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Idiopathic pulmonary fibrosis (IPF) involves pulmonary injury associated with inflammatory responses,
fibrosis and dysfunction. Myofibroblasts and transforming growth factor (TGF)-B1 play major roles in
the pathogenesis of this disease. Endoplasmic reticulum (ER) stress response is induced in the lungs of
IPF patients. One of ER chaperones, the 150-kDa oxygen-regulated protein (ORP150), is essential for
the maintenance of cellular viability under stress conditions. In this study, we used heterozygous
ORP150-deficient mice (ORP150*~ mice) to examine the role of ORP150 in bleomycin-induced pulmon-
ary fibrosis. Treatment of mice with bleomycin induced the expression of ORP150 in the lung. Bleomycin-
induced inflammatory responses were slightly exacerbated in ORP150*/ mice compared to wild-type
mice. On the other hand, bleomycin-induced pulmonary fibrosis, alteration of lung mechanics and respi-
ratory dysfunction was clearly ameliorated in the ORP150*/~ mice. Bleomycin-induced increases in pul-
monary levels of both active TGF-B1 and myofibroblasts were suppressed in ORP150*/~ mice. These
results suggest that although ORP150 is protective against bleomycin-induced lung injury, this protein
could stimulate bleomycin-induced pulmonary fibrosis by increasing pulmonary levels of TGF-p1 and

myofibroblasts.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive and devas-
tating chronic lung condition with poor prognosis; the mean
length of survival from the time of diagnosis ranges from 2.8 to
4.2 years. No treatment has been shown to improve the prognosis
for IPF patients [1]. Recent studies have suggested that lung injury
associated with inflammatory responses, transforming growth
factor (TGF)-f1 and myofibroblasts play important roles in the

_pathogenesis of IPF [1,2].

An increase in lung myofibroblasts, an intermediate cell type
between fibroblasts and smooth muscle cells, has been suggested
to play an important role in the atypical fibrosis and collagen depo-
sition that observed in IPF patients [2]. It was previously thought

Abbreviations: BALF, bronchoalveolar lavage fluid; CHOP, C/EBP homologous
protein; EMT, epithelial-mesenchymal transition; FVC, forced vital capacity; GRP,
glucose-regulated protein; IPF, idiopathic pulmonary fibrosis; MPO, myeloperoxi-
dase; ORP150, 150-kDa oxygen-regulated protein; o-SMA, o-smooth muscle actin;
SP-C, surfactant protein C. '
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that the origin of myofibroblasts was solely peribronchiolar and
that perivascular fibroblasts transdifferentiate to myofibroblasts
in response to various stimuli, in particular TGF-p1 [3]. However,
recently it was revealed that lung epithelial cells undergo epithe-
lial-mesenchymal transition (EMT) to become myofibroblasts after
treatment with TGF- in vitro {4,5] and that EMT of epithelial cells
is induced in the lungs of IPF patients and animals with pulmonary
fibrosis (bleomycin-induced pulmonary fibrosis) {4,6,7]. These re-
sults suggest that some myofibroblasts in IPF patients are derived
from the EMT of lung epithelial cells.

The endoplasmic reticulum (ER) stress response is induced by
the accumulation of unfolded and misfolded proteins in the ER
[8.,9]. ER stress response-related proteins contain not only ER chap-
erones (such as glucose-regulated protein (GRP)78), that confer
protection against stressors by refolding unfolded and misfolded
proteins in the ER, but also C/EBP homologous transcription factor,-
a transcription factor with apoptosis-inducing activity [10]. Since .
the ER stress response is induced by pathogenic conditions such
as hypoxia, inflammation and toxic chemicals, it is not surprising
that recent studies have suggested that the ER stress response
plays an important role in diseases such as gastric ulcer and Alzhei-
mer’s disease [11,12].
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One of the ER chaperones, the 150-kDa oxygen-regulated pro-
tein (ORP150), was originally identified in cultured astrocytes ex-
posed to hypoxia {13]. Previous studies showed that expression
of ORP150 is up-regulated under various pathological conditions
and this up-regulation is implicated in the progression of these dis-
eases [14,15].

It was recently suggested that IPF also involves the ER stress te-
sponse, with GRP78 showing increased expression in the lungs of
IPF patients and bleomycin-administered mice {16-18]. Genetic
studies have revealed that mutations in the gene encoding surfac-
tant protein C (SP-C, a protein produced by Iung epithelial cells)
could lead to familial interstitial pneumonia (a familial form of
IPF) [19.20]. These mutations induce the ER stress response due
to the accumulation of misfolded pro-SP-C [16,21]. However, be-
cause that inductjon of the ER stress response was observed in
IPF patients without these mutations {16,18], the mechanism and
role of ER stress response in IPF patients is unknown at present.
Based on the cytoprotective effect provided by ER chaperones, it
was considered that they would have a negative impact on the
development of IPF (i.e. protective roles agaimst IPF); however, no
direct evidence (such as genetic evidence) exists to substantiate
this. On the other hand, it was recently reported that the ER stress
response stimulates the myofibroblastic differentiation of fibro-
blasts and EMT of lung epithelial cells in vitro [18,22]. Therefore,
it is also possible that the ER stress response has a positive influ-
ence on the development of IPF. Thus, to understand the role of
ER stress response in IPF, it may prove useful in the first instance
to examine artificially induced pulmonary fibrosis in transgenic
mice expressing each protein related to the response.

