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Table 2. Effect of PC-SOD on pulmonary level of hydrogen
peroxide

PC-SOD, Intravenous. kU/kg Hydrogen Peroxide, pM

Control 15.7 = 0.81

1.5 17.4 = 0.75

30 22.8 = 1.33*
PC-SOD, Inhalation, kU/chamber Hydrogen Peroxide. uM
Control 151 = 1.79

60 13.1 £ 1.93

300 11.5 2095

Mice were administered indicated doses of PC-SOD (kU/kg or kU/chamber)
intravenously or by inhalation once daily for 3 days. Lungs were removed. and the
amount of hydrogen peroxide was determined. Values are means = SE *P < 0.01:
*vs. control.

administration of catalase and a high dose of PC-SOD (Fig.
4, C and D). Again, treatment with either catalase or a high
dose of PC-SOD alone did not exert these beneficial effects
(Fig. 4, C and D).
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We further tested this idea by direct measurement of the
pulmonary level of hydrogen peroxide. As shown in Table 2,
administration of a high dose (30 kU/kg) but not a low dose
(1.5 kU/kg) of PC-SOD increased the pulmonary level of
hydrogen peroxide. The results shown in Fig. 4 and Table 2
suggest that the catalase-dependent restoration of efficacy of a
high dose of PC-SOD on bleomycin-induced pulmonary fibro-
sis is due to the detoxification of hydrogen peroxide effects
produced by a relatively higher activity of SOD.

Effect of modified methods of administration on PC-SOD’s
capacity to combat bleomycin-induced pulmonary fibrosis. To
obtain some useful clues for refining the clinical guidelines for
administration of PC-SOD, we tested the outcome of other
routes of administration in the treatment of bleomycin-induced
pulmonary fibrosis. As illustrated in Fig. 54, the intratracheal
administration of PC-SOD gave ameliorative effects against
the bleomycin-induced inflammatory response. Interestingly, a
bell-shaped dose-response profile was not observed with this
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route of administration; the intratracheal administration of
higher doses of PC-SOD (30 or 60 kU/kg) showed similar
ameliorative effects to those seen for lower doses (Fig. 54). As
shown in Fig. 5, B-D, the intratracheal administration of
PC-SOD also suppressed bleomycin-induced pulmonary tissue
damage and fibrosis. Again, the bell-shape dose-response pro-
file was not so obvious.

As shown in Table 1, after daily intratracheal administration
of PC-SOD, the pulmonary level of PC-SOD was very high
compared with that seen following intravenous administration.
We therefore compared the distribution of PC-SOD in lung
tissue in response to intravenous and intratracheal administra-
tion using immunohistochemical analysis with antibody against hu-
man Cuw/Zn-SOD. As shown in Fig. 6, SOD was detected
depending on the administration of PC-SOD, showing that this
antibody specifically recognizes administered PC-SOD (not
endogenous mouse SOD) under the conditions used. PC-SOD
was detected in tissues containing a major airway but was not
as evident in regions distant from trachea after the intratracheal
administration of a low dose (1.5 kU/kg) (Fig. 6). On the other
hand, PC-SOD was widely detected in both regions after the
intravenous administration of a high dose (30 kU/kg) (Fig. 6).
No SOD staining was observed in any regions after the intra-

Il + Pc (s0)

* (v.s. control)
# (v.s. BLM (5) alone)

venous administration of a low dose of PC-SOD (1.5 kU/kg)
(data not shown).

PC-SOD was also detected in the serum after intratracheal
administration; however, the level was much lower than that
measured after its intravenous administration at an equivalent
dose (Table 1).

The results shown in Fig. 5 suggest that inhalation of
PC-SOD may increase the QOL of patients in the clinical
practice. To test this idea, bleomycin-administered mice were
placed in a chamber connected to an ultrasonic nebulizer, thus
exposing them to PC-SOD-containing vapor. We confirmed by
HPLC analysis and measurement of SOD activity that this
treatment did not affect the structure and activity of the
PC-SOD (data not shown). This treatment was repeated once
daily for 3 days or 14 days, and bleomycin-induced pulmonary
disorders were examined. As shown in Fig. 7A, inhaled PC-
SOD [both low dose (60 kU/chamber) and high dose (300
kU/chamber)] ameliorated the bleomycin-induced inflamma-
tory response and suppressed the pulmonary tissue damage and
fibrosis (Fig. 7, B—D). We also found that inhalation of an even
higher dose of PC-SOD (900 kU/chamber) decreased the
bleomycin-induced inflammatory response as much as its low
dose (60 kU/chamber) (data not shown), suggesting that bell-
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Fig. 6. Distribution of PC-SOD in the lung. Mice were treated with bleomycin,
and indicated doses of PC-SOD (kU/kg or kU/chamber) were administered
intravenously, intratracheally, or by inhalation once per day for 3 days.
Sections of pulmonary tissue (from the 2 regions shown) were prepared 6 h
after the final administration of PC-SOD (after 3 days) and subjected to
immunohistochemical analysis with an antibody against human Cuw/Zn-SOD.
Similar results were obtained for at least 3 sections.

ST

shaped dose-response profile did not occur with inhalation. As
shown in Table 2, administration of not only a low dose (60
kU/chamber) but also a high dose (300 kU/chamber) of PC-
SOD did not increase the pulmonary level of hydrogen perox-
ide, being different from the case of intravenous administra-
tion. We also found that inhalation of unmodified SOD did not
affect the bleomycin-induced inflammatory response (Table 3).
As shown in Table 1, PC-SOD was detected in the pulmonary
tissue after daily sessions of inhalation. Immunohistochemical
analysis revealed that inhaled PC-SOD was distributed broadly
in the lung tissue (Fig. 6). Furthermore, very little PC-SOD
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was detected in serum following its delivery in this manner
(Table 1).

DISCUSSION

Previous studies showed that intravenous administration of
PC-SOD ameliorates bleomycin-induced pulmonary fibrosis;
however, its molecular mechanism was not fully understood
(44, 50). In these studies, a bell-shaped dose-response profile
for PC-SOD was observed, but the mechanism underlying this
effect was unclear. In the present study, we reproduced the
results of the previous studies and examined underlying mech-
anisms. Furthermore, as the current clinical protocol for the
administration of PC-SOD (once daily intravenous infusion for
4 wk) does not provide patients with good QOL, we attempted
to find other dosing regimes in our animal model with a view
to provide better clinical outcomes.

Pulmonary cell death could be a trigger of IPF and bleomy-
cin-induced pulmonary fibrosis because it stimulates the in-
flammatory response and fibrosis (abnormal wound repair and
remodeling) as described in the introduction. We showed that
pulmonary cell death in bleomycin-treated mice was sup-
pressed by administration of PC-SOD. We also showed that
PC-SOD protected cultured lung epithelial cells from menadi-
one-induced cell death. Furthermore, we found that PC-SOD
suppresses the bleomycin-dependent increase in TGF-$1 levels
in pulmonary tissue in vivo and menadione-induced production
of TGF-B1 in vitro. On the other hand, PC-SOD did not affect
the TGF-B1-dependent stimulation of collagen synthesis and
induction of EMT. Based on these findings, we consider that
PC-SOD ameliorates bleomycin-induced pulmonary fibrosis
through its inhibitory effect on ROS-induced cell death and
expression of TGF-B1 rather than by modulating TGF-B1-
dependent cellular responses.

