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Fig. 1 Pathway of ceramide
metabolism :

onisin B1

sphingomyeline «————

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

Determination of the Ceramide Contents
in the Stomach

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

Apoptosis was determined by immunohistochemical
staining with a polyclonal antibody to ss-DNA. The area of
the stomach containing the ulcer was rapidly excised and
processed using routine techniques, followed by embed-
ding in paraffin. Sections (4-pm thick) were then prepared
and mounted on glass slides. Deparaffinized sections were
treated with 3 % hydrogen peroxide for 20 min to block
endogenous peroxide. Then, after blocking with 10 % non-
immune serum for 10 min at room temperature, the sec-
tions were incubated for 40 min at room temperature with a
primary antibody (anti-ss-DNA, polyclonal rabbit, DAKO,
Carpinteria, CA, USA) diluted 1:100 with 0.1 % bovine
serum albumin (BSA) in 0.05 M tris-buffered saline (TBS).
The slides were washed three times with 0.05 M TBS-
Tween for 5 min, followed by incubation for 30 min with
rabbit peroxidase (DAKO). After washing for 5 min in
TBS-Tween, the sections were stained using a diam-

‘inobenzidine reagent kit (Kh‘kegaard & Perry Laboratory

Inc., Gaithersburg, USA) and observed under a microscope
(Nikon ECLIPSE-E-600, Tokyo, Japan). Negative controls
containing non-immune rabbit serum with omission of the
primary antibody were also prepared. Staining for all
antibodies was assessed in a blinded manner by the same
observer.

Statistical Analysis

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

Results

Effect of Fumonisin B1 on Acetic Acid-Induced Ulcer
Formation

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

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

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

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

d Acetic acid-induced ulcer
72 h after subserosal injection
was attenuated by fumonisin B1
(0.09 g/kg body weight)
application (x10)

(©

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

Effect of PPMP on Acetic Acid-Induced Ulcer
Formation

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

Figure 4b shows the effect of PPMP on the number of
apoptotic cells in the gastric mucosa at 72 h after acetic acid
injection: Co-injection of PPMP with acetic acid at doses of
over 0.127 g/kg significantly inhibited the acetic acid-
induced increase in the number of apoptotic cells which is
consistent with the inhibition of ulcer formation by the drug.
Figure 4c, d shows a quantitative analysis of the contents of
the C18- (4c) and C24- (4d) ceramide after acetic acid
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injection and the effect of PPMP. The increase in the
amounts of both the C18- and C24-ceramide observed at
72 h after acetic acid injection was further enhanced by the
concomitant injection of PPMP, and significantly greater
amounts of the ceramides were found in the lesions fol-
lowing injection of PPMP at doses higher than 0.127 g/kg.

Effect; of NB-DNTJ on Acetic Acid-Induced Ulcer
Formation

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

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

Glucosylceramide and GM3 on Acetic Acid-Induced
Ulcer Formation

Figure 6 shows glucosylceramide and GM3 expressions in
acetic acid-induced ulcer formation. The glucosylceramide
levels were remarkably low in the acetic acid-induced ulcer
group than in the control group. The level of ganglioside
GM3 was observed to be high in the acetic acid-induced ulcer
group. The expression of GM3 was suppressed and that of
glucosylceramide were not restored by the treatment with
glucosylceramide synthase inhibitors (PPMP, NB-DNJ).

Discussion
Our present results showing that the blockade of ceramide

synthase by fumonisin B1 attenuates acetic acid-induced
gastric ulcer formation suggest the importance of de novo
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weight) was injected concomitantly with acetic acid into the gastric
subserosa. * p < 0.05 vs. acetic acid alone. ¢, d C18- (c) and
C24- (d) ceramide contents observed in the gastric mucosa. at 72 h
after acetic acid administration. PPMP (0.0127-1.27 g/kg body
weight) was injected concomitantly with acetic acid into the gastric
subserosa. * p < 0.05 vs. acetic acid alone. Values are mean + SEM
in six animals

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

“such as the acylation of sphinganine in the de novo bio-

synthetic pathway of sphingolipids as well as the reutili-
zation of sphingosine derived from sphingolipid turnover
[23, 25] may mainly account for the bioactive roles of

‘ceramides in ulcer formation. In this study, we demon-

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

giucosylceramide

GM3

controf AA PPMP  NB-DNJ

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

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

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

and C24 ceramide in the stomach wall, and that apoptosis
was involved in the formation of gastric ulcers induced by
PMA' (phorbol 12-myristate 13-acetate). Although we
previously suggested that ceramide or ceramide metabo-
lites could be ulcerogenic [18], which of the two is
ulcerogenic was not determined. In this context, in the
previous study, a possibility that ceramide or ceramide
metabolites could be a cause of ulcers was established. Our
present results indicated that it is neither the C18- nor the
C24-ceramide itself, but the respective metabolites that
may be ulcerogenic, because we found, to our surprise, that
glucosylceramide synthase inhibitors that reduce the deg-
radation of ceramide can also attenuate the gastric mucosal
damage induced by acetic acid. We used two types of
inhibitors, namely, PPMP, a synthetic inhibitor of gluco-
sylceramide synthase [26] and NB-DNIJ, an N-alkylated
imino sugar that blocks the activity of ceramide-specific
glucosyltransferase which catalyzes the formation of glu-
cosylceramide [27], both of which inhibit the conversion of
ceramide to glucosylceramide. Indeed, the contents of the
C18- and C24-ceramides were significantly augmented in
the gastric mucosa when these inhibitors were injected
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concomitantly with acetic acid. On the other hand, the
acetic acid-induced tissue damage was attenuated with a
decrease in the number of apoptotic cells under this con-
dition, suggesting that inhibition of the synthesis of glu-
cosylceramide, a precursor for neutral glycosphingolipids
and gangliosides, effectively inhibits ulcer formation.

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

-mide synthesis inhibitors could aitenuate the pathway
upstream of the glucosylceramide.

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

Glucosylceramide synthase is a constitutively expressed
type III integral membrane protein on the cytosolic side of
the cis/medial Golgi membrane [30]. After its translocation
to the Golgi lumen by an as yet undefined signaling
mechanism, glucosylceramide is further metabolized to
higher glycosphingolipids, including GM3 and GD3 gan-

~ gliosides [11, 31]. It has been suggested previously that
glycosylation of ceramide can protect cells from cancer
drug-induced apoptosis. Accumulation of glucosylcera-
mide was observed in mulﬁdrug—resistant tumor cells [32],
and overexpression of glucosylceramide synthase in MCF-
7 breast cancer cells conferred resistance to adriamycin and
TNF-a [33]. These findings would suppoft the idea that
glycosylation of ceramide rather attenuates its capacity to
act as a second messenger in apoptosis, although recently,
it has been suggested that the natural ceramide species
accumulating during the execution phase of apoptosis are
not converted by glucosylceramide synthase to glucosyl-
ceramide, because this pool of ceramide is topologically
segregated from glucosylceramide synthase [11]. In any
event, the glucosylceramide formation per se does not
appear to be a potentially toxic mediator in the acetic acid-
induced gastric damage.

