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Fig. 7. Detection of disialyl residues in bovine AGP. The dotted line is
a chromatogram after direct hydrolysis of bovine AGP. The solid line is
a chromatogram after periodate oxidation treatment followed by
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Discussion

Except for human AGP, animal AGPs have received little
or no attention with regard to their glycans. We analyzed
oligosaccharides of AGP samples from human, bovine,
sheep, and rat and compared their patterns after labeling
with 2AA (Anumula and Dhume, 1998). The fluorescently
labeled sialic acid-containing oligosaccharides were
superbly resolved based on the number of sialic acids, and
isomers of oligosaccharides having sialic acids in different
positions were also resolved. In combination with MALDI-
TOF MS measurement, we could identify the structures of
sialo-oligosaccharides after collection of the peaks, albeit
the positions where sialic acids were attached were not
determined.

AGP samples from human, bovine, sheep, and rat sera
manifested quite different sialo-oligosaccharides patterns.
Human AGP contained di-, tri-, and tetraantennary oligo-
saccharides, and some of the tri- and tetraantennary
oligosaccharides included a fucose residue to form sialyl



Lewis x structures, as reported previously (Sei et al., 2002;
Stubbs et al., 1997). Rat AGP contained diantennary oligo-
saccharides as major oligosaccharides. An extremely com-
plex pattern of the chromatogram indicates that rat AGP
contains highly acylated oligosaccharides as also shown
from MALDI-TOF MS measurement of the major peaks.
On the contrary, bovine AGP contained sialo-diantennary
oligosaccharides almost exclusively. Furthermore composi-
tions of sialic acids were quite unique, and novel diantennary
chains having two NeuGec residues as well as two NeuAc
and both NeuAc and NeuGc residues were found abun-
dantly. In addition, we found hypersialylated diantennary
oligosaccharides that contained three or four NeuAc and
NeuGec residues in various ratios.

We eliminated the possibility of the presence of disialyl
linkages by two different approaches using partial acid
hydrolysis and periodate oxidation. The results indicate
that each sialic acid is attached to different positions (i.e.,
Gal residues of nonreducing termini and GlcNAc residues
of Gal-GlcNAc branches). To the best of our knowledge,
there have been no reports on sialyl transferase regulating
biosynthesis of such hypersialylated oligosaccharides, and
further studies on their biosynthesis will be required.

Regulation of NeuGc biosynthesis is known in develop-
ing pig small intestine (Malykh et al., 2003). Sialic acids in
bovine fetal and adult tissues were analyzed, and NeuGc
was abundantly present in all bovine tissues (Schauer et al.,
1991). In bovine fetuin, oligosaccharides containing only
NeuAc were present almost exclusively as shown in the
present data (see Figure 2). We also found that NeuGc
was present in various digestive organs of mice and rats in
different ratios to NeuAc (Morimoto et al., 2001). There are
also many reports on adult animals having a higher propor-
tion of NeuGc than young animals. AGP and fetuin are
produced in liver. At fetal and newborn stages, fetuin is
abundantly present in bovine sera. However, AGP is one
of the major acidic proteins at adult stages in mammals, and
fetuin is hardly detected. Establishment of the relationship
between fetal fetuin and AGP in adult stage will be a
challenging target for understanding biological regulation
of these proteins and their carbohydrate chains.

Materials and methods

Materials

Bovine fetuin was obtained from Gibco (Invitrogene,
Nihon-bashi, Chuo-ku, Tokyo). AGP samples of human,
bovine, sheep, and rat were from Sigma (St. Louis, MO).
NeuGe, a-chymotrypsin, and bicine were also purchased
from Sigma. TPCK-treated trypsin was from Worthington
(Lakewood, NJ). Sephadex LH-20 was from Amersham
Bioscience (Uppsala, Sweden). 2AA and sodium cyano-
borohydride for fluorescent labeling of oligosaccharides
were from Tokyo Kasei (Chuo-ku, Tokyo). Peptide-N*-
(acetyl-B-D-glucosaminyl)asparagine amidase (N-glyco-
amidase F, E.C. 3.2.2.18) was from Roche Molecular
Biochemicals (Minato-ku, Tokyo). NeuAc was donated by
Drs. Tsukada and Ohta (Marukin-Bio, Uji, Kyoto, Japan).
Water purified with a Milli-Q purification system (Milli-
pore, Shinagawa-ku, Tokyo) after double distillation of
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deionized water was used for preparation of the eluent for
HPLC. Other reagents were of the highest grade commer-
cially available.

Analysis of carbohydrate chains released from AGP
samples with N-glycoamidase F

Carbohydrate chains were released from the protein after
digesting with a mixture of trypsin and chymotrypsin as
reported recently (Nakano er al., 2003). Briefly, a sample
of AGP from animal sera (500 pg) was dissolved in 20 mM
bicine buffer (pH 8.0, 50 ul) and the solution was kept at
100°C for 10 min. After cooling, trypsin (5 ug) in bicine
buffer (5 pl) and chymotrypsin (5 pg) in the same buffer
(5 ul) were added to the mixture, and the mixture was incu-
bated at 37°C overnight. After the mixture was kept on a
boiling water bath for 10 min, N-glycoamidase F (0.5U, 1 pl)
was added to the mixture and kept at 37°C for 8 h, and the
mixture was again kept on a boiling water bath for 10 min.

Carbohydrate chains in the mixture thus obtained were
directly labeled with 2AA according to the method reported
previously (Anumula and Dhume, 1998). To the enzyme
reaction mixture, was added a solution (200 pl) of 2AA and
sodium cyanoborohydride, freshly prepared by dissolution
of both compounds (30 mg each) in methanol (1 ml) con-
taining 4% sodium acetate and 2% boric acid. The mixture
was kept at 80°C for 1 h. After cooling, the solution was
applied to a column of Sephadex LH-20 (1 x 30 cm) equili-
brated with 50% aqueous methanol. Earlier eluting frac-
tions showing fluorescence at 410 nm with irradiating at
335-nm light were collected and evaporated to dryness. The
residue was dissolved in water (100 pul), a portion (10 ul) was
analyzed by HPLC, and the peaks were collected for MS
measurement.

HPLC of the fluorescent labeled carbohydrate chains

HPLC was performed with a Jasco apparatus equipped
with two PU-980 pumps and a Jasco FP-920 fluorescence
detector. Separation was done at 50°C with a polymer-
based Asahi Shodex NH2P-50 4E column (Showa Denko,
Tokyo; 4.6 x 250 mm) using a linear gradient formed by
2% acetic acid in acetonitrile (solvent A) and 5% acetic acid
in water containing 3% triethylamine (solvent B). The col-
umn was initially equilibrated and eluted with 70% solvent
A for 2 min, at which point solvent B was increased to 95%
over 80 min and kept at this composition for further 100
min. The flow rate was 1.0 ml/min throughout the analysis.
Detection was performed by fluorometry with Ae, = 350 nm
and Aepy = 425 nm.

