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Ghrelin, a peptide hormone, newly identified in oral mucosal tissues, has emerged recently as an important mediator of the
processes of mucosal defense. Here, we report on the mechanism of ghrelin protection against ethanol cytotoxicity in rat sublingual
salivary gland cells. The protective effect of ghrelin was associated with the increase in NO and PGE2, and upregulation in cytosolic
phospholipase A2 (cPLA2) activity and arachidonic acid (AA) release. The loss in countering effect of ghrelin occurred with
cNOS inhibitor, L-NAME, as well as indomethacin and COX-1 inhibitor, SC-560, while COX-2 inhibitor, NS-398, and iNOS
inhibitor, 1400W, had no effect. The effect of L-NAME was reflected in the inhibition of ghrelin-induced cell capacity for NO
production, cPLA2 activation and PGE2 generation, whereas indomethacin caused only the inhibition in PGE2. Moreover, the
ghrelin-induced up-regulation in AA release was reflected in the cPLA2 phosphorylation and S-nitrosylation. Inhibition in ghrelin-
induced S-nitrosylation was attained with L-NAME, whereas the ERK inhibitor, PD98059, caused the blockage in cPLA2 protein
phosphorylation as well as S-nitrosylation. Thus, ghrelin protection of salivary gland cells against ethanol involves cNOS-derived
NO induction of cPLA2 activation through S-nitrosylation for the increase in AA release at the site of COX-1 action for PGE2
synthesis.

1. Introduction

Alcohol abuse is a well-recognized cause of damage to
the liver, brain and gastrointestinal tract, and its excessive
consumption is associated with an increased risk of cancer
of the liver, pharynx, larynx, esophagus, and the oral cavity
[1–3]. Moreover, alcoholics and animals exposed to ethanol
exhibit diminished secretion of saliva, and often develop
inflammation of oral mucosa [3, 4]. The salivary gland
acinar cell responses to ethanol cytotoxicity are manifested
by the elevation in proinflammatory cytokine production,
enhancement in apoptosis, disturbances in nitric oxide (NO)
signaling pathways, and the impairment in prostaglandin
generation [5–7]. The disturbances in salivary gland acinar
cells by ethanol also affect the production of salivary mucins,

the glycoproteins that play major role in the preservation of
oral mucosal integrity [8, 9].

Although the maintenance of mucosal integrity along
the alimentary tract relays on multiple molecular processes,
the two of the most prominent are the production of
NO by the nitric oxide synthase (NOS) system and the
formation of prostaglandins generated from AA by the action
of cyclooxygenase (COX) enzymes [10–14]. Furthermore,
the literature data support the existence of a functional
relationship between the products of NOS and COX sys-
tems, and there are strong indications that the enzyme
compartmentalization and substrate availability determines
the segregated utilization of the respective products in phys-
iological and pathophysiological processes [15–17]. Indeed,
the stimulation of NO production through NOS induction
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or the exogenous NO donors leads to up-regulation in COX
enzymes activation and the increase prostaglandin, while
the inhibition of NOS decreases prostaglandin formation
[16–20]. Moreover, the NO-induced COX-2 activation has
been linked to the enzyme protein S-nitrosylation [17].

Studies indicate that the critical event responsible for
rapid changes in prostaglandin production is the release of
AA from membrane phospholipids by the action of cytosolic
phospholipase A2 (cPLA2) enzyme [21–23]. The cleavage of
AA from sn-2 position of membrane glycerophospholipids
by the action of highly selective Group IV cPLA2 is the
initial and rate limiting event in prostaglandin production,
as well as a key step in the generation of other potent lipid
messengers, such as leukotrienes and PAF [22, 24]. The activ-
ity of cPLA2 is tightly regulated by posttranslational mech-
anism involving MAPK/ERK-dependent enzyme protein
phosphorylation that facilitates the enzyme translocation
from cytosol to membrane to gain access to phospholipid
substrates [14, 25–27]. Moreover, it has been reported that
the NO-induced enzyme protein S-nitrosylation results in
cPLA2 activation and up-regulation in arachidonic acid
release for prostaglandin synthesis [28].

Advances in understanding the nature of factors involved
in the maintenance of mucosal integrity along the alimentary
tract have brought to the forefront the role of ghrelin in
the process of mucosal defense and repair [29–32]. This
28-amino acid peptide hormone, produced mainly in the
stomach [29], but also identified recently in oral mucosa,
saliva, and the acinar cells of salivary glands [33], has
been recognized as an important regulator of the NOS
and COX systems, and implicated in the control of local
inflammations, healing of experimentally induced gastric
ulcers, and the protection of gastric mucosa against acute
damage induced by ethanol [30–32, 34, 35].