In addition to their role in the regulation of apoptosis,
ceramides also provide the carbon backbone for the syn-
thesis of complex glycosphingolipids within the Golgi

network [34]. Inhibitors of glycosphingolipid biosynthesis
have been used successfully as therapeutic agents for gly-
cosphingolipid lysosomal storage diseases [35]. Healthy
mice treated with NB-DNJ exhibited 70 % peripheral
glycosphingolipid depletion [36], and clinical trials have
shown the efficacy of these agents in patients with type 1
Gaucher’s disease [37]. In addition, recently, ganglioside
GD3 (GD3), a sialic acid-containing glycosphingolipid, has
attracted considerable attention due to its emerging role as
an effector of cell death by activating the mitochondrial-
dependent apoptosis through sequential membrane perme-
ability tramsition induction, cytochrome c release, and
caspase activation [38]. De Maria et al. [39] showed that
GD3 ganglioside mediates the propagation of CD95 (Fas)-
generated apoptotic signals in hematopoietic cells, and that
the pharmacological inhibition. of GD3 synthesis and
exposure to GD3 synthase antisense oligonucleotides pre- .
vented CD95-induced apoptosis. Another group recently
demonstrated that the inhibition of glucosylceramide syn-
thase, which blunted TNF-stimulated GD3 levels, abol-
ished TNF-mediated apoptosis in human colon cancer cells
[40], and also that d-threo-PDMP, an inhibitor of gluco-
sylceramide synthase, blocked the TNF-u-induced trans-
location of GD3 to the mitochondria, thereby preserving its
predominant localization at the cell surface in rat hepato-
cytes [41]. Since we previously demonstrated that an
antibody against TNF-¢ significantly inhibited ulcer for-
mation in the PMA-induced gastric ulcer model [17], TNF-«
may also be involved in the process of acetic acid-induced
ulcer formation. These previous reports suggesting that
GD3 may play a significant role in TNF-¢-mediated
apoptosis are in close concordance with our present data
indicating that inhibitors of glucosylceramide synthase
successfully prevented the apoptosis and ulcer formation
induced by acetic acid in spite of the significant accumu-
lation of ceramide content observed in the gastric tissues.
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Comparison of Pharmacokinetics between Loxoprofen and Its Derivative
with Lower Ulcerogenic Activity, Fluoro-loxoprofen
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Summary: We recently reported that, compared to loxoprofen (LOX, an non-steroidal anti-inflammatory
drug), the LOX derivative fluoro-loxoprofen (F-LOX) is less ulcerogenic but has similar anti-inflammatory
activity. Our previous in vitro studies suggested that both LOX and F-LOX are pro-drugs, the active .
metabolites of which are their trans-alcohol forms. In this study, we compared the pharmacokinetics of
F-LOX and LOX in rats. Overall, the pharmacokinetic characteristics of F-LOX, including the formation of
metabolites in vivo and in vitro, were comparable to those of LOX. However, F-LOX disappeared from
the plasma more rapidly than LOX, which could potentially explain its lower ulcerogenicity. However, we
showed that F-LLOX produced fewer gastric lesions than LOX, even when a higher plasma concentration of
F-LOX was maintained. Similar to LOX, F-LOX was readily metabolized to its trans- and cis-alcohol forms,
with a higher level of the trans-alcohol form being observed after oral or intravenous administration of the
drug. The preferential formation of the trans-alcohol form was also observed after incubation of F-LOX with
rat liver homogenates in vitro. These results suggest that, similar to LOX, F-LOX acts as a pro-drug and that

© 2013 by the Japanese Society for the Study of Xenobiotics (JSSX)

there is a metabolic system that selectively produces its active metabolite.

Keywords: loxoprofen; pharmacokinetics; liver homogenates; gastric lesions; rat

Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) comprise a
useful family of therapeutics,! the actions of which are mediated
via an inhibitory effect on cyclooxygenase (COX), an enzyme
which is essential for the synthesis of inflammatory prostaglandins
(PGs). However, NSAID use is also associated with gastrointestinal
comphcatlons >4 Given that PGs have a strong protective effect on
the gastric mucosa, it was believed that NSAIDs induce gastric
lesions only through the inhibition of COX. However, the increased
incidence of gastrointestinal lesions and the decrease in PG levels
induced by NSAIDs do not always occur in parallel,> suggesting
that the former effect involves additional mechanisms. We have
recently demonstrated that NSAIDs induce cell death in cultured
gastric mucosal cells and at the gastric mucosa in a manner
independent of COX inhibition but dependent on their membrane
permeabilizing activity.”'® Furthermore, we suggested that both
COX inhibition and gastric mucosal cell death are required for the
formation of NSAID-induced gastric lesions.!19

COX-1 and COX-2 are responsible for the majority of COX
activity at the gastric mucosa and in tissues undergoing inflam-
mation, respectively,’*'9 and a greatly reduced incidence of
gastroduodenal lesions has been reported following treatment with
selective COX-2 inhibitors (such as celecoxib and rofecoxib).!”!%)
However, a recently raised concern regarding the use of selective
COX-2 inhibitors involves the associated risk of 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. Therefore, NSAIDs exhibiting gastrointes-
tinal safety, other than selective COX-2 inhibitors, need to be
developed. Based on our findings, we proposed that NSAIDs with
lower membrane permeabilization activity would be easy on the
stomach even in the absence of COX-2 selectivity.”

