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Background/Aims: This study aimed to examine the gastro-
protective effects of PMK-S005, which is a synthetic S-allyl-L-
cysteine (SAC; a sulfur-containing amino acid), against acute
ethanol-induced gastric damage in rats. Methods: Sprague-
Dawley rats were divided into six groups, including a noneth-
anol group, groups treated with absolute ethanol 1 hour after
pretreatment with various doses of PMK-S005 (1, 5, and 10
mg/kg) or rebamipide (50 mg/kg), and an absolute ethanol-
only group. Ethanol-induced gross ulcer and mucus levels
were measured. Myeloperoxidase, tumor necrosis factor q.,
interleukin 1B, PGE,, LTB,, cPLA,, COX-1, and COX-2 levels
were estimated by enzyme-linked immunosorbent assay or
Western blot analysis. Furthermore, the protein expression
levels of antioxidant enzymes, including heme oxygenase-1
(HO-1), NAD(P)H:quinine oxidoreductase 1 (NQO-1), GCLC,
and GCLM, were assessed. Results: PMK-SO05 significantly
attenuated the ethanol-induced gastric damage; it reduced
mucosal inflammatory cytokine production and increased
mucus levels. The expression levels of cPLA,, COX-1, and
COX-2 were decreased by PMK-S005. PMK-S005 did not
affect PGE, synthesis, but LTB, production was significantly
suppressed. In addition, long-term administration of PMK-
S005 significantly increased the expression of HO-1, NQO-1,
GCLC, and GCLM. Conclusions: These results strongly sug-
gest that PMK-SO05 prevents gastric mucosal damage and
that these gastroprotective activities are due to anti-inflam-
matory effects and enhancement of the gastric defense sys-
tem, including antioxidant enzymes. (Gut Liver 2016;10:348-
355)
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INTRODUCTION

The gastric mucosal layers are constantly exposed to poten-
tially noxious substances, hydrochloric acid, and proteolytic
enzyme, but the stomach usually maintains its structural and
functional integrity because of tight intercellular junctions, se-
cretion of bicarbonate, and growth factors for epithelial renewal
and circulation.' However, a variety of agents can cause gastric
injury if they overwhelm mucosal defense mechanism. Gastric
ulcers are predominantly caused by infection with Helicobacter
pylori, nonsteroidal anti-inflammatory drugs (NSAIDs), alcohol
consumption, and cigarette smoking.”* Oral consumption of ex-
cessive alcohol results in necrotic lesions in the gastric mucosa
through producing acute hemorrhagic lesions, mucosal edema,
epithelial exfoliation, inflammatory cell infiltration, which in
turn reduces defensive factors such as bicarbonate secretion and
mucus production.” Therefore, ethanol-induced gastric damage
is a useful model for evaluation of ethanol-induced pathologic
changes in gastric mucosa.’

In addition, reactive oxygen species (ROS) play a important
role in the development of pathogenesis related to acute gas-
tric damage induced by stress, ethanol, and NSAIDs.”® Ethanol
reduces levels of nonprotein sulthydryl groups such as glutha-
thion (GSH), thereby increasing ROS which demonstrate ulcero-
genic activity.”'® To cope with noxious insults, cellular defense
system is induced to detoxify and eliminate those harmful
chemicals and their metabolites. Expression of cytoprotective
enzymes such as heme oxygenase-1 (HO-1), NAD(P)H:quinine
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oxidoreductase 1 (NQO-1), catalytic (GCLC) and modulator
(GCLM) subunits of rate-limiting enzyme in glutathione biosyn-
thesis (y-glutamyl-cystein ligase), is believed to be implicated in
protecting cells against oxidative stress and other toxic insults.

S-allyl-L-cysteine (SAC), the most abundant organosulfur
molecule in aged garlic extract, has long been used as a com-
mon dietary supplement and traditional medicine. PMK-S005
is a synthetic SAC which is sulfur containing water soluble
amino acid. SAC has been reported to have multiple biological
effects such as antioxidant, anti-inflammation, anticancer and
antihepatotoxic activities.'" Recently, we reported that the
gastroprotective effects of PMK-S005 against NSAIDs-induced
acute gastric damage rat model." Now we evaluate the effect of
PMK-S005 on the gastroprotective effects in an ethanol-induced
acute gastric damage rat model. In addition, the molecular
mechanisms underlying its gastroprotective effects in the aspect
of proinflammatory cytokines, mucin synthesis, arachidonic
acid pathway, as well as antioxidant enzyme were comprehen-
sively examined.