In this study, we investigated the mechanism of ghrelin
protection against ethanol cytotoxicity in the acinar cells of
rat sublingual salivary gland. The results of our findings show
that ghrelin modulation of ethanol cytotoxicity involves
cNOS-derived NO induction of cPLA2 activation through S-
nitrosylation for the increase in AA release for prostaglandin
synthesis.

2. Material and Methods

2.1. Sublingual Gland Cell Preparation. The acinar cells
of sublingual salivary gland were collected from freshly
dissected rat salivary glands [14]. The minced tissue was
suspended in five volumes of ice-cold Dulbecco’s modified
(Gibco) Eagle’s minimal essential medium (DMEM), sup-
plemented with fungizone (50 μg/ml), penicillin (50 U/ml),
streptomycin (50 μg/ml), and 10% fetal calf serum, and
gently dispersed by trituration with a syringe, and set-
tled by centrifugation. Following three consecutive rinses
with DMEM, the cells were resuspended in the medium
to a concentration of 2 × 107 cell/ml. The viability of
cell preparations before and during the experimentation,
assessed by Trypan blue dye exclusion assay, was greater than
98%.

2.2. Ethanol-Induced Cytotoxicity. Aliquots of cell suspension
(1 ml) were transferred to DMEM in culture dishes and
incubated for 2 hours at 37◦C under 95% O2/5% CO2 atmo-
sphere in the absence and the presence of 3% of ethanol. In
the experiments evaluating the effect of ghrelin (rat, Sigma),
indomethacin, COX-1 inhibitor, SC-560, COx-2 inhibitor,
NS-398 (Sigma), cNOS inhibitor, L-NAME and its inactive
isomer, D-NAME, iNOS inhibitor, 1400W and ERK1/2
inhibitor PD98059 (Calbiochem), and ascorbate (Sigma),
the cells were first treated for 30 min with the indicated
dose of the agent or vehicle followed by 2 h incubation with
ethanol [14]. At the conclusion of incubation, the aliquots of
cell suspension from the control and various experimental
conditions were centrifuged at 300 × g for 5 min and the
supernatants used for the measurement of cytotoxicity using
TOX-7 lactate dehydrogenase assay kit in accordance with the
manufacturer’s (Sigma) instructions.

2.3. PGE2 and NO Quantification. The aliquots of the acinar
cell suspension from the control and various experimental
conditions were centrifuged at 1500 × g for 5 min and
the conditioned medium supernatant collected. PGE2 assays
were carried out using a PGE2 EIA kit (Cayman) and 100 μl
aliquots of the spent medium supernatant, according to the
manufacturer’s instruction. To assess NO production in the
acinar cells, we measured the stable NO metabolite, nitrite,
accumulation in the culture medium using Griess reaction
[36].

2.4. AA Release and cPLA2 Activity Assay. To assess the release
of AA from the acinar cells of salivary gland into the incu-
bation medium, aliquots of the cell suspension (1 ml) were
labeled in DMEM with 20 μCi of [5, 6, 8, 9, 11, 12, 14, 15-
3H]arachidonic acid for 4 h [27], and resuspended in fresh
DMEM free of albumin. The cells were then treated with
the indicated dose of the agent of interest or vehicle and
incubated for 2 h in the presence of 3% ethanol, and fol-
lowing centrifugation the supernatant was analyzed for the
released [3H]arachidonic acid by scintillation spectrometry.
The measurement of cPLA2 activity in the acinar cells
following various experimental conditions was carried out
using cPLA2 assay kit (Cayman) with thioarachidonoylphos-
phatidylcholine as substrate [27].

2.5. cPLA2 S-nitrosylation Assay. Detection of cPLA2 S-
nitrosylation was carried out utilizing a biotin switch
procedure for protein S-nitrosylation [37, 38]. The acinar
cells were treated with ghrelin (0.7 μg/ml) or L-NAME
(400 μM) + ghrelin or PD98059 (30 μM) + ghrelin and
incubated for 2 h in the presence of 3% ethanol. Following
centrifugation, the recovered cells were lysed in HEN lysis
buffer and the unnitrosylated thiol groups were blocked with
S-methyl methanethiosulfonate reagent [38]. The proteins
were precipitated with acetone, resuspended in HEN buffer
containing 1% SDS, and subjected to targeted nitrothiol
group reduction with sodium ascorbate (100 mM). The free
thiols were then labeled with biotin and the biotinylated
proteins were recovered on streptavidin beads. The formed
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Figure 1: Effect of ghrelin on ethanol-induced cytotoxicity (a) and changes in the production of nitrite and PGE2 (b) in rat sublingual
salivary gland acinar cells. The cells, preincubated with the indicated concentrations of ghrelin (Gh), were incubated for 2 h in the presence
of 3% ethanol (Et). Values represent the means± SD of five experiments. ∗P < .05 compared with that of control. ∗∗P < .05 compared with
that of Et alone.

