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calcein was observed in MDA-MB-231 cells treated with AAP than
in control cells, suggesting that drug efflux activity is suppressed
by treatment with AAP. As shown in Fig. 5E, mrp2-5 mRNA
expression was suppressed by treatment of MDA-MB-231 cells
with AAP, suggesting that this down-regulation of expression is
involved in AAP-induced inhibition of drug efflux activity and
increase in susceptibility to anti-cancer drugs of MDA-MB-231
cells.

3.4. Effect of AAP on growth of tumor xenografts in nude mice

We tested whether AAP-dependent induction of differentiation
of MDA-MB-231 cells affects their tumorigenic activity in vivo.
Nude mice were inoculated subcutaneously with AAP-treated or
non-treated MDA-MB-231 cells and the growth of the tumor
xenografts was monitored. As shown in Fig. 6A, although tumor
xenografts grew well in mice inoculated with control cells, such
growth was not observed in mice inoculated with AAP-treated
cells, showing that treatment of cells with AAP in vitro suppresses
the tumorigenic activity of MDA-MB-231cells.
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Next, we examined the effect of daily subcutaneous adminis-
tration of AAP on the growth of tumor xenografts in nude mice
with and without simultaneous weekly intravenous administra-
tion of doxorubicine. As shown in Fig. 6B, administration of either
AAP or doxorubicine significantly suppressed growth of the tumor
xenografts. At day 35, tumor xenografts were removed and the
expression of CD44, CD24 and [B-catenin was examined by
immunohistochemical analysis. As shown in Fig. 6C and D,
administration of AAP but not of doxorubicine affected the
expression of these proteins: higher or lower expression of
CD24 or CD44 and 3-catenin, respectively, was observed in tumor
xenografts from AAP-administered mice relative to xenografts
from control or doxorubicine-administered mice. This suggests
that AAP induces differentiation of MDA-MB-231 cells in vivo.
Interestingly, administering both AAP and doxorubicine resulted in
a more distinct suppression of tumor xenograft growth (Fig. 6B).

We then compared the effects of o-acetamidophenol on the
growth of tumor xenografts in nude mice. Due to its hydrophobic-
ity, o-acetamidophenol was orally administered. As shown in
Fig. 7A, administration of o-acetamidophenol reduced the growth

80 1
—e—PBS-PBS
- —8—PBS-DXR
600 —0— AAP-PBS
—o— AAP-DXR
400 -
200

PBS-DXR

25um

PBS-DXR

Fig. 6. Effect of AAP on the growth of tumor xenografts in nude mice. MDA-MB-231 cells treated with (AAP) and without (Control) 1 mM AAP for 4 days were inoculated
subcutaneously into the right hind footpad of each nude mouse (1 x 107 cells/mouse) at day 0 (A). MDA-MB-231 cells were inoculated subcutaneously into the right hind
footpad of each nude mouse (1 x 107 cells/mouse). After 2 weeks (day 0), daily subcutaneous administration of AAP (600 mg/kg) or PBS into the left hind footpad and/or
weekly intravenous administration of doxorubicin (4 mg/kg, DXR) or PBS into the tail vein were initiated (B-D). Tumor sizes were measured weekly and their volumes were
calculated (A and B). At day 35, tumor xenografts were removed and subjected to immunohistochemical analysis with antibodies against CD44, CD24 and B-catenin (C and D).

Values are mean + S.EM. (n=6-8). *P < 0.05; **P < 0.01; n.s., not sxgmﬁcant
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Fig. 7. Hepatotoxicity and anti-cancer effect of o-acetamidophenol. MDA-MB-231 cells were inoculated subcutaneously into the right hind footpad of each nude mouse
(1 x 107 cells/mouse). After 2 weeks (day 0), daily oral administration of 0-acetamidophenol (0-AAP) or methylcellulose (Control) were initiated. Tumor sizes were measured
weekly and their volumes were calculated (A). ICR wild-type mice were orally administered the indicated doses of 0-AAP or AAP. After 8 h, the survival rate of mice (B) and the
activities of AST and ALT in plasma (C) were determined as described in Section 2. Values are mean + S.E.M. (n=4-8). *P < 0.05; **P < 0.01.

of tumor xenografts. The most serious problem with the clinical
use of AAP is its hepatotoxicity, which may become an obstacle for
its use as an anti-cancer drug. We compared the toxicity of AAP and

o-acetamidophenol in wild-type ICR mice. As shown in Fig. 7B,

unlike AAP, o-acetamidophenol did not cause mouse death at doses
lower than 1200 mg/kg. Furthermore, the plasma levels of AST and
ALT, indicators of hepatic injury, were higher in AAP-administered
mice than in o-acetamidophenol-administered mice (Fig. 7C),
suggesting that o-acetamidophenol is more safe for the liver than
AAP. However, surprisingly, as shown in supplemental Fig, S2,
long-term survival rate was lower with o-acetamidophenol than
with AAP. The plasma levels of AST and ALT were lower with o-
acetamidophenol than with AAP, suggesting that long-term
treatment of mice with o-acetamidophenol is more toxic than
AAP due to unknown and hepatic injury-independent mechanism.

- 4. Discussion

Due to the accumulating evidence suggesting that CSCs play
important roles in tumor growth, metastasis and relapse after
chemo- or radiotherapy, a number of studies have tried to identify
drugs that specifically kill CSCs [21,22]. As an alternative strategy
. for cancer therapy focusing on CSCs, in this study, we searched for
drugs that induce differentiation of CSCs. For this purpose, we used
the breast cancer cell line MDA-MB-231, which was reported to
mainly contain stem cell-like cells (CD44%/CD24-"°%), and a
chemical library consisting of drugs already in clinical use. We
found that AAP (1 mM) induces differentiation of MDA-MB-231
cells in vitro, which was judged by cell morphological change;
alteration of the expression profile of cell surface markers (from
CD44*/CD24~"°% to CD44~/°Y/CD24"); up-regulation or down-
regulation of expression of markers for differentiated cells or stem
cell-like cells, respectively; inhibition of cell proliferation and

invasion; and localization of ZO-1 and B-catenin at cell-cell
contacts. This is the first report of a clinically used drug inducing
differentiation of cancer stem cell-like cells. The reverse process of
epithelial-mesenchymal transition, mesenchymal-tpithelial-
transition (MET) has been paid much attention because this
transition seems to suppress cancer progression [2848]. The
alterations of phenotypes associated with MET in MDA-MB-231
cells [48] were much the same as those associated with treatment
of cells with AAP observed in this study. Thus, results in this study
also imply that AAP induces MET in MDA-MB-231 cells.
Although as the suppression of cell proliferation is one of the
alterations to phenotype that occurs with differentiation of CSCs, it
is possible that alterations to other differentiation-related
phenotypes are caused by suppression of cell proliferation.
However, we conclude that the alterations to the phenotypes
are not the result of inhibition of cell proliferation because
treatment of cells with 4% ethanol caused cell growth inhibition to
a similar extent as 1 mM AAP but did not induce differentiation of
MDA-MB-231 cells; AAP did not induce cell death, judged by a
trypan blue exclusion test, with differentiation of MDA-MB-231
cells (data not shown). Moreover, cell growth inhibition did not
correlate with the induction of differentiation in experiments
using various derivatives of AAP. Analysis with AAP derivatives
also revealed that the anti-inflammatory activity of AAP, judged by
its inhibitory effect on PGE, synthesis, correlates with its
differentiation-inducing activity. However, we found that treat-
ment of MDA-MB-231 cells with 0.1 mM indomethacin, which
caused inhibition of PGE; synthesis to a similar extent as 1 mM
AAP, did not inducedifferentiation of MDA-MB-231 cells (data not
shown). Therefore, it seems that the anti-inflammatory activity of
AAP is involved in, but not sufficient for, induction of the
differentiation of MDA-MB-231 cells. It was recently reported
that PGE, contributes to the maintenance of the undifferentiated
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properties of haematopoietic stem cells [49] and a similar
mechanism may be involved in the AAP-induced differentiation
of MDA-MB-231 cells.

Both the TGF-B and Wnt/B-catenin canonical signaling path-
ways play important roles in the maintenance of the undifferenti-
ated properties of breast CSCs and mammary gland stem cells [24-

27]. However, the TGF-$ signaling pathway does not seem to

contribute to the maintenance of the undifferentiated properties of
MDA-MB-231 cells because an inhibitor of this pathway did not
-induce differentiation of MDA-MB-231 cells. On the other hand, we
conclude that the Wnt/B-catenin canonical signaling pathway is
involved in AAP-induced differentiation of MDA-MB-231 cells as
treatment of cells with AAP decreased the cellular level of {3-
catenin, this decrease was suppressed by an inhibitor of GSK3j3,
and the inhibitor suppressed the AAP-induced differentiation of
MDA-MB-231 cells. At present, the mechanism whereby AAP
inhibits the Wnt/B-catenin canonical signaling pathway is
“unknown. It was reported that the Wnt/B-catenin canonical
signaling pathway plays an important role in the maintenance of
self-renewal and pluripotency activities in colon CSCs and
leukemia stem cells [50,51]. It has also been recently reported
that the Wnt/B-catenin canonical signaling pathway plays an
important role in the maintenance of self-renewal and pluripo-
tency activities in not only mammary gland stem cells but also in
brain and colon stem cells [25-27,52]. Since CSCs share with
normal stem cells a mechanism for maintenance of stem cell-like
properties [23], the results of this study suggest that AAP induces
the differentiation of leukemia stem cells and brain and intestinal
CSCs and could be effective for chemotherapy for these cancers and
leukemia. : ' ' .

Resistance to anti-cancer drugs is one of the phenotypes of
CSCs, which causes insufficient chemotherapy and relapse of
cancers after chemotherapy. In this study, we have shown that pre-
treatment of MDA-MB-231 cells with AAP makes cells more
susceptible to anti-tumor drugs (doxorubicine and 5-FU). Since a
similar increase in sensitivity was observed in MDA-MB-231 cells
differentiated by overexpression of JAM-A but not in AAP-treated
MCF-7 cells (a breast cancer cell line with differentiated
properties), this AAP-induced increase in sensitivity of MDA-
MB-231 cells to anti-cancer drugs is most likely mediated by their
differentiation. We also suggest that AAP decreases the drug efflux
activity of MDA-MB-231 cells and suppresses the expression of
MRPs. It has been reported that doxorubicine or 5-FU is a substrate
of MRP2 or MRP5, respectively [53,54]. Thus, the results of this
study suggest that AAP increases the sensitivity of MDA-MB-231
cells to anti-cancer drugs through differentiation-mediated
suppression of expression of MRPs and the resulting inhibition
of the drug efflux activity.

