. and Slomiany, B.L. (2012) Phosphatidylglycerol-Containing ER-Transport Vesicles Built and Restore
Outer Mitochondrial Membrane and Deliver Nuclear DNA Translation Products to Generate Cardiolipin in the Inner
Mitochondrial Membrane. Advances in Biological Chemistry, 2, 132-145. http://dx.doi.org/10.4236/abc.2012.22016
[37] Slomiany, B.L. and Slomiany, A. (2015) Regulatory Role of Guanine Nucleotide Exchange Factor (GEF) Dock180
Phosphorylation on Tyr/Ser in Mediation of Gastric Mucosal Rac1 Activation in Response to Helicobacter pylori and
Ghrelin. Inflammopharmacology, 23, 111-118. http://dx.doi.org/10.1007/s10787-015-0235-2
[38] Roskoski, R. (2004) Src Protein-Tyrosine Kinase Structure and Regulation. Biochemical and Biophysical Research
Communications, 324, 1155-1164. http://dx.doi.org/10.1016/j.bbrc.2004.09.171

77