streptavidin bead-protein complex was washed with neu-
tralization buffer, and the bound proteins were dissociated
from streptavidin beads with 50 μl of elution buffer (20 mM
HEPES, 100 mM NaCl, 1 mM EDTA, pH 7.7) containing 1%
2-mercaptoethanol [37]. The obtained proteins were then
analyzed by Western blotting.

2.6. Western Blot Analysis. The acinar cells from the con-
trol and experimental treatments were collected by cen-
trifugation, washed with phosphate-buffered saline and
resuspended in ice-cold lysis buffer [14]. Following brief
sonication, the cell lysates were centrifuged at 12,000 g for
10 min, and the supernatants were subjected to protein
determination using BCA protein assay kit (Pierce). The
samples, including those from biotin switch procedure,
were then resuspended in loading buffer, boiled for 5
min, and subjected to SDS-PAGE using 50 μg protein/lane
[27]. The separated proteins were transferred onto nitro-
cellulose membranes, blocked with 5% skim milk, and
incubated with the antibody against the phosphorylated
cPLA2 protein at 4◦C for 16 h. After 1 h incubation with the
horseradish peroxidase-conjugated secondary antibody, the
phosphorylated proteins were revealed using an enhanced
chemiluminescence detection kit (Pierce). Membranes were
stripped by incubation in 1 M Tris-HCl (pH 6.8), 10%
SDS, and 10 mM dithiotreitol for 30 min at 55◦C, and
reprobed with antibody against total cPLA2. Immunoblot-
ting was performed using specific antibodies directed
against cPLA2 and phospho-cPLA2 (Ser505) (Cell Signal-
ing).

2.7. Data Analysis. All experiments were carried out using
duplicate sampling and the results are expressed as means
± SD. Analysis of variance (ANOVA) followed by nonpara-
metric Kruskal-Wallis test was used to determine significance
and the significance level was set at P < .05.

3. Results

To examine the role of salivary ghrelin in oral mucosal
protection against ethanol cytotoxicity, we employed pri-
mary culture of rat sublingual salivary gland acinar cells
exposed to incubation with ethanol in conjunction with
lactate dehydrogenase assay [14]. Using ethanol at the dose
range (3%) that impairs the cell capacity for mucin synthesis
and prostaglandin generation [5, 9], we determined that
preincubation of the acinar cells with ghrelin led to a
concentration-dependent prevention of ethanol cytotoxicity,
and resulted nearly complete protection at 0.7 μg/ml of
ghrelin (Figure 1(a)). Moreover, we found that cytotoxicity
induced in sublingual salivary gland acinar cells by 3%
ethanol was reflected in a 54.5% drop in NO production
and a 24.7% reduction in PGE2 generation (Figure 1(b)),
and that ghrelin at the concentration of 0.7 μg/ml for
the protection against ethanol cytotoxicity evoked a 38.3%
increase in the mucosal cell PGE2 generation and a 2.3-fold
increase in NO production (Figure 1(b)).

Our results furthermore revealed that a concentration-
dependent loss in the protective effect of ghrelin on the
ethanol-induced salivary gland acinar cell toxicity was
attained with cNOS inhibitor, L-NAME (Figure 2(a)) as
well as cyclooxygenase (COX-1 and COX-2) inhibitor,
indomethacin, and a specific COX-1 inhibitor, SC-560
(Figure 2(b)), while selective iNOS inhibitor, 1400W and a
specific COX-2 inhibitor, NS-398 had no effect (Figure 2).

