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Pro-drugs of non-steroidal anti-inflammatory drugs (NSAIDs), such as loxoprofen are widely used for clini-
cal purposes because they are not so harmful to the gastrointestinal mucosa. We recently showed that NSAIDs
such as indomethacin and celecoxib have direct cytotoxicity (ability to induce necrosis and apoptosis in gastric
mucosal cells) due to their membrane permeabilizing activities, which is involved in NSAID-induced gastric
lesions. We show here that under conditions where indomethacin and celecoxib clearly induce necrosis and apop- ‘
tosis, loxoprofen and its active metabolite loxoprofen-OH, do not have such effects in primary culture of guinea
- pig gastric mucosal cells. Loxoprofen and loxoprofen-OH induced apoptosis more effectively in cultured human
gastric cancer cells than in the primary culture. Loxoprofen and loxoprofen-OH exhibited much lower mem-
brane permeabilizing activities than did indomethacin and celecoxib. We thus consider that the low direct cyto-
toxicity of loxoprofen observed in vitro is involved in its relative safety on production of gastric lesions in clinical

situation.

S

Key words loxoprofen; gastric mucosal cell; membrane permeabilization; gastric lesion

Non-steroidal anti-inflammatory drugs (NSAIDs), such as
indomethacin, are a useful family of therapeutics.” An in-
hibitory 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 PGEZ, which have a strong capacity to induce
inflammation. On the other hand, NSAID use is associated
with gastrointestinal complications.”

In 1991, two subtypes of COX, COX-1 and COX-2, which
are responsible for the majority of COX activity at the gas-
trointestinal mucosa and in tissues with inflammation, re-
spectively, were identified.>® Since PGE, has a strong pro-
tective effect on the gastrointestinal mucosa, it is reasonable
to speculate that selective COX-2 inhibitors maintain anti-in-
flammatory activity without gastrointestinal side-effects. In
fact, a greatly reduced incidence of gastroduodenal lesions
has been reported for selective COX-2 inhibitors (such as
_ celecoxib and rofecoxib).”™ However, a recently raised
issue concerning the use of selective COX-2 inhibitors is
their potential risk for cardiovascular thrombotic events.!%!)
This may be due to the fact that prostacyclin, a potent anti-
aggregator of platelets and a vasodilator, is mainly produced
by COX-2 in vascular endothelial cells, while thromboxane
A,, a potent aggregator of platelets and a vasoconstrictor, is
mainly produced by COX-1 in platelets.'”~'¥ Because of this
concern, rofecoxib was withdrawn from the worldwide mar-
ket. Therefore, NSAIDs exhibiting gastrointestinal safety,
other than selective COX-2 inhibitors, are clinically impor-
tant..

The inhibition of COX by NSAIDs is not the sole explana-
tion for the gastrointestinal side-effects of NSAIDs.!» We
have recently demonstrated that NSAIDs induce necrosis and
apoptosis in cultured gastric mucosal cells and at gastric
mucosa in a manner independent of COX inhibition.!6—2%
We clearly showed that the primary target of NSAIDs for
induction of mnecrosis and apoptosis is cytoplasmic mem-
branes.'>!® As for the molecular mechanism governing this
apoptosis, we have proposed the following pathway. Perme-

* To whom correspondence should be addressed.

e-mail: mizu@gpo.kumamoto-u.ac.jp

abilization of cytoplasmic membranes by NSAIDs stimulates
Ca** influx and increases intracellular Ca?* levels, which

in turn induces the endoplasmic reticulum (ER) stress

response.'®?!%) In this response, an apoptosis-inducing tran-
scription factor, CCAAT/enhancer-binding protein (C/EBP)
homologous transcription factor (CHOP), is induced and
CHOP induces expression of p53 up-regulated modulator of
apoptosis (PUMA) and resulting translocation and activation
of Bax, mitochondrial dysfunction, activation of caspases
and apoptosis.'”?® Furthermore, we have suggested that both
COX inhibition and gastric mucosal cell death are required
for the formation of NSAID-induced gastric lesions in
Vivp 2029 : '

Loxoprofen has been used clinically for a long time as a
standard NSAID in Japan, and clinical studies have sug-
gested that it is safer than other NSAIDs, such as in-
domethacin.*?® Loxoprofen is a pro-drug, which is con-
verted (by reduction of the cyclopentanone moiety) to its ac-
tive metabolite (the trans-alcohol metabolite -of*loxoprofen,
loxoprofen-OH) by aromatic aldehyde-ketone reductase only
after absorption by the gastrointestinal tract.?” However, the
direct cytotoxicity and membrane permeabilization activity
of loxoprofen has not been tested. In this study, we found
that loxoprofen and loxoprofen-OH have relatively lower
membrane permeabilization activities and cytotoxic effects
on gastric mucosal cells than other NSAIDs. Based on these
observations, we consider that the low direct cytotoxicity of
loxoprofen will render its use clinical safe on the gastro-
intestinal mucosa.

MATERIALS AND METHODS

Chemicals and Media RPMI 1640 was obtained from
Nissui Pharmaceutical Co. Fetal bovine serum (FBS) and 3-
(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) were from Sigma Co. Loxoprofen and loxoprofen-OH
were kindly gifted from Daiichi-Sankyo Co. Indomethacin was
from Wako Co. Celecoxib was from LKT Laboratories Inc.

© 2010 Pharmaceutical Society of Japan
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Egg phosphatidylcholine (PC) was from Kanto Chemicals
Co. Male guinea pigs weighing 200—300 g were purchased
from Kyudo Co. 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 promul-
gated by the National Institute of Health and were approved
by the Animal Care Committee of Kumamoto University.