MATERIALS AND METHODS
1. Animals

Seven-week-old male Sprague-Dawley rats (Orient Co., Ltd.,
Seoul, Korea) were housed in a cage maintained at 23°C, 12/12-
hour light/dark cycle under specific pathogen-free conditions.
After 1 week of adaptation, 8-week-old rats weighing 250 to
300 g were used for the experiments. All experimental pro-
cedures were approved by the Institutional Animal Care and
Use Committee (IACUC) of Seoul National University Bundang
Hospital (IACUC number: BA1304-127-033-01). The rats were
starved but allowed water for 12 hours prior to the experiments.

2. Ethanol-induced gastric mucosal injury model

Either PMK-S005 (1, 5, 10 mg/kg) or rebamipide (50 mg/kg)
was administrated orally to rats, which had been fasted for 12
hours, 1 hour prior to the induction of gastric damage. Acute
gastric lesions were induced by intragastric administration of
100% ethanol (5 mL/kg). After 1 hour (ethanol), the animals
were sacrificed, and the gastric lesions were scored.

3. Gross ulcer index and histological index

After sacrificing the animals, the isolated stomachs were cut
open along the greater curvature and washed in ice-cold saline.
To investigate the degree of gross mucosal damage, the mucosal
sides of the stomachs were photographed using a digital cam-
era, and part of the mucosa was immediately fixed with 10%
formalin solution. The gross damage of the gastric mucosa was
assessed by three gastroenterologists, who were blinded to the
treatments, using a gross ulcer index.”” In addition, the mucosal
damage was graded by assigning an index of histological in-
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4. Measurement of adherent mucus and hexosamine

The concentration of adherent gastric mucosal mucus was
expressed as the concentration of Alcian blue adhering to the
gastric mucosal surface (ug/g tissue).”” The excised stomach was
extensively washed with ice-cold saline, and gastric mucosa was
scraped with a slide glass and frozen at =70°C until use. Finally,
hexosamine appropriately obtained from hydrolyzed mucin was
assayed using the method described by Neuhaus et al."®

5. Measurement of mucosal myeloperoxidase, tumor necrosis
factor a, and interleukin 18

An enzyme-linked immunosorbent assay (ELISA) was per-
formed to measure the level of the cytokine expression using the
appropriate kits from HyCult Biotechnology (Uden, The Nether-
lands) and R&D Systems (Minneapolis, MN, USA) by following
the manufacturer’s instructions. All assays were performed in
triplicate, and data are shown as meanz+standard errors (SEM).

6. Measurement of mucosal PGE, and LTB,

PGE, and LTB, concentration in gastric mucosa was measured
with a commercial kit (Cayman Chemical, Ann Arbor, MI, USA).
Briefly, the scraped mucosa was weighed and placed in a tube
containing 100% ethanol plus 0.1 M indomethacin. The samples
were then minced with scissors, homogenized and centrifuged
at 13,000 rpm for 10 minutes at 4°C. The supernatant of each
sample was used for the determination of PGE, and LTB,.

7. Western blotting for cPLA,, COX-1, COX-2, HO-1, NQO-1,
GCLC, and GCLM

Equal amounts of protein from gastric mucosal lysates were
subjected to SDS-PAGE analysis, and immunoblotting using
the appropriate antibodies was performed as we previously de-
scribed.” The incubation condition for each antibody is as fol-
lows: anti-cPLA, antibody (1:1,000; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-COX-1 antibody (1:1,000; Santa
Cruz Biotechnology), anti-COX-2 antibody (1:1,000, Cayman
Chemical), anti-HO-1 antibody (1:1,000; Abcam Inc., Cam-
bridge, UK), anti-NQO-1 antibody (1:1,000; Abcam Inc.), anti-
GCLC (1:1,000; Abcam Inc.), or anti-GCLM (1:1,000; Abcam
Inc.).

