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riggers Mucin Secretion in the Rat Sublingual Gland

tsufumi Kawabata,*,1 Nao Morimoto,* Hiroyuki Nishikawa,†
yotaro Kuroda,* Yasuo Oda,* and Kazuaki Kakehi*

Faculty of Pharmaceutical Sciences, Kinki University, Higashi-Osaka, Japan; and
Research and Development Center, Fuso Pharmaceutical Industries Ltd., Osaka, Japan

eceived February 28, 2000
rine PAR-2), when applied exogenously, are capable of
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Protease-activated receptor-2 (PAR-2) is distributed
hroughout the gastrointestinal systems. The present
tudy investigated the role for PAR-2 in the rat sali-
ary glands. PAR-2 mRNA was detected in the sublin-
ual, submaxillary, and parotid glands by a reverse-
ranscriptase polymerase chain reaction. In the
solated sublingual gland that exhibited the strongest
ignal for PAR-2, Ser-Leu-Ile-Gly-Arg-Leu-NH2, a PAR-
-activating peptide, and trypsin, a PAR-2-activating
nzyme, but not thrombin that can activate PARs 1, 3,
nd 4, triggered secretion of N-acetylneuraminic acid,
n indicator of mucin, that was a unique major sialic
cid detectable after hydrolysis of the sublingual mu-
in with 0.1 N HCl. The PAR-2-mediated secretion of
ucin was attenuated by genistein, a tyrosine kinase

nhibitor, but not by inhibitors of protein kinase C and
hosphatidyl inositol 3*-kinase. Thus, PAR-2 is ex-
ressed by the three distinct salivary glands in the rat,
nd sublingual PAR-2 appears to play a role in trigger-
ng mucin secretion, at least in part, via activation of
yrosine kinase. © 2000 Academic Press

Key Words: protease (proteinase)-activated receptor;
rypsin; mucin; sublingual gland.

Protease-activated receptor-2 (PAR-2) (1) belongs to
growing family of G protein-coupled receptors acti-

ated by extracellular proteases, which currently con-
ists of four members (2, 3). Trypsin or mast cell
ryptase activates PAR-2 by proteolytic unmasking of
he N-terminal extracellular cryptic receptor-activat-
ng sequences, while thrombin activates PARs 1, 3, and

in the same manner. Synthetic peptides as short as
bout 6 amino acids based on the receptor-activating
otif of PAR-2 (i.e., SLIGRL or SLIGRL-NH2 for mu-
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ctivating PAR-2 nonenzymatically. Structure-activity
tudies on PARs-activating peptides have demonstrated
hat the murine PAR-2-derived peptide SLIGRL-NH2

pecifically activates PAR-2 without activating other
ARs (4–6).
The widespread distribution of PAR-2 in tissues

trongly implies its critical roles in a variety of biolog-
cal events (3). PAR-2 as well as PAR-1 may be involved
n an inflammatory process (7–11). PAR-2 also appears
o play multiple roles in gastrointestinal systems in-
luding the pancreas (2, 12–14). Most recently, we
ound that PAR-2-activating peptides, administered in
ivo, triggered salivation in the mouse and rats (15).
hus, PAR-2 may be a key molecule in regulation of
igestive functions. The aim of our study was to ascer-
ain and characterize the role of PAR-2 in the salivary
lands. Here, we describe that mRNA for PAR-2 was
etectable in the three distinct salivary glands isolated
rom the rat, and that PAR-2 activation triggered in
itro secretion of N-acetylneuraminic acid (Neu5Ac),
n indicator of rat salivary mucin, by the sublingual
land that exhibited the strongest signal for PAR-2
RNA.

ATERIALS AND METHODS

Animals. Male Wistar rats (7–10 weeks old, Japan SLC. Ltd.)
ere used according to the notification issued from Japan’s Prime
inister’s Office, No. 6, 1980.