In Vitro Assay of Cytotoxicity of NSAIDs and COX-In-
aibition Gastric mucosal cells were isolated from guinea
pig fundic glands as described previously.”*) Isolated gas-
tric mucosal cells were cultured for 12h in RPMI 1640 con-
taining 0.3% v/v FBS, 100 U/ml ampicillin and 100 pg/ml
streptomycin in type-I collagen-coated plastic culture plates
under the conditions of 5% CO,/95% air and 37 °C. After re-
moving non-adherent cells, cells attached to the plate were
used. Guinea pig gastric mucosal cells prepared under these
conditions were previously characterized, with the majority
(about 90%) of cells being identified as pit cells.”**? Human
gastric adenocarcinoma (AGS) cells were cultured on plastic
culture plates without collagen-coating under the same con-
ditions.

NSAIDs were dissolved in dimethyl sulfoxide (DMSO).
Cells were exposed to NSAIDs by changing the entire
bathing medium.

We used MTT assay for monitoring cell viability. Cells
were incubated for 2h with MTT solution at a final concen-
tration of 0.5 mg/ml. Isopropanol and hydrochloric acid were
added to the culture medium at final concentrations of 50%
and 20 mM, respectively. The optical density of each sample
at 570nm was determined spectrophotometrically using a
reference wavelength of 630 nm.*?

The amount of PGE, in the medium was determined using
an EIA kit (Cayman, Ann Arbor, MI, U.S.A.) according to
the manufacturer’s protocol.

Apoptotic DNA fragmentation was monitored as previ-
ously described.?? Cells were collected using a rubber po-
liceman and suspended in 20 yul of lysis buffer, consisting of
50 mm Tris—HCI (pH 7.8), 10 mM ethylenediaminetetraacetic
acid (EDTA), and 0.5% sodium-N-lauroylsarcosinate. Pro-
teinase K was added to a final concentration of 1 mg/ml, and
the lysate was incubated at 50°C for 2h. RNaseA was then
added to a final concentration of 0.5mg/ml and incubated
at 50°C for 30 min. These samples were analyzed by 2%
agarose gel electrophoresis in the presence of 0.5 ug/ml
ethidium bromide.

Apoptotic chromatin condensation was monitored as de-
scribed previously.*” Cells were washed with PBS, stained
Wwith 10 ug/ml Ho 342 and observed under a fluorescence
mlcroscope.

_ Membrane Permeability Assay Membrane permeabil-
ty assays were performed as described previously.'®'%*? Li-
Posomes were prepared using the reversed-phase evaporation
Wethod. Egg PC (10 umol, 7.7 mg) was dissolved in chloro-
f‘frfll/methanol (1:2, v/v), dried, and dissolved in 1.5ml of
diethy] ether. This was followed by the addition of 1ml of
tmm calcein-NaOH (pH 7.4). The mixture was sonicated
0 obtain a homogenous emulsion. The diethyl ether solvent
femoved using a conventional rotary evaporator under
;dnlllced pressure at 25 °C. The resulting suspension of lipo-
(10 © Was centrifuged and washed twice with fresh buffer A
M phosphate buffer, containing 150 mm NaCl) to re-

(0
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move untrapped calcein. The final liposome precipitate was
re-suspended in Sml buffer A. A 0.3 ml aliquot of this sus-
pension was diluted with 19.7ml of buffer A, following
which 400 1 of this suspension was incubated at 30 °C for
10min in the presence of the NSAID under investigation.
The release of calcein from liposomes (the amount of calcein
outside the liposomes) was determined by measuring fluores-
cence intensity at 520 nm (excitation at 490 nm), because the
calcein fluoresces very weakly when at high concentrations
(when calcein is trapped in liposomes) due to self-quenching.

Hemolysis in erythrocytes were monitored as described®>>*
with some modifications. Rat erythrocytes were washed
twice with buffer A (5mm HEPES/NaOH (pH 7.4) and
150 mm NaCl) and then suspended in fresh buffer A at a final
concentration of 0.5% hematocrit (5X 107 cells/ml). After in-
cubation with NSAIDs for 10min at 30°C, hemolysis was
estimated by measuring the absorbance at 520 nm.

Statistical Analyses All values are expressed as the
mean*S.E.M. The Tukey test or the Student’s ¢-test for un-
paired results was used to evaluate differences between more
than three groups or between two groups, respectively.

RESULTS AND DISCUSSION

Necrosis- and Apoptosis-Inducing Activities of Loxo-
profen and Loxoprofen-OH in Primary Culture of Gas-
tric Mucosal Cells We previously reported that NSAIDs
induce either necrosis or apoptosis depending on treatment
conditions; short-term (1h) treatment of primary cultures of
guinea pig gastric mucosal cells with relatively high concen-
trations of NSAIDs (2.5 mm for indomethacin and 0.2 mm for
celecoxib) and long-term (16—24 h) treatment of these cells
with relatively low concentrations of NSAIDs (1 mM for in-
domethacin and 0.05 mm for celecoxib) induces necrosis and .
apoptosis, respectively.'®'*?9 Loxoprofen and loxoprofen-
OH were tested here for their ability to induce necrosis and
apoptosis. Consistent with previous reports,'®!*?¥ cell viabil-
ity decreased in a dose-dependent manner when guinea pig
gastric mucosal cells in primary culture were treated with in-
domethacin or celecoxib for 1h. In contrast, loxoprofen and
loxoprofen-OH decreased cell viability to a much lesser ex-
tent under the same experimental conditions; cell viability of
more than 60% was observed even with the highest concen-
tration (20mm) of loxoprofen and loxoprofen-OH (Fig. 1).
We confirmed that cell death highlighted in Fig. 1 was medi-
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Fig. 1. Necrosis Induced by NSAIDs in Primary Culture of Gastric Mu-

cosal Cells

Cultured guinea pig gastric mucosal cells were incubated with indicated concentra-
tions of NSAIDs for 1h. Cell viability was determined by the MTT method. Values are
mean*S.EM. (n=3).
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ated by necrosis given that no accompanying apoptotic DNA
fragmentation or apoptotic chromatin condensation were evi-
dent (data not shown). : :