Moreover, while the effect of L-NAME was reflected in
the inhibition of ghrelin-induced acinar cell capacity for
NO production as well as PGE2 generation (Figure 3(a)),
the pretreatment with indomethacin and COX-1 inhibitor,
SC-560, led only to the inhibition in ghrelin-induced PGE2
generation (Figure 3(b)). The stimulatory effect of ghrelin
on the acinar cell capacity for NO and PGE2 production,
however, was not affected by the inclusion of iNOS inhibitor
1400W and COX-2 inhibitor, NS-398. These results indicate
that ghrelin-induced up-regulation in NO production and
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Figure 2: Effect of nitric oxide synthase (a) and cyclooxygenase (b) inhibitors on the ghrelin (Gh)-induced protection of sublingual salivary
gland acinar cells against ethanol (Et) cytotoxicity. The cells, preincubated with the indicated concentrations of L-NAME (LN), 200 μM
D-NAME (DN) and 30 μM 1400W (14W) or indomethacin (In), SC-560 (SC) and NS-398 (NS), were treated with Gh at 0.7 μg/ml and
incubated for 2 h in the presence of 3% Et. The cell-free aliquots of the medium were assayed for lactate dehydrogenase release. Values
represent the means ± SD of five experiments. ∗P < .05 compared with that of control. ∗∗P < .05 compared with that of Et alone.
∗∗∗P < .05 compared with that of Gh + Et.

PGE2 generation occurs with the involvement of respective
cNOS and COX-1 enzymes, and suggest the participation
of cNOS in sublingual salivary gland acinar cell processes of
PGE2 generation in response to ghrelin.

Further, we found that the countering effect of ghrelin on
the ethanol-induced changes in the acinar cell production of
NO and PGE2 was subject to suppression by PP2, a selective
inhibitor of tyrosine kinase Src (Figure 3(a)). We also
revealed that the effect of ghrelin on the acinar cell capac-
ity for PGE2 generation was inhibited by MAPK/ERK1/2
inhibitor, PD98059, whereas the production of NO remained
unaffected (Figure 3(a)). These results, thus, implicate the
activation of tyrosine kinase Src as a triggering event whereby
ghrelin is capable of affecting the acinar cell capacity for NO
as well as PGE2 generation. The findings also point to the
role of MAPK/ERK in the processes of PGE2 generation.

We next sought additional leads into the involvement of
cNOS in ghrelin-induced signaling leading to up-regulation
in salivary gland cell PGE2 generation. As the initial and rate
limiting step in prostaglandin production is the liberation of
arachidonic acid from membrane phospholipids by highly
selective cPLA2 [22–24], we employed the acinar cells labeled
with [3H]arachidonic acid to assess the effect of ghrelin
on arachidonic release in the presence of nitric oxide
synthase inhibition. As shown in Figure 4(a), the ethanol-
induced cytotoxicity was reflected in a 20.4% decrease in
the acinar cell arachidonic acid release, while preincubation
with ghrelin, at its optimal concentration (0.7 μg/ml) for
the suppression of the cytotoxic effect of ethanol, resulted
in a 28.3% stimulation in arachidonic acid release. This
effect of ghrelin on was subject to inhibition by the cNOS
inhibitor, L-NAME, while the iNOS inhibitor, 1400W had
no effect. Moreover, the ghrelin-induced up-regulation in
the acinar cell arachidonic acid release was inhibited by
Src kinase inhibitor, PP2 and MAPK/ERK1/2 inhibitor,
PD98059 (Figure 4(a)) The stimulatory effect of ghrelin on

the arachidonic acid release, however, was not affected by the
inclusion of indomethacin or selective COX-1 and COX-2
inhibitors, SC-560 and NS-398 (Figure 4(b)).

As the activation of cPLA2 for rapid release of arachi-
donic acid involves Src kinase-dependent MAPK/ERK acti-
vation of the enzyme through phosphorylation [14, 25,
27], we further measured the acinar cell cPLA2 enzymatic
activity. We found that preincubation with ghrelin coun-
tered the detrimental effect of ethanol on arachidonic acid
release and evoked a 71.8% increase in the cPLA2 activity
(Figure 4). The ghrelin-induced up-regulation in cPLA2

activity, furthermore, was subject to suppression by Src
inhibitor, PP2 and ERK1/2 inhibitor, PD98059 as well as
to the inhibitor of cNOS, L-NAME (Figure 4(a)), whereas
pretreatment with indomethacin or selective COX-1 and
COX-2 inhibitors did not cause any discernible alteration
in the enzyme activity (Figure 4(b)). These results, together
with the inhibitory effect of PP2 on the ghrelin-induced
increase in NO production (Figure 3(a)), point to the Src
kinase as an upstream effector of cNOS in the observed
up-regulation in cPLA2 activation for the increase in PGE2
generation.