In line with this, we compare here aspects of bleomycin-in-
duced pulmonary fibrosis in heterozygous ORP150-deficient mice
(ORP150*~ mice) and wild-type mice. Blesmycin-induced pul-
monary inflammatory responses were slightly exacerbated, while
pulmonary fibrosis and dysfunction were clearly ameliorated in
ORP150*~ mice compared to wild-type mice, We also found that
bleomycin-induced increases in the pulmonary levels of both ac-
tive TGF-B1 and myofibroblasts were suppressed in ORP150*~
mice. These results suggest that ORP150 is stimulative for bleomy-
cin-induced pulmonary fibrosis, though at the same time ORP150
exerts a protective action against bleomycin-induced lung damage.

2. Materials and methods
2.1. Animals

Mice heterozygous for a truncated/inactivated mutant form of
ORP150 (ORP150*) and their wild-type counterparts (ORP150*)
(6-8 weeks of age) were prepared as described -previously [12].
The experiments and procedures described here were carried out
in accordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the National Institutes
of Health, and were approved by the Animal Care Committee of
Keio University and Kumamoto University.

2.2. Administration of bleomycin, preparation of bronchoalveolar
lavage fluid (BALF), assay for MPO activity, analysis of lung function
and histological and immunohistochemical analyses

Mice were maintained under anaesthesia with chloral hydrate
(500 mg/kg) and were given one intratracheal injection of bleomy-
cin (5 mg/kg) to induce pulmonary fibrosis.

BALF was collected by cannulating the trachea and lavaging the
lung with 1 ml of sterile PBS containing 50 units/ml heparin (two
times). The total cell number in the BALF was counted using a
haemocytometer. Cells were stained with Diff-Quik reagents and

the ratios of alveolar macrophages, lymphocytes and neutrophils
to total cells were determined. More than 200 cells were counted
for each sample.

Myeloperoxidase (MPO) activity in the lung was measured as
described previously [23].

Analysis of lung function was performed with a computer-con-
trolled small-animal ventilator (FlexiVent; SCIREQ, Montreal, Can-
ada) as described previously [24].

Histological and immunohistochemical analyses were done as
described previously [24].

. 2.3. Hydroxyproline determination and ELISA for active TGF-$1

Hydroxyproline content was determined as described {25]. The
active TGF-B1 content in the lung was determined by ELISA as de-

‘'scribed previously {24}

2.4. Imrﬁunoblotting analysis and real-time RT-PCR analysis

Total protein was prepared as described previously [26]. Sam-
ples were applied to polyacrylamide SDS gels and subjected to
electrophoresis, after which the proteins were immunoblotted
with an antibody against ORP150. ‘

Real-time RT-PCR was performed as previously described [27].
The primers used were (name: forward primer, reverse primer):
Orp150: 5'-gaagatgcagagcccattte-3/,  5/-tctgetccaggacctectaa-3';
o-sma: 5'-catcatgegtctggatctgg-3/, 5'-ggacaatctcacgetcagea-3'; E-
cadherin: 5'-tgcccagaaaatgaaaaagg-3’, 5'-gtgtatgtggcaatgegtic-3';
Collal: 5'-ccctgtctgettectgtaaact-3/, 5'-catgttcggttggtcaaagata-3';
actin: 5'-ggacttcgagcaagagatgg-3’, 5'-agcactgtgttggegtacag-3'.

2.5. Transfection

The siRNA for ORP150 was purchased from Qiagen. Cells were
transfected with the siRNA using HiPerFect transfection reagents
(Invitrogen) according to the manufacturer’s instructions.

The plasmid for overexpression of ORP150 was constructed by
insertion of the Orp150 gene in pCl-neoORP150 {28] into pcDNA3.1
(Invitrogen). The transfection was carried out using Lipofectamine
LTX (Invitrogen).

2.6. Statistical analysis

All values are expressed as the mean +S.EM. or S.D. Two-way
analysis of variance followed by the Tukey test was used to evalu-
ate differences between more than three groups. Differences were
considered to be statistically significant for values of p < 0.05.

3. Results

3.1. Effect of down-regulation of ORP150 expression on bleomycin-
induced pulmonary inflammatory responses

Pulmonary inflammation and fibrosis were induced by a once-
only (at day 0) intratracheal administration of bleomycin, as de-
scribed previously [25]. First, we monitored the expression of
ORP150 in lung tissues by immunoblotting. As shown in Fig. 1A-
D, treatment of mice with bleomycin increased the pulmonary le-
vel of ORP150 in ORP150%~ mice and wild-type mice, though the
ORP150"~ mice showed lower ORP150 expression than the wild-
type mice both in the presence and absence of bleomycin
treatment. .

The bleomycin-induced inflammatory response can be moni-
tored in terms of the number of inflammatory cells in BALF after
the administration of bleomycin {25]. As shown in Fig. 2A, the total
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Fig. 1. Bleomycin-induced expression of ORP150 in the lung. ORP150" mice and wild-type mice (ORP150"*) were treated with (BLM) or without (Vehicle) bleomycin (5 mg/
kg) once-only on day 0. Lungs were excised on day 3 (A and B) or 14 (C and D). Tissue homogenates were analysed by immunoblotting with antibodies against ORP150 or
actin (A and C). The band intensity of ORP150 was determined and normalised to actin intensity (B and D). Values are mean + S.EM. (n = 3). *p < 0.01. Scale bar, 50 um.

number of inflammatory cells and individual numbers of alveolar
macrophages, lymphocytes and neutrophils were all increased on
day 3 after the bleomycin treatment. Compared to wild-type mice,
this increase was slightly enhanced in ORP150*  mice (Fig. 2A).
Similar results were observed for MPO activity, an indicator of
the inflammatory infiltration of leucocytes (Fig. 2B). These results
suggest that ORP150 expression protects:against bleomycin-in-
duced inflammatory response.