Similar results to the-above were obtained when apoptosis
was induced. Treatment of cells for 18 h with indomethacin
or celecoxib decreased cell viability in a dose-dependent
manner (Fig. 2A), which is also consistent with previous re-
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ports.’#1%2%) Loxoprofen and loxoprofen-OH showed very
low activities for decreasing cell viability under these condi-
tions (Fig. 2A). Because cell death as highlighted in Fig. 2
was accompanied by apoptotic DNA fragmentation and
apoptotic chromatin condensation (Figs. 2B, C), it is most
likely to have been mediated by apoptosis. Overall, the re-
sults in Figs. 1 and 2 show that loxoprofen and loxoprofen-

Loxoprofen Loxoprofen-OH

0.8 mM 10 mM

v

20 mM 20 mM

Fig. 2. Apoptosis Induced by NSAIDs in Primary Culture of Gastric Mucosal Cells

Cultured guinea pig gastric mucosal cells were incubated with indicated concentrations of NSAIDs for 18 h. Cell viability was determined by the MTT method. Values are
mean+S.EM. (n=3) (A). Apoptotic DNA fragmentation (B) and chromatin condensation (C) were monitored as described in Materials and Methods.
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Fig. 3. Membrane Permeabilization by NSAIDs
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Calcein-loaded liposomes were incubated for 10 min at 30 °C with indicated concentrations of NSAIDs. The release of calcein from liposomes was determined by measuring flu-
orescence intensity. Melittin (10 M) was used to determine the-100% level of membrane permeabilization (A). Rat erythrocytes were incubated in the presence of each of NSAIDs

for 10 min at 30 °C. Hemolysis was estimated by measuring the absorbance at 520 nm (B).
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OH induce necrosis and apoptosis to a lesser extent than do
indomethacin and celecoxib. Furthermore, although the
metabolic conversion of loxoprofen to loxoprofen-OH drasti-
cally increases the inhibitory activity on COX, this conver-
sion does not seem to be so apparently associated with a sim-
ilar increase in direct cytotoxicity.

Membrane Permeabilization Activities of Loxoprofen
and Loxoprofen-OH The ability of loxoprofen and loxo-
profen-OH to permeabilize the membranes of calcein-loaded
liposomes was examined. Calcein fluoresces very weakly
when at high concentrations due to self-quenching. Thus, the
addition of membrane permeabilizing drugs to a medium
containing calcein-loaded liposomes should cause an in-
crease in fluorescence by releasing calcein trapped within the
liposomes.'® As shown in Fig. 3A, indomethacin and cele-
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coxib increased the calcein fluorescence in a dose-dependent
manner, which is consistent with previous findings.'® Loxo-
profen and loxoprofen-OH also increased the calcein fluores-
cence, suggesting that they caused membrane permeabiliza-
tion; however, as the concentrations of loxoprofen and loxo-
profen-OH required for membrane permeabilization were
much higher than those of indomethacin and celecoxib, their
abilities to permeabilize membranes were thus very weak.
Measurement of hemolysis is a standard method for test-
ing the membrane permeabilization activities of drugs. As
shown in Fig. 3B, all of the tested NSAIDs caused hemolysis
of erythrocytes. The relative potericy of each NSAID for he-
molysis was approximately similar to that for permeabiliza-
tion of calcein-loaded liposomes. Celecoxib showed the most
potent activity for hemolysis, followed by indomethacin and
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—A— Celecoxib
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Fig. 4. Apoptosis Induced by NSAIDs in AGS Cells
AGS cells were incubated with indicated concentrations of NSAIDs for 24 h (A—C)

or 4h (D). Cell viability was determined by the MTT method. Values are mean+S.E.M.

(n=3) (A). Apoptotic DNA fragmentation (B) and chromatin condensation (C) were monitored as described in Materials and Methods. The arachidonic acid (50 um at final) was
added and cells were incubated for 15 min. The amount of PGE, in culture medium was determined by EIA and results were shown as inhibition of COX synthesis (D).
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both loxoprofen and loxoprofen-OH showed weak activity
for hemolysis (Fig. 3B). Loxoprofen showed lower permeabi-
lization activity than loxoprofen-OH on the hemolysis assay
(Fig. 3B).

