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Abstract ] -

Introduction Ceramide has been suggested to play a role
in apoptosis during gastric ulcerogenesis. The present study
is designed to investigate whether accumulated ceramide
could serve as the effector molecules of ulcer formation in
a rat model of acetic acid-induced gastric ulcer.

Methods The effect of fumonisin B1, an inhibitor of ceramide
synthase, and of d,/,-threo-1-phenyl-2-hexadecanoylamino-
3-morpholino-1-propanol (PPMP) and N-butyldeoxynojiri-
mycin (NB-DNJ), both inhibitors of glucosylceramide
synthase, on the accumulation of ceramide and formation
of gastric ulcer were examined in the rat model of acetic
acid-induced gastric ulcer. ] k
Results TFumonisin B1 attenuated acefic acid-induced gas-
tric ulcer formation, associated with a decrease in the number
of apoptotic cells. Our results showed that it is neither the

M. Nakashita - H. Suzuki ((<)) - K. Uehara - H. Nagata -
T. Hibi

Division of Gastroentrology and Hepatology, Department
of Internal Medicine, School of Medicine, Keio University,
35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan
e-mail: hsuzuki@a6 keio.jp

M. Nakashita - H. Nagata
Department of Internal Medicine, Keiyu Hospital, Yokohama,
Japan

S. Miura -
Second Department of Internal Medicine, National Defense
Medical College, Saitama, Japan

T. Taki
Molecular Medical Science Institute, Otsuka Pharmaceutical Co.
Ltd, Tokushima, Japan

T. Mizushima
Faculty of Pharmacy, Keio University, Tokyo, Japan

) @ Springer

C18- nor the C24-ceramide itself, but the respective metab-
olites that were ulcerogenic, because PPMP and NB-DNJ
attenuated gastric mucosal apoptosis and the consequent
mucosal damage in spite of their reducing the degradation of
ceramide. ; :

Conclusion The ceramide pathway, in particular, the
metabolites of ceramide, significantly contributes to acetic
acid-induced gastric damage, possibly via enhancing apop-
tosis. On the other hand, PPMP and NB-DNIJ treatment
attenuated gastric mucosal apoptosis and ulcer formation
despite increasing the ceramide accumulation, suggesting
that it was not the ceramides themselves, but their metabo-
lites that contributed to the ulcer formation in the acetic acid-
induced gastric ulcer model.

Keywords Ceramide - Glucosylceramide inhibitor -
Gastric ulcer - Acetic acid - Apoptosis

Introduction

While many factors have been thought to be involved in the
pathogenesis of gastric ulcers, the mechanism of ulcer for-
mation is not yet precisely understood. Gastric mucosal
apoptosis is known to be associated with the loss of mucosal
integrity and may play an important role in ulcer development
[1, 2]. Recently, enhanced apoptosis in the gastric epithelium
has been ‘demonstrated to be of pathophysiological impor-
tance in various kinds of gastric lesions, such as stress-induced
ulcers [1], Helicobacter pylori-positive ulcers [3-5], non-
steroidal anti-inflammatory drug (NSAID)-induced ulcers [6],
and cﬁemically induced ulcers, such as ethanol-induced ulcers
[7, 8]. Inflammatory cytokines, including tumor necrosis
factor (TNF)-o. and interferon (IFN)-y, have been postulated to
play a role in gastric mucosal apoptosis [8].
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Recent studies have revealed that sphingolipids (cera-
mide, sphingosine, etc.) are highly bioactive compounds
that are involved in diverse cell processes, including cell-
to-cell interactions, adhesion, differentiation and oncogenic
transformation [9], as well as cell proliferation and apop-
tosis. Accumulation of the sphingolipid ceramide (Cer) is a
well-known phenomenon in cells undergoing apoptosis
[10, 11], and ceramide analogues have been reported to
induce apoptosis [12]. In addition to their direct action on
apoptosis, ceramides have also been suggested to have a
role in apoptosis induced by the addition of extracellular
agents, such as TNF-¢ [13, 14], IFN-» [15] or the anti-Fas
antibody [16].