3.2. Effect of down-regulation of ORP150 expression on bleomycin-
induced pulmonary fibrosis, alteration of lung mechanics and
respiratory dysfunction

Bleomycin-induced pulmonary fibrosis can be assessed by his-
topathological analysis and measurement of hydroxyproline levels.
Haematoxylin and eosin (H & E) staining and Masson’s trichrome
staining of collagen revealed that bleomycin-induced collagen
deposition was less apparent in ORP150*~ mice than in wild-type
mice (Fig. 3A and B). Bleomycin also increased pulmonary
hydroxyproline levels, although to a lesser degree in the ORP150%/~
mice compared with wild-type mice (Fig. 3C). These results sug-
gest that bleomycin-induced pulmonary fibrosis is less extensive
in ORP150*/~ mice compared to wild-type mice.

We then examined the effect of ORP150 expression on bleomy-
cin-induced alterations of lung mechanics using a computer-con-
trolled small-animal ventilator. Total respiratory system elastance
(elastance of total lung including bronchi, bronchioles and alveoli)
and tissue elastance (elastance of alveoli) were indistinguishable
between heterozygous and wild-type mice in the absence of bleo-
mycin treatment (Fig. 3D). In contrast, both types of mice showed
increases in these parameters in response to bleomycin treatment,
with this effect being more prominent in wild-type mice. These re-
sults suggest that the  bleomycin-induced alteration of lung

mechanics is ameliorated by the down-regulation of ORP150
expression.

As shown in Fig. 3E, FVC was indistinguishable between vehi-
cle-treated ORP150%~ and wild-type mice, but was clearly de-
creased by the bleomycin treatment in wild-type mice while
remaining unchanged in ORP150*~ mice (Fig. 3E). These results
suggest that ORP150 expression exacerbates bleomycin-induced
respiratory dysfunction.

To elucidate the mechanism underlying this stimulative effect
of ORP150 on pulmonary fibrosis, we focused our attention on
myofibroblast and TGF-p1. As shown in Fig. 4A, a bleomycin-
dependent increase in the expression of o-SMA, a myofibroblast

_ marker, was suppressed in ORP150*" mice compared to wild-type

mice, suggesting that the expression of ORP150 stimulates an in-
crease in pulmonary myofibroblast number in the presence of
bleomycin.

As shown in Fig. 4B, active TGF-p1 was increased by the bleo-
mycin treatment; however the level was lower in ORP150*" mice
than in wild-type mice. These results suggest that ORP150 expres-
sion also stimulates a bleomycin-dependent increase in active TGF-
B1 in lung tissue.

3.3. Effect of ORP150 expression on the TGF-f1-induced EMT of
epithelial cells and differentiation of fibroblasts in vitro '

As described in Section 1, an increase in pulmonary myofibro-
blasts associated with fibrosis is due to the stimulation of EMT of
epithelial cells and the myofibroblastic differentiation of fibroblasts.
We tested whether the expression of ORP150 affects these phenom-
ena by examining in vitro the effect of siRNA for ORP150 on the
TGF-B1-dependent alteration of expression of EMT-related genes
in cultured human type 1I alveolar (A549) cells. Treatment of cells
with TGF-1 down-regulated the expression of the epithelial cell
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Fig. 2. Effect of down-regulation of ORP150 expression on bleomycin-induced pulmonary inflammatory responses, ORP150* mice and wild-type mice (ORP1 50*) were
treated with (BLM) or without (Vehicle) bleomydn (5 mgfkg) once-only on day 0 and lung tissue or BALF was obtained on day 3. Total cell number and individual numbers of
alveolar macrophages, lymphocytes and neutrophils in BALF were counted (A). MPO activities in lung homogenates were determined (B). Values are mean + S.EM. *p < 0.01.

marker E-cadherin mRNA (Fig. 4C), suggesting that TGF-B1 induces’
the EMT-like phenotype of A549 cells. Transfection of cells with siR-
NA for ORP150 suppressed the expression of Orp150 mRNA but did
not affect the expression of E-cadherin mRNA in the presence or ab-
sence of TGF-B1 (Fig. 4C). These results suggest that ORP150 expres-
sion does not affect the EMT of lung epithelial cells.

We also examined the effect of ORP150 expression on TGF-§1-
dependent myofibroblastic differentiation of fibroblasts in vitro.
Treatment of human embryonic lung fibroblasts (HFL-I cells) with
TGF-p1 induced the expression of o-sma and collal mRNAs
(Fig. 4D), suggesting that TGF-B1 activates the transition of fibro-
blasts to myofibroblasts. The transfection of cells with siRNA for
ORP150 slightly decreased the expression of a-sma and collal
mRNAs in the presence of TGF-B1 (Fig. 4D). We then examined the ef-
fect of overexpression of ORP150 on the myofibroblastic differentia-
tion of fibroblasts. As shown in Fig. 4E, slightly increased the
expression of ai-sma and collal mRNAs was observed in the presence
of TGF-B1. These results suggest that ORP150 expression stimulates
the TGF-B1-dependent myofibroblastic differentiation of fibroblasts.