The bell-shaped dose-response profile of PC-SOD is of
clinical concern, as this may reflect side effects of the drug.
Here, however, we found that the efficacy of higher doses of
PC-SOD is restored by simultaneous administration of cata-
lase, which converts hydrogen peroxide to water and oxygen.
As such, the ineffectiveness of high doses of PC-SOD on
bleomycin-induced pulmonary fibrosis is likely to be caused by
accumulation of hydrogen peroxide. The simultaneous admin-
istration of catalase with PC-SOD to IPF patients may there-
fore provide a greater therapeutic effect and lower the risk of
side effects. Furthermore, the examination of catalase activity
in individuals before PC-SOD administration may result in the
establishment of safer treatment protocols for IPF patients.

We also found that intratracheal administration of PC-SOD
significantly suppressed bleomycin-induced pulmonary fibro-
sis. PC-SOD was detected in the serum following this mode of
administration; however, the serum level with intratracheal
administration of PC-SOD (1.5 kU/kg, effective dose for bleo-
mycin-induced pulmonary fibrosis) was much lower than that
measured following the intravenous administration of PC-SOD
(0.75 kU/kg, ineffective dose). Therefore, it seems that the
delivery of PC-SOD directly to the lung (but not via the blood)
is primarily responsible for the improved effects seen in re-
sponse to its intratracheal administration. On the other hand,
the pulmonary level of PC-SOD administered intravenously
(1.5 kU/kg, effective dose) was much lower than that obtained
with intratracheal administration (0.15 kU/kg, ineffective
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dose). This may due to the localization "of intratracheally
administered PC-SOD close to the trachea rather than regions
distant from there. Therefore, it seems that PC-SOD should be
delivered in a broad manner to the lung to suppress bleomycin-

Table 3. Effect of inhalation of U-SOD on
bleomycin-induced inflammatory response

U-SOD. Alveolar

Inhalation. Total Cells Macrophages Lymphocytes Neutrophils
kU/Chamber (X10° Cells) (X10° Cells) (X10* Cells) (X10* Cells)
Control 5.1 %028 4.8 £0.26 0.5 % 0.01 1.7 £ 0.15
60 5.1%0.14 48 £ 0.14 0.5 % 0.07 1.6 = 0.08
300 4.6 023 4.4 =025 0.5 = 0.08 1.5 022

Mice were treated with bleomycin, and the inflammatory response was assessed
as described in Fig. legend 1. Indicated doses of unmodified SOD (U-SOD:
kU/chamber) were inhaled once per day for 3 days. Values are means = SE.

induced pulmonary fibrosis. It should also be noted that the
bell-shaped dose-response profile of PC-SOD was not ob-
served (up to 60 kU/kg) with the intratracheal mode of admin-
istration.

We also found that inhalation of PC-SOD ameliorated bleo-
mycin-induced pulmonary fibrosis. This finding is very impor-
tant because if this mode of administration of PC-SOD can be
applied clinically, it should greatly improve the QOL of pa-
tients treated with the drug. The lack of a bell-shaped dose-
response profile with this route of administration is also ther-
apeutically beneficial. The pulmonary level of PC-SOD after
inhalation of PC-SOD (900 kU/chamber, effective dose) was
higher than that after the intravenous administration (30 kU/kg,
meffective dose due to the bell-shaped profile). This discrep-
ancy may be due to the difference in the local distribution of
PC-SOD (for example, in the alveolar epithelia or in vessel

AJP-Lung Cell Mol Physiol « VOL 298 - MARCH 2010 - www ajplung.org

42 -



PC-SOD AND BLEOMY CIN-INDUCED FIBROSIS

walls). It was recently reported that inhalation of NAC atten-
uates bleomycin-induced pulmonary fibrosis (15). Since NAC
stimulates the conversion of hydrogen peroxide to water and
oxygen (12, 27), simultaneous administration of PC-SOD and
NAC by inhalation may have a synergistically therapeutic
effect on bleomycin-induced pulmonary fibrosis and IPF.

A phase II clinical study has shown that intravenously
administered PC-SOD (40 or 80 mg) showed therapeutic ef-
fects against IPF as judged by the serum level of markers
(lactate dehydrogenase and surfactant protein A) (Azuma A,
Ohta K, Sugiyama Y, Nukiwa T, Kudoh S, unpublished re-
sults). Based on results in this study, we propose that the
inhalation mode for administering PC-SOD could prove ben-
eficial for the treatment of IPF patients. This is because
compared with intravenous administration, this mode of ad-
ministration would cause improvement of the QOL of patients
treated with the drug, equivalent efficacy (judged by immuno-
histochemical analysis in this study), and superior safety (due
to lack of a bell-shaped dose-response profile). This mode of
administration may be effective for other pulmonary diseases,
such as chronic obstructive pulmonary disease and asthma, in
which ROS-induced pulmonary damage also plays an impor-
tant role (28, 34, 33).
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A major clinical problem encountered with the use of non-steroidal anti-inflammatory drugs (NSAIDs) is
gastrointestinal complications. We have previously suggested that both decreases in prostaglandin E;
(PGE,) levels and mucosal apoptosis are involved in the development of NSAID-produced gastric lesions
and that this apoptosis is mediated by an increase in the intracellular Ca®* concentration and the
resulting endoplasmic reticulum (ER) stress response and mitochondrial dysfunction. Celecoxib and
rebamipide are being used clinically as a safer NSAID and an anti-ulcer drug, respectively. In this study,
we have examined the effect of rebamipide on celecoxib-induced production of gastric lesions. In mice
pre-administered with a low dose of indomethacin, orally administered rebamipide suppressed
celecoxib-induced mucosal apoptosis and lesion production but did not decrease in PGE, levels in the
stomach. Rebamipide also suppressed celecoxib-induced increases in intracellular Ca®* concentration,
the ER stress response, mitochondrial dysfunction and apoptosis in vitro. We also found that rebamipide
suppresses the increases in intracellular Ca®* concentration induced by an activator of voltage-
dependent L-type Ca%* channels and that another blocker of this channel suppresses celecoxib-induced
increases in intracellular Ca®* concentration. These results suggest that celecoxib activates voltage-
dependent L-type Ca®* channels and that rebamipide blocks this activation, resulting in suppression of
celecoxib-induced apoptosis. We believe that this novel activity of rebamipide may play an important

role in the protection of gastric mucosa against the formation of celecoxib-induced lesions.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are a useful
family of therapeutics, accounting for nearly 5% of all prescribed
medications [1]. An inhibitory effect of NSAIDs on cyclooxygenase
(COX) activity is responsible for their anti-inflammatory actions
because COX is an enzyme essential for the synthesis of
prostaglandins (PGs), such as PGE,, which have a strong capacity
to induce inflammation. On the other hand, NSAID use is associated
with gastrointestinal complications, with about 15-30% of chronic
users of NSAIDs suffering from gastrointestinal ulcers and bleeding
[2-6]. Therefore, establishment of a clinical protocol to treat
NSAID-induced gastrointestinal lesions is important.

There are at least two subtypes of COX, COX-1 and COX-2,
which are responsible for the majority of COX activity at the gastric
mucosa and in inflamed tissues, respectively [7,8]. Therefore, it is
reasonable to speculate that selective COX-2 inhibitors could have
anti-inflammatory activity without gastrointestinal side effects
[7]. In fact, a greatly reduced incidence of acute gastroduodenal
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lesions has been reported for COX-2-selective inhibitors, such as
celecoxib, both in animal and clinical studies [9-12] and thus,
celecoxib is used widely in Western countries and recently has
become available in Japan. However, the superiority of celecoxib to
non-selective NSAIDs in limiting gastric side effects is not as clear
in patients taking aspirin concomitantly or in patients using such
NSAIDs for a long period [10,13,14]. Therefore, use of COX-2-
selective inhibitors does not completely avoid the gastric side
effects of NSAIDs and it is important that a clinical protocol to treat
celecoxib-induced gastric lesions be established.