Recent literature data indicate that up-regulation in NO
production exerts the modulatory effect on PGE2 synthesis
through protein cysteine S-nitrosylation of cyclooxygenase
and cPLA2 enzymes [17, 20, 28]. As the S-nitrosylated
proteins show susceptibility to ascorbic acid [17, 37, 38],
we analyzed the effect of this agent on the ghrelin-induced
changes in the acinar cell capacity for PGE2 generation.
The results revealed that preincubation of the acinar cells
with ascorbate caused not only the decrease in the ghrelin-
induced cell capacity for PGE2 production (Figure 3(b)), but
also elicited suppression in the ghrelin-induced arachidonic
acid release and the activity of cPLA2(Figure 4(b)). To
assess further the role of S-nitrosylation in the course of
events leading to cPLA2 activation by ghrelin, the acinar
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Figure 3: Effect of nitric oxide synthase (a) and cyclooxygenase (b)
inhibitors on the ghrelin (Gh)-induced changes in the production
of PGE2 and nitrite by sublingual salivary gland acinar cells in the
presence of ethanol (Et). The cells, preincubated with 400 μM L-
NAME (LN), 30 μM 1400W (14W), 20 μM PP2 and 30 μM PD98059
(PD) or 2 μM indomethacin (In), 15 μM SC-560 (SC), 20 μM NS-
398 (NS) and 300 μM ascorbate (As), were treated with 0.7 μg/ml
Gh and incubated for 2 h in the presence of 3% Et. Values represent
the means ± SD of five experiments. ∗P < .05 compared with that
of control. ∗∗P < .05 compared with that of Et alone. ∗∗∗P < .05
compared with that of Gh + Et.

cells prior to ghrelin incubation, were pretreated with
cNOS inhibitor, L-NAME or ERK1/2 inhibitor, PD98059,
and the lysates subjected to biotin switch procedure were
examined with antibodies directed against phospho-cPLA2

and total cPLA2. We observed that ghrelin prevention of the
ethanol-induced cytotoxicity was reflected in the increase
in cPLA2 protein phosphorylation as well as S-nitrosylation
(Figure 5). Preincubation with L-NAME resulted in the
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Figure 4: Effect of nitric oxide synthase (a) and cyclooxygenase
(b) inhibitors on the ghrelin (Gh)-induced changes in the release
of arachidonic acid and cPLA2 activity in sublingual salivary gland
acinar cells in the presence of ethanol (Et). The cells, preincubated
with 400 μM L-NAME (LN), 30 μM 1400W (14W), 20 μM PP2 and
30 μM PD98059 (PD) or 2 μM indomethacin (In), 15 μM SC-560
(SC), 20 μM NS-398 (NS) and 300 μM ascorbate, were treated with
Gh at 0.7 μg/ml and incubated for 2 h in the presence of 3% Et.
Values represent the means ± SD of five experiments. ∗P < .05
compared with that of control. ∗∗P < .05 compared with that of
Et alone. ∗∗∗P < .05 compared with that of Gh + Et.

blockage of the ghrelin-induced S-nitrosylation, but had no
effect on cPLA2 phosphorylation, whereas ERK1/2 inhibitor,
PD98059, caused the blockage in cPLA2 protein phospho-
rylation as well as S-nitrosylation. These data demonstrate
that the activation of cPLA2 in sublingual salivary gland
acinar cells by ghrelin involves both the phosphorylation
and S-nitrosylation events, and that the enzyme protein
phosphorylation is a prerequisite for its S-nitrosylation.
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nitrosylation in sublingual salivary gland acinar cells exposed to
ethanol (Et). The cells were treated with Gh (0.7 μg/ml) or L-NAME
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nitrocellulose and probed with phosphorylation specific cPLA2 (p-
cPLA2) antibody, and reprobed with antitotal cPLA2 antibody. The
immunoblots shown are representative of three experiments.

4. Discussion

Investigations into the nature of factors involved in the
maintenance of mucosal integrity along the alimentary tract,
including that of oral cavity, have brought to the forefront
the role of ghrelin in processes of mucosal defense and
repair [29–33]. This 28-amino acid hormone, produced
predominantly in the stomach, but also identified in oral
mucosa and the acinar cells of salivary glands [29, 33],
has emerged as an important regulator of the cross-talk
between NOS and COX enzyme systems, the products of
which (NO and PGE2) play direct cytoprotective role in
maintaining the soft oral tissue integrity. Moreover, there
are reports indicating that NO and PGE2 are involved in
ghrelin-induced protection of gastric mucosa against injury
by ethanol [31, 32, 34].