4. Discussion

Pulmonary fibrosis is triggered by pulmonary damage and ‘

inflammatory responses. In other words, pulmonary fibrosis is a

result of abnormal and extended repair and remodelling of damaged
lung tissues. We here showed that bleomycin-induced inflamma-
tory responses, such as an increase in BALF leucocyte number and
activation of pulmonary MPO, were stimulated in ORP150*/~ mice,
suggesting that expression of ORP150 could suppress inflammatory
responses. As such, we postulated that bleomycin-induced pulmon-
ary fibrosis would be exacerbated in ORP150*~ mice. However, sur-
prisingly, this was not the case. Further to this, we found that
increases in pulmonary levels of both active TGF-B1 and myofibro-
blasts in response to bleomycin were suppressed in ORP150*~ mice
compared to wild-type mice. These results suggest that although
expression of ORP150 is protective against bleomycin-induced
inflammatory responses, it could accentuate pulmonary fibrosis
by increasing pulmonary levels of TGF-B1 and myofibroblasts.

As described above, it was recently reported that induction of
the ER stress response by chemicals or by expression of misfolded
proteins in the ER in alveolar endothelial cells or fibroblasts causes
EMT or myofibroblastic differentiation, respectively [18,22]. There-
fore, it is possible that the up-regulation of ORP150 expression is
responsible for the observed results. We tested this idea in vitro
and found that the TGF-B1-dependent induction of EMT-like phe-
notypes in lung epithelial cells was not affected by the suppression
of ORP150 expression. On the other hand, the TGF-Bi-dependent
activation of fibroblasts (myofibroblastic differentiation) was
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Fig. 3. Effect of down-regulation of ORP150 expression on bleomycin-induced pulmonary fibrosis, alteration of lung mechanics and respiratory dysfunction. ORP150*/~ mice
and wild-type mice (ORP150**) were treated with (BLM) or without (Vehicle) bleomycin (5 mg/kg) once-only on day 0 and lung tissue removed on day 14. Sections of
pulmonary tissue were subjected to H & E staining (A) or Masson's trichrome staining (B). Pulmonary hydroxyproline levels in lung homogenates were determined (C). Total
respiratory system elastance (D), tissue elastance (D) and FVC (E) were determined on day 14. Values shown are mean * S.EM. ™*p <0.01; "p < 0.05. Scale bar, 100 pm.

slightly suppressed or stimulated by the suppression or induction,
respectively, of ORP150 expression. These results suggest that
ORP150 expression stimulates the increase in lung myofibroblasts
by stimulating myofibroblastic differentiation rather than by stim-
ulating the EMT of epithelial cells.

Although assessment tools used in bleomycin-induced pulmon-
ary fibrosis are primarily based on histological and quantitative

collagen analysis, the clinical management of IPF relies on lung

function analysis. We therefore used a computer-controlled
small-animal ventilator to monitor the effect of bleomycin on

elastance, as an increase in elastance has also been associated with
human IPF [29]. We found that the bleomycin-induced alteration
of lung mechanics was ameliorated in ORP150*~ mice compared
to wild-type mice. An improvement of FVC serves as the endpoint
of clinical assessments to estimate the efficacy of candidate drugs
in IPF patients; to this extent we found that bleomycin-induced a
decrease in FVC was ameliorated in ORP150%/" mice compared to
wild-type mice. These results suggest that ORP150 expression
stimulates not only bleomycin-induced pulmonary fibrosis but
also alters lung mechanics and respiratory dysfunction.
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Taken together, the findings presented here suggest that
ORP150 could serve as a possible drug target for IPF; however, this
requires careful examination given that drugs that inhibit ORP150
function may also induce acute lung injury by suppressing the
cytoprotective effects that ORP150 exerts against pulmonary
damage. ‘
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Suppression of UV-Induced Wrinkle Formation by
Induction of HSP70 Expression in Mice

Minoru Matsuda'?3, Tatsuya Hoshino', Naoki Yamakawa'?, Kayoko Tahara', Hiroaki Adachi®,
Gen Sobue®, Daisuke Maji’, Hironobu thn? 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 Deﬁnato/ogy (2013) 133, 919-928; doi:10.1038/}id.2012.383; published online 25 October 2012

INTRODUCTION
The skin is damaged by various environmental stressors,
especially by .long-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 IV,
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

www jidonline.org
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and degeneration of elastic fibers also have an important role

- in wrinkle formation and decreased skin elasticity (Imokawa,

2009). To this extent, the topical application of elastase
inhibitors significantly suppressed UV-induced wrinkle forma-
tion in hairless mice (Tsuji et al., 2001; Tsukahara et al., 2001;
Zhao et al.,, 2009).

Induction of the expression of heat shock proteins (HSPs),
especially that of HSP70, provides resistance to stressors
(Morimoto and Santoro, 1998). In addition to this cyto-
protective effect, HSP70 has an anti-inflammatory activity
(Krappmann et al., 2004; Chen et al, 2006; Tang et al,
2007; Weiss et al., 2007). The artificial expression of HSP70 in
keratinocytes and melanocytes confers protection in vitro
against UV (Maytin et al., 1994; Trautinger et al., 1995; Park
et al., 2000; Wilson et al., 2000; Trautinger, 2001). However,
the role of HSP70 in photoaging in vivo remains unclear. We
recently showed that UV-induced skin damage and the result-
ing inflammatory responses were suppressed in transgenic
mice expressing HSP70 (Matsuda et al., 2010). We also
reported that UV-induced melanin production by the skin
was suppressed in transgenic mice expressing HSP70 (Hoshino
et al, 2010). However, the role of HSP70 in UV-induced
wrinkle formation is yet to be elucidated.