We screened for such NSAIDs from those used clinically and
found that loxoprofen (LOX, Fig. 1) has lower membrane
permeabilization activity and cytotoxicity than other NSAIDs.*®
LOX has been widely used in the Japanese market, because clinical
studies have suggested that it is safer than other traditional NSAIDs,
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such as indomethacin.2"?» LOX is a pro-drug, which is converted
(by reduction of the cyclopentanone moiety) to its active frans-
alcohol metabolite (#rans-LOX-OH, Fig. 1) by multiple aldehyde-
ketone reductases and carbonyl reductases only after absorption
by the gastrointestinal tract.>?9 We synthesized a series of LOX
derivatives® and found that fluoro-loxoprofen (F-LOX, Fig. 1) has
much lower membrane permeabilization and ulcerogenic activities
than LOX but maintains similar anti-inflammatory activity.?® We
also suggested that the pro-drug property of LOX is maintained in
F-LOX, based on the demonstration that the inhibitory activity of
trans-F-LOX-OH (Fig. 1) on COX is more potent than that of
F-LOX and its cis-alcohol metabolite (cis-F-LOX-OH, Fig. 1).*9
In this study, we compared the pharmacokinetics of LOX and F-
LOX after oral or infravenous administration. Although some
differences were observed, such as-the more efficient absorption of
F-LOX after its oral administration and its more rapid clearance
from the plasma, the pharmacokinetic characters of F-LOX were
basically comparable to those of LOX, including preferential
metabolic formation of #rans-F-LOX-OH rather than cis-F-LOX-
OH. We therefore consider that F-LOX is likely to be a therapeuti-
cally beneficial NSAID due to its reduced gastric side effect.

Methods

Chemicals and animals: The sodium salts of LOX and
F-LOX and their alcohol metabolites (#rans-LOX-OH, cis-LOX-
OH, trans-F-LOX-OH and cis-F-LOX-OH) were synthesized as
reported previously®® and their identities were confirmed by 'H-
NMR, ’C-NMR, FAB-MS spectrum and elemental analysis

(within + 0.4% of the theoretical values). The purity of each

tested compound was greater than 95% as assessed by high per-
formance liquid chromatography (HPLC).

HPLC-grade acetonitrile was purchased from Sigma-Aldrich
(St. Louis, MO). Wistar rats (6 weeks old, 180-200 g, male) were
obtained from Kyudo Co. (Kumamoto, Japan). The experiments
and procedures described here were carried out in accordance with
the Guide for the Care and Use of Laboratory Animals as adopted
and promulgated by the National Institutes of Health (Bethesda,
MD), and were approved by the Animal Care Committee of Keio
University and Kumamoto University.

HPLC analysis:
column (TSKgel Super-ODS, 150 x 4.6 mm, 2 um, Tosoh Co.,
Tokyo, Japan) incorporated a Waters 2695 Alliance separation
module and a Waters 2996 photodiode -array detector (Waters,
Milford, MA). Solvént A (0.1% trifluoroacetic acid in acetonitrile)

The analytical HPLC with reverse-phase

and solvent B (0.1% triffuoroacetic acid in water) were used at a
flow rate of 0.3 ml/min. After injection of the sample (0 min), the
mobile phase was changed as follows: 35% solvent A (10min), a
linear gradient of 35-100% solvent A (3 min) and 100% solvent A
(3 min). Detection was performed at an optical density of 220 nm.

Drug administration and pharmacokinetic analysis: Each
compound was dissolved in saline and administered to rats at a
dose of 20mg/kg, orally or intravenously (via the tail vein). Tail
vein blood samples (200 ul) were taken periodically (15, 30, 45,
60, 120 and 240min after drug administration) into centrifuge
tubes containing heparin. Samples were centrifuged immediately
to obtain plasma. An aliquot (100 pl) of plasma was mixed with
500 ul of methanol to extract each compound and its metabolites.
The suspension was centrifuged and the supernatant was analyzed
by HPLC as described above.

Pharmacokinetic data analysis: A non-compartment model
was used for the pharmacokinetic analysis. Each parameter, time
of maximum concentration (7., min), maximum concentration
(Conax, pg/ml), apparent elimination half-life (7, min), area
under the concentration-time curve from time 0 to infinite times
(AUCy_os, pg/ml/min), mean residence time from time 0 to infinite
times (MRT¢_o, min), total plasma clearance (CL,, ml/minkg)
and volume of distribution at the steady state (Vdg, ml), was
calculated using the moment analysis program available on
Microsoft Excel. The absolute oral bioavailability (F, %) was
calculated using the following equation:

Mean AUCq_co. 0. X Doseyy,

00
Mean AUCq_ooiv. X Dosep,, x 100

F(%) =

Drug treatment of rat liver homogenates in vitro: In vitro
analysis for metabolic conversion of F-LOX and LOX was
performed as described previously,”” with some modifications. Rat
livers were homogenized with PBS (I ml PBS/g tissue) using a
tissue homogenizer (Silent Crusher M, Heidolph, Germany). Each
test compound in PBS (100, 5 mg/ml) was mixed with 2ml of
the homogenates and incubated for various periods (10, 20, 30, 60,
120 and 240 min) at 37°C. The reaction was terminated by addition
of 1.8ml of methanol and the solution was centrifuged. The
supernatant was analyzed by HPLC as described above.

Gastric damage assay: The gastric ulcerogenic response was
examined as described previously,***® with some modifications.
Rats fasted for 18 h were orally administered LOX or F-LOX and,
after 8 h, the animals were sacrificed, their stomachs were removed,
and the areas of gastric mucosal lesions were measured by an
observer unaware of the treatment that the animals had received.
Calculation of the scores involved measuring the area of all the
lesions in square millimeters and summing the values to give an
overall lesion index. ,

Statistical analysis: All values are expressed as the
mean =+ S.D. or mean & S.EM. One-way or two-way analysis
of variance (ANOVA) followed by the Tukey's test was used to
evaluate differences among more than three groups. The Student’s
t-test for unpaired results was used for the evaluation of differences
between two groups. Differences were considered to be significant
for values of p < 0.05.

Results and Discussion

Pharmacokinetic analysis after oral or intravenous admin-
istration of LOX or F-LOX: We first compared the temporal
profile of the plasma concentration following oral administration of
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LOX and F-LOX (Figs. 2A and 2B) and calculated the pharmaco-
kinetic parameters based on moment analysis (non-compartment
model) (Table 1). The pharmacokinetic characteristics of LOX
(Fig. 2) were basically similar to those described previously,?” and
in general, the pharmacokinetic characteristics of F-LOX were
comparable to those of LOX, as described below.

The Crpax of F-LOX was significantly higher than that of LOX
(Table 1), suggesting that F-LOX was absorbed more rapidly at
the gastrointestinal mucosa. However, F and T, values were not
different between both F-LOX and LOX (Table 1). This may
be due to the fact that the clearance of F-LOX is faster than LOX
(see below).