Ceramide analogues have been demonstrated in vitro to
induce apoptosis in gastric mucosal cell lines. We previ-
ously reported that the subserosal injection of phorbol-12-
myristate-13-acetate (PMA) resulted in the formation of
gastric ulcers in the rat gastric mucosa [17], associated with
a significant increase in the cellular contents of ceramides
(C18 and C24 ceramide) [18]. The significant ceramide
accumulation was thought to have contributed to the
PMA-induced tissue damage in that rat model, possibly via
enhancing the apoptotic activity in the gastric mucosa,
because co-administration of caspase inhibitors or an
inhibitor of sphingolipid biosynthesis attenuated the for-
mation of the gastric ulcers, associated with a reduction in
the number of apoptotic cells [18]. However, it remains
unknown whether the ceramide-induced gastric mucosal
damage was evoked specifically only by the PMA injection
or whether the ceramide pathway is also, in general,
involved in the formation of gastric ulcers induced by
various factors. It is also important to elucidate what kind
of downstream molecules may be involved in gastric ulcer
formation after ceramide activation.

Ceramide is produced from sphingosine (sphinganine)
by sphingosine N-acyltransferase (ceramide synthase),
which is potentially inhibited by fumonisin B1. Glucosyl-
ceramide synthase (GCS) is a ceramide glucosyl transfer-
ase that processes the sphingelipid ceramide [19]. This
conversion of ceramide to glucosylceramide is prevented
by d,l,-threo-1-phenyl-2-hexadecanoylamino-3-morpho-lino-
- 1-propanol (PPMP) and N-butyldeoxynojirimycin (NB-DNJ)
[20, 21]. The product, glucosylceramide, can be further
elaborated with a variety of oligosaccharides to become
~ glycosphingolipids called gangliosides such as GM3 (mon-

osialoganglioside 3) and GD3 (disialoganglioside 3) [19]
(Fig. D).

To answer these questions, we investigated the ceramide
formation and induction of apoptosis and gastric mucosal
damage during the gastric ulcer formation process using a
rat model of acetic acid-induced gastric uicer, which is a
representative experimental model of chronic gastric ulcer.
We also examined the effects of two different kinds of

-10-

glucosylceramide synthase inhibitors on the gastric ulcer
formation induced by acetic acid, to investigate whether it
was the ceramides themselves or their metabolites that
were involved in the pathogenesis of the gastric ulcers.

Materials and Methods
Animals and Ulcer Induction

Male Sprague-Dawlay rats, weighing 200-250 g and
maintained on standard laboratory chow (Oriental Yeast
Mfg., Lid., Tokyo, Japan) were used for all the experi-
ments. All the animals were handled according to the
guidelines of the Animal Research Committee of Keio
University School of Medicine. The rats were denied any
food for 24 h prior to the experiments, but were allowed
access to tap water ad libitum. Gastric ulcers were induced
by injection of an acetic acid solution [22]. Vehicle (water)
was injected as a control. In brief, the abdomen of the
animals, under anesthesia with 30 mg/kg of pentobarbital
sodium, was opened via a midline incision. The stomach
was exposed and 50 pl of either 20 % acetic acid or vehicle
(water) was injected into the subserosa of the anterior wall
of the glandular stomach using a microsyringe, followed by
closure of the abdomen. ’

At different time intervals (24, 48, and 72 h) after the
injection of acetic acid or vehicle, the rats were sacrificed
with an overdose of sodium pentobarbital. Their stomachs
were quickly removed, opened along the greater curvature,
and rinsed with cold normal saline. The surface area of
each lesion in the gastric mucosa was assessed visually by
macroscopic examination. The ulcer area was calculated as
an area of similarity ellipse (ulcer area = m*a*b*1/4;
a major axis, b minor axis).

Administration of Various Inhibitors

To examine the changes in the gastric mucosal ceramide
contents in this model, an inhibitor of sphingolipid biosyn-
thesis, fumonisin B1 (FB1), was injected concomitantly
(0.036-0.09 g/kg body weight) (Sigma) [23] with the acetic
acid into the gastric subserosa. To determine the role of
glucosylceramide in the acetic acid-induced ulcer formation,
we used two types of inhibitors of glucosylceramide syn-
thase, namely, d,1,-threo-1-phenyl-2-hexadecanoylamino-3-
morpholino-1-propanocl (PPMP) (0.0127-1.27 g/kg body
weight) (Sigma-Aldrich) and N-butyldeoxynojirimycin
(NB-DNJ) (0.11-11 g/kg body weight) (Sigma-Aldrich),
which prevent the conversion of ceramide to glucosylcera-
mide [20, 21]. These inhibitors were also injected concom-
itantly with acetic acid into the gastric subserosa. To prevent
any systemic effects of the ceramide inhibitors as well as any
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Fig. 1 Pathway of ceramide
metabolism

fumonisin B1

sphingomyeline «——

possible interaction with acetic acid, ceramide inhibitors
were injected locally with acetic acid by mixing just before
the injection.