In this study, we examine the effect of the expression of
HSP70 on UV-induced wrinkle formation and decreased skin
elasticity. UV-induced epidermal hyperplasia, decreased skin
elasticity, and wrinkle formation were suppressed in hairless
mice concomitantly subjected to mild heat treatment
(exposure to heated water at 42 °C). Moreover, UV-induced
epidermal hyperplasia, decreased skin elasticity, the disrup-
tion of collagen and elastic fibers, and the basal membrane of
the epidermis, and activation of MMPs and elastase were sig-
nificantly .suppressed in transgenic mice expressing HSP70

compared with wild-type mice. These results suggest that HSP70 -

expression protects the skin against UV-induced wrinkle
formation.

RESULTS

Effect of heat treatment on UVB-induced wrinkle formation
We examined the effect of a single mild heat treatment
(exposure to heated water, 42°C for 5minutes) on HSP
expression in the dorsal skin of hairless mice. Immunoblotting
analysis revealed that the level of HSP70 but not of other HSPs
in the skin increased after the heat treatment (Figure 1a and b).
The induction of expression of HSP70 by the mild heat
treatment (42 °C for 5 minutes) was observed even after the

-repeated heat treatment (three times a week for 5 weeks)

(Figure Tc and d). Costaining of HSP70 and pan-cytokeratin (a
keratinocyte marker), vimentin (a fibroblast marker), or CD11b
(a macrophage marker) was observed in both repeatedly heat-
treated and untreated dorsal skin (Figure 1e-g). We confirmed
mild heat treatment-induced expression of HSP70 in mice
irradiated with UVB (Figure Tc-g).

To examine the effect of expression of HSPs on UVB-
induced wrinkle formation, the dorsal skin of animals was pre-
exposed to the heat treatment (exposure to heated water, 42 °C
for 5 minutes) and then irradiated with UVB. This cycle was

- repeated three times a week for 10 weeks. As shown in

Journal of Investigative Dermatology (2013), Volume 133

Figure 2a and b, visible signs of wrinkling were observed in
the dorsal skin of UVB-treated control mice (without heat
treatment), but not so clearly in that of mice treated with both
UVB and heat. The area of shadow on the replica images,

which is indicative of wrinkle formation level, was increased .

by exposure to UVB radiation, whereas concomitant heat
treatment reduced this index in UVB-treated mice (Figure 2¢
and d). These results suggest that the heat treatment suppresses
UVB-induced wrinkle formation.

We then used a Cutometer to examine the effect of heat
treatment on UVB-induced alterations to skin elasticity. All
indexes of skin elasticity (Uf, final distension; Ue, immediate
distension; and Ur, immediate retraction) except for Uv
(delayed distension) were decreased by the UVB radiation
and were significantly higher in heat-treated skin than in
untreated skin exposed to UVB radiation (Figure 2e), suggest-
ing that heat treatment suppresses the UVB-induced decrease
in skin elasticity.

Epidermal hyperplasia is also closely linked to wrinkle
formation. The UVB irradiation induced epidermal hyperpla-
sia, although the epidermal thickness was lower in mice
subjected to concomitant heat treatment than in control mice
exposed to UVB radiation (Figure 2f and g).

We then used immunohistochemical analysis to examine
the effect of the heat treatment on the ECM. As shown in
Figure 3a, the layer expressing type IV collagen (the epidermal
basal membrane) was disrupted in UVB-treated control mice
(without heat treatment). This effect, however, was attenuated
in mice concomitantly exposed to heat treatment.

Total expression of type | collagen and fine collagen fibers
was decreased in UVB-exposed control mice (without heat
treatment), and these decreases were suppressed in mice that
had been concomitantly exposed to heat treatment (Figure 3a).
Similar results were observed for elastic fibers, which were
identified by the immunohistochemical detection of tropo-
elastin (Figure 3a). The results in Figure 3a suggest that heat
treatment suppressed the UVB-induced disruption and degen-
eration of the skin's ECM.

UVB-induced wrinkle formation-related phenomena in
transgenic mice expressing HSP70

We then compared the UVB-induced decrease in skin
elasticity and epidermal hyperplasia between transgenic mice
expressing HSP70 (Plumier et al., 1995) and wild-type mice.
UVB-induced decreased skin elasticity (decrease in Uf, Ue,
and Ur indexes) was observed in wild-type mice; these
indexes were significantly higher in UVB-treated transgenic
mice expressing HSP70 (Figure 4a). Similar results were
observed for epidermal hyperplasia; the epidermal thickness
was lower in transgenic mice than in wild-type mice after
UVB irradiation (Figure 4b and c). These results show that the
UVB-induced decrease in skin elasticity and epidermal hyper--
plasia observed in wild-type mice was suppressed in trans-
genic mice expressing HSP70.

The UVB-induced degradation of the epidermal basal mem-
brane and the decrease in collagen and elastic fibers were not
observed as clearly in transgenic mice expressing HSP70 as
they were in wild-type mice (Figure 3b). /
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Figure 1. Expression of heat shock proteins (HSPs) in the dorsal skin after heat treatment. (a, b) The dorsal skin of hairless mice was exposed to heated water
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against each protein. (b, d) The band intensity was determined. Values are mean = SEM. **P<0.01. (e-g) Sections were subjected to immunochistochemical
analysis with antibodies against HSP70 and pan-cytokeratin (e), vimentin (f), or CD11b (g). Bar= 50 um. CTRL, control; DAPI, 4,6-diamidino-2-phenylindole

dihydrochloride.