The plasma level of F-LOX following oral administration (at 2 »

or 4h) was lower than that of LOX (Figs. 2A and 2B) and the

A B
30 30 5
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Fig. 2. Plasma concentrations of LOX and F-LOX and thelr metabolites
following their oral or intravenous administration

Rats were administered LOX (A, C) or F-LOX (B, D) orally (A, B) or
intravenously (C, D). The plasma concentration of each form of the drugs was
monitored as described in Methods. Values are mean == S.D. (n = 4-6).

MRT¢. and t;, of the former drug were shorter (Table 1). We
concluded that F-LOX was cleared from the plasma more rapidly
than LOX. The AUCy, of F-LOX following oral administration
was smaller than that of LOX (Table 1).

We also monitored the temporal profile of the plasma con-

centrations of metabolites of LOX or F-LOX (#rans-LOX-OH and
¢cis-LOX-OH or trans-F-LOX-OH and cis-F-LOX-OH) after their
oral administration and found that, similar to LOX, F-LOX was
readily metabolized (Figs. 2A and 2B). As previously describ-
ed,?"?) a relatively higher plasma-level of #rans-LOX-OH than
cis-LOX-OH was observed (Fig. 2A). Similar results were
observed for F-LOX (Fig. 2B). It is well known that LOX is
metabolized to #rans- or cis-LOX-OH with a stereoselectivity
~and multiple enzymes are involved in this stereoselectivity in
humans.***% Results in this study suggest that the system for this
stereoselective reduction is common between rats and humans,
which was suggested by the previous paper.>*? The C,y of trans-
F-LOX-OH (active metabolite) after oral administration of F-LOX
was similar to that of LOX (Table 1). However, the 1, and and
AUCq 4 of trans-F-LOX-OH were shorter and smaller, respec-
tively, than those of LOX (Table 1). We also calculated each
pharmacokinetic parameter of cis-LOX-OH and cis-F-LOX-OH
(Table 1); however, as the plasma level of each cis-OH form was
very low, the accuracy of these results is debatable.

We also compared the plasma concentration-time profiles of
LOX and F-LOX following their intravenous administration
(Figs. 2C and 2D). As in the case of oral administration, the
MRTyp..c and t;, of F-LOX were shorter than those of LOX
(Table 1), confirming the more rapid plasma clearance of the
former drug. Compared to LOX, CLy, of F-LOX after its intra-
venous administration tended to be higher, although this difference
was not statistically significant (Table 1). The preferential con-
version of F-LOX or LOX to its #ans-OH rather than cis-OH
form was also confirmed following intravenous administration
(Figs. 2C and 2D).

Pharmacokinetic analysis after administration of the trans-
and cis-OH forms of LOX and F-LOX: We next compared
the plasma concentration-time profile of each form of LOX and
F-LOX after oral or intravenous administration of the #rans- or

Table 1. Pharmacokinetic parameters after oral (p.o., upper) or intraveneus (i.v., lower) administration of LOX or F-LOX

Pharmacokinetic LOX p.o. (20.0mg/kg)

F-LOX p.o. (21.3 mg/kg)

parameters Unit LOX fransLOX-OH  cis-LOX-OH F-LOX rans-F-LOX-OH  cis-F-LOX-OH

T min 2049 45+ 15 S0+ 17 20+87 45£0 70 +43

Cones ug/m 137419 83405 15402 19.5 + 1.4* 65+12 2.4+ 03%

fn min 127432 373 + 149 332+ 100 50+ 11% 105  20% 132 & 34%

AUCo pg/mlmin 2419 + 390 4,133 £ 1,908 827 & 456 1,689 + 186* 1,032 + 34% 611+ 184

MRT,_., min . 192445 548 +217 5774278 94 + 19% 167  28% 240 + 47

F % 61 — — 51 — —
Pharmacokinetic Uni LOX iv. (200 mg/kg) F-LOX i.v. (21.3 mg/kg)

parameters ot LOX rans LOX-OH  cis-LOX-OH F-LOX wans F-LOX-OH  cis F-LOX-OH

Tome min = 38+8 2946 = 60+0 TS

Com wg/ml — 13542 24406 — 107 %15 35403

fa min 685 109 + 19 114 +20 484 6* 8545 71+ 3%

AUCy pg/mlmin 3227 %336 2412 £172 445 + 45 2775 £ 324 1,502 + 346™* 487 + 65

MRTo_.. . min 98 +8 173 + 24 186 £ 24 72 4+ g% 134 = 4% 129 4 7%

CLy ml/min/kg 63 +0.7 — — 73409 — —

Vd, ml 600 = 49 — — 530 & 108 — —

Data in Figure 2 were used to calculate each pharmacokinetic parameter as described in Methods. Values are mean = S.D. (n = 4-6). *p < 0.05. **p < 0.01 (vs. LOX

and its metabolites).
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Fig. 3. Plasma concentration of frans-LOX-OH and trans-F-LOX-OH and
their metabolites following their oral or intravenous administration
Rats were administered #rans-LOX-OH (A, C) or #rans-F-LOX-OH (B, D)

orally (A, B) or intravenously (C, D). The plasma concentration of each form of

the drugs was monitored. Values are mean == S.D. (n = 4-6).
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Fig. 4. Plasma concentration of ¢is-LOX-OH and cis-F-LOX-OH and their
metabolites following their oral or intravenous administration

Rats were administered cis-LOX-OH (A, C) or cis-F-LOX-OH (B, D) orally
(A, B) or intravenously (C, D). The plasma concentration of each form of the
drugs was monitored. Values are mean = S.D. (n = 4-6).

Table 2. Pharmacokinetic parameters after oral (p.o., upper) or intravenous (i.v., lower) administration of the #rans-OH form of LOX or F-LOX

Pharmacokinetic Uni trans-LOX-OH p.o. (20.0 mg/kg) trans-F-LOX-OH p.o. (21.3 mg/kg)
parameters e frans-LOX-OH LOX ¢is-LOX-OH trans-F-LOX-OH F-LOX “cis-F-LOX-OH
Tnax min 1540 3547 N.D. 38413 600 N.D.
Cinax pg/ml 250+£3 29404 N.D. 16.5 £3.7% 20£12 N.D.
tn min 227 £ 28 149 £ 38 N.D. 145 4 20* 91 +£52 N.D.
AUCq00 pg/ml-min 7,229 + 762 558 £ 165 N.D. 3,889 £ 964%* 360 4 276 N.D.
MRTgo min 336 £39 233 +£13 N.D. 216 4+ 25%* 154 £ 74 N.D.
F % 81 — —_ 60 —_ —
Pharmacokinetic Uni trans-LOX-OH iv. (200 mg/kg) tl'aIIS-F-LQX-OH iv. (21.3 mg/kg)
parameters it trans-LOX-OH LOX cis-LOX-OH trans-F-LOX-OH F-LOX cis-F-LOX-OH
Tnax min — 53 +£40 N.D. — 454+0 N.D.
Croax ) pg/ml —_ 42405 N.D. — 6.4+ 1.4* N.D.
tin min 193 + 36 7516 N.D. 129 £27* 100 421 N.D.
AUCq_ wg/ml-min ‘ 9,920 + 1,809 538 £93 N.D. 7,611 £ 999 662 £ 103 N.D.
MRTo. min 282 £52 99 +12 N.D. 174 4 25% 99+8 N.D.
CLi ml/minkg 2.1+04 — e 27+04 e e
Vdse ml 570 £ 42 — —_ 456 & 10%* — —