As the diminished secretion of saliva and oral mucosal
inflammatory changes are well-recognized consequences of
alcohol abuse on the health of oral cavity [2–4], in the
study presented herein we examined the mechanism of
ghrelin protection of salivary gland secretory cells against
ethanol cytotoxicity. Using the acinar cells of rat sublingual
salivary gland exposed to ethanol at the concentration range
that impairs mucosal cell capacity for mucin synthesis and
prostaglandin generation [5, 9], we demonstrated that the
protective effect of ghrelin was associated with the increase
in NO and PGE2 production, and marked up-regulation
in cPLA2 activity and AA release. Moreover, a significant
loss in the countering effect of ghrelin on the ethanol-
induced toxicity was attained with cNOS inhibitor, L-NAME
as well as indomethacin and a specific COX-1 inhibitor, SC-
560, while specific COX-2 inhibitor, NS-398, and a selective
iNOS inhibitor, 1400W had no effect. These results, are thus

in keeping with the literature data demonstrating that the
detrimental effects of ethanol on gastric mucosal integrity
are associated with the impairment in NO synthesis and
PGE2 generation controlled by cNOS and COX-1 enzyme
systems [31, 33]. Moreover, our findings on the inhibition
of ghrelin-induced acinar cell capacity for NO production as
well as PGE2 generation by L-NAME, and only that of PGE2
by indomethacin and COX-1 inhibitor, SC-560, suggest that
cNOS-derived NO participates in the regulation of PGE2
production in response to ghrelin.

Since the initial and rate limiting event in prostaglandin
production is the release of AA from membrane phos-
pholipids by highly selective cPLA2 [22–24], we further
assessed the influence of ghrelin on the processes of cPLA2

activation. Employing the acinar cell labeled with AA, we
demonstrated that ethanol cytotoxicity was manifested in
a diminished AA release, while preincubation with ghrelin
led to cPLA2 activation as evidenced by the increase in
AA release. This stimulatory effect of ghrelin was subject
to suppression by cNOS inhibitor, L-NAME but not the
iNOS inhibitor, 1400W or the inhibitors of COX-1 and
COX-2 enzymes. Moreover, we found that up-regulation in
AA release and cPLA2 activity evoked by ghrelin was also
suppressed by the inhibitor of ERK1/2, PD98059. Hence, the
ghrelin-induced acinar cell cPLA2 activation for the increase
in PGE2 production to counter ethanol cytotoxicity requires
cNOS and MAPK/ERK participation. This interpretation of
our results is supported by the literature data indicating
that activation of cPLA2 for rapid increase in AA release
and eicosanoid generation occurs through posttranslational
MAPK/ERK-dependent enzyme protein phosphorylation on
the critical Ser505 residue that plays a crucial role in Ca2+-
dependent translocation of cPLA2 from cytosol to membrane
to gain access to phospholipid substrates [14, 25–27].

Interestingly, recent evidence indicates that in addition to
posttranslational activation by phosphorylation, the increase
in prostaglandin formation may also result from NO-
induced enzyme protein S-nitrosylation [17, 20, 28]. Indeed,
the posttranslational modification of the protein through S-
nitrosylation at the critical cysteine526 residue has been linked
to the NO-induced enhancement in catalytic activity of
COX-2 [17], and cPLA2 activation through S-nitrosylation at
cysteine152 was reported to be responsible for up-regulation
in AA release in human epithelial cells [28]. Therefore,
to assess the role of cNOS-derived NO in the ghrelin-
induced cPLA2 activation for the protection of salivary
gland acinar cells against cytotoxic effect of ethanol, we
examined the cPLA2 activity, and its protein S-nitrosylation
and phosphorylation. We found that, In keeping with well
known susceptibility of S-nitrosylated proteins to reduction
by ascorbic acid [17, 37, 38], the ghrelin-induced regulation
in cPLA2 activity and AA release was liable to suppression
by ascorbate. Preincubation with cNOS inhibitor, L-NAME
led to the blockage in ghrelin-induced cPLA2 protein S-
nitrosylation but had no effect on its phosphorylation,
whereas ERK1/2 inhibitor, PD98059 caused the blockage in
both the cPLA2 protein phosphorylation and S-nitrosylation.
Thus, the activation of cPLA2 in the acinar cells by ghrelin for
the increase in AA release and PGE2 synthesis involves the
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enzyme processing through the events of phosphorylation
and S-nitrosylation. It is also apparent that the cPLA2

phosphorylation is a prerequisite for its S-nitrosylation.
While our results on the mechanism of ghrelin protection

of salivary gland acinar cells against ethanol cytotoxicity are
obtained employing the in vitro system and pharmacological
concentrations of the peptide, it should be noted that
protective effects of the peripherally administered ghrelin
against acute gastric mucosal injury induced in rat stomach
by ethanol also required considerably higher concentrations
of the peptide than that of central ghrelin [30, 32, 34].
This is consistent with the advocated role of hypothalamic
neuromodulatory pathways in ghrelin action [39].