Mechanism for the protective role of HSP70 against
UVB-induced wrinkle formation-related phenomena

We then determined by TUNEL assay the extent of UVB-
induced fibroblast cell death. An increase in the number of
TUNEL-positive cells in the skin of wild-type mice was
observed after a single UVB irradiation, and this increase
was clearly suppressed in transgenic mice expressing HSP70
(Figure 5a). Immunostaining for vimentin was also performed,
and the number of cells positive for both TUNEL and vimentin
staining was counted. The number of double-positive cells
increased in response to UVB irradiation in wild-type mice,
and this number was lower in transgenic mice expressing
HSP70 (Figure 5b), suggesting that HSP70 expression pro-
tected skin fibroblasts from UVB-induced cell death.

To test this idea in vitro, we prepared primary cultures of
skin fibroblasts from the transgenic and wild-type mice and
examined the level of resistance of these cells to hydrogen
peroxide. As shown in Figure 5¢, treatment of wild-type skin
fibroblasts with hydrogen peroxide decreased cell viability;
this decrease was significantly suppressed in HSP70-over-
expressing skin fibroblasts, showing that the expression of
HSP70 protected the skin fibroblasts agamst reactive oxygen
species-induced cell death.

Next, we examined the mechanism for the protective effect
of HSP70 against UVB-induced alterations to the ECM. As
messenger RNA expression levels corresponding to proot(l)-
collagen, proc2(l)collagen, proa1{IV)collagen, proa2(IV)collagen,
and tropoelastin were indistinguishable between transgenic
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mice expressing HSP70 and wild-type mice under conditions
both with and without UVB irradiation (data not shown), we
then focused on MMPs and elastase. We used gelatin
zymography to examine the activities of MMP-2 and -MMP-
9. The band intensities of MMP-2 and MMP-9, indicative of
MMP-2 and MMP-9 activities, were higher in skin tissues
prepared from UVB-treated wild-type mice than in those from
UVB-treated transgenic mice expressing HSP70 (Figure 6a
and b). Similar results were obtained for elastase activity
(Figure ‘6¢). On the other hand, the type I collagenase or
MMP-13 activity was indistinguishable between the transgenic
mice and wild-type mice (Figure 6d and e). The amount of
MMP-13 or TIMP-1 in dorsal skin extract was also indis-

tinguishable between them (data not shown). These results

suggest that the expression of HSP70 suppresses the UVB-
induced activation of MMP-2, MMP-9, and elastase.

Journal of Investigative Dermatology (2013), Volume 133

To test this idea in vitro, we compared the activities of these
proteases in primary cultures of skin fibroblasts. The MMP-2
activity was higher in wild-type fibroblasts than in HSP70-
expressing fibroblasts in both the presence and absence of
hydrogen peroxide (Figure 6f and g). We could not detect
MMP-9 activity (Figure 6f). The messenger RNA expression level
corresponding to MMP-2 was higher in wild-type fibroblasts than
in HSP70-expressing cells (Figure 6h). As for elastase, although
the activity in the absence of hydrogen peroxide was indis-
tinguishable between wild-type and HSP70-expressing fibro-
blasts, the activity was higher in wild-type fibroblasts than in
HSP70-expressing fibroblasts in the presence of hydrogen
peroxide (Figure 6i). We could not detect messenger RNA ex-
pression corresponding to elastase under the conditions used
(data not shown). These results support the idea that the expres-
sion of HSP70 suppresses MMP-2 and elastase activities.
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In relation to MMP-9, it was reported that inflammatory
cells such as macrophages and neutrophils produce this
protein (Kessenbrock et al., 2010). We therefore used immu-
nohistochemical analysis to examine the infiltration of these
cells in the skin of UVB-treated or untreated transgenic mice
expressing’HSP70 or their wild-type counterparts. As shown in
Figure 6j, the number of CD11b-positive cells (macrophages)
or myeloperoxidase-positive cells (neutrophils) in the skin was
increased by UVB irradiation in wild-type mice. This number
was  lower in UVB-treated transgenic mice expressing
HSP70, suggesting that the expression of HSP70 inhibits the
UVB-induced infiltration of macrophages and neutrophils into
the skin. We also used gelatin zymography to compare the
activities of MMPs in HSP70-overexpressing and wild-type

macrophages, and found that the MMP-9 activity was similar

between the two types of macrophages (data not shown).

These results suggest that the expression of HSP70 suppresses
MMP-9 activity by inhibiting the UVB-induced infiltration of
macrophages and neutrophils into the skin.

DISCUSSION

Here we provide data suggesting that HSP70 is protective

against UVB-induced wrinkle formation.

UVB-induced wrinkle formation requires a long period of
irradiation (about 10 weeks). Thus, it is difficult to monitor
UVB-induced wrinkle formation in normal mice (with hair)
because a true hairless state with shaved skin can only be
maintained for about 6-7 weeks. For this reason, hairless mice

www jidonline.org

- 191 -

923



924

M Matsuda et al.
Prevention of Wrinkle Formation by HSP70

]

o
N
i

Displacement (mm)
o

A WT CTRL (n=5)

[T} HSP70 Tg CTRL (n=5)
21 WT UVB (n=8)
HSP70 Tg UVB (n=7)

o
o
[}

Uf Ue

HSP70 Tg

CTRL

UvB

Epidermal thickness

Kk . WT
n=7 HSP70 Tg
- 40 4 =
30 4
B
= 20
[
CTRL uvB

Figure 4. UVB-induced decrease in skin elasticity and epidermal hyperplasia in transgenic mice expressing heat shock protein 70 (HSP70). Transgenic mice
expressing HSP70 (HSP70 Tg) and wild-type mice (WT) were irradiated with UVB as described in the legend of Figure 3. The skin elasticity (a) and epidermal
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were used in the study to examine the wrinkle formation. On
the other hand, transgenic mice are useful to examine the role
of specific proteins in biological responses. For this reason, we
studied the role of HSPs on wrinkle formation using heat
treatment of hairless mice, whereas the mechanism for the
protective role of HSP70 on wrinkle formation was examined
in transgenic mice expressing HSP70.