Determination of the Ceramide Contents
in the Stomach

The time-course of changes of the ceramide contents in
the stomach was examined. The excised stomachs were
cut along the greater curvature and rinsed with physio-
logical saline. Approximately 0.5 g of the tissue sample
including the ulcer lesions was removed and minced, and
lipid extraction was performed using a modified version
of the method described by Bligh and Dyer [24]. After
extracting the major lipids, the neutral lipids, including
the ceramides, were separated by high-performance thin-
layer chromatography (HPTLC) (Silicagel 60, Merck,
Germany). The dried lipids were then resolved by thin-
layer chromatography using petroleum ether/diethyl ether
(7:3) as the first solvent, and chloroform/methanol (95:5)
as the second ‘solvent. After separating the lipids, the
HPTLC plate was sprayed with a primulin reagent until it
was thoroughly wet and then air-dried completely. The
lipids were visualized under UV light at 365 nm and
analyzed with a densitometer (Fluorchem™ 8000, Alpha
Innotech Co., San Leandro, CA, USA). Furthermore, the
glucosylceramide and GM3 contents in the stomach were
also examined according to the above-mentioned proce-
dure. After the glycosphingolipids were separated by
TLC, chloroform/methanol/0.2 % aqueous CaCl,(60/35/8,
by volume) was used as the developing agent for the
TLC plates. GM3 was visualized by spraying the plate
with orcinol-H,SO, reagent. The lipids were visualized
under UV light at 365 nm.
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Determination of the Degree of Apoptosis in the Gastric
Mucosa

Apoptosis was determined by immunohistochemical
staining with a polyclonal antibody to ss-DNA. The area of
the stomach containing the ulcer was rapidly excised and
processed using routine techniques, followed by embed-
ding in paraffin. Sections (4-pm thick) were then prepared
and mounted on glass slides. Deparaffinized sections were
treated with 3 % hydrogen peroxide for 20 min to block
endogenous peroxide. Then, after blocking with 10 % non-
immune serum for 10 min at room temperature, the sec-
tions were incubated for 40 min at room temperature with a
primary antibody (anti-ss-DNA, polyclonal rabbit, DAKO,
Carpinteria, CA, USA) diluted 1:100 with 0.1 % bovine
serum albumin (BSA) in 0.05 M tris-buffered saline (TBS).
The slides were washed three times with 0.05 M TBS-
Tween for 5 min, followed by incubation for 30 min with
rabbit peroxidase (DAKO). After washing for 5 min in
TBS-Tween, the sections were stained using a diam-
inobenzidine reagent kit (Kirkegaard & Perry Laboratory
Inc., Gaithersburg, USA) and observed under a microscope
(Nikon ECLIPSE-E-600, Tokyo, Japan). Negative controls
containing non-immune rabbit serum with omission of the
primary antibody were also prepared. Staining for all
antibodies was assessed in a blinded manner by the same
observer.

Statistical Analysis

All results were expressed as the mean = SEM. Differ-
ences among groups were evaluated using one-way anal-
ysis of variance (ANOVA) and Fisher’s post hoc test.
Statistical significance was set at p < 0.05.
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Fig. 2 a Time-course of changes in the area of the mucosal lesions
after subserosal injection of 20 % acetic acid (50 pl). * p < 0.05 vs.
0O h,#p<0.05vs.24 h, T p < 0.05 vs. 48 h. Each bar indicates mean
value with SEM of six animals. b Inhibitory effects of different
concentrations of fumonisin B1 (FBI; 0.036-0.09 g/kg body weight)
on acetic acid-induced gastric ulcer formation at 72 h after the
injection. Vehicle (water) was injected as a control. The ulcer index is
expressed as the area of the mucosal lesions (mm?). * p <0.05 vs.
control. # p < 0.05 vs. acetic acid alone. 7 p < 0.01 vs. FB1 (0.036
g/kg body weight). Values are mean = SEM in six animals. ¢ Effects
of FB1 on the number of apoptotic cells appearing in the gastric
mucosa at 72 h after acetic acid administration. The apoptotic cell