In summary, our findings demonstrate that ghrelin
protection of salivary gland acinar cells against ethanol
cytotoxicity involves cNOS-derived NO induction of cPLA2

activation through S-nitrosylation for the increase in PGE2
generation.

References

[1] C. S. Lieber and S. K. Ward, “Medical disorders of alcoholism,”
The New England Journal of Medicine, vol. 333, no. 16, pp.
1058–1065, 1995.

[2] P. J. Brooks, “DNA damage, DNA repair, and alcohol toxicity–
a review,” Alcoholism: Clinical and Experimental Research, vol.
21, no. 6, pp. 1073–1082, 1997.

[3] G. Proctor and D. K. Shori, “The effects of ethanol on salivary
glands,” in Alcohol and Gastrointestinal Tract, V. R. Preedy and
R. R. Watson, Eds., pp. 111–122, CRC Press, Boca Raton, Fla,
USA, 1995.

[4] S. K. Dutta, M. Orestes, S. Vengulekur, and P. Kwo, “Ethanol
and human saliva: effect of chronic alcoholism on flow rate,
composition, and epidermal growth factor,” American Journal
of Gastroenterology, vol. 87, no. 3, pp. 350–354, 1992.

[5] C.-Y. Wu-Wang, S.-L. Wang, C. Lim, A. Slomiany, and
B. L. Slomiany, “Impairment by ethanol of prostaglandin
production in rat salivary glands,” Archives of Oral Biology, vol.
36, no. 1, pp. 9–13, 1991.

[6] B. L. Slomiany, J. Piotrowski, and A. Slomiany, “Chronic
alcohol ingestion enhances tumor necrosis factor-α expression
and salivary gland apoptosis,” Alcoholism: Clinical and Experi-
mental Research, vol. 21, no. 8, pp. 1530–1533, 1997.

[7] B. L. Slomiany, J. Piotrowski, and A. Slomiany, “Alterations in
buccal mucosal endothelin-1 and nitric oxide synthase with
chronic alcohol ingestion,” Biochemistry and Molecular Biology
International, vol. 45, no. 4, pp. 681–688, 1998.

[8] L. A. Tabak, “Structure and function of human salivary
mucins,” Critical Reviews in Oral Biology and Medicine, vol. 1,
no. 4, pp. 229–234, 1990.

[9] B. L. Slomiany, V. L. N. Murty, J. Piotrowski, and A.
Slomiany, “Salivary mucins in oral mucosal defense,” General
Pharmacology, vol. 27, no. 5, pp. 761–771, 1996.

[10] E. Masuda, S. Kawano, K. Nagano, S. Tsuji, Y. Takei, M. Tsuj II,
M. Oshita, T. Michida, I. Kobayashi, A. Nakama, H. Fusamoto,
and T. Kamada, “Endogenous nitric oxide modulates ethanol-
induced gastric mucosal injury in rats,” Gastroenterology, vol.
108, no. 1, pp. 58–64, 1995.

[11] B. M. Peskar, “Role of cyclooxygenase isoforms in gastric
mucosal defence,” Journal of Physiology Paris, vol. 95, no. 1–
6, pp. 3–9, 2001.

[12] J. L. Wallace and P. R. Devchand, “Emerging roles for
cyclooxygenase-2 in gastrointestinal mucosal defense,” British
Journal of Pharmacology, vol. 145, no. 3, pp. 275–282, 2005.

[13] B. L. Slomiany and A. Slomiany, “Activation of peroxi-
some proliferator-activated receptor γ suppresses inducible
cyclooxygenase and nitric oxide synthase during oral mucosal
ulcer healing,” Journal of Physiology and Pharmacology, vol. 53,
no. 2, pp. 159–169, 2002.

[14] B. L. Slomiany and A. Slomiany, “Leptin protection of
salivary gland acinar cells against ethanol cytotoxicity involves
Src kinase-mediated parallel activation of prostaglandin and
constitutive nitric oxide synthase pathways,” Inflammophar-
macology, vol. 16, no. 2, pp. 76–82, 2008.

[15] G. Sowa, J. Liu, A. Papapetropoulos, M. Rex-Haffner, T. E.
Hughes, and W. C. Sessa, “Trafficking of endothelial nitric-
oxide synthase in living cells,” Journal of Biological Chemistry,
vol. 274, no. 32, pp. 22524–22531, 1999.

[16] M. Colasanti and H. Suzuki, “The dual personality of NO,”
Trends in Pharmacological Sciences, vol. 21, no. 7, pp. 249–252,
2000.