The results shown in Fig. 3 suggest that the low direct
cytotoxicity of loxoprofen and loxoprofen-OH on gastric
mucosal cells is due to their low membrane permeabilizing

* effects. :

Cytotoxic Effects of Loxoprofén and Loxoprofen-OH
on Gastric Cancer Cells In addition to their anti-inflam-
matory effects, recent epidemiological studies have revealed
that prolonged NSAID use reduces the risk of cancer, while
preclinical and clinical studies” have indicated that some
NSAIDs are effective in the treatment and prevention of can-
cer.*” The anti-tumorigenic activity of NSAIDs is believed to
involve various mechanisms, including induction of apopto-
sis.*37 Thus, it is important to examine the apoptosis-induc-
ing ability of loxoprofen in cancer cells and we here used
cultured AGS cells for this purpose. ' '

As shown in Fig. 4A, each NSAID induced apoptosis in a
dose dependent manner in AGS cells and loxoprofen and
loxoprofen-OH showed less activity for inducing apoptosis
than indomethacin and celecoxib. We confirmed -that cell
death observed in Fig. 4A is mediated by apoptosis, because
it was accompanied by apoptotic DNA fragmentation and
apoptotic chromatin condensation (Figs. 4B, C). Comparing
to data in primary culture of gastric mucosal cells (Fig. 2),
loxoprofen and loxoprofen-OH induced apoptosis more po-
tently in AGS cells. The ED,, values of NSAIDs for apopto-
sis (concentrations of NSAIDs required for 70% cell viabil-
ity by apoptosis) of loxoprofen and loxoprofen-OH were
lower in AGS cells than in primary culture of gastric mucosal

. cells (Table 1). On the other hand, the ED,, values for apop-
tosis of indomethacin and celecoxib were nearly indistin-
guishable between AGS cells and primary culture of gastric
mucosal cells (Table 1). Although the underlying mechanism
is unknown at present, this character of loxoprofen and loxo-
profen-OH may be clinically beneficial for their application
as anti-tumor drugs.

We also examined the effect of NSAIDs on the COX activ-
ity in cultured AGS cells. As shown in Fig. 4D, each of all
NSAIDs tested decreased the amount of PGE, in the culture
medium, in other words, inhibited COX activity in a dose de-
pendent manner.

In summary, we show here that loxoprofen and loxopro-
fen-OH have a very low level of direct cytotoxicity on gastric
mucosal cells in vitro. As described above, it is well known
that loxoprofen is clinically safe on gastric mucosa compared
to other NSAIDs such as indomethacin.>*® We propose here
that the low direct cytotoxicity of loxoprofen make it less
harmful on the gastric mucosa for clinical use.

As-described above, we have suggested that both COX in-
hibition (decrease in gastric level of PGE,) and gastric mu-
cosal cell death are required for the formation of NSAID-in-
duced gastric lesions in vivo (Fig. 5).2°*¥ Based on this idea,
either NSAIDs without decreasing gastric level of PGE, or
NSAIDs with lower cytotoxic effect should be safe NSAIDs
on gastric mucosa. In other words, NSAIDs that have high
cytotoxic effect on gastric mucosa and high ability to inhibit
COX-1 expressed in gastric mucosa should have high risk for
formation of gastric lesions. Indomethacin belongs to this

' (3
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Table 1. NSAID Concentrations Required for Apoptosis
NSAIDs Primary cell (mv)  AGS cell (mu)
Celecoxib 0.06 0.05
Indomethacin 0.42 0.40
Loxoprofen <20 11.8
Loxoprofen-OH 19.1 43

ED;, values’of NSAIDs for apoptosis (concentrations of NSAIDs required for 70%
cell viability by apoptosis) in primary culture of gastric mucosal cells and in AGS cells
were calculated based on results provided in Fig. 1 and Fig. 4, respectively.

/“"’

Membrane
permeabilization

Mucosal cell death

25

N\

Fig. 5. A Model for Production of Gastric Lesions by NSAIDs

We have proposed that both COX inhibition (decrease in gastric level of PGE,) and
gastric mucosal cell death are required for the formation of NSAID-induced gastric le-
sions in vivo.2%?%) This idea can explain the safety of selective COX-2 inhibitors, such
as celecoxib, and loxoprofen on gastric mucosa, because they have lower ability to de-

- crease gastric level of PGE, and to induce gastric mucosal cell death, respectively.

-type of NSAIDs and has rélatively high risk for formation of
- gastric lesions clinically. Selective COX-2 inhibitors are rela-

tively safe for gastric mucosa, because they have lower abil-
ity to inhibit COX-1 expressed in gastric mucosa, resulting in
maintenance of gastric level of PGE,. However, potential risk
for cardiovascular thrombotic events is concern. Thus, we
propose that NSAIDs with lower cytotoxic effect likely to be
therapeutically beneficial NSAIDs in terms of gastrointesti-
nal and cardiovascular safety. We are now synthesizing deriv-
atives of loxoprofen to obtain more safe NSAIDs on gastric
mucosa.
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Irradiation with UV light, especially UVB, causes epider-
mal damage via the induction of apoptosis, inflammatory
responses, and DNA damage. Various stressors, including UV
light, induce heat shock proteins (HSPs) and the induction,
particularly that of HSP70, provides cellular resistance to
such stressors. The anti-inflammatory activity of HSP70,
such as its inhibition of nuclear factor kappa B (NF-kB), was
recently revealed. These in vitro results suggest that HSP70
protects against UVB-induced epidermal damage. Here we
tested this idea by using transgenic mice expressing HSP70
and cultured keratinocytes. Irradiation of wild-type mice
with UVB caused epidermal damage such as induction of apo-
ptosis, which was suppressed in transgenic mice expressing
HSP70. UVB-induced apoptosis in cultured keratinocytes
was suppressed by overexpression of HSP70. Irradiation of
wild-type mice with UVB decreased the cutaneous level of
IkB-a (an inhibitor of NF-«B) and increased the infiltration
of leukocytes and levels of pro-inflammatory cytokines and
chemokines in the epidermis. These inflammatory responses
were suppressed in transgenic mice expressing HSP70. In
vitro, the overexpression of HSP70 suppressed the expres-
sion of pro-inflammatory cytokines and chemokines and
increased the level of IkB-a in keratinocy‘*te_s irradiated with
UVB. UVB induced an increase in cutaneous levels of cyclobu-
tane pyrimidine dimers and 8-hydroxy-2'-deoxyguanosine,
both of which were suppressed in transgenic mice expressing
HSP70. This study provides genetic evidence that HSP70 pro-
tects the epidermis from UVB-induced radiation damage. The
findings here also suggest that the protective action of HSP70 is
mediated by anti-apoptotic, anti-inflammatory, and anti-DNA'
damage effects.