Reverse-transcriptase polymerase chain reaction (RT-PCR) analysis
f mRNAs for PAR-1 and PAR-2 in the sublingual, submaximally and
arotid glands isolated from rats. The sublingual, submaxillary and
arotid glands were excised from the rat under urethane (1.5 g/kg)
nesthesia. Total RNA was isolated from each gland using the TRIzol
eagent (Life Technologies. Inc., U.S.A.), and then mRNA was purified

rom the total RNA with the Oligotex-dT30 (Super) mRNA purification
it (Takara Shuzo, Japan). Essentially as described previously (16),
RNA was reverse-transcribed at 42°C for 50 min, and amplified by

olymerase chain reaction (RT-PCR) using the RNA LA PCR kit (AMV)
er. 1.1 (Takara Shuzo, Japan). The PCR primers for amplification of
AR-1 sequences were 59-CCCGCTCATTTTTTCTCAGGA-39 and 59-



GCCAATCGGTCGCGGAGAAGT-39, leading to amplification of 394-bp
f
A
y
w
T
t
t
a
s
e

s
a
m
d
t
(
a
g
t
i

f
b
2
g
w
3
t
m
s
d
3
T
b
c
t
S
P
P
o
r

a
f
d
4
d
7
s
D
p
5
t
o
m
3
r
f
n
w

s
t
t
G
C

t
i

s
w
s
g
f
s
i
c
p
m
a
S

p
r
a
t
f
o
w

y
t
5

R

p
s
P
t
f
g
t
t
i
F

g
a

s
i
w
r

Vol. 270, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ragments. The primers targeted to PAR-2 were 59-CACCAGTAA-
GGGAGAAGTCT-39 and 59-GGGCAGCACGTCGTGACAGGT-39,
ielding amplification of 598-bp fragments. The primers for b-actin
ere 59-GTGGGGCGCCCCAGGCACCA-39 and 59-GTCCTTAA-
GTCACGCACGATTTC-39, amplifying 537-bp fragments. Amplifica-
ion was allowed to proceed for 30 cycles, beginning with a 30-s dena-
uration period at 94°C followed by a 30-s reannealing time at 55°C and

1-min primer extension period at 72°C. The PCR products were
eparated by 2% agarose gel electrophoresis and visualized by the
thidium bromide staining procedure.

Determination of N-acetylneuraminic acid as an indicator of mucin
ecreted from the isolated rat sublingual gland in response to PAR-2
ctivators. The sublingual gland is rich in mucous cells that secret
ucin, a glycoprotein, upon stimulation. The salivary mucin is abun-

ant in sialic acids in the carbohydrate chains, and the determina-
ion of sialic acids is useful to monitor secretion of salivary mucin
17). In the present study, we thus determined N-acetylneuraminic
cid (Neu5Ac) as an indicator of mucin secreted from the sublingual
land, which was one of the major components among sialic acids
hat rat sublingual gland mucin contained in our preliminary exper-
ments.

The bilateral sublingual glands were excised from the rat, and
reed of fat and connective tissue in an ice-cold Krebs–Henseleit
uffer of the following composition (mM): NaCl, 118; KCl, 4.7; CaCl2,
.5; MgCl2, 1.2; NaHCO3, 25; KH2PO4, 1.2; glucose, 10. Each whole
land was placed in a tube containing 1.5 ml of the same buffer that
as continuously gassed with 95% O2/5% CO2 and maintained at
7°C. After a 30-min preincubation period, the medium was changed
o the agonist-containing reaction buffer that had been gassed and
aintained at 37°C. After a 10-min incubation, the reaction was

topped by removing the gland from the medium. The reaction me-
ium was concentrated by ultrafiltration (Ultrafree-MC, cut off MW
0,000, Millipore, U.S.A.) for subsequent assay of Neu5Ac secreted.
he gland after the reaction was homogenized in 2 ml of the ice-cold
uffer and the supernatant after centrifugation (30,000 g, 4°C) was
ollected for assay of residual Neu5Ac in the tissue. The agonists
ested in the present study were trypsin, a PAR-2-activating enzyme,
LIGRL-NH2, a specific PAR-2-activating peptide, LSIGRL-NH2, a
AR-2-inactive control peptide, thrombin, an activating enzyme for
ARs 1, 3, and 4. The effect of peptides was examined in the presence
f 10 mM amastatin, an inhibitor of aminopeptidase that is primarily
esponsible for peptide degradation.
Essentially as described previously (18), an aliquot (10 ml) of the