MALDI-TOF MS

MALDI-TOF mass spectra of AGP samples and the fluo-
rescent labeled oligosaccharides were measured on a Voya-
ger DE-PRO apparatus (PE Biosystems, Framingham,
MA). A nitrogen laser was used to irradiate samples at
337 nm, and an average of 50 shots was taken. The instru-
ment was operated in linear mode using positive polarity
for proteins and negative polarity for oligosaccharides,
respectively, at an accelerating voltage of 20 kV. Samples
(~10 pmol, 0.5 pl each) were applied to a polished stainless
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steel target, to which was added a solution (0.5 ul) of 2,5-
dihydroxybenzoic acid in a mixture of methanol-water
(1:1). The mixture was dried in atmosphere by keeping it
at room temperature for several minutes.

Detection of oligosialyl units

Bovine AGP or a fluorescent labeled oligosaccharide
collected by HPLC was dried and hydrolyzed in 0.0l N TFA
(20 pb) at 50°C for t h to release disialyl unit, and the
solution was directly derivatized with DMB (Dojin)
(Morimoto et al., 2001; Sato et al., 1999). In brief, to the
hydrolyzed solution was added 100 pl of 7 mM DMB solu-
tion containing 5.0 mM TFA, | M 2-mercaptoetanol and
18 mM sodium hydrosulfite. The mixture was incubated at
50°C for 2 h. In the similar manner, Neu5Ac, Neu5Gc, and
Neu5Aco2-8Neu5Ac (donated by Drs. Tsukada and Ohta
of Marukin-Bio, Kyoto) were derivatized with DMB and
used as the standard samples. A portion of the reaction
mixture was analyzed on an octadecyl silica column
(YMC-Pack ODS-A, 4.6 mm ID, 150 mm length, YMC
Co., Kyoto, Japan) using a Shimadzu SLC10A HPLC
apparatus with a Jasco FP-920 fluorometer at A, 448 nm
and Ae 373 nm. The elution was performed in isocratic
mode using a mixture of methanol-acetonitrile-water
(14:2:84, v/v) at a flow rate of 0.9 ml/min at 40°C. At this
condition, NeuAc, NeuGc, and Neu5Aco2-8NeuSAc were
observed at 10.5 min, 7.7 min, and 9.0 min, respectively.

Another approach to detect disialyl residues was per-
formed according to the method reported by Sato et al.
Briefly, an aqueous solution (10 pl) of bovine AGP
(200 pg) was mixed with 50 mM sodium metaperiodata in
50 mM actate buffer (pH 5.0, 10 pl), and the mixture was
kept at room temperature for 10 min in the dark. After
addition of an aqueous solution of 10% ethyleglycol (10 ul)
followed by incubation of the mixture for further 15 min at
room temperature. ! M sodium borohydride in saturated
sodium bicarbonate solution (10 pl) was added to the mix-
ture and kept at room temperature for 15 min. To remove
the reagents, the reaction mixture was diluted with 300 pl
water and filtered through an ultrafiltration tube (molecu-
lar cutoff 10,000; Millipore). After washing the retentate
with water three times, the retentate was collected with
10 mM TFA (40 pul) and was kept for 1 h at 80°C to release
sialic acids by hydrolysis. A portion (20 pl) of the mixture
was derivatized with DMB and analyzed by HPLC in the
same manner as described.

Abbreviations

2AA, 2-aminobenzoic acid; AGP, al-acid glycoprotein;
DMB, 1,2-diamino-4,5-methylenedioxybenzene; HPLC,
high-performance liquid chromatography; MALDI-TOF
MS, matrix-assisted laser-desorption/ionization time-of-flight
mass spectrometry; TFA, trifluoroacetic acid.
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A Protective Role of Protease-Activated Receptor 1 in Rat

Gastric Mucosa
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Background & Aims: On activation, protease-activated
receptor (PAR)»2 modulates multiple gastric functions
and exerts mucosal protection via activation of sensory
neurons. The role of PAR-1, a thrombin receptor, in the
stomach remains unknown. We thus examined if the
PAR-1 agonist could protect .against gastric mucosal
injury in rats. Methods: Gastric mucosal injury was cre-
ated by oral administration of ethanol/HCl or absolute
ethanol in conscious rats. Gastric mucosal blood flow
and acid secretion were determined in anesthetized
rats. Immunohistochemical analyses of PAR-1 and cy-
clooxygenase (COX)-1 were also performed in rat and
human stomach. Results: The PAR-1 agonist TFLLR-NH,,
administered intravenously in combination with amasta-
tin, protected against the gastric mucosal injury induced
by ethanol/HCl or absolute ethanol. The protective ef-
fect of TFLLR-NH, was abolished by indomethacin or a
COX-1 inhibitor but not by ablation of sensory neurons
with capsaicin. TFLLR-NH, produced an NO-independent
increase in gastric mucosal blood flow that was partially
inhibited by blockade of the endothelium-derived hyper-
polarizing factor pathway. This inhibitory effect was
promoted by indomethacin. TFLLR-NH, suppressed
carbachol-evoked acid secretion in an indomethacin-
reversible manner. Immunoreactive PAR-1 and COX-1
were expressed abundantly in rat gastric muscularis
mucosae and smooth muscle, and the former protein
was also detectable in blood vessels. Similar staining
was observed in human gastric muscularis mucosae.
Conclusions: The PAR-1 agonist, given systemically, pro-
tects against gastric mucosal injury via COX-1-depen-
dent formation of prostanoids, modulating multiple gas-
tric functions. Our data identify a novel protective role
for PAR-1 in gastric mucosa, and the underlying mech-
anism is entirely different from that for PAR-2.

Protease-activated receptors (PARs) are G protein—
coupled 7-transmembrane domain receptors that are
activated by proteolytic unmasking of the crypric teth-

ered ligand present in the N-terminal domain. Among 4
PAR family members, PAR-1, PAR-2, and PAR-4 but
not PAR-3 can be activated nonenzymatically by syn-
thetic peptides as short as 5—6 amino acids based on the
tethered ligand sequences.’-> PAR-1, PAR-3, and
PAR-4 are thrombin receptors, whereas PAR-2 is a
receptor activated by trypsin, mast cell cryptase, coagu-
lation factors VIIa and Xa, and others.6” PAR-1 and
PAR-2 are expressed in a variety of tissues and cells,
especially throughout the gastrointestinal tract.6-8
PAR-2 is a plurifunctional receptor and now considered
one of the key molecules in modulating alimentary func-
tions.5~* PAR-2 is involved in salivary?-!! and pancre-
atic®1213 exocrine secretion, gastrointestinal smooth
muscle motility modulation,'#-17 intestinal ion trans-
port,'® and modulation of gastric mucosal functions.!?
PAR-1 also modulates gastrointestinal smooth muscle
motility!17-20.21 and ion transport in intestinal epithe-
lial cells.?? PAR-2, expressed in the capsaicin-sensitive
sensory neurons,?? not only triggers somatic pain and
hyperalgesia?425 on activation but also appears to medi-
ate visceral pain,?® including pancreatic inflammatory
pain.?” Most recently, we found that the PAR-2-activat-
ing peptide SLIGRL-NH,, administered systemically in
combination with amastatin, an inhibitor of aminopep-
tidase, showed mucosal cytoprotective activity in rar
gastric injury caused by ethanol/HCl or indomethacin,
an effect mediated by activation of capsaicin-sensitive
sensory neurons.!® On activation, PAR-2 triggers neu-