We also evaluated the activity of AAP as an anti-tumor drug in
vivo, by monitoring the growth of tumor xenografts in nude mice.
We showed that pre-treatment of MDA-MB-231 cells with AAP in
vitro decreases their tumorigenic activity. Since a previous paper

suggests that the CD44*/CD24~/°¥ subpopulation of MDA-MB-231

cells has a higher tumorigenic activity than the CD44~/'°/CD24*
subpopulation [10], the AAP-induced suppression of tumorigenic
activity seems to be mediated by the induction of differentiation.
Also, we have shown that subcutaneous administration of AAP to
mice inhibited the growth of tumor xenografts of MDA-MB-231
cells. Administration of AAP to mice increased or decreased the
expression of CD24 or CD44 and f3-catenin, respectively, in tumor
xenografts, suggesting that administered AAP induces differentia-
tion of MDA-MB-231 cells in vivo, as seen in vitro. Supporting this
notion, we found that the peak plasma concentration of AAP after
subcutaneous administration (600 mg/kg) is about 2 mM (1 h after
administration, data not shown), which is higher than that required
for induction of differentiation of MDA-MB-231 cells in vitro.

-6l -

We also showed that administration of AAP enhanced the
doxorubicine-dependent suppression of tumor xenograft growth.
As for the mechanism for this enhancement, an interesting idea is
that AAP makes MDA-MB-231 cells more susceptible to doxor-
ubicine by induction of differentiation, as seen in vitro. However, as
described above, administration of AAP alone also suppressed
tumor xenograft growth, it is thus, also possible that this is an
additive effect of AAP and doxorubicine on tumor xenograft
growth. It was recently reported that the CD44*/CD24~/'oW
subpopulation of MDA-MB-231 cells has a higher level of
metastatic activity than the CD44/°%/CD24" subpopulation
[10]. Metastasis is a multi-step process that involves tumor cell
escape from the primary site, migration, adhesion and extravasa-
tion at the secondary site, and initiation of growth and
angiogenesis, and CSCs play important roles in metastasis[3].
Thus, the results of this study suggest that treatment of MDA-MB-
231 cells with AAP in vitro or administration of AAP in vivo
suppresses the metastatic activity of MDA-MB-231 cells.

The number of drugs reaching the marketplace has decreased
year by year. This is because unexpected side effects and poor
pharmacokinetics of possible drugs are being revealed in the
clinical trial stage. Thus, we consider a new strategy for drug
development, in which new pharmacology effects of drugs already
in clinical use are identified and are used for the development of
these drugs for other diseases. Therefore, in this study, we searched
for drugs that are already in clinical use for chemicals that induce
differentiation of MDA-MB-231 cells. We believe that develop-
ment of AAP as an anti-tumor drug, or as a drug potentiating
efficacies of other anti-tumor drugs, has a high probability of
success because its safety and pharmacokinetics in humans have
already been confirmed. However, the major obstacle for this idea
is the required dose of AAP. The clinical dose of AAP for anti-
inflammatory, antipyretic and analgesic effects is 1500 mg/
human/day (25 mgjkg/day) and the dose required for anti-
inflammatory, antipyretic and analgesic effects in animals is
150 mg/kg, which is much lower than the dose used in this study °
(600 mg(kg). The use of a high dose of AAP for clinical purposes is
not appropriate. because it 'would cause hepatic side effects.
Therefore, a method that would decrease the dose of AAP required
for achieving anti-tumor effects, such as its specific delivery to
tumors, is important. Alternatively, simultaneous administration
of drugs, such as N-acetylcysteine, which decrease the hepatotox-
icty of AAP could be considered [55].

In conclusion, we propose that AAP becomes a new class of anti-
tumor drugs, which induce the differentiation of CSCs. This type of
drug would be beneficial for cancer therapy. in combination with
other chemotherapeutic agents, because it may overcome the
obstacles of current cancer therapy: resistance to chemotherapy,
metastasis and relapse.
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As a new strategy for drug discovery and development,
1 focus on drag re-profiling as a way to identify new
treatments for diseases. In this strategy, the actions of
existing medicines, whose safety and pharmacokinetic
effects in humans have already been confirmed clinic-
ally and approved for use, are examined comprehen-
sively at the molecular level and the results used for
the development of new medicines. This strategy is
based on the fact that we still do not understand the
underlying mechanisms of action of many existing
medicines, and as such the cellular responses that give
rise to their main effects and side effects are yet to be
elucidated. To this extent, identification of the mechan-
isms underlying the side effects of medicines offers a
means for us to develop safer drugs. The results can
also be used for developing existing drugs for use as
medicines for the treatment of other diseases.
Promoting this research strategy could provide break-
throughs in drug discovery and development.

Keywords: drug re-profiling/drug discovery and
development/existing medicines/comprehensive
-analysis.

Abbreviations: AB, amyloid-f peptide; AD,
Alzheimer’s disease; CHOP, C/EBP homologous
protein; COX, cyclooxygenase; DDS, drug delivery
system; ER, endoplasmic reticulum; GGA, geranyl-
geranylacetone; HSF1, heat shock factor 1; HSP, heat
shock protein; IBD, inflammatory bowel disease;
NSAIDs, non-steroidal anti-inflammatory drugs;
PGE,, prostaglandin E,; TJ, tight junction.

Key words to describe major industries that are likely
to sustain developed countries, including Japan, in the
21st century are ‘high added value’ and ‘knowledge-
intensive’. Considering the high level of personnel costs
in these countries, goods of high added value (market-
able though expensive) and knowledge-intensive goods
(unable to be produced in developing countries)

are required. Medicines are ideal as such goods, but
the pharmaceutical industry responsible for producing
them must reinvent itself and continually develop in
order to meet economic growth objectives.

To achieve this outcome, huge amounts of money
have been invested to promote drug discovery and de-
velopment. Moreover, in order to raise the efficiency of
drug discovery and development, major pharmaceut-
ical companies have repeatedly merged with each
other, and novel techniques for drug discovery, such
as genomic drug discovery, high-throughput screening,
and combinatorial chemistry have been established.
While it was thus thought that the beginning of the
21st century would be heralded by an avalanche of
new medicines coming onto the market, the number
of drugs reaching the marketplace has decreased year
by year (Fig. 1). This is because unexpected side effects
and poor pharmacokinetics of potential drugs are
being revealed at various stages of clinical trials, thus
rendering the drugs not fit for use on humans. I con-
sider that this is due-to the fact that a large proportion
of developable drugs (high safety and good pharmaco-
kinetics) have actually already been discovered. Thus,
1 would like to focus attention on a new strategy for
drug discovery and development, which focuses on the
use of existing medicines; in other words, to employ a
drug re-profiling strategy.

Background to the drug re-profiling
strategy

In the drug re-profiling strategy, the actions of drugs
already 1n clinical use, whose safety and pharmacokin-
etics in humans have already been confirmed, are
examined comprehensively at the molecular level,
using current and/or ground-breaking technologies,
and the results used for the development of new medi-
cines (Fig. 2). This refers not only to medicines cur-
rently in the market place, but also to medicines that
have been withdrawn from the market or medicines
whose clinical trials failed due to ineffectiveness (not
because of safety issues). :

In addition to an apparent deadlock in current drug
discovery and development strategies, another aspect
of the drug re-profiling strategy is the fact that among
existing medicines, there are many of them for whom it
is unclear how their underlying mechanisms of action
give rise to their main effects and side effects. Many
drugs that have been on the market for a long time (in
most cases, good drugs) can be included in this group.
This 1s because a significant proportion of them are
derived from mnatural products that are traditionally
thought to be effective for the treatment of particular
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Fig. 1 Decrease in the number of new drugs approved by FDA.

I Existing medicines whose mechanisms of actions are unclear [

|

[Idenﬁﬁcaﬁon of mechanisms of clinical effects J

—_—

| Main effects | { Side effects | L New effects I
| | |
Ia'ganic synthesis of derivatives, selection of candidates l
| ! |
|Selective drug delivery to tissues related to clinical effectﬂ
| ! |
' More potent action l !Lower side effect Development for

other diseases

Fig. 2 Drug re-profiling strategy.

conditions. Nevertheless, the mechanisms underlying
how these drugs achieve their clinical effect have not
been examined. Furthermore, when such traditional
medicines were developed, it was difficult, if not im-
possible to investigate the molecular mechanisms of
action that give rise to their main effects and side ef-
fects, due to a lack of analytical technology.

" On the other hand, epidemiological studies have re-
vealed a number of novel clinical effects of existing
medicines (for example, the anti-tumour and
anti-Alzheimer’s disease (AD) effects of non-steroidal
anti-inflammatory drugs (NSAIDs), as described
below); however, the mechanisms governing these
novel clinical effects are unclear at present.

With this background in mind, in drug re-profiling
the actions of clinically employed drugs are subjected
to a comprehensive examination at the molecular level
to identify the mechanisms underlying their main ac-
tions and side effects, with the aim to develop more
potent and safer medicines, or to identify novel clinical
effects and their underlying molecular mechanisms.
This may enable the development of existing drugs as
treatments for other diseases (Fig. 2). The advantage of
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this strategy is that there is a decreased risk for unex-
pected side effects and poor pharmacokinetics in
humans because their safety and pharmacokinetics
have already been well characterized. By employing
this strategy, we could also improve the efficiency of
drug development by reducing the enormous amount
of time, money and energy that goes into getting a
product to market. For example, pre-clinical tests
(such as evaluation for safety, metabolism, absorption
and excretion in animals) and phase I clinical trials in
humans can be omitted. Drug re-profiling has conse-
quently been linked to the concept of ‘eco-medicine’.