number was determined in sections stained immunohistochemically -

Results

Effect of Fumonisin B1 on Acetic Acid-Induced Ulcer
Formation

Figure 2a shows the time-course of changes in the area of
the mucosal lesions, and Fig. 2b shows the inhibitory
effects of different concentrations of fumonisin B1 (FB1;
0.036 and 0.09 g/kg body weight) on the area of the lesions
after 72 h. The ulcers produced by the acetic acid injection
began to form at the injection site in the stomach, expanded
to their maximum size after 72 h, and healed gradually
from day 5 to day 8 (data not shown). The ulcer formation
was significantly inhibited by FB1 at the dose of 0.09 g/kg.

Figure 2c shows the number of apoptotic cells in the
gastric mucosa at 72 h after the acetic acid injection
as assessed immunohistochemically by light microscopy.
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with a polyclonal antibody against ss-DNA, and expressed as the
average number of positively stained cells per microscopic field
(x400). FB1 at 25 uM significantly attenuated the increase in the
number of apoptotic cells induced by acetic acid administration.
* p < 0.05 vs. control (vehicle); # p < 0.05 vs. acetic acid alone.
Values are mean = SEM in six animals. d, e Ceramide contents in the
gastric mucosa at 72 h after acetic acid subserosal injection, and the
inhibitory effect of FB1. Four samples were loaded on HPLC plates
and densitometric analysis of the C18- (d) and C24- (e) ceramide
contents was performed as described in “Materials and Methods”.
* p < 0.05 vs. control. # p < 0.05 vs. acetic acid alone. Values are
mean £ SEM in six animals

A significant increase in the number of apoptotic cells was
observed at 72 h after the acetic acid injection. FB1 at
0.036 g/kg did not significantly inhibit the acetic acid-
induced apoptosis at 72 h, but the drug at 0.09 g/kg sig-
nificantly attenuated the increase in the frequency of
apoptosis induced by acetic acid at 72 h, which is consis-
tent with the inhibition of ulcer formation by the drug.
Figure 2d, e shows the C18- (2d) and C24- (2e) ceramide
contents in the gastric mucosal lesions at 72 h after the
acetic acid injection, and the inhibitory effect of FB1 on the
accumulation of ceramides. The amounts of both the C18
and C24 ceramide were significantly increased at 72 h after
the acetic acid injection, but not at 24 or 48 h after the
injection (data not shown). The increase in the contents of
the C18 and C24 ceramides in response to acetic acid
injection was significantly attenuated by co-injection of
FB1 (0.09 g/kg). ’
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Fig. 3 Representative
macroscopic findings were
shown. a Acetic acid-induced
gastric ulcer 72 h after
subserosal injection. b Acetic
acid-induced ulcer formation
72 h after subserosal injection
was attenuated by the
application of fumonisin B1
(0.09 g/kg body weight).

¢, d Representative
hematoxylin-eosin (H&E)-
stained histopathological
findings were shown. ¢ Acetic
acid-induced ulcer 72 h after
subserosal injection (x10).

d Acetic acid-induced ulcer

72 h after subserosal injection
was attenuated by fumonisin B1 :
(0.09 g/kg body weight) (a)
application (x 10}

Figure 3a shows the representative macroscopic findings
of acetic acid (AA)-induced gastric ulcer. As shown in
Fig. 3b, AA-induced ulcer formation was attenuated by the
application of FB1. Figure 3c shows the representative
histopathological (hematoxylin-eosin staining) finding of
AA-induced ulcer. As in Fig. 3d, such AA-induced-ulcer
was attenuated by FB1 application.

Effect of PPMP on Acetic Acid-Induced Ulcer
Formation

Figure 4a shows the effect of the glucosylceramide syn-
thase inhibitor, PPMP, on acetic acid-induced gastric ulcer
formation. PPMP at concentrations of over 0.127 g/kg
body weight attenuated the sizes of the acetic acid-induced
gastric mucosal lesions at 72 h after treatment.