Although PGE; has a strong protective effect on gastrointestinal
mucosa, the inhibition of COX by NSAIDs is not the sole
explanation for the gastrointestinal side effects of NSAIDs
[15,16]. We have recently demonstrated that NSAIDs induce
apoptosis in cultured gastric cells and at gastric mucosa in a
manner that is independent of COX inhibition {17-21]. NSAIDs,
including celecoxib, increase the intracellular Ca** concentration
[Ca?*]. Using the intracellular Ca®* chelator 1,2-bis(2-aminophe-
noxy)ethane-N,N,N'N’-tetraacetic acid (BAPTA-AM), we have
found evidence that this increase is responsible for NSAID-induced
apoptosis [17]. This increase in [Ca®']; seems to induce the
endoplasmic reticulum (ER) stress response, in which an apopto-
sis-inducing transcription factor, C/EBP homologous transcription

- 45 -



T. Ishihara et al./ Biochemical Pharmacology 79 (2010) 1622-1633 1623

factor (chop), is induced and we have previously shown, chop is
essential for NSAID-induced apoptosis [18]. With the aid of
activating transcription factor 4 (atf4), chop induces expression of
p53 up-regulated modulator of apoptosis (puma) and the resulting
activation of Bax [22]. We have already shown that both puma and
Bax play important roles in NSAID-induced mitochondrial
dysfunction, activation of caspases and apoptosis [17,22-24].
Furthermore, we have suggested that both COX inhibition
(resulting in a decrease in gastric PGE; levels) and gastric mucosal
apoptosis are required for the formation of NSAID-induced gastric
lesions in vivo [21,25,26]. Therefore, it will be important to
consider protection of gastric mucosal cells against celecoxib-
induced apoptosis when establishing a clinical protocol to treat
celecoxib-induced gastric lesions.

Rebamipide is an anti-ulcer drug used in Asian countries
[27,28]. Both animal and clinical studies have revealed that
rebamipide prevents the formation of NSAID-induced gastric
lesions [27-30]; however, no clinical or animal data regarding the
effect of rebamipide on celecoxib-induced gastric lesions have
been reported. Rebamipide has various gastroprotective mechan-
isms, such as decreasing reactive oxygen species (ROS) and up-
regulating COX-2 expression; this latter function increases gastric
PGE; levels, which in turn stimulates mucus secretion and gastric
mucosal blood flow [27,31-33]. Furthermore, the protective effect
of rebamipide on cells against indomethacin-induced apoptosis
has been reported in vitro [34,35]. However, the effect of
rebamipide on celecoxib-induced apoptosis has not been reported.
In this study, we have obtained in vivo data suggesting that orally
administered rebamipide suppresses the formation of celecoxib-
produced gastric lesions through suppression of mucosal apopto-
sis. It was also found that rebamipide suppresses the celecoxib-
induced increase in [Ca®*];, the ER stress response, mitochondrial
dysfunction and apoptosis in vitro. We suggest that rebamipide
achieves these effects through inhibition of a voltage-dependent L-
type Ca®" channel.

2. Materials and methods
2.1. Chemicals and animals

RPMI 1640 was obtained from Nissui Pharmaceutical Co (Osaka,
Japan). Rebamipide was kindly provided by Otsuka Pharmaceutical
Co (Tokushima, Japan). Pluronic F127, fluo-3/AM, 4/, 6-diamidino-
2-phenylindole dihydrochloride (DAPI) and BAPTA-AM were
obtained from Dojindo Co (Kumamoto, Japan). Paraformaldehyde,
fetal bovine serum (FBS), tunicamycin, thapsigargin, ionomycin,
Hoechst 33258 and (S)-(-)-BAY K 8644 (BAYK 8644) were obtained
from Sigma (St. Louis, MO). Indomethacin, ibuprofen, diclofenac
and nifedipine were obtained from Wako Co (Osaka, Japan).
Celecoxib was from LKT Laboratories Inc (St Paul, MN). A PGE,
enzyme immuno assay (EIA) kit was purchased from Cayman
Chemical (Ann Arbor, MI). Antibodies against puma or the ~-
terminal region of Bax (Bax N20) and actin were purchased from
ProSci Inc (Poway, CA) or Santa Cruz Biotechnology (Santa Cruz,
CA), respectively. An antibody against cytochrome ¢ was from
PharMingen (San Jose, CA). Terminal deoxynucleotidyl transferase
(TdT) was obtained from TOYOBO (Osaka, Japan). Mayer's
hematoxylin, 1% eosin alcohol solution and mounting medium
for histological examination (Malinol) were from MUTO Pure
Chemicals (Tokyo, Japan). Biotin 14-ATP, Alexa Fluor 488 goat anti-
rabbit immunoglobulin G and Alexa Fluor 488 conjugated with
streptavidin were purchased from Invitrogen (Carlsbad, CA).
Mounting medium (VECTASHIELD) was from Vector Laboratories
(Burlingame, CA). The RNeasy kit was obtained from QIAGEN
(Valencia, CA), the first-strand cDNA synthesis kit was from Takara
(Kyoto, Japan), and iQ SYBR Green Supermix was from Bio-Rad

(Hercules, CA). Wild-type mice (C57/BL6) (8~10 weeks of age and
25 to 30 g) were used. 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 (Bethesda, MD) and were approved by
the Animal Care Committee of Kumamoto University.

2.2. Gastric damage assay

The gastric ulcerogenic response was examined as described
previously [25], with some modifications. Mice fasted for 18 h
were intravenously administered indomethacin in PBS via the tail
vein and 1 h later, orally administered celecoxib in 1% methylcel-
lulose in a volume of 10 ml/kg. In some experiments, mice were
orally administered rebamipide in 0.5% carboxymethylcellulose in
a volume of 10 ml/kg 1 h before the administration of indometha-
cin. Eight hours after the administration of celecoxib, the animals
were sacrificed, after which their stomachs were removed and the
areas of the gastric mucosal lesions were measured by an observer
unaware of the treatment they had received. Calculation of the
scores involved measuring the area of all the lesions in square
millimetres and summing the values to give an overall gastric
lesion index. The gastric PGE, level was determined by EIA
according to the manufacturer's instructions.

2.3. Cell culture and assay for apoptosis and K efflux

Human gastric adenocarcinoma (AGS) cells were cultured in
RPM! 1640 medium supplemented with 10%: FBS, 100 U/ml
penicillin and 100 pg/ml streptomycin in a humidified atmo-
sphere of 95% air with 5% CO, at 37 °C. Cells were exposed to
celecoxib by changing the medium. Cells were cultured for 24 h
and then used in experiments. Apoptosis was monitored by
fluorescence-activated cell sorting (FACS) analysis, chromatin
condensation by staining with Hoechst dye 33258 and caspase-
3-like activity as previously described {18,20,23]. K* efflux from
cells was monitored as previously described [17,36].