This research strategy can also be considered as a
new type of basic chemical biology. When the mech-
anisms of action of existing medicines are poorly
understood, this means that they act in an unknown
biological manner; in other words, the identification of
such mechanisms may lead us to new biological out-
comes. For example, as described below, analysis of
the anti-tumour activity of NSAIDs led us to identify
that tight junction (TJ)-associated proteins regulate the
metastasis of tumours (/, 2).

Recently, a number of successful results of indica-
tion expansion have been reported. For example, sil-
denafil and minoxidil were originally developed as
medicines for the treatment of cardiovascular diseases.
However, in the clinical setting, other pharmacological
activities were identified and these drugs were
re-developed for the treatment of erectile dysfunction
and alopecia, respectively (3, 4). In Japan, ramosetron
was originally developed as an antiemetic drug and
thereafter, taking into account its principal side
effect, constipation, this drug was re-developed as a
treatment for diarrhea-predominant irritable bowel
syndrome (5).

In these indication expansions, the strategy was
found by chance, giving rise to the possibility of
there being many un-identified pharmacological activ-
ities of existing medicines. Thus, in drug re-profiling,
the pharmacological activities of existing medicines are
identified scientifically and comprehensively using in-
novative technologies and the results are used for drug
development, including indication expansion.

Methods underlying the drug re-profiling
strategy

Steps in the drug re-profiling strategy can be described
as follows: ;

(i) Targeting and selection of existing drugs to be
subjected to analysis.

(ii) Comprehensive analysis of the actions of these
drugs and to identify the manner in which they
exert their clinical action (main effect, side ef-
fects and novel effects) with the aim to select
compounds that might warrant further analysis.

(iii) Organic synthesis of derivatives of the selected
drug to obtain more-effective homologues. A
principle advantage of the drug re-profiling
strategy is that existing medicines can be sub-
jected to drug development in order to reduce
costs associated with development and risk of
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failure. However, when a drug with desirable
characteristics cannot be found in existing medi-
cines, the slight modification of existing medi-
cines should be considered (see our study for
NSAIDs with reduced gastric side effects).

(iv) Drug delivery system (DDS) studies to deliver
drugs to tissues related to the drug’s main effects
or novel effects, or to avoid delivery in cases
where side effects occur.

We applied this strategy to existing medicines to
identify new possibilities for drug development.
Furthermore, since some beneficial effects of existing
medicines may not be identified by this strategy only,
we recently prepared a library of existing medicines
and applied various screening methods to these com-
pounds in order to comprehensively search for existing
medicines with clinically beneficial effects.

The following discussion provides more detailed
methods for each step, which are currently being per-
formed in our work.

Targeting and selection of existing medicines
Candidate existing medicines to be subjected to drug
re-profiling are selected on the basis of data from epi-
demiological studies and previous clinical trials
(including examples of failure), as well as from ana-
lyses of existing drugs whose mechanism of action is
unclear.

Comprehensive analysis of the mechanisms of
action of targeted medicines ;
Analysis of genes whose expression is induced by the
target drug. Using DNAchip and proteinchip tech-
niques, genes and proteins induced by the target drug
are identified in various cells types (such as cells from
different tissues, and cells expressing proteins related
to specific diseases). As for genes possibly related to
some diseases, the drug and the gene are analysed in an
in vitro system (for example, using siRNA) and also in
animal models. Through these studies, we select exist-
ing medicines that are possibly linked to new drug de-
velopment strategies. On the other hand, the
mechanism of action of targeted drugs is analysed to
identify new biological outcomes.

Analysis of proteins bound to the target drug. To iden-
tify proteins bound to the target drug, total human
proteins are separated by 2D gel electrophoresis and
detected with the labeled drug. Analysis of the identi-
fied proteins is performed as described earlier.

Other analyses. Other comprehensive analyses using
innovative techniques are also performed. For ex-
ample, alterations in the concentrations of various
signal transduction-related molecules (such as cAMP)
after the treatment of cells with the drug are moni-
tored, or systematic screening of receptors that bind
the drug is performed.

Analysis of a library of existing medicines. A library of
existing medicines is subjected to the various screening
systems. When novel, clinically beneficial actions are
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identified, further drug development and analysis of
underlying molecular mechanisms are carried out as
described above.

Organic synthesis of derivatives and analysis

of their actions

Derivatives of existing medicines selected are synthe-
sized. In such cases, clear strategies for the synthesis
are needed. For example, in the case of the synthesis of

 NSAIDs with lower membrane permeabilizing activity,

we computer-simulated the interaction between the
target NSAID and the membrane and used the results
to synthesize derivatives of the target NSAID (6). The
activities of the newly synthesized drugs are estimated
in vitro and in vivo for the subsequent selection of pro-
mising compounds as candidates for new medicines.

DDS-mediated modification of drugs
DDS is a technique that permits selective drug delivery
to specific tissues, and as such is essential in the quest

for drug re-profiling. For example, when the underly-

ing mechanisms related to the side effects of existing
medicines are revealed, DDS can be used to avoid de-
livery of the drug to tissues related to the side effect.
Conversely, when the novel clinical effects of drugs are
revealed, DDS can be used to selectively deliver the
drugs to the relevant tissues related to this effect.
Embedding of the medicine into nanoparticles and
modification of the surface of nanoparticles (for ex-
ample, loading antibodies that recognize tissue-specific
proteins) is a useful DDS technique. Using more trad-
itional techniques, it was impossible to embed hydro-
philic drugs; however, we recently found a way around
this by introducing a phosphate side chain into the
drug and its insolubilization with zinc ion. By this
method, we were able to embed PGE,; (a stimulator
of vascularization) into nanoparticles and deliver this
drug to the site of vascular disorders (7—10). Further
progression of this technique may lead us to be able to
deliver the target drug to the preferable position.

Examples of drug re-profiling

NSAIDs

NSAIDs are one of the most frequently used classes of
medicines in the world and account for ~5% of all
prescribed medications (/7). NSAIDs are inhibitors
of cyclooxygenase (COX), a protein essential for the
synthesis of prostaglandins (PGs), which have a strong
capacity to induce inflammation. However, NSAID
administration is associated with gastro-intestinal
complications, such as gastric ulcers and bleeding. In
the United States, about 16,500 people per year die as
a result of NSAID-associated gastrointestinal compli-
cations (/2). Inhibition of COX by NSAIDs was pre-
viously thought to be fully responsible for their
gastrointestinal side effects; however, recent reports
suggest that some additional, unknown mechanisms
might contribute to this side effect. On the other
band, a range of epidemiological studies have revealed
that prolonged NSAID use reduces the risk of cancer
and AD (/3-17). However, the molecular mechanisms
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NSAIDs; mechanisms for gastric ulcer and anti- cancer and AD are unclear
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Fig. 3 Drug re-profiling study for NSAIDs.

governing these newly identified effects of NSAIDs are
unclear at present.

In order to identify the molecular mechanism under-
lying the gastric side effect of NSAIDS, as well as their
anti-inflammatory, anti-tumour and anti-AD effects,
we comprehensively examined the actions of NSAIDs
at the molecular level using a number of
state-of-the-art techmiques (for example, by using
DNAchip analysis to search for genes whose expres-
sion is up-regulated by NSAIDs). We made several
observations that can be outlined as follows: the induc-
tion of HO-1 (an anti-inflammatory protein) is
‘involved in the anti-inflammatory action of NSAIDs
(18); NSAID-dependent membrane permeabilization
and the resulting induction of the endoplasmic reticu-
Ium (ER) stress response [induction of C/EBP homolo-
gous protein (CHOP)] and apoptosis are involved in
the gastric side effects of NSAIDs (19-23); the
COX-inhibition and induction of expression of
TJ-associated proteins is involved in NSAIDS’
anti-tumour effect (I, 2, 24); not only the COX-
inhibition and resulting inhibition of EP2 and EP4
receptors but also the ER stress response (induction
of ER chaperones) are involved in NSAIDs’ anti-AD
effect (25—28) (Fig. 3).

As for the gastric side effects of NSAIDs, we found
that loxoprofen has the lowest membrane permeabiliz-
ing dctivity among existing NSAIDs (29). Loxoprofen
has been used clinically for a long time as a standard
NSAID in Japan, and clinical studies have suggested
that it is safer than other NSAIDs, such as indometh-
acin. We therefore synthesized a series of loxoprofen
derivatives and found that fluoro-loxoprofen does not
have membrane permeabilizing activity yet still exerts
an anti-inflammatory effect and causes fewer gastric
ulcers in mice than loxoprofen (6). These results sug-
gest that the drug re-profiling strategy used here is a
useful means to identify the molecular mechanisms
governing the side effects of existing medicines and
to develop new drugs with reduced side effects.

Further to the above, we selected NSAIDs with
potent activity for inducing the expression of
TJ-associated proteins and ER chaperones, and we
are developing these NSAIDs with a view to using
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them as anti-tumour and anti-AD drugs, respectively.
From these achievements, we realized that the drug
re-profiling strategy could help us to develop existing
drugs for use in the treatment of other diseases.

As a consequence of our findings, we suggested that
claudins transmembrane proteins consisting' of TJs
positively or negatively affect the migration and inva-
sion activity of cancer cells, depending on the claudin
species, and that this action plays an important role in
conferring the chemopreventive effect of NSAIDs
through the inhibition of metastasis (I, 2).
Furthermore, based on the finding that EP2 and EP4
receptors are involved in the anti-AD effect of
NSAIDs, in other words, promoting the progression
of AD, we examined the mechanism underlying this
involvement. By using EP,- or EP,-receptor-null
mice, we found that activation of the EP, receptor
stimulates the production of amyloid-B peptide (AB)
through the activation of adenylate cyclase, as well
as causing an increase in the cellular level of cAMP
and activation of protein kinase A (28). On the other
hand, activation of the EP,; receptor causes its
co-internalization with PS-1 (y-secretase) into endo-
somes, which in turn activates y-secretase, resulting
in the upregulation of AP production (28). These re-

* sults led us to develop antagonists for these receptors

as anti-AD drugs. In fact, we recently found that oral
administration of an antagonist specific for the EP,4
receptor improves cognitive functions in AD model
mice (Hoshino et al., unpublished data). Thus, the
drug re-profiling strategy has also enabled us to iden-
tlfy new biological outcomes and new targets of exist-
ing medicines.