bove samples was treated with 10 ml of 2 N acetic acid or 0.1 N HCl
or 3 h at 80°C to release sialic acids from mucin by hydrolysis. For
erivatization of the released sialic acids with DMB (1,2-diamino-
,5-methylenedioxy-benzene, Dojindo Laboratories, Japan), the hy-
rolyzed sample (20 ml) was mixed with a reagent (200 ml) containing
mM DMB, 0.75 M b-mercaptoethanol and 18 mM sodium hydro-

ulfite in 1.4 M acetic acid, and heated at 50°C for 2.5 h. The
MB-derivatized sialic acids were analyzed by reverse-phase high-
erformance liquid chromatography (RP-HPLC) with a Cosmocil
C18-AR column (150 3 6 mm i.d., Nacalai Tesque, Japan). Separa-
ion was performed using a linear gradient (from 7/14/79 to 11/14/75
f acetonitrile/methanol/water) over 40 min, at a flow rate of 0.9
l/min. Detection was performed fluorometrically at 488 nm with a

73-nm light. The amount of Neu5Ac that was secreted into the
eaction medium (S) and remained in the tissue (R) was calculated
rom a calibration curve obtained using authentic N-acetyl-
euraminic acid. Data are represented as % secretion of Neu5Ac that
as calculated as follows: S/(S 1 R) 3 100.

Evaluation of effects of inhibitors on the Neu5Ac secretion by the rat
ublingual gland in response to PAR-2 activation. To investigate
he intracellular mechanisms responsible for PAR-2-mediated secre-
ory response in the sublingual gland, we evaluated effects of
F109203X, genistein and wortmannin, inhibitors of protein kinase
, tyrosine kinase and phosphatidyl inositol 39-kinase, respectively,
299
hat are involved in PARs-mediated signal transduction mechanisms
n other tissues (2, 12, 19).

In the preliminary experiments, the content of Neu5Ac in the
ublingual gland exhibited a great variation among individual rats,
hereas the contents in the right and left glands were almost the

ame in each rat. In addition, secretory responses of the bilateral
lands to PAR-2 activation were also very close each other. There-
ore, one of the two sublingual glands isolated from each rat was
timulated with the PAR-2 agonist SLIGRL-NH2 in the presence of
nhibitors, and the other was designated to the control that was
hallenged with the agonist only. After the 30-min preincubation
eriod as described above, the sublingual gland was exposed to the
edium containing an inhibitor or its vehicle (control), but not

gonists, for 10 min, and then stimulated for 10 min by addition of
LIGRL-NH2 at 100 mM in the presence of 10 mM amastatin.

Peptides and other main chemicals employed. Peptides used were
repared by solid-phase synthesis, and peptide composition and pu-
ity (.98%) were ascertained by HPLC analysis, amino acid analysis
nd mass spectrometry. Trypsin from porcine pancreas and human
hrombin were purchased from Sigma (U.S.A.), and amastatin was
rom Peptide Institute Inc. (Japan). GF109203X and genistein were
btained from Research Biochemicals Internationals (U.S.A.), and
ortmannin was supplied from Wako Pure Chem. (Japan).

Statistics. Data are expressed as means 6 SEM. Statistical anal-
sis was performed using the Dunnett’s multiple comparison test or
he paired t test, and an associated probability (P value) of less than
% was considered significant.

ESULTS AND DISCUSSION

RT-PCR analysis of mRNA harvested from the rat
arotid, sublingual and submaxillary glands yielded
ignals for PCR products of the predicted size for
AR-2 (598 bp; lanes P, L and M under PAR-2, respec-
ively, in Fig. 1). The order of the intensity of signals
or PAR-2 in the three glands was roughly “sublingual
land . submaxillary gland . parotid gland,” al-
hough the RT-PCR analysis employed was not quan-
itative. Signals for PAR-1 (394 bp) were also detected
n the three glands (lanes P, L and M under PAR-1, in
ig. 1).
To clarify the role for PAR-2 in the rat sublingual

land that was the most abundant in PAR-2 mRNA
mong the three salivary glands on the basis of RT-