Abbreviations used in this paper: COX, cyclooxygenase; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GMBF, gastric mucosal
blood flow; L-NAME, NC-nitro-L-arginine methyl ester; PAR, protease-
activated receptor; RT-PCR, reverse-transcription polymerase chain
reaction,
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rally mediated mucus secretion,!® enhances mucosal
blood flow,'? suppresses acid secretion,?® and increases
pepsinogen secretion.?? In contrast, the roles of thrombin
and PAR-1 in the gastric mucosa currently remain un-
known. In this context, we investigated effects of the
specific PAR-1—activating peptide TELLR-NH,; on gas-
tric functions in vivo in rats. In humans and guinea pigs,
the platelets of which express PAR-1, systemic admin-
istration of the PAR-1-activating peptide would induce
serious intravascular platelet aggregation. In contrast, rat
and mouse platelets do not express PAR-1 but PAR-3
and PAR-4 as thrombin receptors,’3~7 which enabled us
to evaluate the effect of the peptide in rats in vivo.
Although we do not expect clinical therapeutic applica-
tion of PAR-1 agonists to gastric diseases, the present
study would be useful to understand potential roles for
PAR-1 in the gastric mucosa in mammals, including
humaags. In this context, we also performed immunchis-
tochemical analysis of both rat and human gastric tissues.
Here we show for the first time to our knowledge that
the PAR-l-activating peptide exerts gastric mucosal
protection and that the underlying mechanisms involve
endogenous prostaglandins, differing from the neurally
mediated protection caused by PAR-2 activation.

Materials and Methods
Experimental Animals

Male Wistar rats (7-8 weeks old; Japan SLC, Inc.,
Shizucka, Japan) were housed in a temperature-concrolled
room, and food and water were provided ad libitum. All
experimental protocols were approved by the Commirttee for
the Care and Use of Laboratory Animals of the Kinki Univer-
sity School of Pharmaceutical Sciences.

Evaluation of Effect of the
PAR-1-Activating Peptide in Rat Models for
Gastric Injury

Two types of gastric mucosal lesion models were cre-
ated by distinct injury inducers, ethanol/HCI] and absolute
ethanol, in unanesthetized rats after a 24-hour fast. The rat
received 1.5 mL of 60% ethanol/150 mmol/L HCI solution or
absolute ethanol orally and after 2 hours was killed by cervical
exsanguination under ether anesthesia for observation of gas-
tric injury. The stomach was excised, washed, and fixed with
10% formalin solution. The area of gastric glandular mucosal
lesion was observed in digital photographs and measured with
an image process program (Win Roof, Fukui, Japan) in a
blinded evaluation. Lesion area is expressed as a percentage of
the total area of the stomach except for the fundus. Peptides
were administered intravenously (IV) 5 minutes before chal-
lenge with the injury inducer. Amastatin, an inhibitor of
aminopeptidase that degrades peptides, was administered IV 1
minute before peptide administration.
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Measurements of Gastric Mucosal Blood
Flow and Mean Arterial Blood Pressure in
Anesthetized Rats

In the rat anesthetized with 1.5 g/kg urethane intra-
peritoneally, gastric mucosal blood flow (GMBF) was deter-
mined after a 24-hour fast using a laser Doppler flowmeter
(ALF-21; Advance Co., Tokyo, Japan). A probe (type N;
Advance Co.) was placed lightly on the surface of the corpus
mucosa through a balancer (ALF-B; Advance Co.) as reported
previously.!® The left carotid artery was cannulated with a
polyethylene tube containing isotonic heparin solution (5
U/mL) that was connected with a pressure transducer (DTX
Plus DT-XXAD; Becton Dickinson Critical Care System Pty
Led., Singapore) for continuous monitoring of mean arterial
blood pressure. Peptides were administered IV after a stabili-
zation period.

Determination of Gastric Acid Secretion in
Anesthetized Rats

After a 24-hour fast, the rat was anesthetized with 1.5
g/kg urethane intraperitoneally and tracheoromized, and the
gastric lumen was perfused through 2 polyethylene cannulae.
As described by Takeuchi et al.,3° a cannula was inserted into
the forestomach through the esophagus and cardia and the
other into the pyloric region through the duodenum. The
stomach was perfused at a flow rate of 1 mL/min with saline
solution that was adjusted to pH 7.0 and gassed with 100%
oxygen. The luminal acid content was determined by titration
to pH 7.0 with 0.05N sodium hydroxide using a pH statmeter
(pH Stat AUT-211; DKK-TOA Corp., Tokyo, Japan). After a
stabilization period, 60 pg/kg carbachol was administered
subcutaneously (SC); the PAR-1 agonist TFLLR-NH, or the
control peptide FTLLR-NH,; (100-1000 nmol/kg) in combi-
nation with 2.5 pmol/kg amastatin was administered IV 30
minutes after the injection of carbachol, at which the carba-
chol-evoked acid output peaked.

Inhibition Experiments In Vivo

The nitric oxide synthase inhibitor N®-nitro-L-argi-
nine methyl ester (L-NAME) (30 mg/kg)'® and the cyclooxy-
genase (COX) inhibitor indomethacin (20 mg/kg)®! were ad-
ministered intraperitoneally 5 minutes and SC 30 minutes,
respectively, before IV administration of peptides. The COX-1
selective inhibitor SC-560 (10 mg/kg) or the COX-2 selective
inhibitor NS-398 (5 mg/kg) was administered SC 30 minures
before IV administration of peptides. Apamin (an inhibitor of
small-conductance, Ca?*-activated K*¥ channels) in combina-
tion with charybdotoxin (an inhibitor of large- and interme-
diate-conductance, Ca2*-activated K* channels), each at 0.05
mg/kg,®3? was administered IV 20 minutes before the peptide
challenge. For ablation of sensory nerves, capsaicin at 25, 50,
and 50 mg/kg was administered SC to the rat under pento-
barbital (40 mg/kg intraperitoneally) anesthesia 3 times at O,
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6, and 32 hours, respectively (125 mg/kg in all); the rat was
used -for experiments 10 days after the final dose. The effec-
tiveness of the capsaicin treatment was confirmed as described

previously.?3

Measurements of the Relaxant Activity of
the PAR-1 Agonist in Isolated Rat Gastric
Longitudinal Smooth Muscle

The rat was killed by decapitation, and the stomach
was excised. The mucosa-removed gastric strip (5 X 15 mm)
was prepared and equilibrated for 1 hour at 37°C under 2 load
of 10 mN in a gassed (95% O,/5% CO,) Krebs-Henseleit
solution of the following composition (in mmol/L): 118 NaCl,
4.7 KCl, 2.5 CaCl,, 1.2 MgCl;, 25 NaHCO;, 1.2 KH,POy,
and 10 glucose. The isometric tension of the longicudinal
smooth muscle preparation was monitored as described else-
where.142! I inhibition experiments, 10 pmol/L indomerha-
cin, 0.1 wmol/L apamin, or 0.1 pmol/L charybdotoxin was
applied to the tissue 5 minutes before the addition of carba-

chol.