Geranylgeranylacetone

Geranylgeranylacetone (GGA) was developed 27 years
ago and has been used clinically since 1983 as a stand-
ard anti-ulcer drug in Japan. However, the molecular
mechanism underlying this anti-ulcer action of GGA
was, until recently, unclear. Rokutan and his
co-workers comprehensively examined the action of
GGA at the molecular level and found that it is a
non-toxic heat shock protein (HSP)-inducer (30).
Since HSPs protect cells from various' stressors
(31, 32), we hypothesized that GGA achieves its
anti-ulcer effect by making gastric mucosal cells resist-
ant to various gastric irritants by induction of HSPs.
We successfully proved this hypothesis of the contri-
bution of the HSP-inducing activity of GGA to its

~ anti-ulcer activity by showing that GGA does not ex-

hibit anti-ulcer activity in heat shock factor 1 (HSF1)-
null mice, where the induction of HSPs is suppressed
(33, 34). These results suggest that the drug re-profiling
strategy may contribute to identification of the mo-
lecular mechanisms underlying the clinical effects of
existing medicines and that transgenic mice are use-
ful tools to understand such molecular mechanisms
(Fig. 4).

It was recently revealed that HSP70 has an
anti-inflammatory activity by means of its inhibition
of nuclear factor kappa B and a resulting suppression
of pro-inflammatory cytokine and chemokine expres-
sion (35—38). Therefore, we consider that inducers of
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Fig. 4 Drug re-profiling study for GGA.

HSP70, such as GGA, could be effective for treating
diseases that involve stressor-induced cell death and
inflammation. To commence this work, we focused
on inflammatory bowel disease (IBD), which has
become a significant health problem with an actual
prevalence of 200—500 per 100,000 people in Western
countries, with a doubling rate of just over 10 years
(39). Recent studies suggest that IBD involves chronic
"inflammatory disorders in the intestine due to ‘a vi-
cious cycle’. Infiltration of leukocytes into intestinal
tissues causes intestinal mucosal damage induced by
reactive oxygen species that are released from the acti-
vated leukocytes, with this damage further stimulating
the infiltration of leukocytes (40). Based on the cyto-
protective and anti-inflammatory effects of HSP70, we
speculated that expression of HSP70 would be effective
for treating IBD. Using animal models for colitis, we
found that transgenic mice expressing HSP70 are more
resistant to colitis than the wild-type mice.
Furthermore, we revealed that expression of HSP70
achieves this protective effect against colitis through
its cytoprotective and anti-inflammatory activity (33).
Ohkawara et al. (42) addressed this issue by employing
GGA in their studies, and reported that oral adminis-
tration of GGA suppressed IBD-related colitis.
Furthermore, they showed that GGA up-regulated
the expression of HSP70 and HSP40 but not other
HSPs in the colon (41, 42). These results support the
idea that HSP70 is protective against IBD-related col-

itis and suggest that non-toxic inducers of HSP70 are

therapeutically beneficial for IBD (Fig. 4).

More attention has generally been paid to
NSAID-induced gastric lesions rather than lesions of
the small intestine, because the latter are usually
asymptomatic and their diagnosis is difficult to make.
However, recent improvements in diagnostic tech-
niques such as capsule endoscopy and double-balloon
endoscopy have revealed that NSAID-induced lesions
of the small intestine occur very frequently and that the
small intestine is even more susceptible than gastric
tissue to the detrimental effects of NSAIDs (43, 44).
Nevertheless, clinical protocols for the treatment of
NSAID-induced lesions of the small intestine have
not been established. For example, acid control drugs
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are not as effective for treating NSAID-induced lesions
of the small intestine compared with their effect on
gastric lesions (45, 46). Recent studies suggest that
NSAID-induced lesions of the small intestine involve
the direct cytotoxicity (topical effect) of the NSAID,
and inflammatory responses. Thus, it is reasonable to
speculate that HSP70 protects against NSAID-induced
lesions of the small intestine. Using transgenic mice
expressing HSP70 and wild-type mice, we compared
the development of lesions in the small intestine after
administration of indomethacin. Indomethacin-
induced such lesions in a dose-dependent manner in
wild-type mice and this production was significantly
in transgenic mice
We also found that expression of HSP70 achieves
this protective effect through its cytoprotective
and anti-inflammatory = activity. Furthermore, pre-
administration of GGA suppressed the indometha-
cin-induced lesions in a dose-dependent manner, and
the GGA-induced expression of HSP70 suppressed the
extent of indomethacin-induced lesions by inhibiting
indomethacin-induced mucosal cell apoptosis and
reducing the inflammatory response (47). These results
strongly suggest that oral administration of GGA
could be therapeutically beneficial against NSAID-
induced lesions of the small intestine in humans
owing to its HSP-inducing activity (Fig. 4).

Based on the activity of HSPs for re-folding dena-
tured proteins, a group from Nagoya University specu-
lated that GGA would be effective for treating spinal
and bulbar muscular atrophy (whose major cause is
protein denaturation) and succeeded in verifying this
(48). On the other hand, we recently reported that ex-
pression of HSP70 is an effective treatment against AD
in a mouse model. AD model mice showed less of an
apparent cognitive deficit when they were crossed with
transgenic mice expressing HSP70. Transgenic mice ex-
pressing HSP70 also displayed lower levels of AB, AB
plaque deposition and neuronal and synaptic loss than
control mice. These results suggest that expression of
HSP70 in mice suppresses not only the pathological
but also the functional phenotypes of AD (25). These
studies on GGA suggest that the drug re-profiling
strategy is useful for the indication expansion of exist-
ing medicines (Fig. 4).

reduced expressing HSP70.

Conclusions and perspectives

In order to successfully carry out a drug re-profiling

- strategy, specialists in various fields of drug develop-

ment, epidemiology, clinical medicine, molecular biol-
ogy, genomic analysis, organic chemistry, DDS and
material chemistry must pool their resources and
know-how. The bringing together of such experts is
currently underway in Japan, and success in the
re-profiling of different drugs will surely affect the
drug development strategy of pharmaceutical compa-
nies in the future. In other words, our final goals are to
contribute to the development of the pharmaceutical
industry and to promote efficient drug development
through drug re-profiling. Many pharmaceutical com-
panies have had disappointing economic growth be-
cause they expected a rush of new drugs to come
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onto the market with the development of novel tech-
niques such as genomic drug discovery. I want to con-
tribute to the revival of the pharmaceutical industry by
promoting a paradigm shift in their drug development
strategy that is based on drug re-profiling.

If drug re-profiling is to be performed in an efficient
manner then a network of researchers from universities
and industry is required. In universities, numerous re-
searchers have developed original screening systems
for medicines, giving rise to the real possibility to es-
tablish a research network in which existing medicines
are made available by pharmaceutical companies and
subjected to such screening procedures to obtain clues
for new uses of currently available drugs. Since such
screening systems are closely related to the basic re-
search carried out by the researchers in question, the
identification of drugs by these screening systems also
greatly contributes to the progress of their basic re-
search. Given the potential that a university—industry
network would have, it is highly recommendable that
such a system be established.
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ABSTRACT )

No medication exisis that clearly improves the mortality of
chronic obstructive pulmonary disease (COPD). Oxidative mol-
ecules, in particular superoxide anions, play important roles in
the COPD-associated abnormal inflammatory response and
pulmonary emphysema, which arises because of an imbalance
in proteases and antiproteases and increased apoptosis. Su-
peroxide dismutase (SOD) catalyzes the dismutation of super-
oxide anions. Lecithinized human Cu/Zn- SOD (PC-SOD) has
overcome a number of the clinical limitations of SOD, including
low tissue affinity and low stability in plasma. In this study, we
examine the effect of PC-SOD on elastase-induced pulmonary
emphysema, an animal model of COPD. The severity of the
pulmonary inflammatory response and emphysema in mice

~was assessed by various criteria, such as the number of leu-

kocytes in the bronchoalveolar lavage fluid and the enlarge-

ment of airspace. Not only intravenous administration but also
inhalation of PC-SOD suppressed elastase-induced pulmonary
inflammation, emphysema, and dysfunction. Inhalation of PC-
SOD suppressed the elastase-induced increase in the puimo-
nary level of superoxide anions and apoptosis. Inhalation of
PC-SOD also suppressed elastase-induced activation of pro-
teases and decreased in the level of antiproteases and expres-
sion of proinflammatory cytokines and chemokines. We also
found that inhalation of PC-SOD suppressed cigarette smoke-
induced pulmonary inflammation. The results suggest that PC-

SOD protects against pulmonary emphysema by decreasing.

the puimonary level of superoxide anions, resulting in the inhi-
bition of inflammation and apoptosis and amelioration of the
protease/antiprotease imbalance. We propose that inhalation
of PC-SOD would be therapeutically beneficial for COPD.

Introduction

Chronic obstructive pulmonary disease (COPD) is cur-
rently the fourth leading cause of death in the world, and its
prevalence and mortality rates have been increasing (Rabe et
al., 2007). COPD is a disease state defined by irreversible and
progressive airflow limitation associated with an abnormal
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Japan [Grant-in-Aid H22-005]; the Japan Science and Technology Agency; and
the Ministry of Education, Culture, Sports, Science and Technology of Japan
[Grant-in-Aid 20015037].
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The online version of this article (available at http:/jpet.aspetjournals.org)
contains supplemental material.

inflammatory response. The most important etiologic factor
for COPD is cigarette smoking (CS) (Peto et al., 1999; Rabe et
al., 2007). Pathologic characteristics of COPD include infil-
tration of leukocytes, enhanced mucus secretion, dysfunc-
tional airway matrix remodeling, and destruction of paren-
chyma (enlargement of airspace) (Barnes and Stockley, 2005;
Owen, 2005; Rabe et al., 2007). Protease/antiprotease imbal-
ance and apoptosis play important roles in this emphysema-
tous lung destruction. Unfortunately, there is no effective
drug therapy that is able to significantly and clearly modu-
late disease progression and mortality (Calverley et al., 2007,
Miravitlles and Anzueto, 2009).