Figure 4b shows the effect of PPMP on the number of
apoptotic cells in the gastric mucosa at 72 h after acetic acid
injection. Co-injection of PPMP with acetic acid at doses of
over 0.127 g/kg significantly inhibited the acetic acid-
induced increase in the number of apoptotic cells which is
consistent with the inhibition of ulcer formation by the drug.
Figure 4c, d shows a quantitative analysis of the contents of
the C18- (4c) and C24- (4d) ceramide after acetic acid

@ Springer
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AA alone

AA+FB1

injection and the effect of PPMP. The increase in the
amounts of both the C18- and C24-ceramide observed at
72 h after acetic acid injection was further enhanced by the
concomitant injection of PPMP, and significantly greater
amounts of the ceramides were found in the lesions fol-
lowing injection of PPMP at doses higher than 0.127 g/kg.

Effect of NB-DNJ on Acetic Acid-Induced Ulcer
Formation

Figure Sa shows the effect of another glucosylceramide
synthase inhibitor, NB-DNJ, on acetic acid-induced gastric
ulcer formation. Co-injection of NB-DNIJ with acetic acid at
doses of over 1.1 g/kg body weight significantly attenuated
the formation of the gastric mucosal lesions observed at 72 h
after the acetic acid injection. Figure 5b shows the effect of
NB-DNJ on the number of apoptotic cells appearing in the
gastric mucosa at 72 h after the acetic acid injection.
Co-injection of NB-DNIJ at doses of over 0.11 g/kg body
weight significantly attenuated the acetic acid-induced apop-
tosis in the gastric mucosa. Figure 5c, d shows the effect of
NB-DNJ on the contents of the C18- (5¢) and C24- (5d)
ceramide at 72 h after acetic acid injection. The C18- and
C24-ceramide contents significantly increased following
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Fig. 4 Each bar indicates mean value with SEM of six animals.
a Effect of the glucosylceramide synthase inhibitor, PPMP, on acetic
acid-induced .gastric ulcer formation at 72 h after treatment. PPMP
(0.0127-1.27 g/kg body weight) was injected concomitantly with
acetic acid into the gastric subserosa. * p < 0.05 vs. acetic acid alone.
Values are mean & SEM in six animals. b Effect of PPMP on the
number of apoptotic cells appearing in the gastric mucosa at 72 h
after acetic acid administration. PPMP (0.0127-1.27 g/kg body

co-injection of NB-DNJ (1.1 g/kgbody weight) as compared
with that observed following the injection of acetic acid
alone, reflecting the decreased conversion of ceramide to
glycosylceramide in these situations.

Glucosylceramide and GM3 on Acetic Acid-Induced
Ulcer Formation

Figure G shows glucosylceramide and GM3 expressions in
acetic acid-induced ulcer formation. The glucosylceramide
levels were remarkably low in the acetic acid-induced ulcer
group than in the control group. The level of ganglioside
GM3 was observed to be high in the acetic acid-induced ulcer
group. The expression of GM3 was suppressed and that of
glucosylceramide were not restored by the treatment with
glucosylceramide synthase inhibitors (PPMP, NB-DNJ).

Discussion
Our present results showing that the blockade of ceramide

synthase by fumonisin B1 attenuates acetic acid-induced
gastric ulcer formation suggest the importance of de novo
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weight) was injected concomitantly with acetic acid into the gastric
subserosa. * p < 0.05 vs. acetic acid alone. ¢, d CI8- (¢) and
C24- (d) ceramide contents observed in the gastric mucosa at 72 h
after acetic acid administration. PPMP (0.0127-1.27 g/kg body
weight) was injected concomitantly with acetic acid into the gastric
subserosa. * p < 0.05 vs. acetic acid alone. Values are mean = SEM
in six animals .

ceramide synthesis in the process of ulcer formation
induced by acetic acid. Although ceramides, which are
derived from the hydrolysis of sphingomyelin in response
to extracellular signals, appear to be important in most
pathways [10], ceramide synthase-mediated processes,
such as the acylation of sphinganine in the de novo bio-