Immunostaining of PAR-1 and COX-1
in Rat Stomach

Under ether anesthesia, the rat was perfused transcar-
dially with physiologic saline and the stomach quickly re-
moved for immunohistochemical analyses of PAR-1 and
COX-1. The isolated tissue was embedded in OTC compound
(Tissue-Tek; Miles Inc., Torrance, CA), snap frozen, and seri-
ally sectioned (5-pm thickness) using Cryocut (Leica Micro-
systems Nussloch GmbH, Baden-Wiirttemberg, Germany).
Polyclonal anti-PAR-1 and anti-COX-1 antibodies (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) were used as the
primary antibody. The sections were incubated in 10% normal
rabbit serum (Nichirei Corp., Tokyo, Japan) and then in the
primary antibody to PAR-1 or COX-1 at 4 pg/mL for 2 hours
at room temperacure. The bound primary antibodies were
detected using Histofine Simple Stain MAX-PO (Nichirei
Corp.). The labeled cells were visualized by 3,3’-diaminoben-
zidine tetrahydrochloride (DakoCytomation Co. Ltd., Kyorto,
Japan) and 0.03% hydrogen peroxide. The sections were
lightly counterstained with hematoxylin. In blocking experi-
ments, the diluted primary antibody was preincubated for 24
hours at 4°C with 20 pg/mL of each blocking peptide (Santa
Cruz Biotechnology, Inc.).

Reverse-Transcription Polymerase Chain
Reaction Analysis of PAR-1 Messenger RNA
and Immunostaining of PAR-1 and COX-1
in Human Stomach

Normal tissue parts were visually identified and col-

lected from the whole stomach that was surgically isolated
from a patient with gastric cancer (a 51-year-old man) after
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obtaining informed consent. The tissue was separated into the
gastric mucosa with the muscularis mucosae and the smooth
muscle layer. The tissue specimens were used for immunohis-
tochemical analyses of PAR~1 and COX-1 and also for reverse-
transcription polymerase chain reaction (RT-PCR) analysis.
Immunostaining of PAR-1 and COX-1 was performed using
the same primary antibodies as previously mentioned accord-
ing to almost the same protocol as thatr for rat tissues; the
concentrations of the primary antibodies to PAR-1 and
COX-1 were 4 and 0.4 pg/mL, respectively.

The tissue specimens for RT-PCR analysis were stored in an
RNA stabilization solution (RNAlater; Ambion, Austin, TX)
at 4°C for a few days. Total RNA was reverse transcribed at
42°C for 50 minutes and amplified by PCR using the RNA LA
PCR kit (AMV) version 1.1 (Takara, Japan). Amplification was
performed using a 30-second denaturation period at 94°C, a
30-second reannealing period at 55°C, and a 1-minute primer
extension period at 72°C. The PCR amplification for PAR-1
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was allowed to proceed for 40-45 cycles and 35 cycles,
respectively. The primer pairs used were 5'-TGTGAACT-
GATCATGTTTATG-3' (forward) and S'-TTCGTAA-
GATAAGAGATATGT-3' (reverse) for PAR-1 and 5'-GAC-
CCCTTCATTGACCTCAACTACATG-3"  (forward) and
5'-GTCCACCACCCTGTTGCTGTAGCC-3' (reverse) for
GAPDH, yielding amplification of 708~ and 876~ base pair
fragments, respectively. The PCR products were separated
using 2% agarose gel electrophoresis and visualized by
ethidium bromide staining.

Chemicals

PAR-related peptides were prepared by a standard
solid-phase synchesis procedure. The concentration, purity,
and composition of the peptides were determined by high-
performance liquid chromatography, mass spectrometry, and
quantitative amino acid analysis. Capsaicin, L-NAME hydro-
chloride, carbachol, and apamin were purchased from Sigma
Chemical Co. (St. Louis, MO), and indomethacin and charyb-
dotoxin were obtained from Wako Pure Chem. (Osaka, Japan)
and Peptide Institute, Inc. (Minoh, Japan), respectively. SC-
560 and NS-398 were obrtained from Cayman Chemical (Ann
Arbor, MI). Capsaicin was dissolved in a saline solution con-
taining 10% ethanol and 10% Tween 80, and SC-560 and
NS-398 were dissolved in dimethyl sulfoxide. Indomethacin
was dissolved in 4% sodium bicarbonate. All other chemicals,
including peptides, were dissolved in saline. Control animals
received administration of each vehicle.

Statistical Analysis

Dara are represented as means with SEM. Startistical
significance was analyzed by the Student ¢ test for comparison
between 2 groups and by analysis of variance followed by
Tukey’s test for multiple comparisons and was set at a level of
P < 0.05.
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Figure 1. Protective effects of the PAR-1-activating peptide TFLLR-
NH, on the gastric mucosal lesions induced by 60% ethanol/150
mmol/L HCl in conscious rats. TFLLR-NH, or FTLLR-NH,, an inactive
control peptide, (4) without or (B) with IV preadministration of 2.5
wmol/kg amastatin was administered IV 5 minutes before oral ad-
ministration of ethanol/HCI. (C and D) Typical photomicrographs of
the center of the injured area induced by ethanol/HCl in the rats
treated with amastatin plus vehicle and amastatin plus TFLLR-NH, at
300 nmol/kg, respectively. Arrows show the injured area. Data show
the mean with SEM from (A) 6 or (B) 9-15 rats. ns, not significant.

Results

Protective Effect of Systemic
Administration of the PAR-1-Activating
Peptide Against the Gastric Injury Caused
by Ethanol/HCI in Conscious Rats

The PAR-l-activating peptide TFLLR-NH,;,
when administered IV at 100 and 300 nmol/kg, tended
to reduce the gastric lesion induced by ethanol/HCI in
conscious rats, but no significant effect was detected
(Figure 1A). We then examined the effect of the peptide
in combination with amastatin, an inhibitor of amino-
peptidase known to quickly degrade and inactivate pep-
tides. IV TFLLR-NH, (60—300 nmol/kg) in combina-
tion with 2.5 pmol/kg [V amastatin strongly suppressed
the gastric lesions in a dose-dependent manner (Figure
1B), whereas amastatin itself had no effect (Figure 1A
and B). The highest dose of TFLLR-NH, exhibited a
relatively reduced protective effect (Figure 1B). The typ-
ical photomicrographs in the center of the injured area in
the stomach also show that the extent of the gastric
mucosal lesion in the rat treated with 300 nmolkg
TFLLR-NH,; plus amastatin (Figure 1D) was less serious
than that in the control rat (Figure 1C). Of note is that
the partially reversed inactive peptide FTLLR-NH,; (300
nmol/kg), coadministered with amastatin, had no effect
in this gastric injury model (Figure 1B, right).

PAR-1 AND GASTRIC MUCOSAL PROTECTION 211

To determine the mechanisms underlying the mucosal
protection exerted by the PAR-1-activating peptide in
combination with amastatin in the ethanol/HCl-induced
gastric injury model, inhibition experiments were pet-
formed. Because capsaicin-sensitive sensory neurons are
known to contribute to the gastric mucosal cytoprotec-
tion exerted by the PAR-2-activating peptide SLIGRL-
NH;,'? we tested the effect of TFLLR-NH, in the rat
that had received large doses of capsaicin for ablation of
sensory neurons. Although treatment with capsaicin it-
self augmented the ethanol/HCl-evoked gastric lesions,
the protective actions of 300 nmol/kg TFLLR-NH, were
not blocked by treatment with capsaicin (Figure 2A),
indicating involvement of mechanisms distinct from
those for PAR-2 agonists.!® The NO synthase inhibitor
L-NAME (30 mg/kg) also failed to abolish the mucosal
protection caused by TFLLR-NH,, although L-NAME
itself facilitated the ethanol/HCl-evoked gastric lesions
(Figure 2B). In contrast, indomethacin (20 mg/kg), a
nonselective COX inhibitor, enhanced the ethanol/HCI-
evoked gastric lesions and abolished the protective effect
of TFLLR-NH, (Figure 2C). Similarly, the COX-1-
selective inhibitor SC-560 (5 mg/kg), but not the COX-
2—selective inhibitor NS-398 (10 mg/kg), blocked the
gastric mucosal protection exerted by TELLR-NH, (Fig-
ure 3).