2.4. Real-time RT-PCR analysis

Total RNA was extracted from AGS cells using an RNeasy kit
according to the manufacturer’s protocol. Samples (2.5 pg of RNA)
were reverse-transcribed using a first-strand cDNA synthesis kit
according to the manufacturer's instructions. Synthesized cDNA
was used in real-time RT-PCR (Bio-Rad Chromo 4 system)
experiments using iQ SYBR Green Supermix and analysed with
Opticon Monitor software according to the manufacturer’s
instructions. The real-time PCR cycle conditions were 95 °C for
3 min, followed by 44 cycles at 95 °C for 10 s and at 60 °C for 60 s.
Specificity was confirmed by electrophoretic analysis of the
reaction products and by inclusion of template- or reverse
transcriptase-free controls. To normalize the amount of total
RNA present in each reaction, actin cDNA was used as an internal
standard.

Primers were designed using the Primer3 website (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). The pri-
mers used were (name, forward primer and reverse primer):
atf4, 5'-tcaaacctcatgggttctce-3’ and 5'-gtgtcatccaacgtggtcag-3/;
chop, 5'-tgectttctctteggacact-3’ and 5'-tgtgacctctgetggttetg-3;
puma, 5’-gacgacctcaacgcacagta-3’ and 5'-ggagtcccatgatgagattgt-
3'; actin, 5’'~-tgectttetcttcggacact-3' and 5'-tgtgacctctgetggttctg-3.

2.5. Immunoblotting analysis

Total protein was extracted as described previously [37].
The protein concentration of each sample was determined
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by the Bradford method [38]. Samples were applied to
polyacrylamide SDS gels and subjected to electrophoresis, after
which the proteins were immunoblotted with appropriate
antibodies.

2.6. Histological and TdT-mediated biotinylated UTP Nick End
Labelling (TUNEL) analyses

Gastric tissue samples were fixed in 4% buffered paraformalde-
hyde and embedded in paraffin before being cut into 4 p.m sections.
For histological examination (hematoxylin and eosin [H & E]
staining), sections were stained first with Mayer's hematoxylin and
then with 1% eosin alcohol solution. Samples were mounted with
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For TUNEL assay, sections were incubated first with
proteinase K for 15 min at 37°C, then with TdT and biotin
14-ATP for 1h at 37°C, and finally with Alexa Fluor 488
conjugated with streptavidin for 1h. Samples were mounted
with VECTASHIELD and inspected using fluorescence microsco-
py (Olympus BX51).

2.7. Immunostaining of cells

Cells were cultured on 4-well Lab-Tek II glass slides (Nunc).
After fixation with 4% buffered paraformaldehyde for 20 min and
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Fig. 1. Effect of rebarmipide on celecoxib-induced gastric lesions and apoptosis in vivo.

Mice were intravenously (IV) administered 1 mg/kg indomethacin or vehicle and, after 1 h, mice were orally (p.o.) administered 40 mg/kg celecoxib or vehicle (A-E). Mice
were orally administered the indicated dose (B) or 600 mg/kg (C~E) of rebamipide or vehicle 1 h before the administration of indomethacin (B, C, E) or celecoxib (D). After 8 h
from the administration of celecoxib, the stomach was removed and scored for hemorrhagic damage as described in the experimental procedures (A, B). After 8 h, sections of
gastric tissues were prepared and subjected to H & E staining (upper panels), TUNEL assay (middle panels) and DAPI staining (lower panels) (C, D). After 4 h, the gastric PGE;
level was determined by EIA (E). Values are mean =+ S.EM. (n=3-8). **P < 0.01; *P < 0.05; n.s., not significant (A, B, E). Scale bar, 100 pm.
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Fig. 1. (Continued).

permeabilization with 0.5% Triton X-100 for 5 min, non-specific
binding sites were blocked with 3% BSA for 30 min. Immunostain-
ing to detect the active form of Bax was performed with a
polyclonal antibody (Bax N20) and Alexa Fluor 488 goat anti-rabbit
immunoglobulin G. Cells were simultaneously stained with DAPI
(5 pg/ml). Cells were mounted with VECTASHIELD and inspected
using fluorescence microscopy (Olympus BX51).

2.8. Measurement of intracellular Ca®* Levels

Intracellular Ca®* levels were monitored as previously described
[17]. Cells were incubated with 4 uM fluo-3/AM in the assay buffer
(115 mM Nadl, 5.4 mM K, 1.8 mM Ca(Cl,, 0.8 mM Mg(Cl,, 20 mM
HEPES, 13.8 mM glucose, 0.1% BSA, 0.04% Pluronic F127 and 2 mM
probenecid) for 40 min at 37 °C. For Ca?'-free conditions, a modified
assay buffer (115 mM NacCl, 5.4 mM KCl, 5 mM EGTA, 20 mM HEPES,
13.8 mM glucose and 2 mM probenecid) was used. After washing,
cells were suspended in the assay buffer without BSA and Pluronic
F127. Fluo-3 fluorescence of cells was measured with a HITACHI F-
4500 spectrofluorophotometer. Maximum and minimum fluores-
cence values (Fnax and Fpin) were obtained by adding 10 uM
ionomycin and 10 M ionomycin plus 5 mM EGTA (in Ca®*-free
medium), respectively. The intracellular Ca®* level was calculated
according to the equation [Ca®*]; = Ka(F — Fmin)/(Fmax — F), where K4
is the apparent dissociation constant (400 nM) of the fluorescent
dye-Ca®* complex.

2.9. Statistical analysis

The Tukey test or the Student’s t-test for unpaired results was
used to evaluate differences between more than three groups or
between two groups, respectively. Differences were considered to
be significant for values of P < 0.05.

3. Results

3.1. Effect of rebamipide on the celecoxib-induced gastric ulcerogenic
response

Itis known that oral administration of celecoxib alone produces
few gastric lesions in animals [39]. Based on our idea that both COX
inhibition (resulting in a decrease in gastric PGE; levels) and
gastric mucosal apoptosis are required for the formation of NSAID-
induced gastric lesions in vivo, we recently showed that gastric
lesions develop in a manner that is dependent on oral administra-
tion of cytotoxic COX-2-selective inhibitors, such as celecoxib (for
induction of gastric mucosal apoptosis), in mice pre-administered
intravenously with low doses of indomethacin (for decrease in
gastric PGE; levels) [25]. In this study we have confirmed these
results (Fig. 1A) and have found that oral pre-administration of
rebamipide (300 or 600 mg/kg) suppresses this gastric lesion
production (1 mg/kg indomethacin and 40 mg/kg celecoxib) in a
dose-dependent manner (Fig. 1B). Histological analysis has
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revealed that gastric mucosal damage (crypt loss and infiltration of
leukocytes) was observed in sections from indomethacin/cele-
coxib-administered mice and that this damage was suppressed by
the pre-administration of rebamipide (600 mg/kg) (Fig. 1C).

As mentioned above, both decreases in PGE, levels and
mucosal apoptosis play important roles in the development of
NSAID-produced gastric lesions [25]. The level of gastric mucosal
apoptosis was determined by TUNEL assay. An increase in TUNEL-
positive (apoptotic) cells was observed at the gastric mucosa of
indomethacin/celecoxib-administered mice and pre-administra-
tion of rebamipide (600 mg/kg) clearly suppressed this increase
(Fig. 1C). Weak but significant apoptosis was observed at the
gastric mucosa of mice treated with celecoxib alone (Fig. 1D) but
not in those treated with indomethacin alone (data not shown),
and this apoptosis was suppressed by pre-administration of
rebamipide (Fig. 1D). These results suggest that administration of
celecoxib rather than indomethacin is responsible for the
apoptosis shown in Fig. 1C and that rebamipide somehow
suppresses this celecoxib-induced apoptosis. On the other hand,
pre-administration with rebamipide (600 mg/fkg) did not affect
gastric PGE; levels under any conditions (Fig. 1E). The level was
decreased by intravenous administration of indomethacin but not
by oral administration of celecoxib, as described previously [25].
These results suggest that rebamipide protects gastric mucosa
against the formation of indomethacin/celecoxib-produced gas-
tric lesions by inhibiting celecoxib-induced apoptosis rather than
by inhibiting indomethacin-induced decreases in gastric PGE,
levels.