" synthetic pathway of sphingolipids as well as the reutili-

- 14 -

zation of sphingosine derived from sphingolipid turnover
[23, 25] may mainly account for the bioactive roles of
ceramides in ulcer formation. In this study, we demon-
strated an increase in the number of apoptotic cells in the
gastric mucosa at 3 h after the injection of acetic acid, with
subsequent extension of the lesion area containing apop-
totic cells toward the submucosa, as well as a significant
attenuation of the increase in acetic acid-induced apoptosis
by co-injection of fumonisin B1. These findings suggest
that the ceramide pathway may account for the acetic acid-
induced ulcer formation via enhancing apoptotic cell death
in the damaged mucosa. Our results also confirmed the
significant role of the ceramide pathway in other specific
experimental models of ulcers, such as PMA-induced
gastric ulcers, besides that in the prototype model, namely,
the model of acetic acid-induced ulcer [22].
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Fig. 5 Each bar indicates mean value with SEM of six animals.
a Effect of NB-DNIJ on acetic acid-induced gastric ulcer formation at
72 h after NB-DNJ (0.11-11 g/kg body weight) concomitant admin-
istration of the NB-DNJ with acetic acid into the gastric subserosa.
* p < 0.05 vs. acetic acid alone. Values are the mean £ SEM in six
animals. b Effect of NB-DNJ on the number of apoptotic cells
appearing in the gastric mucosa at 72 h after acetic acid admin-
istration. NB-DNJ (0.11-11 g/kg body weight) was injected

glucosylceramide

GM3

PPMP  NB-DNJ

control AA

Tig. 6 Effect of PPMP (1.27 g/kg body weight) and NB-DNJ
(11 g/kg body weight) on the glucosylceramide and GM3 after
subserosal injection of 20 % acetic acid (50 pl). Representative
pictures of thin layer chromatography of the glucosylceramide (upper)
and GM3 (lower). Control: H,O (sterile water) injection

In the present study, we demonstrated that the product of
glucosylceramide synthase and not a ceramide itself indu-
ces apoptosis, and thus, glucosylceramide synthase inhib-
itors will decrease apoptosis. The reason for this decrease
might be that apoptosis is induced by the product of glu-
cosylceramide synthase. ‘

In our previous manuscript [18], we only examined the
increase in the ceramide (C18, C24) levels; we did not
evaluate the levels of the ceramide metabolites. However,
we showed that the increase in apoptosis in the gastric
mucosa corresponded with the increase in the levels of C18
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concomitantly with acetic acid into the gastric subserosa. * p <
0.05 vs. acetic acid alone. ¢, d Effect of NB-DNJ on the C18- (¢) and
C24- (d) ceramide contents observed in the gastric mucosa at 72 h
after acetic acid administration. NB-DNJ (0.11-11 g/kg body weight)
was injected concomitantly with acetic acid into the gastric subserosa.
* p < 0.05 vs. acetic acid alone. Values are mean £ SEM in six
animals )

and C24 ceramide in the stomach wall, and that apoptosis
was involved in the formation of gastric ulcers induced by
PMA (phorbol 12-myristate 13-acetate). Although we
previously suggested that ceramide or ceramide metabo-
lites could be ulcerogenic [18], which of the two is
ulcerogenic was not determined. In this context, in the
previous study, a possibility that ceramide or ceramide
mietabolites could be a cause of ulcers was established. Our
present results indicated that it is neither the C18- nor the
C24-ceramide itself, but the respective metabolites that
may be ulcerogenic, because we found, to our surprise, that
glucosylceramide synthase inhibitors that reduce the deg-
radation of ceramide can also attenuate the gastric mucosal
damage induced by acetic acid. We used two types-of
inhibitors, namely, PPMP, a synthetic inhibitor of gluco-

- sylceramide synthase [26] and NB-DNIJ, an N-alkylated

imino sugar that blocks the activity of ceramide-specific
glucosyltransférase which catalyzes the formation of glu-
cosylceramide [27], both of ‘which inhibit the conversion of
ceramide to glucosylceramide. Indeed, the contents of the
C18- and C24-ceramides were significantly augmented in
the gastric mucosa when these inhibitors were injected.
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concomitantly with acetic acid. On the other hand, the
acetic acid-induced tissue damage was attenuated with a
decrease in the number of apoptotic cells under this con-
dition, suggesting that inhibition of the synthesis of glu-
cosylceramide, a precursor for neutral glycosphingolipids
and gangliosides, effectively inhibits ulcer formation.