FIG. 1. Detection of mRNAs for PAR-2 and PAR-1 in the rat
alivary glands. P, L, and M: the parotid, sublingual, and submax-
llary glands. The expected positions of the PCR products obtained
ith the primers for PARs 1 and 2, and for actin are indicated on the

ight side.
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CR analysis, we then tried to examine whether PAR-2
gonists could trigger secretion of mucin by the iso-
ated rat sublingual gland in vitro. Salivary glands are
bundant in sialomucin that is secreted upon stimula-
ion, but the salivary mucin exhibits a great multiplic-
ty in the sialic acid composition depending on species
18). To evaluate an appropriate sialic acid as an indi-
ator of mucin, we analyzed sialic acids in the rat
ublingual mucin. Figure 2 illustrates typical HPLC
rofile of DMB-derivatized sialic acids after hydrolysis
y two distinct procedures in the reaction medium
fter 10 min incubation of the sublingual gland with
00 mM SLIGRL-NH2, a PAR-2 agonist. RP-HPLC
nalysis of the sample hydrolyzed with 2 N acetic acid
ndicated the presence of Neu5Ac and also other mul-
iple sialic acid derivatives. But we could not find the
eak derived from N-glycolylneuraminic acid (elution
ime: 7.5 min). Furthermore, the RP-HPLC of the cor-
esponding sample that was exposed to hydrolysis with
.1 N HCl exhibited only one large peak for Neu5Ac,
mplying that the multiple peaks other than a peak for
eu5Ac seen after hydrolysis with 2 N acetic acid were

or di- or tri-acetylneuraminic acids as described pre-
iously (18), which could be further hydrolyzed with
.1 N HCl into Neu5Ac. Similar characteristics were
lso confirmed in the samples from the homogenized
ublingual tissues after or without 10-min incubation
ith the agonist. Taken together, we decided to moni-

or mucin secretion by determining Neu5Ac in the
amples hydrolyzed with 0.1 N HCl.
Figure 3 depicts effects of agonists for PARs on se-

retion of Neu5Ac by the isolated rat sublingual gland.
rypsin, a PAR-2-activating enzyme, at 1.3 mM, and
LIGRL-NH2, a PAR-2-activating peptide, at 100 mM,
riggered secretion of Neu5Ac. On the other hand, nei-
her LSIGRL-NH2, a PAR-2-inactive control peptide at

corresponding dose, nor thrombin, an enzyme acti-

FIG. 2. RP-HPLC profile of DMB-derivatized sialic acids after
cid hydrolysis in the reaction medium following 10-min incubation
f the sublingual gland with the PAR-2-activating peptide SLIGRL-
H2 at 100 mM. An on-line fluorescence detection was employed to
onitor the profile. The samples were hydrolyzed at 80°C for 3 h
ith 2 N acetic acid (left) or 0.1 N HCl (right).
300
esponse. These findings strongly suggest that PAR-2,
ut not PARs 1, 3, and 4, plays a role in sublingual
ucin secretion in the rat, being consistent with the in

ivo salivation produced by PAR-2 agonists in the rat
nd mouse (15). The effective concentration (1.3 mM) of
rypsin in the present study was relatively high, but
till comparable with that in several PAR-2-mediated
ystems (13, 14, 20).
Given an absence of trypsin in the salivary glands

nd of a conventional circulating ‘hormonal’ ligand, a
uestion to pose is: under what circumstances might
ublingual PAR-2 become activated, so as to subserve
hysiological and/or pathophysiological roles? PAR-2 is
nvolved in the setting of an inflammatory response
8–11), and can be induced in response to inflamma-
ory stimuli (21), implying pro- or anti-inflammatory
oles for PAR-2. Tryptase, a mast cell protease that is
ecreted upon inflammatory stimuli, is capable of acti-
ating PAR-2 (22). Taken together, it is hypothesized
hat, in an inflammatory process, sublingual PAR-2
ay become activated in response to tryptase released

rom mast cells present in the sublingual gland or
ther tissues, resulting in secretion of mucin that, in
urn, could play a role for the maintenance of the
ntegrity of oral defense systems (17). Thus, our finding

ay predict a novel protective role for PAR-2 in inflam-
ation. Nevertheless, the possibility can not be ex-

luded that an unknown enzyme present in the sali-
ary glands or in the circulating blood might activate
ublingual PAR-2 to trigger mucin secretion under cer-
ain conditions.