8. Statistical analysis

Data are expressed as the mean+SEM. Statistical analyses
were conducted with GraphPad Prism (GraphPad Software, La
Jolla, CA, USA) and SPSS software version 12.0 (SPSS Inc., Chi-
cago, IL, USA). Statistical significance was determined using the
Mann-Whitney U test and p<0.05 was considered to be statisti-
cally significant.
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Fig. 1. Gross (A-D) and histological (E-H) findings after ethanol-induced gastric damage of the rat stomach. Rat stomachs (A, E) were damaged by
ethanol (5 mL/kg) (B, F), and a significant portion of the damage was prevented by pretreatment with 5 mg/kg PMK-S005 (C, G) or 50 mg/kg re-
bamipide (D, H) 1 hour before intragastric ethanol administration. Macroscopic damage indices and histological damage indices were quantified (I, J).
Bar, 200 pm. The results are expressed as the mean+SEM from five to 10 animals per group. *p<0.05 compared with the ethanol group; 'p<0.05

compared with the control group.

RESULTS

1. Effect of PMK-S005 on acute gastric lesions induced by
ethanol

Absolute ethanol induced severe gastric damage (Fig. 1B and F)
and this gastric damage was attenuated by the PMK-S005 or
rebamipide pretreatment (Fig. 1A-H). The gross ulcer indices re-
duced from 25.8 to 16.3, 6.57, and 10.0 after pretreatment with
PMK-S005 at a dose of 1, 5, and 10 mg/kg, respectively (p=0.029,
p<0.001, and p<0.001, respectively) (Fig. 1I). In addition, pre-
treatment with 5 mg/kg of PMK-S005 significantly reduced the
histological indices compared with those in the ethanol group
(9.3, p=0.109) (Fig. 1J). The inhibition rate of 5 mg/kg of PMK-
S005 for gastric lesions was higher than that of 50 mg/kg of
rebamipide.

2. Effect of PMK-S005 on hexosamine and adherent mucus
in ethanol-induced gastric damage

The hemorrhagic erosion caused by ethanol administra-
tion is related to the destruction of the mucus barrier. Thus,

we measured the gastric mucosal hexosamine concentration,
an index for gastric mucus synthesis, and adherent mucus, an
indicator of gastric mucus secretion. Intragastric administration
of ethanol significantly decreased gastric mucosal hexosamine
and adherent mucus concentration compared to the control rat
(Fig. 2A and B). This ethanol-induced reduction of hexosamine
and adherent mucus concentrations was markedly prevented by
pretreatment with 5 mg/kg of PMK-S005 (Fig. 2A and B), which
was similar to the histological result.

3. Effect of PMK-S005 on myeloperoxidase, tumor necrosis
factor o, and interleukin 1 level in ethanol-induced gas-
tric damage

Increased mucosal levels of myeloperoxidase (MPO) after
ethanol administration (Fig. 2C) were suppressed by pretreat-
ment with 5 mg/kg or 10 mg/kg of PMK-S005. Rebamipide
pretreatment also suppressed the ethanol-stimulated MPO level
to 173.2 ng/mg protein. Increased mucosal tumor necrosis fac-
tor a (INF-a) concentration (Fig. 2D) and interleukin 1B (IL-
1B) concentration (Fig. 2E) after ethanol administration were
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Fig. 2. Gastric mucus levels and anti-inflammatory activities of PMK-S005 in ethanol-induced gastric damage. Hexosamine concentrations (A)
and adherent mucus (B) were significantly decreased after the intragastric administration of ethanol, and these reductions were markedly relieved
by pretreatment with 5 mg/kg of PMK-S005. The ethanol-administered rats showed marked increases in myeloperoxidase (MPO) (C), tumor ne-
crosis factor o (TNF-o) (D), and interleukin 1B (IL-1p) levels (E). These increases were significantly inhibited by pretreatment with 5 mg/kg PMK-
S005. The results are expressed as the mean+SEM from five to 10 animals per group. *p<0.05 compared with the ethanol group; 'p<0.05 com-

pared with the control group.

significantly suppressed by pretreatment with 5 mg/kg of PMK-
S005 or rebamipide (Fig. 2D and E).

4. Western blotting of cPLA,, COX-1, and COX-2

The significantly increased expression of cPLA, (0.82) in the
rat stomachs 1 hour after administration of ethanol (Fig. 3A) was
reduced by PMK-S005 pretreatment to 0.27 (5 mg/kg, p=0.002)
or 0.41 (10 mg/kg, p=0.014). Similar to cPLA,, the increased
COX-1 (Fig. 3B) and COX-2 expression (Fig. 3C) was also signi-
ficantly suppressed by pretreatment with 5 mg/kg or 10 mg/kg
of PMK-S005. Rebamipide pretreatment also significantly de-
creased the ethanol-induced cPLA,, COX-1, and COX-2 expres-

sions.