In the group of acetic acid-induced ulcer, while the glu-
cosylceramide was not increased, the GM3 was remarkably
accumulated as compared with the control group, suggesting
that ceramide seems to be rapidly metabolized to ganglioside
GM3 without accumulating intermediate metabolite such as
glucosylceramide. On the other hand, in the group of acetic
acid-induced ulcer treated with glucosylceramide synthesis
inhibitors, the levels of both glucosylceramide and GM3
were not restored to the control level because glucosylcera-
mide synthesis inhibitors could attenuate the pathway
upstream of the glucosylceramide.

In the present study, we examined only the glucosyl-
ceramide pathway, and not the other pathways such as the
sphingomyelin pathway. According to previous reports,
GD3, a downstreamn metabolite of ceramide, is a key sig-
naling intermediate leading to apoptosis [28], and the
recently characterized trafficking of ganglioside GD3 to the
mitochondria has revealed a novel function of this lipid as a
death effector [29]; thus, the glucosylceramide pathway
would be the main pathway, which is co-localized with the
other pathways such as the sphingomyelin pathway.

Glucosylceramide synthase is a constitutively expressed
type HI integral membrane protein on the cytosolic side of
the cis/medial Golgi membrane [30]. After its translocation
to the Golgi lumen by an as yet undefined signaling
mechanism, glucosylceramide is further metabolized to
higher glycosphingolipids, including GM3 and GD3 gan-
gliosides [11, 31]. It has been suggested previously that
glycosylation of ceramide can protect cells from cancer
drug-induced apoptosis. Accumulation of glucosylcera-
mide was observed in mul'tidrug-resistant tumor cells [32],
and overexpression of glucosylceramide synthase in MCF-
7 breast cancer cells conferred resistance to adriamycin and
TNF-« [33]. These findings would support the idea that
glycosylation of ceramide rather attenuates its capacity to
act as a second messenger in apoptosis, although recently,
it has been suggested that the natural ceramide species
accumulating during the execution phase of apoptosis are
not converted by glucosylceramide synthase to glucosyl-
ceramide, because this pool of ceramide is topologically
segregated from glucosylceramide synthase [11]. In any
event, the glucosylceramide formation per se does not
appear to be a potentially toxic mediator in the acetic acid-
induced gastric damage.

In addition to their role in the regulation of apoptosis,
ceramides also provide the carbon backbone for the syn-
thesis of complex glycosphingolipids within the Golgi
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network [34]. Inhibitors of glycosphingolipid biosynthesis
have been used successfully as therapeutic agents for gly-
cosphingolipid lysosomal storage diseases [35]. Healthy
mice treated with NB-DNJ exhibited 70 % peripheral
glycosphingolipid depletion [36], and clinical trials have
shown the efficacy of these agents in patients with type 1
Gaucher’s disease [37]. In addition, recently, ganglioside
GD3 (GD3), a sialic acid-containing glycosphingolipid, has
attracted considerable attention due to its emerging role as
an effector of cell death by activating the mitochondrial-
dependent apoptosis through sequential membrane perme-
ability tramsition induction, cytochrome c release, and
caspase activation [38]. De Maria et al. [39] showed that
GD3 ganglioside mediates the propagation of CD95 (Fas)-
generated apoptotic signals in hematopoietic cells, and that
the pharmacological inhibition of GD3 synthesis and
exposure to GD3 synthase antisense oligonucleotides pre-
vented CD95-induced apoptosis. Another group recently
demonsirated that the inhibition of glucosylceramide syn-
thase, which blunted TNF-stimulated GD3 levels, abol-
ished TNF-mediated apoptosis in human colon cancer cells
[40], and also that d-threo-PDMP, an inhibitor of gluco-
sylceramide synthase, blocked the TNF-u-induced trans-
location of GD?3 to the mitochondria, thereby preserving its
predominant localization at the cell surface in rat hepato-
cytes [41]. Since we previously demonstrated that an
antibody against TNF-« significantly inhibited ulcer for-
mation in the PMA-induced gastric ulcer model [17], TNF-¢
may also be involved in the process of acetic acid-induced
ulcer formation. These previous reports suggesting that
GD3 may play a significant role in TNF-u-mediated
apoptosis are in close concordance with our present data
indicating that inhibitors of glucosylceramide synthase
successfully prevented the apoptosis and ulcer formation
induced by acetic acid in spite of the significant accumu-
lation of ceramide content observed in the gastric tissues.
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Suppression of UV-Induced Wrinkle Formation by
Induction of HSP70 Expression in Mice