[17] S. F. Kim, D. A. Huri, and S. H. Snyder, “Inducible nitric oxide
synthase binds, S-nitrosylates, and activates cyclooxygenase-
2,” Science, vol. 310, no. 5756, pp. 1966–1970, 2005.

[18] R. Clancy, B. Varenika, W. Huang, L. Ballou, M. Attur, A. R.
Amin, and S. B. Abramson, “Nitric oxide synthase/COX cross-
talk: nitric oxide activates COX-1 but inhibits COX-2-derived
prostaglandin production,” Journal of Immunology, vol. 165,
no. 3, pp. 1582–1587, 2000.

[19] L. J. Marnett, T. L. Wright, B. C. Crews, S. R. Tannenbaum, and
J. D. Morrow, “Regulation of prostaglandin biosynthesis by
nitric oxide is revealed by targeted deletion of inducible nitric-
oxide synthase,” Journal of Biological Chemistry, vol. 275, no.
18, pp. 13427–13430, 2000.

[20] S. Cuzzocrea and D. Salvemini, “Molecular mechanisms
involved in the reciprocal regulation of cyclooxygenase and
nitric oxide synthase enzymes,” Kidney International, vol. 71,
no. 4, pp. 290–297, 2007.

[21] M. Murakami, H. Naraba, T. Tanioka, N. Semmyo, Y.
Nakatani, F. Kojima, T. Ikeda, M. Fueki, A. Ueno, S. Oh-
ishi, and I. Kudo, “Regulation of prostaglandin E2 biosynthesis
by inducible membrane-associated prostaglandin E2 synthase
that acts in concert with cyclooxygenase-2,” Journal of Biologi-
cal Chemistry, vol. 275, no. 42, pp. 32783–32792, 2000.

[22] A. Sapirstein and J. V. Bonventre, “Specific physiological roles
of cytosolic phospholipase A2 as defined by gene knockouts,”
Biochimica et Biophysica Acta, vol. 1488, no. 1-2, pp. 139–148,
2000.

[23] B. L. Slomiany and A. Slomiany, “Alterations by indomethacin
in proinflammatory consequences of salivary gland cytosolic
phospholipase A2 activation by Porphyromonas gingivalis,”
Journal of Applied Research, vol. 7, no. 1, pp. 127–136, 2007.

[24] M. Yamada, M. Watanabe, S. Mue, and K. Ohuchi, “Platelet-
activating factor production in stimulated macrophages is
down-regulated by concurrently produced prostaglandin E2,”
Journal of Pharmacology and Experimental Therapeutics, vol.
277, no. 3, pp. 1607–1614, 1996.

[25] T. Hirabayashi and T. Shimizu, “Localization and regulation
of cytosolic phospholipase A2,” Biochimica et Biophysica Acta,
vol. 1488, no. 1-2, pp. 124–138, 2000.

[26] Y. Shirai, J. Balsinde, and E. A. Dennis, “Localization and func-
tional interrelationships among cytosolic group IV, secreted



8 Advances in Pharmacological Sciences

group V, and Ca2+-independent group VI phospholipase
A2s in P388D1 macrophages using GFP/RFP constructs,”
Biochimica et Biophysica Acta, vol. 1735, no. 2, pp. 119–129,
2005.

[27] B. L. Slomiany and A. Slomiany, “Role of epidermal growth
factor receptor transactivation in the activation of cytosolic
phospholipase A2 in leptin protection of salivary gland acinar
cells against ethanol cytotoxicity,” Journal of Physiology and
Pharmacology, vol. 60, no. 2, pp. 49–55, 2009.

[28] L. Xu, C. Han, K. Lim, and T. Wu, “Activation of cytoso-
lic phospholipase A2α through nitric oxide-induced S-
nitrosylation: involvement of inducible nitric-oxide synthase
and cyclooxygenase-2,” Journal of Biological Chemistry, vol.
283, no. 6, pp. 3077–3087, 2008.

[29] M. Kojima, H. Hosoda, Y. Date, M. Nakazato, H. Matsuo, and
K. Kangawa, “Ghrelin is a growth-hormone-releasing acylated
peptide from stomach,” Nature, vol. 402, no. 6762, pp. 656–
660, 1999.

[30] V. Sibilia, G. Rindi, F. Pagani, D. Rapetti, V. Locatelli, A.
Torsello, N. Campanini, R. Deghenghi, and C. Netti, “Ghrelin
protects against ethanol-induced gastric ulcers in rats: studies
on the mechanisms of action,” Endocrinology, vol. 144, no. 1,
pp. 353–359, 2003.

[31] T. Brzozowski, P. C. Konturek, S. J. Konturek, S. Kwiecień,
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