It was previously reported that more severe heat treatment
conditions (e.g., 43 °C for 30 or 90 minutes) than those in this
study (42 °C for 5 minutes) causes skin damage such as wrinkle
formation and activation of MMPs in vivo (Cho et al., 2008,
2009; ; Kim et al., 2009; Shin et al., 2012). We confirmed that
heat treatment of mouse skin under severe conditions (43, 44,
or 45°C for 5minutes) but not under mild conditions (42 °C
for 5 minutes) caused an increase in the amount of MMP-13
(data not shown). We also observed an increase in the
amounts and/or activities of MMP-2, MMP-9, and elastase in
mouse skin by heat treatment of severe conditions (data not
shown). On the other hand, we found that treatment of mouse
skin at 42°C or higher for 5minutes clearly induced the
expression of HSP70 (Figure 1 and data not shown). As the
purpose of this study is to examine the protective role of
HSP70 induced by heat treatment on the UVB-induced
wrinkle formation, we used the mild heat treatment conditions
(42 °C for 5 minutes). However, it should be noted that severe
heat treatment damages the skin even without concomitant
exposure to UVB. '

Journal of Investigative Dermatology (2013), Volume 133

We found that mild heat treatment of the dorsal skin
of hairless mice suppressed UVB-induced wrinkle formation,
and decrease in skin elasticity and epidermal hyperplasia. This
is an evidence showing that mild heat treatment protects
against UVB-induced wrinkle formation. Furthermore, the
UVB-induced decrease in skin elasticity and epidermal hyper-
plasia was less apparent in transgenic mice expressing HSP70
compared with wild-type mice, suggesting that the mild heat
treatment suppresses UVB-induced wrinkle formation through
the induction of HSP70 expression.

UVB-induced wrinkle formation is mediated by a complex
mechanism involving damage to the ECM and cell death, and
the resulting inflammatory responses both in the epidermis
and dermis. We showed here that exposure to UVB radiation
caused skin fibroblast cell death and that this was suppressed
in transgenic mice expressing HSP70. We also showed that
reactive oxygen species-induced cell death was suppressed in
HSP70-overexpressing skin fibroblasts compared with control
fibroblasts cultured in vitro. Similar results were observed for
keratinocytes in our previous paper (Matsuda et al., 2010). We
also found that compared with wild-type mice, the infiltration
of inflammatory cells (macrophages and neutrophils) after
long-term repeated UVB irradiation of animals was sup-
pressed in transgenic mice expressing HSP70. We previously
reported that a single UVB irradiation of wild-type mice
decreased the skin level of 1kB-a (an inhibitor of NF-xB) and

increased proinflammatory cytokines and chemokines in the
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Figure 5. UVB-induced fibroblast cell death in transgenic mice expressing heat shock protein 70 (HSP70). (a, b) Transgenic mice expressing HSP70 (HSP70 Tg)
and wild-type mice (WT) were irradiated with 180 mjcm ~2 UVB, and the dorsal skin was removed after 24 hours. (a) Sections were subjected to TUNEL assay,
immunohistochemical analysis with antibody against vimentin, and 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) staining (double-positive cells are
shown by arrows; bar=50pm). (b) The number of double-positive cells (TUNEL and vimentin expression) was counted. (c) Primary cultures of skin fibroblasts
prepared from HSP70 Tg and WT were treated with the indicated concentrations of hydrogen peroxide for 1 hour and cultured for 23 hours. Cell viability was
determined by the 3-(4,5-dimethylthiazol-2-y])-2,5-diphenyl tetrazolium bromide method. Values are mean + SEM. **P<0.01. CTRL, control.

skin, and that these inflammatory responses were suppressed  and anti-inflammatory activities of HSP70 contribute to the
in transgenic mice expressing HSP70 (Matsuda et al., 2010).  suppression of UVB-induced phenomena related to wrinkle
Taken together, these results suggest that the cytoprotective  formation (decrease in skin elasticity and epidermal
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Figure 6. Effect of heat shock protein 70 (HSP70) overexpression on matrix metalloproteinases (MMPs) and elastase activities. (a-e, j) Mice were irradiated
with UVB as described in the legend of Figure 3. (f~i) Primary skin fibroblasts were treated with hydrogen peroxide as described in the legend of Figure 5.
Dorsal skin extracts (a) or culture media (f) were subjected to gelatin zymography assay, and the band intensity was determined (b, g). Elastase (c), type |
collagenase (d), or MMP-13 (e) activity in dorsal skin extracts or elastase activity in cells (i) was measured. The messenger RNA expression was analyzed (h).
The dorsal skin was subjected to immunohistochemical analysis for CD11b or myeloperoxidase, and the number of positive cells was counted (j). Values are
mean + SEM. **P<0.01; *P<0.05. CTRL, control; NS, not significant; WT, wild type. .

hyperplasia) in transgenic mice expressing HSP70 and wild-
type mice exposed to heat treatment.