Minoru Matsuda'?7?, Tatsug/a Hoshino', Naoki Yamakawa'?, Kayoko Tahara', Hiroaki Adachi?,

Gen Sobue?, Daisuke Maji’, Hironobu lhn? and Tohru Mizushima'

UV-induced wrinkle formation owing to the degeneration of the extracellular matrix (ECM) is a major dermatolo-
gical problem in which abnormal activation of matrix metalloproteinases (MMPs) and elastases have important
roles. Heat shock protein 70 (HSP70) has cytoprotective and anti-inflammatory activities. In this study, we
examined the effect of HSP70 expression on UV-induced wrinkle formation. Mild heat treatment (exposure to
heated water at 42°C) of the dorsal skin of hairless mice induced the expression of HSP70. The long-term
repeated exposure to UV induced epidermal hyperplasia, decreased skin elasticity, degeneration of ECM, and
wrinkle formation, which could be suppressed in mice concomitantly subjected to this heat treatment. The UV-
induced epidermal hyperplasia, decreased skin elasticity, and degeneration of ECM were less apparent in
transgenic mice expressing HSP70 than in wild-type mice. UV-induced fibroblast cell death, infiltration of
inflammatory cells, and activation of MMPs and elastase in the skin were also suppressed in the transgenic mice.
This study provides evidence for an inhibitory effect of HSP70 on UV-induced wrinkle formation. The results
suggest that this effect is mediated by various properties of HSP70, including its cytoprotective and anti-
inflammatory activities. We propose that HSP70 inducers used in a clinical context could prove beneficial for the

prevention of UV-induced wrinkle formation.

Journal of Investigative Dermatology (2013) 133, 919-928; doi:10.1038/jid.2012.383; published online 25 October 2012

INTRODUCTION
The skin is damaged by various environmental stressors,
especially by fong-term chronic solar UV radiation (photo-
aging). UV light can be separated according to wavelength,
with UVB thought to have an important role in photoaging
(Matsumura and Ananthaswamy, 2004; Rabe et al., 2006).
This process is mediated not only by direct UV-induced
damage to the skin but also indirectly via the induction of
inflammation and production of reactive oxygen species that
are released from infiltrated leukocytes (Rabe et al., 2006).
Both wrinkle formation and skin hyperpigmentation disorders
are major dermatological problems. It is believed that epider-
mal hyperplasia owing to epidermal damage and inflammation,
as well as alteration of the extracellular matrix (ECM) (such as
damage to collagen fibers, suppression of collagen expression,
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disruption and degeneration of elastic fibers, and disruption of
the epidermal basal membrane), has an important role in UV-
induced wrinkle formation and decreased skin elasticity, which
is closely linked to wrinkle formation (Talwar et al, 1995;
Imokawa, 2009; Rijken and Bruijnzeel, 2009). As these UV-
induced phenomena can be reproduced to some extent in
hairless mice exposed to long-term repeated exposure to UVB
radiation, this animal model has been used to examine the
mechanism of UV-induced wrinkle formation (Schwartz, 1988).

Matrix metalloproteinases (MMPs)-dependent qualitative
and quantitative decreases in the ECM have an important role
in UV-induced wrinkle formation. The activities of MMP-1, 2,
3, and 9 were increased by UVB irradiation in mouse and
human skin (Inomata et al., 2003; Rabe et al., 2006), whereas
the topical treatment of mouse skin with MMP inhibitors
blocked UV-induced wrinkle formation, and decreased skin
elasticity and basal membrane disruption (Inomata et al.,
2003). In mouse, MMP-2, 8, and 13, or MMP-2 and 9, are
responsible for the degradation of collagen types | or 1V,
respectively, which constitute dermal collagen fibers or the
epidermal basal membrane, respectively (Aimes and Quigley,
1995; Visse and Nagase, 2003; Kessenbrock et al., 2010). In
addition to collagenases (MMP-8 and 13), gelatinases (MMP-2
and 9) have important roles in UV-induced wrinkle formation,
decreased skin elasticity, and basal membrane disruption
(Inomata et al,, 2003). Tissue inhibitors of MMPs (TIMPs)
also have important roles in these phenomena. The disruption
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