3.2. Mechanism for protection by rebamipide against celecoxib-
induced apoptosis in vitro

To understand the molecular mechanism governing rebami-
pide-conferred protection against celecoxib-induced apoptosis, we
first tried to reproduce this phenomenon in cultured AGS cells.
FACS analysis revealed that pre-treatment of cells with rebamipide
(25-1000 pM) suppressed celecoxib-induced apoptosis in a dose-
dependent manner (Fig. 2A). The anti-apoptotic effect of rebami-
pide (250 wM) was also confirmed by chromatin condensation
assay and measurement of caspase-3-like activity (Fig. 2B and C).
The results, shown in Fig. 2, suggest that rebamipide directly
protects gastric cells against celecoxib-induced apoptosis. We also
found that rebamipide did not affect apoptosis induced by NSAIDs
other than celecoxib (diclofenac or ibuprofen) (data not shown).
This result may be related to the observation that rebamipide did
not affect the increase in [Ca®*]; induced by diclofenac or ibuprofen
(see Fig. 5B).

As described above, celecoxib-induced apoptosis is mediated by
the sequential induction of various cellular phenomena (increase
in [Ca®"];, ER stress response, activation of Bax, mitochondrial
dysfunction and activation of caspases). Next, we examined which
step of this apoptotic pathway is affected by rebamipide.

We have previously reported that activation of Bax, through its
conformational change and resulting translocation from the
cytosol to mitochondria, is responsible for celecoxib-induced
mitochondrial dysfunction and apoptosis [22]. The effect of
rebamipide on activation of Bax was tested by immunostaining
analysis using an antibody that specifically recognizes only the
active form of Bax. This antibody can recognize only the active
form in the immunostaining assay but recognize all forms of Bax
in the immunoblotting assay due to the denaturation of proteins
in the latter assay [40]. As shown in Fig. 3A and B, the active form
of Bax was observed in celecoxib (60 pM)-treated cells and the
level of the active form of Bax decreased in cells pre-treated with
rebamipide (250 wM), suggesting that rebamipide suppresses
celecoxib-dependent activation (conformational change) of Bax.
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Fig. 2. Effect of rebamipide on celecoxib-induced apoptosis.

AGS cells were incubated with or without (CTRL) the indicated concentration of
rebamipide for 1 h and further incubated with or without 60 M celecoxib for 24 h
(A-C). Apoptotic cell number (cells in sub~-G1 phase) was determined by FACS (A).
Cells were stained with Hoechst dye 33258 and cells with condensed chromatins
were counted (1200-1600 total cells) (B). Caspase-3-like activity was measured (C).
Values are mean + S.D. (n=3). **P < 0.01; n.s., not significant (A-C).

As shown in Fig. 3C, the amount of Bax or cytochrome c in the
cytosol fractions decreased or increased, respectively, in the
presence of celecoxib (60 uM) and these alterations were
suppressed by pre-treatment of the cells with rebamipide
(250 pM), suggesting that rebamipide suppresses celecoxib-
induced translocation of Bax and the resulting mitochondrial
dysfunction.

We previously reported that in the pathway for celecoxib-
induced apoptosis, the ER stress response, and particularly the up-
regulation of puma expression, induces activation of Bax [22]. As
shown in Fig. 4A and B, treatment of cells with celecoxib (60 M)
up-regulated the expression of puma at both mRNA and protein
levels and this up-regulation was partially suppressed by pre-
treatment of the cells with rebamipide (250 pM). We previously
reported that up-regulation of expression of atf4 and chop, both of
which are transcription factors related to the ER stress response, is
responsible for celecoxib-induced expression of puma. Here we

" have shown that celecoxib (60 1M) up-regulates the expression of

atf4 and chop mRNAs and that this up-regulation is partially
suppressed by pre-treatment of cells with rebamipide (250 uM)
(Fig. 4A). The results presented in Fig. 4 suggest that rebamipide
suppresses the celecoxib-induced ER stress response.

We previously reported that NSAIDs increase [Ca®}; and
suggested that this increase induces the ER stress response by
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Fig. 3. Effect of rebamipide on celecoxib-induced activation of Bax and mitochondrial dysfunction.

AGS cells were incubated with or without (CTRL) 250 uM rebamipide for 1 h and further incubated with or without 60 M celecoxib for 18 h (A-C). Immunostaining with
antibody against the n-terminal region of Bax (Bax N20) and DAPI staining were performed as described in the experimental procedures. Scale bar, 50 p.m (A). Approximately
400-600 cells were randomly counted for staining with Bax N20. Values are mean + S.D. (n=3). **P < 0.01; n.s., not significant (B). After subcellular fractionation, cytosol
fractions were analysed by immunoblotting with an antibody against Bax (Bax N20), cytochrome ¢ or actin.

showing that BAPTA-AM suppresses the response [17,22-24]. Here
we have examined the effect of rebamipide (250 .M) on celecoxib
(60 wM)-induced increases in [Ca®*}; with Ca**-containing medi-
um and found that rebamipide clearly suppresses this increase
(Fig. 5A). On other hand, rebamipide did not affect increases in
[Ca®*}; induced by diclofenac (0.8 mM) or ibuprofen (2 mM)
(Fig.  5B). Since indomethacin absorbs fluo-3 fluorescence
(530 nm) [17], we could not measure the intracellular Ca** level
in the presence of indomethacin by this assay system. We have
confirmed that as well as rebamipide, BAPTA-AM (50 nM)
suppresses celecoxib-dependent up-regulation of expression of
ER stress response-related genes and have found that in the
presence of BAPTA-AM, rebamipide does not further suppress
celecoxib-dependent up-regulation of expression of these genes
(Fig. 5C). This suggests that rebamipide shares a mechanism for
suppressing the ER stress response with BAPTA-AM; in other
words, that rebamipide suppresses the ER stress response through
decreasing [Ca®"];.

We then examined the effect of rebamipide on the increases in
[Ca®']; induced by chemicals other than celecoxib, such as
thapsigargin (an inhibitor of the sarcoplasmic/ER Ca®* ATPase
[SERCA]) and ionomycin (a Ca®* ionophore). As shown in Fig. 6A,
rebamipide did not affect the increase in [Ca®']; induced by
thapsigargin (1 nM) or ionomycin (2 pM). We also found that
rebamipide did not suppress (but in some cases actually
stimulated) the up-regulation of expression of ER stress re-
sponse-related genes induced by not only these two chemicals but
also by tunicamycin (0.1 pg/ml), an inhibitor of n-glycosylation
that does not affect [Ca®*]; (Fig. 6B). These results suggest that the
inhibitory effect of rebamipide on the ER stress response and
increase in [Ca®"]; is not observed generally but is specific for those
induced by celecoxib.