Immunohistochemical analysis suggested that the level of
type | collagen was decreased by UVB irradiation in control
mice and that this decrease was partially suppressed in mice
concomitantly exposed to mild heat treatment, or in trans-
genic mice expressing HSP70. This analysis also showed that
fine basal membrane of the epidermis and collagen and elastic
fibers were disrupted by UVB irradiation; this damage was

_partially suppressed in mice concomitantly. exposed to mild

heat treatment or in transgenic mice expressing HSP70. We
also found that the activities of MMP-2, MMP-9, and elastase
were increased by UVB irradiation and that these activities
were lower in UVB-treated transgenic mice expressing HSP70

‘than in wild-type mice. These results suggest that MMP-2,

Journal of Investigative Dermatology (2013), Volume 133

MMP-9, and elastase have important roles in the HSP70-
dependent protection against UVB-induced disruption of the
ECM. As the overexpression of HSP70 in primary cultures of
skin fibroblasts suppressed the expression and activity of
MMP-2 and the activity of elastase, HSP70 seems to directly
suppress the expression and/or activity of these proteases. On
the other hand, the expression of HSP70 did not affect the
activity of MMP-9 in macrophage primary cultures, suggesting
that the decreased MMP-9 activity in UVB-treated transgenic
mice expressing HSP70 may be owing to the suppression of
infiltration of inflammatory cells into the skin.

We recently found that the artificial expression of HSP70
suppresses melanin production both in vivo and in vitro
(Hoshino et al., 2010). We also reported that HSP70 expres-
sion suppresses both UVB-induced cellular and DNA damage
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and production of reactive oxygen species (Matsuda et al.,
2010). As UV-induced modest melanin production has an
important role in protecting the skin against UV-dependent
damage (Kobayashi et al., 1998), our results suggest that
HSP70 inducers could serve as hypopigmenting agents (skin
whitening agents) without -worsening UV-induced skin
damage. The results of this study suggest that such HSP70
inducers could also be beneficial for reducing UV-induced
wrinkle formation.

MATERIALS AND METHODS

Animals

The experiments and procedures described here were performed in
accordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the National Institutes of
Health, and were approved by the Animal Care Committee of
Kumamoto University and Keio University.

UVB irradiation and heat treatment

Animals were exposed to UVB radiation with a double bank of UVB
lamps (peak emission at 312nm, VL-215LM lamp, Vilber Lourmat,
Paris, France). This UV lamp mainly emits UVB but emits a small level
of UVA. Animals were placed under deep anesthesia with chloral

hydrate (250 mgkg ™), and the fur (except in the case of hairless mice)-

was removed with electric clippers before the first UVB irradiation.

The dorsal skin of hairless mice was exposed to heated water at
42°C or 37°C (control) for 5 minutes for héat treatment.

Wrinkles were formed as a consequence of long-term, repeated
exposure to UVB radiation (three times a week for 6 or 10 weeks) as
described previously (Inomata et al., 2003) with some modifications.
Briefly, in the case of hairless mice, the initial dose of UVB was set at
36mjcm ™2 :
108; 126, 144, 162, and finally 180mjcm ™2 (180mjcm ™2, both at
week 9 and week 10; a total of 10 weeks). In the case of transgenic
mice expressing HSP70 and the wild-type mice (C57/BL6), the initial
dose was set at 36mjcm ™2, which was subsequently increased
weekly to 54, 72, 108, 144, and 180 m) em ™2 (a total of 6 weeks).

Wrinkle scoring, image analysis of skin replicas, and
measurement of skin elasticity
Evaluation of wrinkle formation was performed by both visual wrinkle

scoring and image analysis of skin replicas as described previously

(Inomata et al, 2003; Tsukahara et al., 2004). Skin elasticity was
measured with a Cutometer 575 meter (Courage + Khazaka) as

described previously (Agache et al, 1980; Elsner et al, 1990;

Tsukahara et al., 2001).

Real-time reverse-transcriptase-PCR analysis

Total RNA was extracted from cultured cells using the RNeasy
Fibrous Tissue Mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol. Real-time reverse-transcriptase~PCR analysis
was performed as described (Hoshino et al, 2010). The primer
sequence would be provided on request.

Histological and immunohistochemical analyses and TUNEL assay
Histological examination (hematoxylin and eosin staining), immuno-
histochemical analysis, and TUNEL assay were performed as descri-
bed (Matsuda et al., 2010).

, which was SUbSéquently increased weekly to 54, 72, 90,

- M Matsuda et al.
Prevention of Wrinkle Formation by HSP70

Gelatin zymography and measurement of enzyme activity

The proteolytic activity of MMP-2 and MMP-9 was assessed by
SDS-PAGE using zymogram gels containing 0.1% (w/v) gelatin, as
described previously (Taraboletti et al., 2000). Elastase activity was
measured using N-succinyl-tri-alanyl-p-nitroanilide (Peptide Institute,
Osaka, Japan) as a substrate, as described previously (Tsukahara et al,,

2004). Type | collagenase activity or MMP-13 activity was measured

using the type | collagenase assay kit (Primary Cell, Hokkaido, Japan)
or the Sensolyte MMP-13 assay kit (AnaSpec, San jose, CA),
respectively.

Statistical analysis

All values are expressed as the mean SEM. Two-way analysis of
variance followed by the Tukey’s test was used to evaluate differences
between more than two groups. Differences were considered to be
significant for values of P<0.05.
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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 nlcer.

Methods The effect of fumonisin B1, an inhibitor of ceramide
synthase, and of d,1,-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.

Results TFumonisin B1 attenuated acetic acxd—mduced gas-
tric ulcer formation, associated with a decrease in the number
of apoptotic cells. Our results showed that it is neither the
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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-DNJ 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-y [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 sphingolipid 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. 1.

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 ulcer, which is a
representative experimental model of chronic gastric ulcer.
We also examined the effects of two different kinds of

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., Ltd., 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 con\comitantly
(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-propancl (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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