To investigate intracellular signal transduction
echanisms responsible for the PAR-2-mediated mu-

in secretion in the rat sublingual gland, we evaluated

FIG. 3. Effects of agonists for PARs on Neu5Ac secretion in the
solated rat sublingual gland. The gland in the reaction medium was
ncubated at 37°C for 10 min immediately after addition of trypsin,

PAR-2-activating enzyme, thrombin, an agonist enzyme for PARs
, 3, and 4, SLIGRL-NH2 (SLp-NH2), a PAR-2-activating peptide, or
SIGRL-NH2 (LSp-NH2), a PAR-2-inactive control peptide, in the
resence of 10 mM amastatin. Data indicate the mean with SEM
rom 11 control and 4–6 challenged tissues. *P , 0.05, **P , 0.01
s. the control (Dunnett’s test).
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ffects of inhibitors of three kinases, tyrosine kinase
TK), protein kinase C (PKC) and phosphatidyl inositol
9-kinase (PI3K), that can be activated following acti-
ation of PARs in some cells or tissues (2, 12, 19). The
K inhibitor genistein at 15 mM (12) significantly re-
uced the secretion of Neu5Ac, a mucin indicator, from
he sublingual gland in response to SLIGRL-NH2, a
AR-2-activating peptide, at 100 mM (Table 1). On the
ther hand, the PKC inhibitor GF109203X at 1 mM (12)
nd the PI3K inhibitor wortmannin at 0.1 mM (12, 19)
ailed to significantly attenuate the PAR-2-mediated
eu5Ac secretion (Table 1). The three inhibitors at the

orresponding concentrations did not alter basal
eu5Ac secretion in the sublingual glands (data not

hown). It is also of note that all three inhibitors at the
ame concentrations significantly reduced the duode-
al smooth muscle contraction mediated by PAR-1 that

s known to activate TK, PKC and PI3K (19), in our
reliminary experiments. Thus, our data strongly sug-
est that the activation of TK is, at least in part,
nvolved in sublingual mucin secretion due to PAR-2
ctivation, although PKC and PI3K appear to play, if
ny, only a minor role in this system. PAR-1 is gener-
lly considered to couple to several distinct G proteins
uch as Gq, Gi, or Go (23), leading to activation of
hospholipase C (PLC) followed by diacylglycerol
ormation/PKC activation, and also to activation of
ther pathways including TK and PI3K (2, 12, 19). On
he other hand, little is known about mechanisms of
ignal transduction that couple to PAR-2, although
ctivation of the PLC/PKC pathway and of TK may
ccur following PAR-2 activation (2, 12, 23). In general,
here are two major signal transduction pathways re-
ponsible for protein secretion in the salivary glands;
ne is the activation of the cyclic AMP/protein kinase A
ystem, and the other is the activation of the PLC/PKC

Effects of Inhibitors of Protein Kinase C, Tyrosine Kinase,
nd Phosphatidyl Inositol 39-Kinase on the PAR-2-Activator
LIGRL-NH2-Induced Neu5Ac Secretion from the Rat Sub-

ingual Gland

n
% Secretion of Neu5Ac

(Mean 6 S.E.M.) Significance

ontrol 6 0.546 6 0.129
F109203X 6 0.500 6 0.143 N.S.
ontrol 8 0.417 6 0.099
enistein 8 0.297 6 0.067 P , 0.05
ontrol 4 0.427 6 0.150
ortmannin 4 0.393 6 0.139 N.S.

Note. A sublingual gland and contralateral one from each rat were
timulated with SLIGRL-NH2 at 100 mM in the absence (control) and
resence of GF109203X at 1 mM, genistein at 15 mM or wortmannin
t 0.1 mM, respectively. Difference from the control was statistically
valuated by paired t-test. Neu5Ac, N-acetylneuraminic acid; N.S.,
ot significant.
301
eptors and muscarinic receptors, respectively. The
ole of tyrosine phosphorylation in the mediation of
xocytosis in the salivary glands still largely remains
o be investigated (24). Our results provide novel evi-
ence for the potential involvement of TK in regulation
f salivary exocytosis.
In conclusion, PAR-2 that is expressed by the three

istinct salivary glands in the rat mediates sublingual
ucin secretion, at least in part, via activation of TK,
hich, in turn, might play a role for the maintenance of

he oral defense system.
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