Mucosal Protection by PAR-1 Activation in
the Gastric Injury Induced by Absolute
Ethanol in Conscious Rats

We next determined if the PAR-l-activating
peptide TELLR-NH, could exhibit gastric protective
activity in the gastric lesions induced by absolute etha-
nol, without administration of exogenous HCI, in con-
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Figure 2. Effects of capsaicin, L-NAME, or indomethacin on the pro-
tection by the PAR-1 agonist TFLLR-NH; against the gastric mucosal
injury induced by 60% ethanol /150 mmol/L HCl in conscious rats. (4)
Capsaicin at a total dose of 125 mg/kg was administered SC 10 days
before experiments were performed. (B) L-NAME {30 mg/kg)} and (C)
indomethacin (20 mg/kg) were administered intraperitoneally 5 min-
utes and SC 30 minutes, respectively, before IV TFLLR-NH, (300
nmol/kg). Data show the mean with SEM from (A) 5-6, (B) 9~10, or
(C) 17 rats. ns, not significant.
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Figure 3. Effects of the COX-1 inhibitor SC-560 and the COX-2 inhib-
itor NS-398 on the protection by the PAR-1 agonist TFLLR-NH, against
the gastric mucosal injury induced by 60% ethanol/150 mmol/L HCI
in conscious rats. (A) SC-560 (5 mg/kg) or (B) NS-398 (10 mg/kg)
was administered SC 30 minutes before IV TFLLR-NH5 (300 nmol/kg).
Data show the mean with SEM from (A) 4 or (B) 11 rats. ns, not
significant.

scious rats. TFLLR-NH, but not FTLLR-NH,, a control
peptide, when administered IV at 300 nmol/kg in com-
bination with amastatin, strongly attenuated the gastric
lesions induced by absolute ethanol (Figure 4A). The
protective effect of TFLLR-NH; was completely inhib-
ited by pretreatment with 20 mg/kg indomethacin (Fig-
ure 4B).

Enhancement of Gastric Mucosal Blood
Flow Caused by the PAR-1-Activating
Peptide in Anesthetized Rats

The PAR-1-activating peptide TFLLR-NH,, ad-
ministered I'V with or without amastatin, produced tran-
sient increases in GMBF in anesthetized rats (Figure 5A
and B). The effective dose ranges of TFLLR-NH; were
100 nmol/kg or more in the absence of amastatin (Figure
5B) and 30 nmol/kg or more in the presence of amastatin
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(Figure 5A). Clear dose-response relationships were not
detected in these experiments (Figure 5A and B). The
PAR-2-activating peptide SLIGRL-NH,; (300 nmol/kg),
without amastatin, produced an increase in GMBF
equivalent to that caused by TFLLR-NH; at 100-1000
amol/kg (Figure 5B and C). SLIGRL-NH,; (300 amol/
kg) also produced a considerable decrease in mean arterial
blood pressure (Figure 5C), whereas TFLLR-NH, (300—
1000 nmol/kg) caused only a transient slight decrease in
mean arterial blood pressure (Figure 5B). Thus, it is
noteworthy that the effect of the PAR-1 agonist might
be relatively specific for gastric microcirculation.

To determine the mechanisms underlying the en-
hancement of GMBF by the PAR-1-activating peptide,
inhibition experiments were performed in anesthetized
rats. The increase in GMBF caused by TFLLR-INH, (300
nmol/kg) was resistant to pretreatment with the NO
synthase inhibitor L-NAME (Figure 6A). Indomethacin
showed only a slight tendency toward reducing the en-
hancement of GMBF caused by TFLLR-NH,; (Figure
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Figure 4. Protective effects of the PAR-1-activating peptide TFLLR-
NH» on the gastric mucosal lesions induced by absolute ethanol in
conscious rats. (4) TFLLR-NH; or FTLLR-NH3, an inactive control pep-
tide, at 300 nmol/kg in combination with 2.5 pumol/kg amastatin was
administered IV 5 minutes before oral administration of absolute
ethanol. (B} Indomethacin (20 mg/kg) was administered SC 30 min-
utes before IV TFLLR-NH; (300 nmol/kg). Data show the mean with
SEM from (A) 18 (vehicle) or 12-13 (peptide) rats and from (B) 8-14
rats. ns, not significant.
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Figure 5. Effects of the PAR-1 agonist TFLLR-NH; on GMBF in anes-
thetized rats. TFLLR-NH; or the PAR-2 agonist SLIGRL-NH,, (A) with or
(B and C) without preadministration of 2.5 pmol/kg amastatin, was
administered IV to the rat, and changes in GMBF and/or mean arterial
blood pressure were monitored. Data show the mean with SEM from
4-9 rats. *P < 0.05, **P < 0.01 vs. control.

6B). We next tested the effect of combined administra-
tion of apamin and charybdotoxin, inhibitors of distinct
types of Ca?"-activated K* channels known to abolish
vascular relaxation via endothelium-derived hyperpolar-
izing factor in vitro and in vivo,??** because the PAR-
2—mediated increase in GMBF was abolished by these 2
K* channel inhibitors.® Apamin (0.05 mg/kg) in com-
bination with charybdotoxin (0.05 mg/kg) partially in-
hibited the TFLLR-NH,-evoked increase in GMBF,
whereas the early phase of the increase in GMBF (0-36
seconds after administration of TFLLR-NH,) was resis-
tant to apamin plus charybdotoxin (Figure 6C). Com-
bined administration of indomethacin in addition to
apamin plus charybdotoxin produced greater inhibition
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of the TFLLR-NH ,—evoked increase in GMBF, although
complete inhibition was still not obtained (Figure 6D).

Inhibition by the PAR-1-Activating Peptide
of Carbachol-Evoked Gastric Acid Secretion
in Anesthetized Rats

In the anesthetized rat, IV injection of 1000
nmol/kg TFLLR-NH; in combination with amastatin
tended to reduce the basic acid secretion, while statistical
significance was not obtained every 10 minutes and also
over 120 minutes after [V administration; the total value
of acid output over 120 minutes (Lmol/120 min) was
13.0 * 4.7 and 2.05 * 1.46 in the groups treated with
vehicle and 1000 nmol/kg TFLLR-NH;, respectively
(n = 5;P = 0.077).