It has been suggested that oxidative molecules play an
important role in the pathogenesis of COPD (Pinamonti et

al., 1998; Nadeem et al., 2005; Mak, 2008). In addition to -

ABBREVIATIONS: COPD, chronic obstructive pulmonary disease; BALF, bronchoalveolar lavage fluid; CS, cigarette smoking; DAPI, 4,6~diamino-
2-phenylindole; DPhPMPO, 2-diphenylphosphinoyl-2-methyl-3,4-dihydro-2H-pyrrole N-oxide; ELISA, enzyme-linked immunosorbent assay; ESR,
electron spin resonance; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; H and E, hematoxylin and eosin; IL, interleukin; IPF, idiopathic
pulmonary fibrosis; KC, keratinocyte-derived chemokine; kU, kilounit; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory
protein; MMP, matrix. metalloproteinase; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; PC, phosphatidylcholing; RT-PCR, reverse transcription-
polymerase chain reaction; SOD, superoxide dismutase; PC-SOD, lecithinized human Cu/Zn-SOD; PPE, porcine pancreatic elastase; QOL, quality
of life; ROS, reactive oxygen species; TNF, tumor necrosis factor; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling.
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stimulation of the inflammatory response by induction of
production of proinflammatory cytckines and chemokines,
oxidative molecules induce pulmonary cell apoptosis, acti-
vate proteases, and inactivate antiproteases (Valentin et al.,
'2005; Rahman and Adcock, 2006; Greenlee et al., 2007).

. Superoxide dismutase (SOD) catalyzes the dismutation of
superoxide anion to hydrogen peroxide, which is subse-
quently detoxified to oxygen and water (Kinnula and Crapo,
2008). Of human SODs, Cu/Zn-SOD accounts for 80% of all
SOD activities within the lung (Kinnula and Crapo, 2003).
Altered levels of expression and activity of SOD were ob-
served in both patients with COPD and animals treated with
elastase or CS (animal models for COPD) (Kondo et al., 1994;
Daga et al., 2003; Valenca et al., 2008), and transgenic mice
expressing Cuw/Zn-SOD were resistant to elastase- or CS-
induced pulmonary emphysema (Foronjy et al., 2006). Fur-
thermore, transgenic mice expressing another type of SOD,
extracellular SOD, or knockout mice for this protein were
resistant or sensitive, respectively, to elastase- or CS-induced
pulmonary emphysema through attenuating oxidative frag-
mentation of extracellular matrix (Yao et al., 2010). These
results suggest that administration of SOD could be of ther-
apeutic benefit in the treatment of COPD. However, because
of its low affinity for tissues and low stability in plasma,
there is no report showing that administration of SOD is
effective for the treatment of patients with COPD or elastase-

- or CS-induced pulmonary emphysema in animals.

Igarashi et al. (1992) developed PC-SOD, a lecithinized
human Cuw/Zn-SOD in which four phosphatidylcholine (PC)
derivative molecules are covalently bound to each SOD
dimer. This modification drastically improves the plasma
stability and cellular affinity of SOD (Igarashi et al,
1992,1994; Ishihara et al., 2009). As described under Discus-
sion, clinical studies showed that intravenously administered
PC-SOD is effective for ulcerative colitis and idiopathic pul-
monary fibrosis (IPF) (Broeyer et al., 2008; Suzuki et al.,
2008a,b) Furthermore, we recently reported that inhalation
of PC-SOD is effective against bleomycin-induced pulmonary
fibrosis in mice (an animal model for IPF) (Tanaka et al,
2010). We believe that inhalation may be a viable option for
administration of PC-SOD, which would improve the quality
of life (QOL) of patients treated with this drug. In this study,
we found that inhalation of PC-SOD suppresses elastase-
induced pulmonary inflammation, emphysema, and dysfunc-
tion, through suppression of cell death, activation of pro-
teases, induction of expression of proinflammatory cytokines
and chemokines, and decrease in the level of al-antitrypsin

(an antiprotease). We propose that inhalation of PC-SOD
would be therapeutically beneficial for COPD.

Materials and Methods

Chemicals and Animals. Paraformaldehyde and porcine pancre-
atic elastase (PPE) were obtained from Sigma (St. Louis, MO). Novo-
Heparin (5000 units) for injection was from Mochida Pharmaceutical
Co. (Tokyo, Japan). Chloral hydrate was from Nzcalai Tesque
(Ryoto, Japan). Diff-Quik was from the Sysmex Corporation (Kobe,
Japan). Terminal deoxynucleotidyl transferase was obtained from
TOYOBO (Osaka, Japan). Biotin 14-ATP, Alexa Fluor 488 goat anti-
mouse immunoglobulin G, and Alexa Fluor 488 conjugated with

_streptavidin were purchased from Invitrogen (Carlsbad, CA). Mount-

ing medium for immunchistochemical analysis (VECTASHIELD)
was from Vector Laboratories (Burlingame, CA). The RNeasy kit was

PC-SOD and Pulmonary Emphysema 811

obtained from QIAGEN (Valencia, CA), the PrimeScript 1st Strand
c¢DNA Synthesis Kit was from TAKARA Bio (Ohtsu, Japan), and the
iQ SYBR Green Supermix was from Bio-Rad Laboratories (Hercules,
CA). Cytospin 4 was purchased from Thermo Fisher Scientific
(Waltham, MA), and Mayer’s hematoxylin, 1% eosin alcohol solution,
and mounting medium for histological examination (malinol) were
from MUTO Pure Chemicals (Tokyo, Japan). Unmodified SOD (5190
Ufmg) and PC-SOD (3000 U/mg) were from our laboratory stocks
{Igarashi et al., 1992). The al-antitrypsin ELISA kit was from Im-
munology Consultants Laboratory (Newberg, OR). ELISA kits for
interleukin (IL)-18 and IL-6 were from Thermo Fisher Scientific.
ELISA kits for tumor necrosis factor (TNF)-a, macrophage inflam-
matory protein (MIP)-2, monocyte chemoattractant protein (MCP)-1,
and keratinocyte-derived chemokine (KC) were from R&D Systems
(Minneapolis, MN). 4,6-Diamino-2-phenylindole (DAPI), diethylene-
triamine-N,N,N',N",N"-pentaacetic acid, and 2-diphenylphosphi-
noyl-2-methyl-8,4-dihydro-2H-pyrrole N-oxide (DPhPMPO) were
from Dojindo (Kumamoto, Japan). An antibody against 8-OHdAG was
from Nikken SEIL (Shizuoka, Japan). Wild-type mice (6-8 weeks
old, ICR, male) were used. The experiments and procedures de-
scribed 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 (Institute of Laboratory Animal
Resources, 1996) and were approved by the Animal Care Committee
of Kumamoto University. i

Treatment of Mice with PPE, CS, and PC-SOD. Mice main-
tained under anesthesia with chloral hydrate (500 mg/kg) were given
one intratracheal injection of PPE (50 or 100 pg/mouse) in phos-
phate-buffered saline (80 pl/mouse) by use of a micropipette (p200) to
induce pulmonary emphysema. Commercial (nonfiltered) cigarettes
(Peace; Japan Tobaccs Inc., Tokyo, Japan) that yielded 28 mg of
tar and 2.3 mg of nicotine on a standard smoking regimen were used.
For exposure of mice to CS, 15 to 20 mice were placed in a chamber
(volume, 45 L). Mice were exposed to the smoke of two cigarettes for
25 min, three times a day for 3 days. In the chronic model, mice were
exposed to the smoke of one cigarette for 35 min, three times a day,
5 days a week, for 4 weeks. Fach cigarette was puffed 15 times for 5
min.

For intravenous administration of PC-SOD, PC-SOD was dis-
solved in 5% xylitol and administered via the tail vein. For control
mice, 5% xylitol solution was administered. The first administration
of PC-SOD was performed just before PPE administration.

For the administration of PC-SOD by inhalation, five to seven
mice were placed in a chamber (volume, 45 L). PC-SOD was dis-
solved in 10 ml of 5% xylitol, and an ultrasonic nebulizer (NE-U17
from Omron, Tokyo, Japan) that was connected to the chamber was
used to nebulize the entire volume of the PC-SOD sclution in 30 min.
For control mice, 5% xylitol solution was subjected to nebulization.
Mice were kept in the chamber for another 10 min after the 30 min
of nebulization. The first inhalation of PC-SOD was performed just
before PPE administration.

The amount of a1-antitrypsin in the plasma and proinflammatory
mediators in BALF was measured by ELISA according to the man-
ufacturer’s protocol. »

Preparation of BALF and Cell Count. BALF was collected by
cannulating the trachea and lavaging the lung with 1 ml of sterile
phosphate-buffered saline containing 50 units/m! heparin (two
times). Approximately 1.8 ml of BALF was routinely recovered from

each animal. The total cell number was counted using a hemocytom-

eter. Cells were stained with Diff-Quik reagents after centrifugation
with Cytospin 4, and the ratios of alveolar macrophages, lympho-
cytes, and neutrophils to total cells were determined.
Measurement of Production of Superoxide Anions. The pro-
duction of superoxide anions was assayed by electron spin resonance
(ESR) spin trapping with DPhPMPO as described previously (Kara-
kawa et al., 2008). Cells collected from BALF were incubated with
0.9% NaCl containing 500 pM diethylenetriamine-N,N,N' N" N"-
pentaacetic acid and 10 mM DPhPMPO for 10 min at 37°C. ESR
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spectra were recorded at room temperature on a JES-TE200 ESR
spectrometer (JEOL, Tokyo, Japan) under the following conditions:
modulation frequency, 100 kHz; microwave frequency, 9.43 GHz;

microwave power, 40 mW; scanning field, 335.2 * 5 mT; sweep time, '

2 min; field modulation width, 0.25 mT; receiver gain, 400; and time
count, 0.3 s. Every buffer and solution used in the reaction mixture
used for ESR measurement was treated with Chelex 100 resin
(Bio-Rad Laboratories) before use to remove metals.

Histological and Immunohistochemical Analyses and Ter-
minal Deoxynucleotidyl Transferase dUTP Nick-End Label-
ing Assay. Lung tissue samples were fixed for 24 h at a pressure of
25 cm H,0, and then embedded in paraffin before being cut into 4
wm-thick sections.