The skin can be structurally classified into several layers,
including the most apical layer,’ the epidermis, containing
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large numbers of keratinocytes, and a second layer, immedi-
ately under this, the dermis, which has a high fibroblast con-
tent (1). Skin provides a major interface between the envi-
ronment and the body and is constantly exposed to an array
of physical and chemical stressors. Therefore, in addition to
intrinsic causes, harmful exogenous causes are involved in
the process of skin damage. Among exogenous harmful
agents, UV irradiation is the most relevant to skin damage
(photo-damage). UV light can be separated, based on wave-
length, into three categories: UVA (320-400 nm), UVB
(290-320 nm), and UVC (100-290 nm). Of these, the cell-
damaging effect of UVA is relatively weak, whereas most
UVCisabsorbed by the ozone layer (2). Thus, UVB seems to
play the central role in photo-damage, such as clinical sun-
burn, hyperpigmentation, erythema, plaque-like thickening,
loss of skin tone, deep furrowing, and fine wrinkle formation,
all of which constitute both clinical and cosmetic problems.
Furthermore, UVB irradiation induces the development of
skin cancer (photo-carcinogenesis) (3). UVB-induced photo-
damage and photo-carcinogenesis both involve epider-
mal damage (such as induction of apoptosis), immunosup-
pression, inflammation (activation of pro-inflammatory
cytokines and chemokines), and DNA damage (4). Because
most UVB radiation is absorbed at the epidermis, keratino-
cytes become a major target of its deleterious effects. For
example, the UVB-induced disruption of collagen and elas-
tin (deep furrowing and fine wrinkle formation in the skin)
involves inhibition of their synthesis in fibroblasts and stim-
ulation of their degradation by matrix metalloproteinases
and other proteases, both of which are triggered by pro-
inflammatory cytokines and chemokines released from
UVB-irradiated keratinocytes (4, 5). Therefore, suppression
of UVB-induced damage (apoptosis) of keratinocytes is
beneficial for the prevention of photo-damage. However,.
because such protection may actually aid in the survival of
DNA-damaged cells, resulting in promotion of photo-carci-
nogenesis, a mechanism that not only suppresses UVB-in-
duced apoptosis but also UVB-induced DNA damage is
important to establish protocols to prevent photo-damage
without promoting photo—carciﬁogenesis.

UVB irradiation damages the epidermis both directly and
indirectly. For example, in addition to UVB-induced direct
damage of nucleic acids, proteins, and lipids, UVB irradia-’
tion stimulates the production of reactive oxygen species
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(ROS),2 which also damages these molecules by oxidization.
In this way, direct absorption of UVB by DNA causes DNA
damage through the formation of covalent linkages, result-
ing in products such as cyclobutane pyrimidine dimers
(CPDs). On the other hand, UVB-produced ROS also dam-
age DNA by producing damaged nucleotides such as 8-hy-
droxy-2'-deoxyguanosine (8-OHdG) (6). Supporting this
notion, it was reported that anti-oxidant molecules prevent
UVB-induced epidermal DNA damage (7). Thus, mecha-
nisms that protect the epidermis from both UVB and ROS
are important to establish ways in which to suppress photo-
damage efficiently.

When cells are exposed to stressors, a number of so-called
stress proteins are induced to confer protection against such
stressors. Heat shock proteins (HSPs) are representative of
these stress proteins, and their cellular up-regulation of expres-
sion, especially that of HSP70, provides resistance given that
HSPs re-fold or degrade denatured proteins produced by stres-
sors such as ROS (8, 9). Because stressor-induced tissue damage
is involved in various diseases, HSPs and HSP inducers have
received much attention for their therapeutic potential. It is
known that various HSPs are constitutively expressed in kerat-
inocytes and their expression, especially that of HSP70, is up-
regulated by different stressors (10 -13). UVB-irradiation of ke-
ratinocytes induces the expression of HSP70 not only in vitro
but also in vivo (11, 13-17). Furthermore, artificial expression
of HSP70 in keratinocytes confers protection against UVB and
ROS invitro (8,16,18,19). The protective role of HSP70 against
* UVB-induced epidermal damage was also suggested by in vivo
studies: the whole body hyperthermia of mice prevented UVB-
induced sunburn cell formation, and HSP70-null mice showed
a sensitive phenotype to UVB-induced epidermal damage (20 -
22). Protection of the skin against UVB by expression of HSP70
has been suggested to occur in human skin (21). These previous
results suggest that HSP70 expression suppresses UVB-in-
duced epidermal damage, although no genetic evidence has
been reported showing that overproduction of HSP70 prevents
UVB-induced epidermal damage.