SC injection of 60 pg/kg carbachol evoked a prompt
secretion of acid, an effect peaking at 30 minutes and
lasting for more than 120 minutes (Figure 7A). TFLLR-
NH; at 300 and 1000 nmol/kg but not 100 nmol/kg
administered in combination with amastatin at a peak
time, 30 minutes after SC cacbachol, significantly sup-
pressed the evoked acid output. The control peptide
FILLR-NH; (1000 nmol/kg) in combination with
amastatin had no such effect (Figure 7A). The inhibition

2 Control
v, Indo

767
60 1 &, Conirol 60
501 V. L-NAME 50
40 4
~30 1 X 30
9 <
=201 u 20
& 10 7] 8 10
g 0 IS
4-107] <10
204 -2
~30 ~30
[T R oo e e 2 e e A0t
0 1 2 3 0 1 2 3
Time (min) after TFLLR-NH, Time (min) after TFLLR-NH,
C D [ B, Control
o - 70- o, Apamin + ChTX + indo
60 - 60
50 @, Contro} 50
40 ¢, Apamin + ChTX 404
£ 301 £30-
:20- 1 20
@ 10 gw- *
g 04 @ 0 H
4-104 <10+
-204 -+ -20
-30+ ~304
-40 T B L e o e e e A o e
0 1 2 3 0 3

’ . 1 2
Time (min) after TFLLR-NH; Time {min) after TFLLR-NH;

Figure 6. Effects of some inhibitors on the increase in GMBF caused
by the PAR-1 agonist TFLLR-NH; in anesthetized rats. Inhibitory effects
of (A) LNAME, (B) indomethacin (Indo), (C) apamin plus charybdotoxin
(ChTX), or (D) apamin plus charybdotoxin plus indomethacin on the
PAR-1-mediated increase in GMBF were examined. Rats received 30
mg/kg IV L-NAME, 20 mg/kg SC indomethacin, and 0.05 mg/kg IV
apamin plus 0.05 mg/kg charybdotoxin 5, 30, and 20 minutes,
respectively, before 300 nmol/kg IV TFLLR-NH,. Data show the mean
with SEM from 8-13 rats. *P < 0.05 vs. control.
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Figure 7. Inhibitory effects of the PAR-1 agonist TFLLR-NH, on carba-
chol-evoked acid secretion in anesthetized rats. (A) TFLLR-NH, or
FTLLR-NH, in combination with 2.5 pmol/kg amastatin was adminis-
tered IV 30 minutes after 60 p.g/kg SC carbachol. (B) Indomethacin
(20 mg/kg) was administered SC immediately before carbachol (30
minutes before IV TFLLR-NH, at 1000 nmol/kg in combination with
amastatin). Data show the mean with SEM from (A) 9 (vehicle) or 4-5
(peptides) rats and from (B) 5-6 rats. *P < 0.05, ¥*P < 0.01 vs. (A)
vehicle or {B) vehicle plus vehicle; 'P < 0.05, %P < 0.01 vs. vehicle
plus TFLLR-NH,.

by 1000 nmol/kg TFLLR-NH,; of carbachol-evoked acid
secretion was largely blocked by preadministration of 20
mg/kg indomethacin, although indomethacin itself did
not affect the carbachol-evoked acid secretion (Figure
7B).
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Effects of the PAR-1~Activating Peptide on
Tension of the Isolated Rat Gastric
Longitudinal Strip In Vitro

The PAR-1 TFLLR-NH, (1-100
pmol/L) contracted the rat gastric longitudinal smooth

agonist

muscle preparation in a concentration-dependent man-
ner, as described previously,?® whereas the PAR-2 ago-
nist SLIGRL-NH; in the same concentration range pro-
duced no contraction in the same preparation in our
experimental conditions (data not shown). The contrac-
tile response to TFLLR-NH, (1-100 wmol/L) was not
significantly altered by 10 pmol/L indomethacin; the
contractile responses (% KCI) to 100 pmol/L TFLLR-
NH, were 54.0 = 15.7 (n = 4)and 57.3 * 11.1 (n =
4) in the absence and presence of indomechacin, respec-
tively.

In the rat gastric longitudinal strip precontracted with
0.3 pmol/L carbachol, 0.1-10 pmol/L TFLLR-NH, and
1-100 pmol/L SLIGRL-NH; produced relaxation re-
sponses in a concentration-dependent manner, as shown .
in the mouse gastric longitudinal strip.!® The relaxant
effects of 10 wmol/L TFLLR-NH, and 100 pmol/L
SLIGRL-NH,; were abolished by 0.1 wmol/L apamin but
not by 10 wmol/L indomethacin, in agreement with the
previous evidence in the mouse preparation'¢; in the
absence (control) and presence of apamin and indometh-
acin, the relaxation responses (% carbachol) to TFLLR-
NH; were 39.2 £ 3.5(n = 12),2.3 = 2.3 (P < 0.01 vs.
control; n = 4), and 39.8 = 4.4 (n = 4), respectively,
and those to SLIGRL-NH, were 43.1 &= 3.9 (n = 12),
11.2 = 5.2 (P < 0.01 vs. control; n = 4), and 40.4 =
6.1 (n = 4), respectively.

Immunohistochemical Localization of
PAR-1 and COX-1 in Rat Stomach

Immunohistochemical analysis of the rat stomach
with the anti~PAR-1 polyclonal antibody showed that
immunoreactive PAR-1 was abundantly expressed in the
smooth muscle layer and muscularis mucosae (Figure
8A). In the gastric mucosal layer, the muscularis muco-
sae and blood vessels were stained clearly with the anti-
body (Figure 8B). All of this staining completely disap-
peared by preincubation of the antibody with a blocking
peptide (Figure 8C and D). Immunostaining of COX-1
in the rat stomach showed that immunoreactive COX-1
was also present in the muscularis mucosae (Figure 9A
and B), and the staining was abolished by a blocking
peptide (Figure 9C and D). The immunostaining of
COX-1 in gastric cells or regions other than the muscu-
laris mucosa was not clear (Figure 9).
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Figure 8. Immunohistochemical localization
of PAR-1 in rat stomach. (A and B) Sections
were incubated with the anti-PAR-1 poly-
clonal antibody. (C and D) Sections were
stained with the antibody preincubated with a
blocking peptide at 20 pg/mL. MM, muscu-
laris mucosae; ME, muscularis externa. Ar-
rows show muscularis mucosae within the
mucosal layer, and an arrowhead indicates
the blood vessel.

RT-PCR Detection of PAR-1 Messenger RNA
and Immunohistochemical Localization of
PAR-1 and COX-1 in Human Stomach

The signals of PCR products for human PAR-1
messenger RINA after 45-cycle amplification were de-
tected in both the smooth muscle and the mucosa with
the muscularis mucosae, although those after 40-cycle
amplification were detectable in the former specimen but
not the latter (Figure 10A ). Immunohistochemical anal-
ysis of human gastric mucosa with the muscularis mu-
cosae showed that immunoreactive PAR-1 was abundant
in the muscularis mucosae and also present in the blood
vessels (Figure 10B and C), as indicated in comparison
with the experiments using the blocking peptide (Figure
10D and E). The positive signal on the mucosal surface
(Figure 10B) is not considered specific staining, because
it was not blocked by the absorption experiments (Figure
10D). COX-1 immunoreactivity was also positive in the
muscularis mucosae (Figure 10F and G), which was
abolished by the blocking peptide (Figure 10H and I).
Thus, the distribution of immunoreactive PAR-1 and
COX-1 in human stomach (Figure 10B-I) corresponded
to that in rat stomach as shown in Figures 8 and 9.
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Figure 9. Immunohistochemical localization of COX-1 in rat stomach.
(A and B) Sections were incubated with the anti-COX-1 polycional
antibody. (C and D) Sections were stained with the antibody preincu-
bated with a blocking peptide at 20 pg/mL. MM, muscularis muco-
sae; ME, muscularis externa. Arrows show muscuiaris mucosae
within the mucosal layer.
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Figure 10. (4) RT-PCR analysis of PAR-1 messenger RNA in the
smooth muscle and the mucosa with the muscularis mucosae of
human stomach. M, marker; G, GAPDH; P41, PAR-1. Parentheses show
the number of PCR cycles. (B and C) Immunchistochemical localiza-
tion of PAR-1 in the muscularis mucosae of human stomach. (D and
E) Blocking experiments. The PAR-1 antibody was preincubated with a
blocking peptide at 20 pg/mL. (Fand G) Immunohistochemical local-
ization of COX-1 in the muscularis mucosae of human stomach. (H
and /) Blocking experiments. The COX-1 antibody was preincubated
with a blocking peptide at 2 pg/mL. MM, muscularis mucosae. Arrows
show muscularis mucosae within the mucosal layer, and an arrow-
head shows the blood vessel.