For histological examination, sections were stained first with
Mayer’s hematoxylin and then with 1% eosin alcohol solution [he-
matoxylin and eosin (H and E) staining]. Samples were mounted
with malinol and inspected with the aid of an Olympus (Tokyo,
Japan) BX51 microscope. Twenty lines (500 wm) were drawn ran-
domly on the image of sections stained with H and E, and the

" intersection points with the alveolar walls were counted to deter-

mine the mean linear intercept. The morphometric analysis at the
light microscopic level was conducted by a blinded investigator.

For immunchistochemical analysis, sections were treated with 20
wg/ml protease K for antigen activation. Sections were blocked with
2.5% goat serum for 10 min, incubated for 12 h with an antibody
against 8-OHAG (1:100 dilution) in the presence of 2.5% bovine
serum albumin, and then incubated for 1 h with Alexa Fluor 488 goat
anti-mouse IgG in the presence of DAPI (5 pg/ml). Samples were
mounted with VECTASHIELD and inspected using fluorescence mi-
croscopy (Olympus BX51).

For the TUNEL assay, sections were incubated first with protei-
nase K (20 p.g/ml) for 15 min at 37°C, then with TdTase and biotin
14-ATP for 1 h at 37°C, and finally with Alexa Fluor 488 conjugated
with streptavidin and DAPI (5 pg/ml) for 2 h. Samples were mounted
with VECTASHIELD and inspected with the aid of a fluorescence
microscope (Olympus BX51).

Gelatin Zymography. The proteolytic activities of MMP-2 and
MMP-9 were assessed by SDS-polyacrylamide gel electrophoresis
using zymogram gels containing 0.1% gelatin as described previously
(Namba et al., 2009). The protein concentration was determined by
the Bradford method (Bradford, 1976). After electrophoresis at 4°C
(10 pg of protein/lane), the gels were washed with 2.5% Triton X-100
for 80 min at room temperature and incubated with zymogram
development buffer for 2 days at 37°C. Bands were visualized by
staining with Coomassie brilliant blue. ‘

Real-Time RT-PCR Analysis. Real-time RT-PCR was per-
formed as described previocusly (Namba et al., 2009) with some
modifications. Total RNA was extracted from pulmonary tissues
using an RNeasy kit according to the manufacturer’s protocol (QIAGEN).

Samples (2.5 pg of RNA) were reverse-transcribed using a Prime-

Script first-strand cDNA Synthesis Kit. Synthesized cDNA was used
in real-time RT-PCR (Chromo 4 instrument; Bio-Rad Laboratories)
experiments using iQ SYBR GREEN Supermix and analyzed with
Opticon Monitor Software (Bio-Rad Laboratories). Specificity was
confirmed by electrophoretic analysis of the reaction products and
inclusion of template- or reverse transcriptase-free controls. To nor-

- malize the amount of total RNA present in each reaction, GAPDH

c¢DNA was used as an internal standard.

Primers were designed using the Primer3 website (http:/frodo.
wi.mit.edu/primer8/). The primers used were (forward primer, reverse
primer): TNF-«, 5'-cgteagcegatttgetatet-3', 5'-cggactecgcaaagtctaag-
3’; IL-1B, 5’-gatcccaagcaatacccaaa-3', 5'-ggggaactetgeagacteaa-3';
IL-6, 5'-ctggagtcacagaaggagtgg-3', 5'-ggtttgcegagtagatetcaa-3'; MIP-
2a, 5'-accetgecaagggtigactte-3’, 5'-ggeacatcaggtacgateeag-3'; MCP-1,
5'-cteacctgetgetacteatte-3', 5'-gettgaggtggtigtgganaa-3'; KC, 5'-tg-
cacccaaaccgaagtcat-3', 5'-ttgtcagaageeagegttcac-8’; and GAPDH, 5'-
aactttggeatigtggaagg-3', 5'-acacattgggggtaggaaca-3'.

Analysis of Lung Function. Analysis of lung function was per-
formed with a computer-controlled small-animal ventilator (FlexiVent;
SCIREQ, Montreal, QC, Canada), as described previously (Kuraki et
al., 2002). Mice were anesthetized with chloral hydrate (500 mg/kg),
tracheotomized with an 8-mm section of metallic tubing, and me-
chanically ventilated at a rate of 150 breaths/min, using a tidal
volume of 8.7 ml/kg and a positive end-expiratory pressure of 2 to 3
em H,0. The single-compartment model (snap shot) and the con-
stant-phase model (forced oscillation technique) were applied to an-
alyze lung function. Total respiratory system elastance and tissue
elastance were measured by the snap shot and forced oscillation
techniques, respectively. All data were analyzed using FlexiVent
software (version 5.3) (SCIREQ). -

Statistical Analysis. All values are expressed as the mean =
S.E.M. Two-way analysis of variance followed by the Tukey test or
the Student’s ¢ test for unpaired results was used to evaluate differ-
ences between three or more groups or between two groups, respec-
tively. Differences were considered to be significant for values of P <
0.05. We repeated the experiments at least two times as independent
experiments (see figure legends) and selected one set of representa-
tive data to show in the figures. The stated number of test sample is
not summation of independent plural experiments but is for only one
independent experiment.

Results

Effect of PC-SOD on Elastase-Induced Pulmonary
Emphysema. Pulmonary emphysema was induced in mice
given a single (at day 0) intratracheal administration of PPE.
The PPE-induced pulmonary inflammatory response can be
monitored by determining the number of leukocytes (alveolar
macrophages, lymphocytes, and neutrophils) in the BALF 3
days after the administration of PPE (50 wg/mouse). As
shown in Fig. 14, the total number of leukocytes and indi-
vidual numbers of alveolar macrophages, lymphocytes, and
neutrophils all were increased by the PPE treatment. This
effect was suppressed by the simultaneous once-daily intra-
venous administration of PC-SOD, suggesting that PC-SOD
ameliorates the PPE-induced inflammatory response. How-
ever, a higher dose of PC-SOD (30 kU/kg) did not suppress
the PPE-induced inflammatory response (Fig. 14), so in this
study PC-SOD exhibited a bell-shaped dose-response profile,
similar to that observed previously for intravenous adminis-
tration of PC-SOD in animal models of other diseases (Ishi-
hara et al., 2009; Tanaka et al., 2010). Intravenous adminis-
tration of the higher dose (30 kUrkg) of PC-SOD alone
(without PPE administration) did not affect the number of
leukocytes in the BALF (data not shown).

PPE-induced pulmonary emphysema can be monitored by
histopathological analysis and measurement of the mean
linear intercept (an indicator of airspace enlargement caused
by breakdown of the alveolar walls) 3 days after the admin-
istration of PPE. Histopathological analysis of pulmonary
tissue using H and E staining revealed that PPE adminis-
tration induced severe pulmonary damage (infiltration of
leukocytes and breakdown of the alveolar walls) and these
phenomena were suppressed by the intravenous administra-

“tion of low doses (1.5 and 3 kU/kg), but not of a high dose (30

kU/kg), of PC-SOD (Fig. 1B). The mean linear intercept was
increased by the administration of PPE; this increase was
suppressed by intravenous administration of low doses (1.5
and 3 kU/kg) of PC-SOD but was not significantly suppressed
at the higher dose (30 kU/kg) (Fig. 1C). Pulmonary tissue
damage and the increase in the mean linear intercept 14

-T2 -

2102 ‘Gg Arenuep uo ouj SN Modsuel | juj LISSINMEA G AlUn ojowewny je Bio-sjeuincfiadse-1ad] woij papeojumog



N -
ot
t -

"
i

INTAL THE

XPERIME

Y AND E

OLOC

C

<
>
~
<

RAPEU TIC

A —— S
-]
i * [
—_ B4 £
292 22
88 41 s 8
-y ch
so £Eo
o= 2 4 e T
~x 8 %
= [ ]
0 2
< FX
il 3
;j? 0.8 4  *x _9'32'5 T
2% 06 £3 2
g8 26 15 =
£ 04 =5 1 =
E% 02+ 2% o5 =
= 0 === § =

Less A= ST
[ vehicte (n=8) Il PPE (50) (n = 11) [] + PC (1.5 (n=4)
D +pc(3) (n=4E +PC(30) (n=4)

vehicle

O

Mean linear
intercept (um)

0
[ vehicte (n=7)
BB pre (50) (n=8)
+PC(1.5) (n="7)
+PC (3) (n=6)
E+prc(30)(n=6)

'PPE (100} +PC (1.5)

80
E D vehicle (n = 5)
. T 90 B rrE (100) (n=7)
e =
£% 40 +Pc(1.5)(n=3)
- @
g 2
S22
0
F
@ L
Te_30 § 304 £
SEE2s SE2s
2%
23 220 £Q22
E'E: @
ZEE1s $E1s
Ege 2l
©
g2 10 27 10

[] vehicte (n=6)
B pre (100) (n = 11)
+PC (1.5} (n=7)

Fig. 1. Effect of intravenous administration of PC-SOD on PPE-induced
pulmonary emphysema. Mice treated with (except vehicle) or without
(vehicle) PPE (50 or 100 pg/mouse) once at day 0 were intravenously
administered the indicated doses of PC-SOD (1.5, 3, or 30 kU/kg) once
daily for 3 days (days 0-2) (A~C) or 14 days (days 0-~13) (D-F). A, the
total cell number and numbers of alveolar macrophages, lymphocytes, and

~73-

PC-SOD and Pulmonary Emphysema 813

days after PPE administration were also suppressed by the
intravenous administration of PC-SOD (Fig. 1, D and E). We
used higher dose of PPE (100 pg/mice) to monitor pulmonary
emphysema 14 days after the administration of PPE.

The alteration in lung mechanics associated with pulmo-
nary emphysema is characterized by a decrease in elastance
(Kuraki et al., 2002). We thus examined the effect of intra-
venous administration of PC-SOD on PPE-induced altera-
tions to lung mechanies, using a computer-controlled small-
animal ventilator. Total respiratory system elastance
(elastance of total lung including bronchi, bronchiole, and
alveoli) and tissue elastance (elastance of alveoli) were re-
duced by PPE treatment, and intravenous administration of
PC-SOD increased these indexes (Fig. 1F). These results
suggest that not only PPE-induced pulmonary emphysema
but also PPE-induced pulmonary dysfunction is ameliorated
by intravenous administration of PC-SOD.