5. Effect of PMK-S005 on PGE, and LTB, level in ethanol-
induced gastric damage

Since our Western blot results indicated that pretreatment
with PMK-S005 suppressed the ethanol-induced cPLA,, COX-1
and COX-2 expression, we examined further downstream fac-
tors of inflammatory responses. The mucosal level of PGE, was
not significantly changed after ethanol administration, and oral

administration of PMK-S005 did not affect the mucosal PGE,
level (Fig. 3D). In contrast to PGE,, the increased mucosal level
of LTB, after ethanol administration was decreased by pretreat-
ment with PMK-S005 at a concentration of 5 and 10 mg/kg
(p<0.001) and rebamipide (Fig. 3E).

6. Effect of PMK-S005 on gastric HO-1, NQO-1, GCLC, and
GCLM expression

In the next, we determined whether PMK-S005 could potenti-
ate the antioxidative capacity of gastric mucosa. Rats fed with
PMK-S005 (5 or 10 mg/kg) for 14 days showed no histological
change in gastric tissue (data not shown). The protein levels of
HO-1, NQO-1, GCLC, and GCLM were significantly increased in
the rat stomachs in PMK-S005-treated rats compared with the
control rats (Fig. 4).

DISCUSSION

A variety of plant-derived flavonoids and their derivates have
been demonstrated to have the gastroprotective effects.”””" Gar-
lic (Allium sativum) has long been used as a common dietary
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Fig. 3. Western blot analysis of cPLA, (A), COX-1 (B), and COX-2 (C) expression in the rat gastric mucosa damaged by ethanol; the mucosal con-
centrations of PGE, (D) and LTB, (E) are also shown. The ethanol-administered rats showed marked increases in cPLA, (A), COX-1 (B), and COX-2 (C)
expression in the gastric mucosa (a representative blot is shown). These increases were significantly suppressed by pretreatment with PMK-S005
(5 mg/kg) or rebamipide (50 mg/kg), which were given 1 hour before ethanol administration. The mucosal concentrations of PGE, (D) and LTB, (E)
were determined 1 hour after ethanol administration using an enzyme-linked immunosorbent assay. The results are expressed as the mean+SEM
from five to 10 animals per group. *p<0.05 compared with the ethanol group; 'p<0.05 compared with the control group.

supplement and traditional medicine. Garlic constituents has
been reported to have multiple biological function including
antioxidant activity, antithrombotic activity, lowering blood
lipid, cardiovascular effects, improvement of immune function,
and anticancer effect.”” Garlic contains several organosulfur
compounds and water soluble SAC is the most abundant or-
ganosulfur compound with anti-inflammatory and antioxidant
properties.”> However, the mechanism underlying the protective
effects of SAC against gastric damage is not fully understood.
Although we recently reported that the gastroprotective effect
of PMK-S005 in NSAIDs-induced gastric damage model," we
investigated its action on ethanol-induced ulcer model in order
to provide more evidence concerning the gastroprotective effect
of PMK-S005. In the present study, we report two major find-
ings. First, the PMK-S005 pretreatment exert gastroprotective
action against ethanol-induced gastric damage via attenuating
the lesions produced by ethanol, inducing gastric mucus level,

decreasing production of proinflammatory cytokines, and re-
ducing the expression of cPLA,, COX-1, COX-2, and LTB, after
ethanol administration. Although this effect did not show to be
dose dependent and the gastroprotective activity was somehow
decreased at a concentration of 10 mg/kg, all effects of PMK-
S005 were consistently maximized at the concentration of 5
mg/kg, which was more potent to rebamipide (50 mg/kg). This
result suggests that less than 10 mg/kg PMK-S005 treatment
afforded significantly preventive effect against ethanol-induced
gastric damages. To analyze the protective effect of PMK more
clearly, rebamipide was adopted for comparison that has been
developed in Japan as a promising gastroprotective drug and
is widely prescribed for treating peptic ulcers.” Dosage of re-
bamipide used here was selected considering previous animal
study.”** Second, long-term administration of PMK-S005 (5 or
10 mg/kg) induces the expression of antioxidant enzyme such
as HO-1, NQO-1, GCLC, and GCLM in gastric mucosa.
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Fig. 4. PMK-S005 induces the expression of antioxidant enzymes in the rat stomach. Western blot analysis of heme oxygenase-1 (HO-1), NAD(P)
H:quinine oxidoreductase 1 (NQO-1), GCLC, and GCLM levels in the rat gastric mucosa of control and PMK-S005 (5 or 10 mg/kg)-treated rats.
HO-1, NQO-1, GCLC, and GCLM levels were significantly increased in PMK-S005 (5 or 10 mg/kg)-treated rats. The results are expressed as the
mean+SEM from five animals per group. *p<0.05 and 'p<0.01 compared with the control group.