3.3. Mechanism for the inhibitory effect of rebamipide on celecoxib-
induced Increases in [Ca®*];

Various mechanisms have been proposed for celecoxib-induced
increases in [Ca®"); such as the inhibition of SERCA, permeabiliza-
tion of cytoplasmic membranes and activation of voltage-depen-
dent L-type Ca®* channels [17,41,42]. It seems that the mechanism
involved depends on the cell species and culture conditions. To
address this issue, we monitored [Ca®']; under Ca*'-free condi-
tions. As shown in Fig. 7A, a celecoxib-induced increase in [Ca®"};
was not observed under Ca®*-free conditions, suggesting that most
of the increase is derived from extracellular Ca®" and not from Ca%*
in intracellular compartments (such as the ER). The involvement of
SERCA in celecoxib-induced increases in [Ca**]; under the
experimental conditions was not supported by the observation
that rebamipide did not affect the thapsigargin-induced increase in
[Ca®*]; (Fig. 6A). We previously established an assay system for
measuring the membrane permeabilization activity of NSAIDs,
using calcein-loaded liposomes. Calcein fluorescence is very weak
at high concentrations due to self-quenching, so the addition of
membrane-permeabilizing drugs to a medium containing calcein-
loaded liposomes causes an increase in fluorescence by diluting the
calcein [17,19,36]. We confirmed that celecoxib increases calcein
fluorescence (data not shown). We then examined the effect of
rebamipide on the celecoxib-dependent increase in calcein
fluorescence. The addition of rebamipide (up to 1000 M) to the
medium did not affect the celecoxib-dependent increase in calcein
fluorescence (Fig. 7B). We have previously monitored celecoxib-
dependent permeabilization of cytoplasmic membranes by moni-
toring K* efflux from cells {17,36]. The K" concentration in the
culture medium increased in the presence of celecoxib (60-
400 M), showing that K* efflux from AGS cells was stimulated,
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and rebamipide (250 p.M) did not affect this increase (Fig. 7C). The
results shown in Fig. 7B and C suggest that rebamipide did not
affect celecoxib-dependent membrane permeabilization and that,
under the experimental conditions used, permeabilization of
cytoplasmic membranes is not involved in celecoxib-induced
increases in [Ca%"];.

Next, we examined the effect of nifedipine, an inhibitor of
voltage-dependent L-type Ca®* channels, on celecoxib (60 uM)-
induced increases in [Ca®*]; and found that nifedipine (10 M)
suppresses this increase (Fig. 7D). We also found that not only
nifedipine but also rebamipide (250 wM) suppressed the increase
in [Ca®*); induced by BAY K 8644 (3 M), an activator of voltage-
dependent L-type Ca®* channels (Fig. 7E). Celecoxib-induced
expression of ER stress response-related genes was also sup-
pressed by nifedipine (10 wM) (Fig. 7F). These results suggest that,
under the experimental conditions used, activation of voltage-
dependent L-type Ca®" channels is the main mechanism involved
in the celecoxib-induced increase in {Ca®"]; and resulting induction
of ER stress response and that rebamipide can inhibit voltage-
dependent L-type Ca®* channels. This novel activity of rebamipide
would account for the observed suppression of the celecoxib-
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induced increase in [Ca®']; under the experimental conditions
used.

4. Discussion

Due to its relative safety compared to classic (non-selective)
NSAIDs, celecoxib is used widely in Western countries. However,
this drug has only very recently become available in Japan.
Rebamipide, while not used in Western countries, is a leading anti-
ulcer drug in the Japanese market and it has therefore recently
come into use in Japan for the prevention of celecoxib-induced
gastric lesions. It is important then that the effect of rebamipide on
celecoxib-induced gastric lesions be examined in both humans and
animals. In this study, for the first time, we have shown that
rebamipide suppresses celecoxib-dependent production of gastric
lesions in animals and have examined the molecular mechanism
by which it has this effect (see below).

Although oral administration of celecoxib produces significant
levels of gastric lesions in humans, especially upon long-term
treatment or in patients co-administered with low doses of aspirin
[10,13,14], it produces few gastric lesions in animals [39]. We
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[Ca?*); was monitored by a fluo-3/AM assay system as described in the experimental procedures. Fluo-3/AM-loaded cells were treated with or without (CTRL) 250 uM
rebamipide for 10 min, then 60 M (final concentration) celecoxib was added (the addition was divided into 3 times and the timing was shown by arrows in figure) and
changes in fluo-3 fluorescence were monitored over time (A). Similar experiments were done for diclofenac (0.8 mM) or ibuprofen (2 mM) and the maximum values for [Ca*};
are shown (B). AGS cells were incubated with or without 250 .M rebamipide and/or 50 nM BAPTA-AM for 1 h and further incubated with 60 WM celecoxib for 12 h. The
relative expression of each gene was monitored as described in the legend of Fig. 4. Values are mean =+ S.D. (n = 3). **P < 0.01; *P < 0.05; n.s., not significant (C).

recently proposed that both a decrease in the gastric PGE; level and
gastric mucosal apoptosis are required for the formation of NSAID-
induced gastric lesions in vivo [21,25,26]. Based on this idea, we
consider that celecoxib does not produce acute gastric lesions in
animals due to its inability to decrease the gastric PGE; level and
that an accidental (celecoxib-independent) decrease in gastric
PGE; level or that induced by a low dose of aspirin causes the
observed celecoxib-dependent production of gastric lesions in
humans (celecoxib has strong apoptosis-inducing activity [19]).
Therefore, we consider that the model that we used in this study
(oral administration of celecoxib to induce gastric mucosal
apoptosis and intravenous administration of a low dose of
indomethacin to decrease gastric PGE; levels) is relevant clinically.
In other words, the observation that rebamipide suppresses
celecoxib-dependent production of gastric lesions in mice pre-
administered with a low dose of indomethacin suggests that
rebamipide would be clinically effective for the prevention of
celecoxib-produced gastric lesions.

It is now clear that acid-control drugs, such as histamine
receptor-2 antagonists (Hz-blockers) and proton pump inhibitors
(PPIs) are effective for preventing the development of NSAID-
induced gastric lesions in Western countries [43]. However, since
gastric acid secretion in Asian populations is much lower than in
Western populations [28,44,45], acid-control drugs may not be so
effective for Asian populations. In fact, it was reported that the
efficacy of rebamipide for prevention of NSAID-induced gastric
ulcers is much the same as that of famotidine, an Hy-blocker in
Japanese populations [30]. Thus, anti-ulcer drugs other than acid-
control drugs (such as rebamipide) may be particularly important
in Asian countries.

In our mouse model (in which celecoxib and indomethacin
were co-administered), oral administration of rebamipide
suppressed gastric mucosal apoptosis but did not affect the
decrease in the gastric PGE, level. It has previously been

reported that rebamipide increases gastric PGE, levels by up-
regulation of expression of COX-2 [33,46]. This discrepancy may
be explained by differences in the rebamipide treatment: they
administered rebamipide for 14 days (once per day) to detect
up-regulation of expression of COX-2 and an increase in the
gastric PGE; level [46].