Effect of Inhalation of PC-SOD on Elastase-Induced
Pulmonary Emphysema. We recently reported that inha-
lation of PC-SOD ameliorates bleomycin-induced pulmonary
fibrosis (Tanaka et al., 2010). This route of administration
does not show a bell-shaped dose-response profile (Tanaka et
al., 2010) and may result in higher QOL for patients treated
with PC-SOD. Thus, here we examined the effect of inhala-
tion of PC-SOD on PPE-induced pulmonary emphysema.
Mice were placed in a chamber connected to an ultrasonic
nebulizer, thus exposing them to PC-SOD-containing vapor.
We confirmed, by high-performance liquid chromatography
analysis and measurement of SOD activity, that this treat-
ment did not affect the structure and activity of the PC-SOD
(data not shown). Inhalation of PC-SOD-containing vapor
was repeated once daily for 3 or 14 days, and the mice were
examined for PPE-induced pulmonary disorders. As shown in
Fig. 2A, inhaled PC-SOD ameliorated the PPE-induced in-
flammatory response. This ameliorative effect was observed
with not only low doses (80 and 60 kU/chamber) but also a
high dose (600 kU/chamber) of PC-SOD, suggesting that the
dose-response profile for this administration route is not
bell-shaped. PPE-induced emphysematous lung damage and
the increase in the mean linear intercept were also sup-
pressed by inhalation of PC-SOD (Fig. 2, B~E), suggesting
that inhalation of PC-SOD ameliorates PPE-induced pulmo-
nary emphysema. Again, a bell-shaped dose-response profile
was not observed for the ameliorative effect of inhalation of
PC-S0OD against PPE-induced pulmonary emphysema (Fig.
2, B and C). As shown in Table 1, inhalation of unmodified
SOD (800 kU/chamber) did not affect the PPE-induced pul-
monary inflammatory response and emphysema. This sug-
gests that lecithinization of SOD potentiates its ameliorative
effect against PPE-induced lung disorders, as is the case for
dextran sulfate sodium-induced colitis and bleomycin-in-
duced pulmonary fibrosis (Ishihara et al., 2009; Tanaka et
al.,, 2010). We also found that inhalation of PC-SOD sup-

neutrophils were determined at day 3 as described under Materials and
Methods. B and D, sections of pulmonary tissue were prepared at days 3
or 14 and subjected to histopathological examination (H and E staining).
C and E, airspace size was estimated by determining the mean linear
intercept as described under Materials and Methods. F, at day 14, total
respiratory system elastance and tissue elastance were determined as
described under Materials and Methods. Values are mean = SEM. #,
P < 0.05; ==, P < 0.01. Data are representative of two independent
experiments.
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Fig. 2. Effect of inhalation of PC-SOD on PPE-induced pulmonary em-
physema. Mice treated with (except vehicle) or without (vehicle) PPE (50
or 100 pg/mouse) once at day 0 inhaled the indicated doses of PC-SOD
(30, 60, or 600 kU/chamber) once daily for 3 days (days 0-2) (A-C)or 14
days (days 0~138) (D-F). Inflammatory response (A), airspace size (B-E),

TABLE 1

Effect of inhalation of unmodified SOD on PPE-induced pulmonary
emphysema )

Mice were treated with a single dose of PPE (50 pg/mouse) at day 0 and inhaled
unmodified SOD (U-SOD; 600 kU/chamber) once daily for 3 days (days 0-2). Inflam-
matory vesponse and the mean linear intercept were assessed as described in the
legend of Fig. 1. Values are mean = SEM.

PPE (50) (600 KU ebamtber)

=8 (n = 4)
Total cells, %X10° 4.9 +0.33 4.9+ 0.85
Alveolar macrophages, X 10° 4.7 = 0.36 4.7 =0.33
Lymphocytes, xX10% 0.40 = 0.07 0.35 = 0.06
Neutrophils, x 10% 1.6 £ 0.15 1.3 +=0.19
Mean linear intercept, nm 58.2 = 1.30 57.7 = 0.37

presses PPE-induced decreases in total respiratory system
elastance and tissue elastance (Fig. 2F), suggesting that

inhalation of PC-SOD ameliorates PPE-induced lung dys-

function. We confirmed that inhalation of PC-SOD alone
did not induce pulmonary emphysema and dysfunction
(Supplemental Fig. 1). )

To consider the clinical relevance, it is important to exam-
ine the effect of the drug on predeveloped lesions in an

 animal model (Fig. 3). Thus, we examined the effect of inha-

lation of PC-SOD on predeveloped pulmonary emphysema.
Once-daily inhalation of PC-SOD was started 3 days after the
administration of PPE, and pulmonary emphysema and func-
tion were assessed at day 10. Inhalation of PC-SOD caused
suppression of pulmonary emphysema at day 10, suggesting
that the inhalation of PC-SOD is effective for predeveloped
lesions.

The inhalation of PC-SOD also suppressed the PPE-in-
duced alterations in lung mechanics at day 10 (Fig. 3C),
suggesting that inhalation of PC-SOD suppresses the PPE-
induced lung dysfunction, even when it is administered after
the PPE.

- Mechanism for the Ameliorative Effects of PC-SOD
on PPE-Induced Pulmonary Emphysema. To confirm
that inhaled PC-SOD decreases the pulmonary level of su-
peroxide anion, we performed an immunohistochemical anal-

- ysis to monitor the pulmonary level of 8-OHdG, the damaged

nucleotide produced by various ROS, including the superox-
ide anion (Freeman et al., 2009). As shown in Fig. 44, the
pulmonary level of 8-OHdG was significantly increased by
PPE administration, and this  increase was clearly sup-
pressed by inhalation of PC-SOD, suggesting that production
of ROS in the lung was suppressed by inhalation of PC-SOD.
We also used ESR analysis to monitor the production of
superoxide anion in cells in BALF. The ESR spectrum was
consistent with a previously reported DPhPMPO-OOH spec-
trum (a hyperfine coupling constant of a™¥ = 1.24 mT, a¥, =
1.16 mT, a* = 3.95 mT) (Karakawa et al., 2008). As shown in
Fig. 4, B and C, the peak of a radical spin adduct of the ESR
spectrum corresponding to the amount of superoxide anion
(DPhPMPO-OOH adduct) was higher for cells prepared from

PPE-administered mice than for cells from control mice. In-

halation of PC-SOD lowered this peak, suggesting that in-

haled PC-SOD suppresses PPE-induced production of super-

oxide anions in the lung.

and lung mechanics (F) were assessed as described in the legend of Fig.
1. Values are mean = SEM. # P < 0.05; =+, P < 0.01. Data are
representative of three independent experiments. -
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Fig. 3. Effect of PC-SOD on predeveloped pulmonary emphysema. Mice
treated with (except vehicle) or without (vehicle) PPE (50 pg/mouse) once
at day 0 inhaled the indicated doses of PC-SOD (kU/chamber) once daily
from days 3 to 9. Airspace size (A and B) and lung mechanics (C) were
assessed at day 10 as described in the legend of Fig. 1. Values are mean *

S.E.M. x, P < 0.05; ##, P < 0.01. Data are representative of two indepen-
dent experiments.

As described in Introduction, pulmonary cell apoptosis
plays an important role in the pathogenesis of COPD and
PPE-induced pulmonary emphysema. We examined the ef-
fect of inhalation of PC-SOD on PPE-induced pulmonary cell
death by using the TUNEL assay. TUNEL-positive cells (in-
dicative of cell death) increased in response to administration

‘of PPE, and this increase was suppressed by ‘simultaneous

inhalation of PC-SOD (Fig. 4, D and E), suggesting that
PC-SOD protects pulmonary cells from PPE-induced cell
death, and this effect is involved in the ameliorative effects
of inhalation of PC-SOD against PPE-induced pulmonary
emphysema.

To examine the effect of mhalatlon of PC-SOD on the
PPE-dependent imbalance in proteases and antiproteases,
we first examined the activity of MMPs, MMP-2 and MMP-9,
using gelatin zymography. The band intensities of MMP-2
and MMP-9, indicative of MMP-2 and MMP-9 activities, were
higher for lung tissues prepared from PPE-administered
mice than for those from control mice, and this increase was
suppressed in mice that had inhaled PC-SOD (Fig. 5, A and
B). We also examined the serum level of al-antitrypsin by
ELISA and found that the level of al-antitrypsin was de-
creased by PPE administration and partially recovered by
simultaneous inhalation of PC-SOD (Fig. 5C). These results
suggest that inhalation of PC-SOD improves the PPE-depen-
dent protease/antiprotease imbalance and this effect is in-
volved in the ameliorative effects of inhalation of PC-SOD
against PPE-induced pulmonary emphysema.

We also examined the effect of inhalation of PC-SOD on the
mRNA expression of proinflammatory cytokines (TNF-qa, IL-
18, and IL-6) and chemokines (MIP-2, MCP-1, and KC) in

PC-8OD and Pulmonary Emphysema 815
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Fig. 4. Effect of PC-SOD on the PPE-induced increase in the level of 8-OHAG,
production of superoxide anions, and pulmonary cell death. Mice treated with
PPE inhaled PC-SOD (kU/chamber) for 3 days (days 0~2)(A, D, and E) or 1 day
(day 0) (B and C) as deseribed in the legend of Fig. 2. A, D, and E, sections of
pulmonary tissue were prepared at day 3. A, sections were subjected to immu-
nohistochemical analysis with an antibody against 8-OHAG or DAPI staining.
B, cells in BALF were collected at day 1, incubated with a spin trap agent
(DPhPMPO), and subjected to radical adduct ESR spectrum analysis to deter-
mine the amount of superoxide anion present. C, the intensity of the ESR signal
of the superoxide anion adduct (DPhPMPO-OOH adduct shown by the bar in
B) was determined. D, sections were subjected to TUNEL assay or DAPI
staining. E, the number of TUNEL-positive cells was counted. Values are
mean = SEM. #, P < 0.05; =, P < 0.01. Data are representative of two
independent experiments.
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Fig. 5. BEffect of PC-SOD on PPE-induced MMP activation, decrease in
the serum level of al-antitrypsin, and alteration in gene expression. Mice
{reated with PPE inhaled PC-SOD (kU/chamber) for 3 days (days 0-2) (A
and B) or for 1 day (day 0) (C and D) as described in the legend of Fig. 2.
A, pulmonary tissues were obtained at day 3, and MMP-2 and MMP-3
activities were measured as described under Materials and Methods .
B, the intensity of the bands corresponding to the latent forms of MMP-2
and MMP-9 was determined and expressed relative to the control sam-
ples (vehicle). C, the serum level of al-antitrypsin was determined by
ELISA at day 1. Total RNA was extracted and subjected to real-time
RT-PCR using a specific primer for each gene. D, values normalized to the
gapdh gene are expressed relative to the control samples (vehicle). Values
are mean = S.E.M. #, P < 0.05; =x, P < 0.01. Data are representative of
two independent experiments.