Data in Figure 3 were used to calculate each pharmacokinetic parameter as described in Methods. Values are mean £ S.D. (n = 4-6). *p < 0.05, **p < 0.01 (vs. LOX

and its metabolites). N.D., not detected.

cis-OH form. As shown in Figures 3 and 4, LOX was detected
after oral or intravenous administration of trans-LOX-OH or cis-
LOX-OH. trans-LOX-OH was detected after oral or intravenous
administration of cis-LOX-OH; however, cis-LOX-OH was not
detected after oral or intravenous administration of #rans-LOX-OH
(Figs. 3 and 4). These results are consistent with those reported
previously.®® Similar results were also observed for F-LOX
(Figs. 3 and 4), suggesting that there is a metabolic system which
converts frans- or cis-F-LOX-OH to F-LOX. Our results also
support the idea that the metabolic system converts F-LOX
preferentially to #rans-F-LOX-OH rather than to cis-F-LOX-OH,
the assumption being that trans-F-LOX-OH is produced from cis-
F-LOX-OH via F-LOX. )

The data in Table 2 show that the C, of frans-F-LOX-OH was
less than that of #rans-LOX-OH following their oral administration,

suggesting that the absorption of #rans-F-LOX-OH was slower,
in contrast to the situation with the ketone forms of these NSAIDs

~ (Table 1). However, the ;5 and MRT_, of frans-F-LOX-OH

were shorter than those of #rans-LOX-OH following both oral and
intravenous administration (Table 2), this being consistent with
what is observed in the case of their ketone forms (Table 1).

The data in Table 3 show that the pharmacokinetic character-
istics of cis-F-LOX-OH, relative to c¢is-LOX-OH, differed from
those of F-LOX and #rans-F-LOX-OH. For example, the MRT_c
of ¢is-F-LOX-OH was longer than that of ¢is-LOX-OH after oral
administration and AUCy_,, or CL of cis-F-LOX-OH was higher
or lower than that of ¢is-LOX-OH after intravenous administration
(Table 3). However, as the cis-OH forms of F-LOX and LOX are
inactive in terms of COX-inhibition,*® these resuits may not be
clinically or pharmacologically relevant.

Copyright © 2013 by the Japanese Society for the Study of Xenobiotics (JSSX)
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Table 3. Pharmacokinetic parameters after oral (p.o., upper) or intravenous (i.v., lower) administration of the ¢is-OH form of LOX or F-LOX

Pharmacokinetic Unit ¢is-LOX-OH p.o. (20.0mg/kg) cis-F-LOX-OH p.o. (21.3 mg/kg)
parameters cis-LOX-OH LOX trans-LOX-OH ¢is-F-LOX-OH F-LOX trans-F-LOX-OH
T e min 1540 3446 600 384+ 13 566 600
Crnax pg/mi 152+15 3407 - 1.5+04 14.6 £3.8 34409 14404
tin min 74£9 200 £ 53 143 437 123 +34 93 £ 30%* 93+£102
AUCq pg/mi-min 1,557 =85 926 +£314 317 +£97 3,037 1,076 593 4260 372+ 157
MRTo min 113£13 383 £ 158 247+ 53 191 & 46* 165 +38 236 £ 50
F % 59 — — 75 — —
Pharmacokinetic Unit cis-LOX-OH iv. (20.0mg/kg) cis-F-LOX-OH iv. (21.3 mg/kg)
parameters cis-LOX-OH LOX trans-LOX-OH cis-F-LOX-OH F-LOX trans-F-1LOX-OH
T min e 4946 101 +£32 — 4540 45+0
Crax ng/ml — 112£17 24+£05 — 5.6 £0.9% 1.7+03
tin min 68 1 98 £ 7 175 +£89 69 +8 111 £+ 31 176 £ 53
AUCqe pg/ml-min 2,785 £429 1,707 £ 70 757 £ 402 4,387 + 602* 932 £ 183** 442 + 124
MRTg~c min 94 +2 164 £7 3124123 100 == 11 189 £ 43 334 £ 115
CLiox ml/min/kg 74+£13 — — 4.6 +0.6* — —
Vs ml 697 £ 138 — — 460 & 27* — e

Data in Figure 4 were used to calculate each pharmacokinetic parameter as described in Methods. Values are mean == S.D. (n = 4-6). *p < 0.05, **p < 0.01 (vs, LOX

and its metabolites).

Metabolic conversion of F-LOX and LOX in vitro: It has
previously been reported that LOX is metabolized in the liver
in vivo and that the conversion of LOX to frans- or cis-LOX-OH
can be reproduced in vitro using rat liver homogenates.* Using
this system, we examined the conversion of F-LOX to its frans- or
cis-OH form in vitro. We first showed that incubation of LOX with
rat liver homogenates produced a higher level of trans-LOX-OH
than cis-LOX-OH (Fig. 5A). Although both #rans-LOX-OH and
cis-LOX-OH were more stable than LOX in this system, incubation
of trans-LOX-OH or c¢is-LOX-OH with the homogenates gener-
ated only LOX or both LOX and frans-LOX-OH, respectively
(Figs. SA-5C). These results are consistent with those previously
reported.> As shown in Figures SD-5F, results obtained with F-
LOX were essentially similar to those seen with LOX. Incubation
of F-LOX with rat liver homogenates produced a higher level of
trans-F-LOX-OH than cis-F-LOX-OH (Fig. 5D). Given that the
formation of trans- or cis-F-LOX-OH was associated with con-
comitant loss of F-LOX and the sum of F-LOX, #rans-F-LOX-OH
and cis-F-LOX-OH was consistent throughout the incubation
(Fig. 5D), it appears that the homogenates metabolized F-LOX
selectively to zrans-F-LOX-OH and cis-F-LOX-OH. Incubation of
trans-F-LOX-OH or cis-F-LOX-OH with the homogenates gen-
erated F-LOX and the conversion from #rans-F-LOX-OH was more
efficient that from cis-F-LOX-OH (Figs. SE and 5F). Furthermore,
dlthough the incubation of cis-F-LOX-OH with the homogenates
generated trans-F-LOX-OH, the opposite did not occur (Figs. SE
and 5F). These results correlate well with the in vivo findings
illustrated in Figures 3 and 4. The results in Figure 5 suggest
that there is a metabolic system that converts F-LOX and LOX
preferentially to their #rans-OH rather than cis-OH forms.
Results in Figure 5 show that the disappearance rate of F-LOX
was similar to that of LOX. Therefore, the more rapid clearance of
~F-LOX than LOX that was observed in vivo could not be explained
by its metabolic conversion in the liver. The examination of
the urinary clearance and protein binding would be required to
understand the mechanism for the difference in pharmacokinetics
between the two drugs.
Production of gastric lesions by F-LOX and LOX: We have
previously reported that F-LOX produces fewer gastric lesions than
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Fig. 5. Metabolic conversion of LOX and F-LOX and their metabolites in
rat liver homogenates in vitro