Ethanol-induced gastric damage has been widely used for the
evaluation regarding the gastroprotective activities of drugs.
Acute ethanol challenge induces oxidative stress and lipid
peroxidation, and destroys the mucosal barrier, leading to the
depletion of gastric wall mucus.”””*® Our results showed that
pretreatment with PMK-S005 significantly enhanced gastric ad-
herent mucus and hexosamine levels, suggesting that the pro-
tection of gastric mucus by PMK-S005 might be one the mech-
anisms responsible for its protective effects. This result was also
confirmed in NSAIDs-induced ulcer model. Consequently, we
speculate that gastroprotective effect of PMK-S005 may be due
to partly to its beneficial action on the defensive factors such as
mucus barrier and partly to its inhibitory effect on inflamma-
tory components of ethanol- and NSAIDs-induced gastric dam-
ages. Although further studies are required to elucidate precise
mechanism involved in gastric mucus protection, several factors
such as mucin (MUC) gene expression, NO, and gastric sensory
afferents are considered to be might contribute to the protection
of gastric mucus.

There are two pathways to metabolize the arachidonic acid,
which is released from membrane phospholipids in the inflam-
mation process. One is prostaglandins synthesis through COX
and the other one is leukotriene synthesis through 5-LOX. In
this study, we found that increase of cPLA, expression after eth-
anol administration was attenuated by PMK-S005 pretreatment.
Furthermore, the decrease of LTB, production, by-product of
5-LOX and cPLA,, in the gastric mucosa represents the reduced
downstream of cPLA, expression. In addition, PMK-S005 pre-

treatment inhibited ethanol-induced MPO and proinflammatory
cytokines including TNF-o, and IL-1f levels in the gastric mu-
cosa. These results suggest that PMK-S005 has anti-inflamma-
tory activity by inhibiting cPLA, signaling. However, PMK-S005
seems to have nothing to do with PGE, in ethanol-induced gas-
tric damage because PGE, production was not changed in the
gastric mucosa despite overexpression of COXs (Fig. 3D). These
results are similar to previous studies.”* It might be explained
that in the presence of oxidative damage caused by ethanol, the
activity of COXs enzyme is inhibited or prostaglandins could
be converted into products of oxidation such as 8-iso-PGF,a
which results in no significant changes in their metabolite PGE,
production.’"*

Several reports indicate that SAC is a potent antioxidant
agent and prevent to the oxidative damage observed in chronic
degenerative diseases.” In this study, we also evaluated the gas-
troprotective effects of PMK-S005 in the aspect of antioxidant
as well as anti-inflammatory action. We previously found that
PMK-S005 treatment induced the expression of antioxidant
enzyme such as HO-1 and superoxide dismutase-1 in vitro sys-
tem (unpublished data). As demonstrated in Fig. 4, long-term
administration of PMK-S005 also induced the expression of
antioxidant enzyme such as HO-1 and NQO-1 in gastric mu-
cosa in vivo. These findings suggest that oral administration of
PMK-S005 could maintain the gastric epithelial barrier through
antioxidative activity thus conferring protection against gastric
ulcer. Recently, many studies have demonstrated that HO-1 is
implicated in cytoprotective mechanism via antioxidant, anti-
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inflammatory, antiproliferative, and antiapoptotic properties.”
We also noticed that treatment of mice with PMK-S005 (10 mg/
kg/day) for 14 days did not produced any adverse gastric reac-
tions. However, the absorption and metabolism of PMK-S005
remain largely unknown and need further investigation in the
context of the potential application of this PMK-S005 in the
management of human gastric ulcer.

In conclusion, the anti-inflammatory, cytoprotective, and anti-
oxidative activities of PMK-S005 impose significant protective
efficacy against ethanol-induced gastric mucosal injury. Actu-
ally, phase II clinical study of PMK-S005 to confirm the effec-
tive dose in human gastric ulcer and for a new drug of gastric
distress is conducting. In the safety evaluation, no clinically
meaningful events were observed for vital sign, physical exami-
nation. Therefore, clinical evidence is required to show the real
clinical utility of PMK-S005 for the prevention and treatment of
human gastric injury.
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