(n=5)

lung tissues. The mRNA expression of all of these proinflam-
matory cytokines and chemokines was induced by PPE ad-
ministration, and in most cases this induction was sup-
pressed by inhalation of PC-SOD. We also measured the
amounts of these proinflammatory cytokines and chemokines
in BALF by ELISA and confirmed the data of mRNA expres-
sion (Supplemental Fig. 2). These results suggest that inha-

* lation of PC-SOD suppresses PPE-induced expression of pro-

inflammatory cytokines and chemokines in the lung and this
effect is involved in the ameliorative effects of PC-SOD inha-
lation on the PPE-induced pulmonary inflammatory re-
sponse and resulting emphysema.

Effect of PC-SOD on CS-Induced Inflammatory Re-
sponse. PPE-induced pulmonary emphysema is a conve-
nient and reproducible model of COPD; thus, this model has
been used frequently for the evaluation of drugs for COPD.
However, it is believed that the CS-induced pulmonary em-
physema model is more relevant as an animal model of
COPD, because it induces the disease using the same stim-
ulus rather than just replicating one of the mechanisms of

the disease. Thus, we examined the effect of PC-SOD on
CS-induced pulmonary emphysema. Mice were assessed for a
pulmonary inflammatory response at 3 days after exposure
to CS. We found that this treatment induced an inflamma-
tory response, as was the case for treatment with elastase
(Fig. 6A). As shown in Fig. 64, intravenously administered
PC-SOD ameliorated the CS-induced increase in the total
number of leukocytes and individual numbers of alveolar
macrophages, lymphocytes, and neutrophils in the BALF,
suggesting that intravenous administration of PC-SOD ame-
liorates CS-induced pulmonary inflammation. As shown in
Fig. 6B, inhalation of PC-SOD also ameliorated the CS-m—
duced mﬂammatory response.

We also examined the effect of PC-SOD on CS-induced
pulmonary emphysema and dysfunction. Exposure of mice to
CS for 4 weeks caused emphysematous lung damage and the
increase in the mean linear intercept and this emphysema
was suppressed by simultaneous inhalation of PC-SOD (Sup-
plemental Fig: 3, A and B). We also found that exposure of
mice to CS for 4 weeks caused decreases in total respiratory
system elastance and tissue elastance, and this decrease was
suppressed by simultaneous inhalation of PC-SOD (Supple-
mental Fig. 8C). These results suggest that inhalation of
PC-SOD is effective for the treatment of CS-related pulmo-
nary inflammation, emphysema, and lung dysfunction; in-
cluding COPD.
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Fig. 6. Effect of PC-SOD on CS-induced inﬂammatory response. Mice-

were exposed to CS for 8 days as described under Materials and Methods.
Mice were also intravenously administered PC-SOD (kU/kg) (A) or in-
haled with PC-SOD (kU/chamber) (B) as described in the legends of Figs.
1 and 2. Inflammatory response was assessed as described in the legend
of Fig. 1. Values are mean = SEM. *, P < 0.05; =x, P < 0.01. Data are
representative of two independent expenmems
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Discussion

In this study, we used PC-SOD, a derivative of SOD with
higher stability in plasma and a higher affinity for tissue,
which shows greater therapeutic effects than SOD in animal
models of various inflammatory diseases, such as IPF, colitis,
focal cerebral ischemic injury, and spinal cord injury-induced
motor dysfunction (Hori et al., 1997; Tamagawa et al., 2000;
Ishihara et al., 2009; Tanaka et al., 2010). We have clearly
shown that PC-SOD ameliorates pulmonary emphysema.
This result indicates the therapeutic potential of SOD
against COPD-related pulmonary emphysema and is consis-
tent with previous results that show transgenic mice express-
ing SOD bear a phenotype of resistance to pulmonary em-
physema (Foronjy et al., 2006; Petrache et al., 2008). In a
phase I clinical study, intravenously administered PC-SOD
(40-160 mg) had a terminal half-life of more than 24 h with
good safety and tolerability (Broeyer et al., 2008; Suzuki et
al., 2008a). Published results of a phase II clinical study have
shown that intravenously administered PC-SOD (40 or 80
mg) significantly improves the symptoms of ulcerative colitis
patients, which involves ROS (Suzuki et al., 2008b). A phase

11 clinical study has shown that intravenously administered

PC-SOD (40 or 80 mg) is therapeutically effective against IPF
as judged by monitoring the serum level of marker proteins
(lactate dehydrogenase and surfactant protein-A). Because
the safety and efficacy of PC-SOD were shown in not only the
animal model but also in clinical studies the application of
PC-SOD for COPD is realistic.

Here, we have shown that not only intravenous adminis-
tration but also inhalation of PC-SOD ameliorates pulmo-
nary emphysema. We believe that inhalation is a clinically
more valuable route of administration than the intravenous
route for two reasons. First, PC-SOD administered by inha-
lation does not have a bell-shaped dose-response profile. Bell-
shaped dose-response curves are of clinical concern because
they may reflect the presence of side effects. The lack of a
bell-shaped dose-response profile upon inhalation has also
been observed for bleomycin-induced pulmonary fibrosis
(Tanaka et al., 2010). Because the efficacy of intravenous
administration of higher doses of PC-SOD on bleomycin-
induced pulmonary fibrosis was restored by simultaneous
administration of catalase, which converts hydrogen perox-
ide to water and oxygen, the ineffectiveness of high doses of
PC-SOD is probably caused by the accumulation of hydrogen
peroxide (Tanaka et al., 2010). However, the reason inhala-
tion of PC-SOD does not show the bell-shaped dose-response
profile remains unknown. Second, patients treated with PC-
SOD administered by inhalation would have a higher QOL
than those treated intravenously. Although a phase II clini-
cal study has shown that intravenously administered PC-
SOD (40 or 80 mg) is effective for both ulcerative colitis
(Suzuki et al., 2008b) and IPF, the main obstacle against
proceeding into the next stage of clinical study is the poor
QOL for patients undergoing the current clinical protocol of
PC-SOD administration (daily intravenous infusion for 4
weeks). Furthermore, in a phase 11 clinical study for IPF, the
plasma levels of markers (lactate dehydrogenase and surfac-
tant protein A) but not forced vital capacity were modified by
intravenous administration of PC-SOD, suggesting that a
longer period of treatment with PC-SOD is required to im-
prove forced vital capacity in patients with IPF. However,
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daily intravenous infusion for a longer period is not practical.
Therefore, we propose that inhalation of PC-SOD for a longer
period may be effective not only for IPF but also for COPD
and would maintain the QOL of patients. The therapeutic
potential of inhalation of PC-SOD for the treatment of COPD
is also supported by observations made in this study: inha-
lation of PC-SOD ameliorated not only PPE-induced patho-
logical alterations but also PPE-induced functional changes,
and inhalation of PC-SOD was effective even for predevel-
oped pulmonary emphysema (stimulation of spontaneous
restoration from pulmonary emphysema and suppression of
progression of pulmonary dysfunction). Drugs for COPD
should suppress both the inflammatory response and emphy-
sematous lung destruction. Because ROS, especially super-
oxide anions, are suggested to induce both an inflammatory
response and emphysematous lung destruction (Mak, 2008),
PC-SOD was predicted to suppress both of these events. In
fact, we showed that inhalation of PC-SOD suppresses a
PPE-induced increase in leukocytes in BALF and the expres-
sion of proinflammatory cytokines and chemokines. We also
showed that inhalation of PC-SOD suppresses PPE-induced
emphysematous lung destruction. Both apoptosis and pro-
tease/antiprotease imbalance seem to be involved in emphy-
sematous lung destruction associated with COPD (Demedts
et al., 2006; Rabe et al., 2007; Petrache et al., 2008). We have
shown that inhalation of PC-SOD suppresses PPE-induced
pulmonary cell death and protease/antiprotease imbalance
(activation of MMPs and decrease in the level of al-antitryp-
sin). We recently reported that PC-SOD protects cultured
lung epithelial cells from menadione (a superoxide anion-
releasing drug)-induced cell death (Tanaka et al., 2010). It
has also been reported that oxidative molecules activate
MDMPs and suppress the expression of al-antitrypsin (Des-
rochers and Weiss, 1988; Greenlee et al., 2007; Mak, 2008;
Wan et al., 2008). Thus, it seems that a PC-SOD-dependent
decrease in the level of superoxide anions is responsible for
the inhibitory effect of PC-SOD on PPE-induced pulmonary
cell death and the protease/antiprotease imbalance.

One of the current standard clinical protocols for treatment
of patients with COPD is administration of a long-acting
Bo-agonist or anticholinergic along with corticosteroid inha-
lation. This combination regime reduces the annual rate of
exacerbation and improves health status and spirometric
values, although it does not improve the mortality rate with
statistical significance (Calverley et al., 2007). B,-Agonists
and anticholinergics are effective in improving the airflow
limitation associated with COPD (Rabe et al., 2007). On the
other hand, some reports have suggested that treatment with
corticosteroids does not clearly modulate the inflammatory
response in patients with COPD or in a CS-induced pulmo-
nary emphysema animal model (Rabe et al., 2007; Fox and
Fitzgerald, 2009). Based on these previous observations and
those in this study that inhalation of PC-SOD is effective
against the CS-induced inflammatory response, we consider
that a combination regime of administration of a long-acting
Bo-agonist (or anticholinergics) along with inhalation of PC-
SOD, instead of corticosteroids, may be therapeutically ben-
eficial for patients with COPD.
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