Each drug [LOX (A), trans-LOX-OH (B), cis-LOX-OH (C), F-LOX (D), trans-
F-LOX-OH (E) and cis-F-LOX-OH (F)] (500 pg) was incubated with rat liver
homogenates at 37°C. Samples were obtained periodically and the amount of
each form of LOX or F-LOX was determined. Values are mean = S.E.M.
(n=3). '

LOX in rats, and proposed that this lower ulcerogenic activity of F-
LOX is due to its lower membrane permeabilization activity.>®
However, given that the results demonstrate that F-LOX and its
active metabolite (frans-F-LOX-OH) disappear from the plasma
more rapidly than LOX, it is also possible that the lower ulcero-
genic activity of F-LOX is due to its lower plasma level after a
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Fig. 6. Production of gastric lesions by LOX or F-LOX |

The administration protocols for LOX or F-LOX are shown (A): rats were orally
administered 100 mg/kg of LOX once only at time 0, 107 mg/kg of F-LOX once
only at time 0 (a), 321 mg/kg of F-LOX once only at time 0 (b), or 107 mg/kg of
F-LOX at 0, 1 and 4h (c). The plasma concentration of LOX or F-LOX was
monitored (B). Stomachs were removed after 8h and scored for hemorrhagic
damage (C). Values are mean & S.EM. (n = 4). **p < 0.01 (vs. LOX).

single oral administration. To test this possibility, we performed the
experiments illustrated in Figure 6. In this study, in order to keep
the plasma concentration of F-LOX higher than that of LOX, rats
were either administered a 3-fold higher dose of F-LOX than
LOX or administered the same dose of F-LOX as LOX but at 3
time-points (0, 1 and 4h) (Fig. 6A). As shown in Figure 6B, a
consistently higher plasma concentration of F-LOX than LOX was
achieved using these protocols. Administration of F-LOX pro-
duced fewer gastric lesions than LOX in all cases (Fig. 6C),
strongly suggesting that the lower ulcerogenic activity of the for-
mer drug cannot be explained by the differences in its pharmaco-
kinetic characteristics. In other words, the lower ulcerogenic
activity of F-LOX seems to be derived from other properties, such
as its lower membrane permeabilization activity.

Conclusions: In this stidy, we compared the pharmaco-
kinetics of F-LOX and LOX. Although some differences were
observed, it should be noted that the pharmacokinetic character-
istics of F-LOX are basically comparable to those of LOX. In
particular, it is important to note that the metabolic conversion
characteristics of the ketone, #rans-OH- and cis-OH forms of LOX
were maintained in F-LOX, given that the pro-drug properties of
LOX are believed to play important roles in its clinically beneficial
effects, including its potent anti-inflammatory action and low
gastrointestinal side effect. Therefore, the results in this study
confirm the idea that F-LOX is a LOX analog with reduced
gastrointestinal side effects and suggest that it is likely to be a
therapeutically safer NSAID. V
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ABSTRACT
Idiopathic pulmonary fibrosis (IPF) is thought to involve inflamma-

- tory cells and reactive oxygen species (ROS), such as superoxide

anion radical (O,™). There is currently no effective treatment of
IPF. We previously developed a human serum albumin (HSA}-
thioredoxin 1 (Trx) fusion protein (HSA-Trx) designed to overcome
the unfavorable pharmacokinetic and short pharmacological
properties of Trx, an antioxidative and anti-inflammatory protein.
In this study, we examined the therapeutic effect of HSA-Trx on
an IPF animal model of bleomycin (BLM)-induced pulmonary
fibrosis. A pharmacokinetic study of HSA-Trx or Trx in BLM
mice showed that the plasma retention and lung distribution of
Trxc was markedly improved by fusion with HSA. A weekly
intravenous administration of HSA-Trx, but not Trx, ameliorated

BLM-induced fibrosis, as evidenced by a histopathoiogical
analysis and pulmonary hydroxyproline levels. HSA-Trx sup-
pressed active-transforming growth factor (TGF)-g levels in
the lung and inhibited the increase of inflammatory cells in
bronchoalveolar lavage fluid, pulmonary inflammatory cyio-
kines, and oxidative stress markers. An in vitro EPR experiment
using phosphate -buffered saline~-stimulated neutrophils con-
firmed the O,"” scavenging ability of HSA-Trx. Furthermore,
post-treatment of HSA-Trx had a suppressive effect against
BLM-induced fibrosis. These results suggest that HSA-Trx has
potential as a novel therapeutic agent for IPF, because of
its long-acting antioxidative and anti-inflammatory modulation
effects.

lntroduction

Idiopathic pulmonary fibrosis (IPF) is a chronic fibrosing
interstitial pneumonia with no identifiable cause. It remains
a devastating disease, with a 5-year mortality rate of 50% be-
cause of its insufficient response to medical therapy. Unfor-
tunately, with the present lack of a complete understanding of
the pathogenesis of IPF, the current treatment, which involves
the use of steroids and immunosuppressants, does not im-
prove the prognosis and recovery from the acute exacerbation
of the disease (American Thoracic Society and the European
Respiratory Society, 2000; Luppi et al., 2004). Therefore, the

~ development of new drugs designed to suppress the progression

This research was supported by Japan Society for the Promotion of Science
[Grant-in-Aid for Scientific Research KAKENHI 21390177]); and by Japan
Science and Technology Agency, A-step feasibility study program [Grant
10801043].

dx.doi.org/10:1124/jpet.112.201814,

of the disease or to prevent the acute exacerbation of IPF is
of great importance.