We have previously suggested that celecoxib-induced apopto-
sis is mediated by an increase in [Ca®*];, induction of the ER stress
response, activation and translocation of Bax, mitochondrial
dysfunction and activation of caspases [17,22-24]. It is possible
that induction of the ER stress response by increase in [Ca®']; is
mediated by Ca®"-induced Ca®*-release and resulting depletion of
Ca?* level in ER; Ca?* channels on ER membrane (inositol-1,4,5-
triphosphate receptor and ryanodine receptor) that are involved
in Ca®*-release in ER, are activated by increase in [Ca**];[47]. Here,
we have found that all of these steps are suppressed by
rebamipide, suggesting that rebamipide protects cells against
celecoxib-induced apoptosis through maintenance of [Ca®*};. Of
the various proposed mechanisms for the celecoxib-induced
increase in [Ca®*]; (inhibition of SERCA, permeabilization of
cytoplasmic membranes and activation of voltage-dependent L-
type Ca®" channels), we suggest that, under the experimental
conditions used, activation of voltage-dependent L-type Ca®*
channels is mainly responsible for the celecoxib-induced increase
in [Ca®*]; and that rebamipide suppresses this activation. This
conclusion is based on the following observations: (i) rebamipide
suppressed the increase in [Ca®*]; induced by BAY K 8644 but not
by thapsigargin, (ii) rebamipide did not affect celecoxib-induced
membrane permeabilization, (iii) nifedipine suppressed the
increase in [Ca®'}; induced by celecoxib. Anti-apoptotic effects
of voltage-dependent L-type Ca®" channel inhibitors have also
been reported for renal tubular cells and colon cells [48,49]. The
finding that rebamipide can block this type of Ca®" channel is
novel and this property may be responsible for various
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Fig. 6. Effect of rebamipide on the increase in [Ca?*]; and ER stress response induced by other chemicals.
The effect of 250 M rebamipide on increases in [Ca®*]; (A[Ca?"];) (A) and the ER stress response (B) in the presence of the indicated concentrations of thapsigargin, ionomycin
and tunicamycin was monitored as described in the legends of Figs. 4 and 5. Values are mean + S.D. (n = 3). **P < 0.01; *P < 0.05; n.s., not significant (A, B).

pharmacological activities of this drug. For example, it has been
reported that rebamipide suppresses activation of neutrophils
through suppressing an increase in [Ca®*]; and that this activity of
rebamipide plays an important role in conferring protection
against NSAID-induced gastriclesions [50,51). Our results suggest
that this effect of rebamipide is mediated by inhibition of voltage-
dependent L-type Ca?* channels, because these Ca®* channels
have been suggested to be involved in the activation of
neutrophils: and their adhesion to fibrinogen [52,53]. Since
increases in [Ca*®*]; play an important role in the production of
ROS [52,53], it is also possible that this novel activity of
rebamipide is involved inits well-known ROS-decreasing activity.
It has been reported that inhibition of voltage-dependent L-type
Ca?* channels suppresses gastrin-induced histamine release from
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gastric enterochromaffin-like cells [54], suggesting that some part
of the gastroprotective effect of rebamipide is mediated by
suppression of gastrin-induced histamine release through its
inhibitory effect on voltage-dependent L-type Ca®* channels.
Furthermore, since inhibition of voltage-dependent L-type Ca®"
channels was suggested to have beneficial effects on various
disorders, such as immune disorders [55], the results of this study
suggest that rebamipide has some beneficial effects on these
disorders through its inhibitory effect on voltage-dependent L-
type Ca®* channels. '

In conclusion, we have found that rebamipide has a novel
activity, inhibition of the voltage-dependent L-type Ca** channels,
and suggest that this activity is involved in rebamipide-dependent
protection of cells against celecoxib-induced apoptosis in vitro and
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The effect of the indicated concentrations of celecoxib on the increase in [Ca®*}; (A[Ca®*];) under Ca®*-containing (+) or Ca®*-free (-) conditions was monitored as described in
the legend of Fig. 5 (A). Calcein-loaded liposomes were pre-incubated for 10 min with the indicated concentration of rebamipide and further incubated for 10 min with or
without 60 wM celecoxib in the presence of the same concentration of rebamipide as was used in the pre-incubation step. The release of calcein from liposomes was
determined by measuring fluorescence intensity. Triton X-100 (10 pl/ml) was used to determine the 100% level of membrane permeabilization (B). AGS cells were incubated
with or without (CTRL) 250 M rebamipide for 1 h and further incubated with the indicated concentrations of celecoxib for 10 min and the level of K* efflux was measured
using a K" ion-selective electrode. Melittin (10 uM) was used to establish the 100% level of K™ efflux (C). The effects of nifedipine (10 M) (D-F) or rebamipide (250 M) (E) on
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Skin hyperpigmentation disorders due to abnormal melanin
production induced by ultraviolet (UV) irradiation are both a
clinical and cosmetic problem. UV irradiation stimulates mela-
nin production in melanocytes by increasing intracellular
cAMP. Expression of heat shock proteins (HSPs), especially
HSP70, is induced by various stressors, including UV irradia-
tion, to provide cellular resistance to such stressors. In this study
we examined the effect of expression of HSP70 on melanin pro-
duction both in vitro and in vivo. 3-Isobutyl-1-methylxanthine
(IBMX), a cAMP-elevating agent, stimulated melanin produc-
tion in cultured mouse melanoma cells, and this stimulation was
suppressed in cells overexpressing HSP70. IBMX-dependent
transcriptional activation of the tyrosinase gene was also sup-
pressed in HSP70-overexpressing cells. Expression of microph-
thalmia-associated transcription factor (MITF), which posi-
tively regulates transcription of the tyrosinase gene, was
up-regulated by IBMX; however, this up-regulation was not
suppressed in HSP70-overexpressing cells. On the other hand,
immunoprecipitation and immunostaining analyses revealed a
physical interaction between and co-localization of MITF and
HSP70, respectively. Furthermore, the transcription of tyrosin-
ase gene in nuclear extract was inhibited by HSP70. In vivo, UV
irradiation of wild-type mice increased the amount of melanin
in the basal layer of the epidermis, and this increase was sup-
pressed in transgenic mice expressing HSP70. This study pro-
vides the first evidence of an inhibitory effect of HSP70 on mel-
anin production both in vitro and in vivo. This effect seems to be
mediated by modulation of MITF activity through a direct inter-

" action between HSP70 and MITF.

The skin can structurally be divided into several layers
including the most apical layer, the epidermis, consisting of
keratinocytes (1). In addition to changes with aging, the skin is
damaged by various environmental stressors, especially by solar
ultraviolet irradiation (photo-aging). UV light can be separated,
based on the wavelength, into UVA (320-400 nm), UVB (290 -
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320 nm), and UVC (100~290 nm) (2). Of these, most UVC can
be absorbed by the ozone layer. Although the cell-damaging
effect of UVA is relatively weak, UVA seems to play an impor-
tant role in photo-aging because its content in solar UV is
higher than UVB and UVC (3-5). Furthermore, UVB seems to
also play the central role in photo-aging (6).

UV-induced skin hyperpigmentation disorders due to
abnormal melanin production cause clinical and cosmetic
problems. UV-dependent delayed pigmentation (induction of
melanin production and distribution) plays a central role in the
hyperpigmentation disorders. The induction of melanin pro-
duction is mediated by various signal pathways (7-9). Of these
pathways, a cAMP-dependent pathway seems to play a central
role in UV-dependent stimulation of melanin production (7). In
this pathway, exposure of keratinocytes to UV stimulates the
release of signal molecules, such as o-melanocyte-stimulating
hormone (a-MSH),? prostaglandin E,, adenocorticotropic
hormone, and endotheline-1, all of which stimulate melanin
production in melanocytes through elevation of the level of
intracellular cAMP. For example, the binding of e-MSH or
adenocorticotropic hormone to melanocortin 1 receptor on
melanocytes induces the expression of tyrosinase and other
melanogenesis-related proteins through activation of adenylate
cyclase, an increase in the intracellular cAMP level, activation
of protein kinase A, activation of the cAMP response element-
binding protein (CREB), and induction of expression of
microphthalmia-associated transcription factor (MITF) that
specifically binds to the promoter of the tyrosinase gene to pro-
mote its transcription (7). Tyrosinase is a rate-limiting enzyme
in melanin synthesis, and an increase in the activity and expres-
sion of tyrosinase was observed in sites of UV-induced hyper-
pigmentation (10, 11); therefore, chemicals and natural prod-
ucts that suppress the activity and/or expression of tyrosinase
could be pharmaceutically and cosmetically beneficial as
hypopigmenting agents.