Discussion

The present study shows for the first time to our
knowledge that the PAR-1 agonist administered system-
ically exerts gastric mucosal protection in rar gastric
injury models. Our data also suggest that endogenous
prostanoids produced by COX-1 but not sensory neurons
are involved in PAR-1-mediated gastric mucosal protec-
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tion, a mechanism differing from PAR-2-mediated gas-
tric mucosal protection via activation of capsaicin-sensi-
tive sensory neurons in the rat.'!? Our data also provide
novel evidence for PAR-1 modulation of multiple func-
tions, including GMBF and gastric acid secretion. Taken
together, PAR-1, expressed in rat gastric tissues, mod-
ulates multiple gastric functions, playing a protective
role in gastric mucosa through enhancement of prosta-
noid formation.

The specificity of TFLLR-NH, for PAR-1 is 220-fold
higher than that for PAR-2 in vitro, and our in vivo
study has shown that TFLLR-NH; (5 pmol/kg or less)
has no agonistic activity for PAR-2.Y The protective
effect of TFLLR-NH, required concurrent administra-
tion of amastatin, an inhibitor of aminopeptidase that
nonspecifically degrades peptides, in agreement with our
study using SLIGRL-NH,.!? Therefore, continuous acti-
vation of PAR-1 might be necessary to achieve mucosal
protection, because amastatin causes not only facilication
but also prolongation of effects of peptides in vivo.?34
Nonpeptide agonists or aminopeptidase-resistant peptide
agonists for PAR-1, if any, would exert gastric mucosal
cytoprotection without combined administration of
amastatin.

The PAR-2 agonist exerts mucosal protection by ac-
tivating capsaicin-sensitive sensory neurons in rat gastric
injury models induced by ethanol/HCl or indometha-
cin.'” PAR-1 and PAR-2 are expressed in the capsaicin-
sensitive sensory neurons,?>35 and activation of either
receptor seems to trigger release of neuropeptides,!9:23:35
leading to our original expectation that PAR-1-medi-
ated gastric mucosal protection might also involve neu-
ronal mechanisms. An explanation is that sensory neu-
rons present in the stomach might express PAR-2 but
not PAR-1, although our present and previous?® immu-
nohistochemical analyses of gastric PAR-1 and PAR-2
failed to clarify distinct neuronal expression of these
receptors in the stomach. Another possibility is that
neuronal PAR-1 and PAR-2 might play distinct roles in
gastric mucosa. Actually, it has been reported indepen-
dently by us?%36 and by Vergnolle et al.25:35 that PAR-2
and PAR-1 in capsaicin-sensitive sensory neurons play
distinct roles in processing of pain information (prono-
ciceptive and antinociceptive, respectively).

The indomethacin-sensitive, antiacid secretion effect
of TFLLR-NH; might explain the mechanisms underly-
ing its protective effect against the absolute ethanol-
induced gastric mucosal damage. However, this notion
does not interpret the protective effect of TFLLR-NH,
against the mucosal injury produced by exogenously
applied acid (HCl) in addition to ethanol. Of interest is
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Table 1. Summary of the Actions of Activation of PAR-1 or PAR-2 and the Underlying Mechanisms

Action (mechanism)

Function PAR-1

PAR-2

Mucosal integrity ~ Protective (via prostanoid formation)

Acid secretion
GMBF

Suppressive (via prostanoid formation)

and unknown mechanisms)
Gastric smooth

muscle channels)

Increase (via endothelium-derived hyperpolarizing factor, prostaglandins,

Contraction and relaxation (via activation of apamin-sensitive K*

Protective (via activation of capsaicin-
sensitive sensory neurons)

Suppressive (via unknown mechanisms)

Increase (dependent on endothelium-derived
hyperpolarizing factor)

Relaxation (via activation of apamin-
sensitive K* channels)

that the PAR-2 agonist SLIGRL-NH; suppresses the
acid secretion induced by carbachol, pentagastrin, or
2-deoxy-D-glucose in an indomethacin-resistant man-
ner,2® although the underlying mechanisms have yet to
be elucidated. Thus, on activation, PAR-1 and PAR-2
suppress acid secretion by prostanoid-dependent and -in-
dependent mechanisms, respectively.

It is also likely thar the increased GMBF caused by
TFLLR-NH; might contribute to its protective effect in
gastric mucosa. The magnitude of the increase in GMBF
caused by the PAR-1 and PAR-2 agonists was almost
equivalent, whereas the PAR-1 agonist-triggered hypo-
tension was much less than that caused by the PAR-2
agonist, implying that the PAR-1 agonist might act
relatively specifically on gastric blood vessels. PAR-1 is
expressed in vascular endothelium and, on activation,
causes NO-dependent relaxation in isolated large blood
vessels.37 Nevertheless, our data suggest that the PAR-
1—mediated increase in GMBF is independent of NO but
partially mediated by prostanoids and endothelium-de-
rived hyperpolarizing factor, known to be more impor-
tant in endothelium-dependent relaxation in resistant
blood vessels.3® The mechanisms for the component of
the increase in GMBF resistant to apamin/charybdo-
toxin/indomethacin are still open to question. The facc
that indomethacin itself completely inhibited the muco-
sal protection but not the increase in GMBF exerted by
the PAR-1 agonist suggests that the PAR-1-mediated
increase in GMBF might play only a minor role in
mucosal protection.

The finding that the PAR-1 agonist caused both con-
traction and apamin-sensitive relaxation in isolated rat
gastric longitudinal smooth muscle in an indomethacin-
resistant manner is in agreement with the previous stud-
ies using guinea pig and mouse longitudinal muscle.!63?
Thus, the modulation by PAR-1 of gastric smooth mus-
cle motility, such as facilitation of gastric emptying, is
not considered to be involved in PAR-1—mediated, pros-
tanoid-dependent protection against gastric mucosal in-
jury.