Recent studies have suggested that oxidative stress plays
an important role in the pathogenesis and development of
IPF. In fact, increased level of reactive oxygen species (ROS),
such as superoxide anion radical (O 7), and a decrease in the
levels of glutathione and superoxide dismutase (SOD) in blood
and in bronchoalveolar lavage fluid (BALF) in patients with
IPF have been reported (Beeh et al., 2002; Psathakis et al.,
2006). In addition, the genetic knockout of NADPH-oxidase,
which increases the pulmonary level of Oy 7, resulted in the
suppression of bleomyein (BLM)-induced pulmonary fibrosis
in an IPF animal model. An intratracheal injection of BLM into
the lungs of rodents causes alveolar cell damage, an inflamma-
tory response, fibroblast proliferation, and subsequent collagen
deposition, resembling human fibrotic lung disease (Moore
and Hogaboam, 2008). In contrast, the genetic knockout of ex-
tracellular SOD, which decreases pulmonary ROS levels,

ABBREVIATIONS: 8-OH-dG, 8-hydroxy-2'-deoxygenase; BALF, bronchoalveolar lavage fluid; BLM, bleomycin; DMPO, 5,5-dimethyl-1-pyrroline
N-oxide; ELISA, enzyme-linked immunosorbent assay; H&E, hematoxylin and eosin; HSA, human serum albumin; HSA-Trx, human serum albumin-
thioredoxin 1 fusion protein; IL, interleukin; IPF, idiopathic pulmonary fibrosis; MDA, malondialdehyde; MIF, migration inhibitory factor; NOo-Tyr,
nitrotyrosine; OCT, optimal cutting temperature; PBS, phosphate-buffered saline; PMA, phorbol 12-myristate 13-acetate; ROS, reactive oxygen
species; SOD, superoxide dismutase; TCA, trichloroacetic acid; TNF, tumor necrosis factor; Trx, thioredoxin 1. -
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resulted in the progression of the BLM-induced pulmonary
fibrosis (Fattman et al., 2003; Manoury et al., 2005). On the
other hand, the role of chronic inflammation in the pathogen-
esis of IPF has been the focus of a number of studies, in view of
the presence of interstitial and alveolar inflammatory cells and
the expression of inflammatory cytokines in the lungs of patients
with IPF Keane and Strieter, 2002). The findings of a large
prospective study examining the histopathologic variability of
surgical lung biopsies in 109 patients with IPF suggest an
evolving disease process with chronic inflammation playing
a pathogenic role (Flaherty et al., 2001). In addition, it has been
well established that the levels of inflammatory cytokines and
chemokines, especially interleukin (IL)-6, tumor necrosis factor
(TNF)-a, and migration inhibitory factor (MIF), are markedly
increased in the lungs of BLM-induced disease model animals,
and it has also been reported that the knockout of IL-6 or the
administration of anti-TNF-« or MIF antibodies suppress BLM-
induced lung disorders (Piguet et al., 1989, 1993; Tanino et al,
2002; Chaudhary et al., 2006; Saito et al., 2008). Therefore, drugs
with both antioxidative and anti-inflammatory properties would
be expected to be useful in the treatment of IPF.
Thioredoxin-1 (Trx) is a small redox-active protein (M, of
~12 kDa) that is ubiquitously present in the human body and
is one of the defense proteins induced in response to various
oxidative stress conditions (Holmgren, 1989; Nakamura et al.,
2005). In addition to its potent antioxidative effect, which is
derived from dithiol-disulfide exchange in its active site, Trx
also has anti-inflammatory properties, mainly because of its
ability to inhibit neutrophil chemotaxis to inflammatory sites
and to suppress the expression and activation of the macro-
phage MIF (Nakamura et al., 2001; Tamaki et al, 2006).
Because of its desirable antioxidative and anti-inflammatory
properties, Trx represents a new and potentially effective
therapeutic agent for the treatment of IPF. However, because
Trx is eliminated extensively via glomerular filtration, its
plasma halflife is only approximately 1 hour in mice and
2 hours in rats, which is extremely short in terms of producing
a significant therapeutic impact (Nakamura et al., 2001; Ueda
et al., 2006). To obtain a satisfactory therapeutic outcome,
a sustainable therapeutic concentration of Trx would be needed.
To achieve this, constant infusion or frequent repeated admin-
istrations of Trx would be required (Hoshino et al., 2003; Liu

et al., 2004; Ueda et al., 2006). Hoshino et al. (2003) demon-

' strated that exogenous recombinant Trx was effective in in-
hibiting BLM-induced lung damage when administered
intraperitoneally or via a continuous infusion of Trx that is
repeated at 2-day intervals.

In an attempt to increase the blood retention time of Trx, we
recently produced a genetically engineered fusion protein of
human serum albumin (HSA) and Trx (HSA-Trx) with use of
a Pichia expression system. The plasma halflife of the HSA-
Trx fasion protein in normal mice was found to be similar to
that of HSA, which is 10 times longer than the plasma half-life
of Trx (Tkuta et al., 2010). Ofinterest, HSA-Trx showed a higher
distribution to the lungs than did Trx. Therefore, a further at-
tempt will be made to investigate the clinical usefulness of
HSA-Trx in treating oxidative stress and inflammation-related
lung disorders. ;

The purpose of this study was to investigate the therapeutic
impact of HSA-Trx in the treatment of IPF. With use of the BLM-
induced pulmonary fibrosis animal model, the results showed
that HSA-Trx could prevent BLM-induced pulmonary fibrosis

through its long-acting antioxidative and anti-inflammatory
modulation effects.

Materials and Methods

BLM was purchased from Nippon Kayaku (Tokyo, Japan). Mayer’s
hematoxylin, 2 1% eosin alcohol solution, mounting medium for his-
tologic examinations (malinol), and Masson’s trichrome staining
reagents were from Muto Pure Chemicals (Tokyo, Japan). Optimal
cutting temperature (OCT) compound was purchased from Sakura
Finetek (Tokyo, Japan). Chloral hydrate, chloramine T, and phorbol
12-myristate 13-acetate (PMA) were obtained from Sigma-Aldrich
(Tokyo, Japan). Paraformaldehyde, trichloroacetic acid (TCA), per-
chloric acid, and 4-(dimethylamino)-benzaldehyde were from Nacalai
Tesque (Kyoto, Japan). Diethylene-triamine-pentaacetic acid was
purchased from Dojindo Laboratories (Kumamoto, Japan); 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) was purchased from Alexis
Biochemicals (Lausen, Switzerland). The TGF-f1 enzyme-linked
immunosorbent assay (ELISA) kit was purchased from R&D Systems
Inc. (Minneapolis, MN). IL-6 and TNF-o ELISA kit were purchased
from Biolegend (San Diego, CA). Sea-ICR mice (age, 6 weeks; male)
were obtained from Kyudo Co., Ltd. (Saga, Japan). Other chemicals
used were obtained from commercial suppliers.