The potential benefit of HSP70 inducers as medicines for
UVB-related skin diseases and cosmetics was also supported by
a number of previously reported observations. For example,
HSP70 has an anti-inflammatory activity by means of its inhi-
bition of nuclear factor kappa B (NF-«B) and a resulting sup-
pression of pro-inflammatory cytokine and chemokine expres-
sion (23-26). HSP70 has been reported to stimulate base
excision repair, possibly by activation of human AP endonucle-
ase and DNA polymerase B (27-29). We also recently found
that artificial overexpression of HSP70 in mouse melanoma

2 The abbreviations used are: ROS, reactive oxygen species; CPD, cyclobutane

pyrimidine dimer; DAPI, 4,6-diamidino-2-phenylindole dihydrochloride;
GGA, geranylgeranylacetone; HSP, heat shock protein; IL, interleukin;
I1kB-a, an inhibitor of NF-kB; MCP-1, monocyte chemoattractant protein-1;
MIP-2, macrophage inflammatory protein-2; MPO, myeloperoxidase; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide; NF-«B,
nuclear factor kappa B; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; POBN,
a-(4-pyridyl-1-oxide)-N-tert-butylnitrone; RT, reverse transcription; TUNEL,
terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling.
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cells suppresses melanin production.® Although we showed in
that study that the UVB-induced production of melanin in the
skin is suppressed in transgenic mice expressing HSP70, the
anti-inflammatory and protective effects against DNA damage
of HSP70 in UVB-irradiated skin have not been proved geneti-
cally. In this study, we examined the protective role of HSP70
against photo-damage by using transgenic ‘mice expressing
HSP70. The results obtained here suggest that expression of
HSP70 protects the epidermis against UVB-induced damage
via anti-inflammatory and anti-apoptotic effects and suppres-
sion of DNA damage. Based on these findings, we propose that
non-toxic HSP70 inducers could be beneficial for use in cos-
metics and medicines for the treatment of UVB-related skin
diseases.

EXPERIMENTAL PROCEDURES

Materials and Animals—Paraformaldehyde, 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), per-
oxidase standard and fetal bovine serum were obtained from
Sigma-Aldrich. Enzyme-linked immunosorbent assay kits for
interleukin (IL)-18 and IL-6 were from Pierce. Mayer’s hema-
toxylin, 1% eosin alcohol solution, and malinol were from Muto
Pure Chemicals (Tokyo, Japan). Terminal nucleotidyltrans-
ferase was obtained from Toyobo (Osaka, Japan). The Envision
kit was from Dako (Carpinteria, CA). Biotin-14-ATP and Alexa
Fluor 488-conjugated streptavidin were purchased from’
Invitrogen (Carlsbad, CA). VECTASHIELD was from Vector
Laboratories. 4',6-Diamidino-2-phenylindole (DAPI) was from
Dojindo Laboratories (Kumamoto, Japan). The RNeasy Fibrous
Tissue Mini kit was obtained from Qiagen Inc. (Valencia, CA).
The first-strand cDNA synthesis kit was from Takara Bio
(Ohtsu, Japan), and IQ SYBR Green Supermix was from Bio- -
Rad (Hercules, CA). Lipofectamine (TM2000) and pcDNA3.1
plasmid were obtained from Invitrogen. Antibodies against
IkB-a and actin were from Santa Cruz Biotechnology (Santa
Cruz, CA). An antibody against HSP70 was from Stressgen
(Ann Arbor, MI). Antibody against CPDs was from Kamiya
Biomedical Co. (Seattle, WA), whereas another against
8-OHdG was from Nikken SEIL (Shizuoka, Japan). a-(4-Pyri--
dyl-1-oxide)-N-tert-butylnitrone (POBN) was from Alexis (San
Diego, CA). Transgenic mice expressing HSP70 and their wild-
type counterparts (6—8 weeks old, male) were gifts from Drs.
C. E. Angelidis and G. N. Pagoulatos (University of loannina,
lIoannina, Greece) and were prepared as described previously
(30). Homozygotic transgenic mice expressing HSP70 were
used in these experiments. 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.

UV Irradiation—Animals and cultured cells were exposed to
UVB irradiation with a double bank of UVB lamps (peak emis-
sion at 312 nm, VL-215LM lamp, Vilber Lourmat). The UV
energy was monitored by a radiometer sensor (UVX-31, UV

3T.Hoshino, M. Matsuda, Y. Yamashita, M. Takehara, M. Fukuya, K. Mineda, D.
Maji, H. Ihn, Y. Funasaka, and T. Mizushima, unpublished data.
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Products). Animals were placed under deep anesthesia with
chloral hydrate (250 mg/kg), and fur was removed with electric
clippers prior to the irradiation.

MPO Activity—Myeloperoxidase (MPO) activity in the skin
was measured as described previously (30). Animals were
placed under deep ether anesthesia and killed. The skin was
dissected, rinsed with cold saline, and cut into small pieces.
Samples were homogenized in 50 mm phosphate buffer, freeze-
thawed, and centrifuged. The protein concentrations of the
supernatants were determined using the Bradford method (31).
MPO activity was determined in 10 mm phosphate buffer with
0.5 mM o-dianisidine, 0.00005% (w/v) hydrogen peroxide, and
20 pg of protein. MPO activity was obtained from the slope of
the reaction curve, and its specific activity was expressed as the
number of hydrogen peroxide molecules converted per
minute/mg of protein.

Immunoblotting Analysis—Whole cell extracts were pre-
pared as described previously (32). The protein concentration
of each sample was determined by the Bradford method (31).
Samples were applied to 9% (HSP70 and actin) or 12% (IkB-a)
polyacrylamide SDS gels and subjected to electrophoresis, after
which the proteins were immunoblotted with appropriate
antibodies.