The immunohistochemical finding that gastric mus-
cularis mucosae and smooth muscle layers in the rat were
abundant in immunoreactive PAR-1 is consistent with
the fact thar activation of PAR-1 produced both contrac-
tion and relaxation in rat gastric longitudinal smooth
muscle as previously described. In the mucosal layer,
however, PAR-1 immunoreactivity was detected in the
muscularis mucosae projecting into the mucosa and in
blood vessels. Because the gastric muscularis mucosae
was also abundant in immunoreactive COX-1, it is likely
that PAR-1—triggered gastric mucosal protection is me-
diated by production of prostanoids by COX-1 following
activation of PAR-1 in gastric muscularis mucosae. The
fact thar the immunostaining of PAR-1 and COX-1 in
human stomach was similar to that in rat stomach sug-
gests the possibility that PAR-1 in human stomach, as in
rat stomach, may play a role in mucosal protection,
although the possibility cannot completely be ruled out
that the presence of PAR-1 in human but not rat plate-
lets could lead to species differences in the role of PAR-1
in gastric mucosa. It is even likely that human platelet
PAR-1, if activated locally in the gastric mucosa, might
function to suppress or terminate the hemorrhage during
gastric mucosal injury, which would contribute to mu-
cosal protection.

Table 1 summarizes modulation of gastric functions
by PAR-1 and PAR-2. PAR-1 activation mimics many
of the gastric actions of PAR-2 activation, whereas the
underlying mechanisms are not necessarily common. In
conclusion, PAR-1 plays a protective role in gastric
mucosa via endogenous prostanoid formation and mod-
ulates multiple gastric functions through prostanoid-
dependent and -independent mechanisms.
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Abstract

This review presents mass spectrometric methods for
glycoprotein identification, determination of glycosylation
sites, structural elucidation of carbohydrates, and their
applications to glycomics and proteomics.
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A. Introduction

Mass spectrometry (MS) has become a powerful tool
for glycoprotein identification, and the determination of
glycosylation sites, and structural features of carbohydrates,
such as sequence, linkage and branching at each glycosylation
site. Generally, the mass spectrometric characterization of
glycoprotein involves the following steps: 1) fractionation of
enzymatically or chemically liberated glycans followed by
MS, and 2) fractionation of glycopeptides from proteolytic
digests followed by MS. Here we present the MS of glycan
and glycopeptides using the latest applications.

B. MS of Liberated Glycans

Matrix-assisted laser desorption/ ionization (MALDI)
(1), and electrospray ionization (ESI) (2), which are soft
ionization techniques, are often used for glycan molecular
mass determination. MALDI has been used by preference for
rapid microanalyses, however, it generates metastable ions and
the consequent various fragmentations, including the depletion
of terminal sialic acids (known as post-source decay, PSD)
(3). Although ESI used to have a problem with sensitivity, the
introduction of nanospray technology allows us to use ESI to
analyze femtomole levels of glycans (4). To measure all types
of glycans, including neutral glycans and sulfated or sialylated
acidic glycans, we suggest mass spectrometric glycan analysis
in both positive and negative ion modes.

MALDI and ESI are combined with several types of
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analyzer, such as quadrupole (Q) (5), quadrupole ion trap
(IT) (6), time-of-flight (TOF) (7), and Fourier transform ion
cyclotron resonance (FTICR) (8). Tandem mass spectrometers
with various combinations of these analyzers have recently
become available. Tandem mass spectrometry (MS/MS)
is widely recognized as an effective means of structural
elucidation, including molecular mass measurement by
MS' and oligosaccharide sequencing by collision-induced
dissociation (CID)-MS/MS (9-11). In particular, ITMS
instruments are becoming popular for multistage tandem mass
spectrometry (MS"), which offers multiple precursor selections
and CID experiments (12, 13).

Fig. 1A shows types of carbohydrate fragmentation by
CID-MS/MS (14). In the positive ion mode the most common
fragmentation involves cleavage of the glycosidic bond with
retention of the glycosidic oxygen atom by species formed
from the reducing end (Fig. 1B). Fragment ions generated
by this cleavage are represented as B-ion (non-reducing end)
and Y-ion (reducing end). The cleavage of carbon-carbon
bonds of the sugar ring yields A-ion and X-ion. These cross
ring fragments are often used as decisive ions in linkage
determination (15, 16).

Fig. 2 shows the positive ion ESI-MS/MS and
MS® spectra of pyridylaminated agalacto-triantennary
oligosaccharide (I) (Figs. 2A, A’) and bisected agalacto-
biantennary oligosaccharide (II) (Figs. 2B, B’). These are
positional isomers whose one GlcNAc is attached to either
01-3/6 Man or Bl1-4Man in the trimannosyl core and cannot
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Fig. 2. MS" spectra of oligosaccharides. (A) MS/MS spectrum of oligosaccharide I (precursor ion: m/z 800.8). (A)

MS? spectrum of oligosaccharide I (precursor ion: m/z 1,395.

4). (B) MS/MS spectrum of oligosaccharide 11 (precursor ion:

m/z 800.5). (B”) MS? spectrum of oligosaccharide II (precursor ion: m/z 1,395.4). MS: LTQ (Thermo Electron).

be discriminated by MS' (molecular mass determination).
In contrast, MS" spectra clearly show structural differences
between two glycans. B-ion corresponding to GlcNAc,Man*
is observed at m/z 569 in the MS/MS spectrum of glycan I (Fig.
2A), while Y-ion at m/z 868 corresponding to [GlcNAc-Man-
GlcNAc-GIcNAc-PA + HY* is detected in MS® spectrum of
glycan II (Fig. 2B’). In particular, glycan II can be determined
as bisected oligosaccharides on the basis of a bisected
N-glycan diagnostic ion at m/z 868.

The MS" spectra of some glycans exhibit characteristic
fragment patterns. Hence, even if no diagnostic ion, such as
a bisected glycan-specific fragment, is detected, the glycan
structure can be sometimes deduced from ion intensity ratios
obtained by MS" (17,18). For instance, structures of branched
arms were deduced from mass spectrometric patterns obtained
by MS/MS which causes a cleavage of al-3 linkage more
than o1-6 linkage (19-21). However, complete structural
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elucidation by MS alone is still a great challenge, and
additional experiments are required, such as exoglycosidase
digestion (22), lectin affinity chromatography (23), and sugar
mapping (17,24,25).

C. Glycan Profiling by LC/MS

Many different oligosaccharides are attached to
a glycoprotein. The development of derivatization and
separation techniques for glycans has been an important part
of structural glycobiology (26-34). The derivatization of
glycan with a hydrophobic molecule improves the ionization
efficiency of hydrophilic glycans and offers higher sensitivity
(31,35). A combination of various HPLC techniques with
off-line MALDI-MS or on-line ESI-MS has been successful
in oligosaccharide profiling as well as the elucidation of
structural details (36-39). As an example, we present the
mass spectrometric N-glycan profiling of CHO cells and
cells transfected with N-acetylglucosaminyltransferase III,
which catalyzes the addition of GlcNAc to 1-4Man in the
trimannosyl core (Fig. 3) (40). Mass spectrometric analysis
reveals the difference in glycosylation between two samples
and the appearance of peaks with additional HexNAc (203
Da) in the transfected cells.

We recently demonstrated quantitative oligosaccharide
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Fig. 3. TICs of N-linked oligosaccharides released from the insoluble fractions. (A) CHO cells. (B) N-acety!
glucosaminyltransferase Ill-transfected CHO cells. Column: Hypercarb (0.2 x 150 mm, Thermo Electron), LC: Magic 2002

(Michrome BioResources), MS: TSQ-7000 (Thermo Electron),
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Eluent: 5 mM ammonium acetate containing acetonitriie.
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