On the other hand, UV-induced modest melanin production
plays an important role in protection of the skin against UV-de-
pendent damage, including DNA damage (12). This protection
is particularly important for the prevention of UV-induced
development of melanoma and non-melanoma skin cancer

2 The abbreviations used are: a-MSH, a-melanocyte-stimulating hormone;
ERK, extracellular signal-regulated kinase; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; GRP, glucose-regulated protein; HSP, heat
shock protein; IBMX, 3-isobutyl-1-methylxanthine; MITF, microphthalmia-
associated transcription factor; p38 MAPK, p38 mitogen-activated protein
kinase; siRNA, small interfering RNA; RT, reverse transcription; GST, gluta-
thione S-transferase.
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(13). Synthesized melanin in the melanosomes in melanocytes
is distributed and transported to the surrounding keratinocytes
where it forms a melanin cap that acts as a filter to limit the
penetration of UV into the epidermis and dermis (14). Melanin
also acts as a scavenger of UV-produced reactive oxygen species
that are also responsible for UV-dependent skin damage and
development of skin cancer (15). Thus, identification of a
mechanism that not only suppresses melanin production but
also protects the skin from UV-induced damage is important
for developing hypopigmenting agents (skin whitening agents)
without worsening UV-induced skin damage.

When cells are exposed to stressors, a number of so-called
stress proteins are induced to confer protection against such
stressors. HSPs are representative of these stress proteins, and
their cellular up-regulation of expression, especially that of
HSP70, provides resistance as the HSPs re-fold or degrade
denatured proteins produced by stressors such as reactive oxy-
gen species (16). Because stressor-induced tissue damage is
involved in various diseases, HSPs and HSP inducers have
received much attention for their therapeutic potential. For
example, we have shown using transgenic mice that HSP70 pro-
tects the gastrointestinal tract from development of gastric and
small intestinal lesions and inflammatory bowel disease (17—
20). Interestingly, geranylgeranylacetone, a leading anti-ulcer
drug on the Japanese market, has been reported to be a non-
toxic HSP-inducer, up-regulating various HSPs not only in cul-
tured gastric mucosal cells but also in varjous tissues, including
the gastric mucosa in vivo (21). It was recently reported that
geranylgeranylacetone suppresses inflammatory bowel dis-
ease-related experimental colitis and lesion of small intestine
(19, 22, 23). Based on these results, it is expected that non-toxic
HSP inducers, including geranylgeranylacetone, will be thera-
peutically beneficial for various types of diseases.

It is known that various HSPs are constitutively expressed in
the skin, and their expression, especially that of HSP70, is up-
regulated by stressors such as heat treatment (24, 25). UV irra-
diation of keratinocytes induces the expression of HSPs not
only in vitro but also in vivo (25-29). Furthermore, artificial
expression of HSP70 in keratinocytes and melanocytes confers
protection against UV not only in vitro (24, 29—-32) but also in
vivo; a sensitive phenotype of HSP70-null mice to UV-induced
epidermal and dermal damage has been reported (33). Further-
more, protection of the skin against UV by expression of HSP70
has been suggested to occur in human skin (34). Therefore, if
HSP70 can suppress melanin production, non-toxic HSP70
inducers should be beneficial as hypopigmenting agents
because they can suppress melanin production while simulta-
neously protecting the skin against UV. It was recently reported
that heat treatment of cultured melanoma cells suppresses mel-
anin production; however, the contribution of HSPs to this sup-
pression was not tested (35, 36). In this study we reproduced
this suppression in another mouse melanoma cell line (B16)
and found that in these cells artificial overexpression of HSP70
also suppresses melanin production. We also found that UVB
irradiation-induced production of melanin in the epidermis
was suppressed in transgenic mice expressing HSP70. Based on
these results, we propose that non-toxic HSP70 inducers will be
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pharmaceutically and cosmetically beneficial as hypopigment-
ing agents.

EXPERIMENTAL PROCEDURES

Materials and Animals—Dulbecco’s modified Eagle’s medium
was obtained from Nissui Pharmaceutical Co. [a-**P]GTP
(6000 Ci/mmol) was from MP Biomedical. The RNeasy kit and
HiPerFect transfection reagent were from Qiagen. Prime-
Script® 1st strand ¢cDNA synthesis kit was purchased from
TAKARA Bio, and iQ SYBR Green Supermix was from Bio-
Rad. Fetal bovine serum), melanin, 3-isobutyl-1-methylxan-
thine (IBMX), and a-MSH were from Sigma. Dynabeads
Protein G, Lipofectamine (TM2000), Alexa Fluor 488 goat anti-
mouse immunoglobulin G, and Alexa Fluor 594 goat anti-rab-
bit immunoglobulin G were purchased from Invitrogen. Anti-
bodies against tyrosinase and actin were obtained from Santa
Cruz. Antibodies against HSP70, HSP25, HSP47, HSP60, and
HSP90 were from Stressgen. An antibody against MITF was
obtained from Thermo Scientific. L-DOPA was from Nacalai,
and the Dual Luciferase Assay System and NTP mixture were
from Promega. Transgenic mice expressing HSP70 and their
wild-type counterparts (8 —10 weeks old, male) were gifts from
Drs. C. E. Angelidis and G. N. Pagoulatos {(University of Ioan-
nina, Greece) and were prepared as described previously (17).
Homozygotic male transgenic mice were used in the experi-
ments. 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 Institute of Health and were approved by the Animal
Care Committee of Kumamoto University.

Cell Culture—B16 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
100 units/ml penicillin, and 100 pg/ml streptomycin in a
humidified atmosphere of 95% air with 5% CO, at 37 °C. Trans-
fection of B16 cells with pcDNA3.1 containing the hsp70 gene
(37) was carried out using Lipofectamine (TM2000) according
to the manufacturer’s protocol. The stable transfectants ex-
pressing HSP70 were selected by immunoblotting and real-
time RT-PCR analyses. Positive clones were maintained in the
presence of 200 pg/ml G418.

Immunoblotting Analysis—Whole cell extracts were pre-
pared as described previously (38). The protein concentration
of each sample was determined by the Bradford method (39).
Samples were applied to polyacrylamide SDS gels and subjected
to electrophoresis after which proteins were immunoblotted
with each antibody.

Determination of Melanin Content in Vitro—Melanin con-
tent was determined as described previously (40, 41) with some
modifications. Cells were homogenized with 1 N NaOH. The
melanin content of the cell extracts and the culture medium
was determined by measuring the absorbance at 405 nm with a
plate reader (Fluostar Galaxy).

Tyrosinase Activity Assay—Tyrosinase activity was assayed
as described previously (42) with some modifications. Cells
were washed with phosphate-buffered saline and homoge-
nized with 20 mm Tris/HCI (pH 7.5) buffer containing 0.1%
Triton X-100. Tyrosinase activity (oxidation of L-DOPA to
DOPAchrome) was monitored as follows. Cell extracts (50
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