Real-time 'Reverse Transcription-PCR Analysis—Total RNA
was extracted from skin tissues using the RNeasy Fibrous Tis-
sue Mini kit according to the manufacturer’s protocol. Samples
(2.5 ug of RNA) were reverse-transcribed using the first-strand
cDNA synthesis kit according to the manufacturer’s instruc-
tions. Synthesized cDNA was used in real-time reverse tran-
scription-PCR (Chromo 4 system, Bio-Rad) experiments using
iQ SYBR Green Supermix and analyzed with Opticon Monitor
software according to the manufacturér’s-instructions. Speci-
ficity 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, glyceraldehyde-3-phosphate dehydrogenase
cDNA was used as an internal standard. The primers used were,
hsp70, 5'-tggtgctgacgaagatgaag-3' (forward) and 5’'-aggtcgaa-
gatgagcacgtt-3' (reverse); il-1B, 5'-gatcccaagcaatacccaaa-3'
(forward) and 5'-ggggaactctgcagactcaa-3' (reverse); il-6, 5'-ctg-
gagtcacagaaggagtgg-3' (forward) and 5'-ggtttgccgagtagatct-
caa-3' (reverse); monocyte chemoattractant protein-1 (mcp-1),
5'-ctcacctgctgetactcatte-3' (forward) and 5'-gettgaggtggttgtg-
gaaaa-3' (reverse); macrophage inflammatory protein-2 (mip-
2), 5'-accctgccaagggttgacttc-3' (forward) and 5'-ggcacatcagg-
tacgatccag-3' (reverse); and gapdh, 5'-aactttggcattgtggaagg-3'
(forward) and 5'-acacattgggggtaggaaca-3’ (reverse).

Histological and Immunohistochemical Analyses and
TUNEL Assay—Skin samples were fixed in 4% buffered
paraformaldehyde and embedded in paraffin before being cut
into 4-um-thick sections, which were then deparaffinized and
washed in phosphate-buffered saline.

For histological examination (hematoxylin and eosin staining),
sections were stained first with Mayer’s hematoxylinand then with
1% eosin alcohol solution. Samples were mounted with malinol
and inspected using a BX51 microscope (Olympus).

For immunohistochemical analyses, sections were incubated

‘with 0.1% (for 8-OHdG) or 0.3% (for CPDs and HSP70) hydro-
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gen peroxide in methanol for removal of endogenous peroxi-
dase. Sections were incubated with 0.125% trypsin in phos-
phate-buffered saline for 10 min and then with 1 N HCl for 30
min for DNA denaturation. Sections were blocked with 2.5%
goat serum for 10 min, incubated for 12 h with antibody against
HSP70 (1:200° dilution), 8-OHdG (1:100 dilution), or CPDs
(1:500 dilution) in the presence of 2.5% bovine serum albumin,
and then incubated for 1 h with peroxidase-labeled polymer
conjugated to goat anti-mouse immunoglobulins. 3,3’-Diami-
nobenzidine was applied to the sections, which were then incu-
bated with Mayer’s hematoxylin (hematoxylin staining was
omitted for 8-OHdG). Samples were mounted with malinol and
inspected using a BX51 microscope (Olympus). The intensity
of 8-OHdG staining in the epidermis was measured by
LuminaVision (Mitani). ,

For TUNEL assay, sections were incubated first with protein-
ase K (20 pg/ml) for 15 min at 37 °C, then with terminal nucleo-
tidyltransferase and biotin-14-ATP for 1 h at 37 °C, and finally
with Alexa Fluor 488-conjugated streptavidin and DAPI (5
pg/ml) for 2 h. Samples were mounted with VECTASHIELD
and inspected using a BX51 fluorescence microscope
(Olympus). .

Cell Culture and Apoptosis Analysis—PAM212 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum in a humidified atmosphere of 95%
air with 5% CO, at 37 °C. Transfection of PAM212 cells with
pcDNA3.1 containing the hsp70 gene (33) was carried out using
Lipofectamine (TM2000) according to the manufacturer’s pro-
tocol. The stable transfectants expressing HSP70 were selected
by immunoblotting and real-time reverse transcription-PCR
analyses. Positive clones were maintained in the presence of 200
pg/ml G418. Cell viability was determined by the MTT method
as previously described (34), and the measurements of caspase-
3-like activity and fluorescence-activated cell sorting analysis
(for measurement of apoptotic cells in sub-G,) were performed
as described previously (34).

Immunostaining of 8-OHAG and CPDs in Cultured Cells—
Cells were cultured on 8-well Lab-Tek II Chamber slides
(Nunc). They were then fixed in methanol for 20 min after UVB
irradiation. Cells were permeabilized with 0.5% Triton X-100
for 5 min, treated in a microwave oven with 0.01 Mm citric acid
buffer for antigen activation, and then treated with 1 N HCI for
20 min for DNA denaturation. Cells were blocked with 5% goat
serum for 10 min, incubated for 2 h with antibody against
8-OHdG (1:10 dilution) or CPDs (1:2000 dilution) in the pres-
ence of 2.5% bovine serum albumin, and finally incubated with
Alexa Fluor 488 goat anti-mouse immunoglobulin G. Cells
were simultaneously stained with DAPI (5 pug/ml) for 2 h. Sam-
ples were mounted with VECTASHIELD and inspected with
the aid of a BX51 fluorescence microscope (Olympus). The fluo-
rescence intensity of 8-OHdG or CPD staining was measured
by using LuminaVision.

Determination of ROS Production in Vivo by ESR Analysis—
In vivo ESR analysis was performed as described (35) with some
modifications. Immediately after UVB exposure, animals were
placed under deep anesthesia with chloral hydrate (250 mg/kg)
and injected with POBN (a spin trap reagent) (36, 37) intraper-
itoneally (4 mmol/kg). After 1 h, mice were sacrificed, the skins
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were dissected, and the lipid phase was extracted. After evapo-
rating the sample, ESR spectra were immediately recorded at
room temperature using a quartz flat cell (160 ul) in a JES-
TE200 spectrometer (JEOL). The operating conditions of the
ESR apparatus were: 9.43 GHz, field 335.2 * 5 milliteslas,
40-milliwatt microwave power, 100-kHz modulation fre-
quency, 0.25-field modulation width, 0.3-s time count, and
sweep time of 2 min.

Statistical Analysis—All values are expressed as the means *
S.E. Two-way analysis of variance followed by the Tukey test
was used to evaluate differences between more than three
groups. Differences were considered to be significant for values
of p <0.05.

" RESULTS

Effect of Expression of HSP70 on UVB-induced Epidermal
Apoptosis—Overexpression of HSP70 in the transgenic mice
that we used in this study has been shown in various organs (9,
30, 38-40). We examined HSP70 expression in the skin of
“these animals as this has not been determined to date. Trans-
genic mice expressing HSP70 and wild-type mice were irradi-
ated or not with 180 mJ/cm? UVB. The dorsal skin was removed
24 h after completion of the irradiation and subjected to immu-
noblotting analysis. As shown in Fig. 1 (A and B), the level of
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However, under these conditions, UVB irradiation did not up-
regulate the expression of HSP70 in either type of mice (Fig. 1,
A and B), a finding that differs from previous reports (20).
Although we examined the effect of UVB on expression of
HSP70 under various conditions (various doses of UVB and
time course of the induction periods), we could not detect the
UVB-dependent up-regulation of expression of HSP70 under
any conditions by immunoblotting analysis (supplemental Fig.
S1). We consider that this is due to the UVB-dependent
increase in total amount of proteins (we applied the same
amount of proteins in each lane in immunoblotting analysis).
Supporting this notion, immunohistochemical analysis with an
_ antibody against HSP70 demonstrated that the expression of
HSP70 was induced by UVB irradiation at the skin (the top
panels in supplemental Fig. S2). Inmunohistochemical analysis
also demonstrated that the expression of HSP70 is higher in the
epidermis than in the dermis, as described previously (11), and
that expression in the epidermis is further heightened in trans-
genic mice (Fig. 1C). The results in Fig. 1 suggest that these
transgenic mice could be useful for examining the protective
role of HSP70 against UVB-induced epidermal damage.

Histological observations revealed extensive infiltration of
leukocytes and epidermal disruption in skin sections prepared
from UVB-irradiated wild-type mice, whereas the extent of
cutaneous damage was not so apparent in transgenic mice
expressing HSP70 (Fig. 2A). MPO activity, an indicator of the
inflammatory infiltration of leukocytes, was increased in wild-
type mice in response to the UVB irradiation. This activity was
lower in UVB-irradiated transgenic mice expressing HSP70
compared with wild-type mice (Fig. 2B). The overexpression of
HSP70 in transgenic mice did not affect the background level of
MPO activity (Fig. 2B). These results show that UVB-induced
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FIGURE 1. Expression of HSP70 in the dorsal skin after UVB irradiation.
Transgenic mice expressing HSP70 (HSP70 Tg) and wild-type mice (WT) were
irradiated with or without 180 mJ/cm? UVB, and the dorsal skin was removed
after 24 h. A, whole cell extracts were analyzed by immunoblotting with an
antibody against HSP70 or actin. B, the band intensity of HSP70 was deter-
mined and expressed relative to the control sample (n = 6) (one of two gels is
shown in panel A). Values are mean * S.E.** p <0.01;* p <.0.05.C, sections
of dorsal skin were prepared and subjected toimmunohistochemical analysis
with an antibody against HSP70. Brown staining indicates HSP70 expression.
Scale bar, 50 pm.

epidermal damage and the resulting infiltration of leukocytes
are suppressed in transgenic mice expressing HSP70.

The extent of epidermal cell apoptosis was determined by
TUNEL assay. An increase of TUNEL-positive (apoptotic) cells
in the epidermis of wild-type mice was observed after the UVB
irradiation, and this increase was clearly suppressed in trans-
genic mice expressing HSP70 (Fig: 2, Cand D). The overexpres-
sion of HSP70 in transgenic mice did not affect the background
level of epidermal apoptosis (Fig. 2, C and D). These results
suggest that the expression of HSP70 protects epidermal cells
(keratinocytes) from UVB-induced apoptosis.

To identify cells expressing HSP70 in transgenic mice and
wild-type mice irradiated with UVB, we performed co-immu-
nostaining assay. As shown in supplemental Fig. S2, strong co-
staining of HSP70 with CD11b (a marker of macrophage) and
pan cytokeratin (a marker of keratinocyte) was observed at the
skin of transgenic mice expressing HSP70 or wild-type mice
irradiated with UVB. A relatively weak co-staining of HSP70
with MPO (a maker of neutrophil) and vimentin (a maker of
fibroblast) was also observed (supplemental Fig. S2). These
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