Production of HSA-Trx Fusion Protein. Trx and HSA fusion -
protein was produced in accordance with the method reported previously
(Tkuta et al., 2010; Furukawa et al., 2011) with a slight modification. The
transformed Pichia pastoris was incubated in 1.25 liters of growth phase
media, BMGY (1% yeast extract, 2% peptone, 100 mM potassium
phosphate [pH 6.0], 1.34% yeast nitrogen base with ammonium sulfate
without amino acids, 4 x 107° % biotin, 1% glycerol) for 2 days (ODgg =
2). It was then cultured in 800 ml of protein induction phase media,
BMMY (1% yeast extract, 2% peptone, 100 mM potassium phosphate
[pH 6.0, 1.34% yeast nitrogen base with ammonium sulfate without
amino acids, 4 x 107° % biotin, 1% methanol) for 3 days at 30°C.
Methanol was added every 24 hours so that the concentration of
methanol was maintained at 1% to sustain the protein expression
induction effect. The secreted fusion protein was isolated from the
growth media as follows. The solution was loaded on to a column of
Blue Sepharose 6 Fast Flow column (GE Healthcare, Tokyo, Japan)
equilibrated with 200 mM sodium acetate buffer (pH 5.5) after the
medium was dialyzed against the same buffer. The column was washed
with ~5 bed volumes of 200 mM sodium acetate buffer (pH 5.5), and
then the fusion protein was eluted with 20 mM sodium acetate buffer
(pH 6.5) containing 3 M NaCl. Next, with use of AKTA prime, the eluate
was loaded onto a column of 5-ml HiTrap Phenyl HP column (GE
Healthcare) for hydrophobic chromatography with the following
conditions (buffer A, 0 mM Tris-HCI/1.5 M ammonium sulfate [pH
7.0; buffer B, 50 mM Tris-HCl [pH 7.0]; gradient, 0-100% [buffer B] 100
ml; flow rate, 3 ml/min). The desired fusion protein was obtained by
delipidation with activated carbon treatment, as described by Chen
(1967). The fusion protein was analyzed using SDS-PAGE and native
SDS-PAGE using a 15% polyacrylamide gel, with Coomassie Blue R250
staining. The purity of the fusion protein was estimated to be more than
95% (Ikuta et al., 2010).

Production of BLM-Induced Pulmonary Fibrosis Mice Model.
All animal experiments were conducted in accordance with the guide-
lines of Kumamoto University for the care and use of laboratory
animals. BLM-induced pulmonary fibrosis model mice were produced by
intratracheal injection of BLM (5 mg/kg) in phosphate-buffered saline
(PBS; 1 mUkg) under anesthesia with chloral hydrate (500 mg/kg) on day
0 (Tanaka et al., 2010). Either Trx or HSA-Trx was administered (but
not both) intravenously (3.5 nmol protein in 200 ul PBS/mouse) via the
mouse tail vein 30 minutes before BLM treatment (day 0). HSA-Trx was -
administered intravenously on days 0 and 7 (refer to every 1 week, Fig.
1A) or only on day 0 (refer to every 2 weeks, Fig. 1A). For an intervention
study, the first dose of HSA-Trx was administered 1 day after the BLM
treatment, and the subsequent dose was administered on day 7 after the
BLM treatment. (Fig. 1C). )
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Histopathological Analysis of Lung Tissue (Hematoxylin
and Eosin Staining and Masson’s Trichrome Staining of
Collagen). On day 14 after BLM administration, the whole lungs
were flushed with 4% paraformaldehyde before being removed. The
removed lungs were fixed in 4% buffered paraformaldehyde and then
embedded in paraffin before being cut into 4-um-thick sections. For
hematoxylin and eosin (H&E) staining, sections were stained first
with Mayer’s hematoxylin and then with 1% eosin alcohol solution.
For Masson’s trichrome staining, sections were sequentially treated
with solution A [6% (wtfvol) potassium dichromate and 5% (wt/vol)
TCAl, Weigert’s iron hematoxylin, solution B [1.25% (wt/vol) phospho-
tungstic acid and 1.25% (wt/vol) phosophomolybdic acid], 0.75% (wt/vol)
Orange G solution, solution C [0.12% (wt/vol) xylidine Ponceau, 0.04%
(wt/vol) acid fuchsin, and 0.02% (wtivol) azophloxin], 2.5% (wt/vol)
phosphotungstic acid, and finally an aniline blue solution. H&E and
Masson’s trichrome staining samples were mounted with malinol and
inspected using a microscope (BZ-8000; Keyence, Osaka, Japan).

Determination of Lung Fibrosis. Fibrosis score was evaluated
(x100) as the quantity of the section positively stained for collagen
and displaying alveolar wall thickening (1 = <25%, 2 = 25-50%, 3 =
50-75%, and 4 = 75-100%) (Gibbons et al., 2011). Only fields in which
most of the field was composed of alveoli were scored. The entire lung
section was analyzed. The investigator was masked to each sample.

Determination of Hydroxyproline Level in Lung Tissues.
Hydroxyproline content was determined as described previously
(Woessner, 1961). On day 14 after BLM administration, the right lung
was removed and homogenized in 1 ml of 5% TCA. After centrifugation,
the pellets were hydrolyzed in 0.5 ml of 10 N HCl for 16 hours at 110°C.
Each sample was incubated for 20 minutes at room temperature after
the addition of 0.5 ml of 1.4% (wt/vol) chloramine T solution and then
incubated at 65°C for 10 minutes after addition of 0.5 ml of Ehrlich’s
reagent (1 M DMBA, 70% [vol/vol] isopropancl and 30% [vol/voll
perchloric acid). The absorbance was measured at 550 nm to determine
the amount of hydroxyproline.

Quantification of Activated TGF-81, IL-6, and TNF-« and
Western Blot Analysis of Maerophage MIF in Lung Tissue. On
days 3 and 7 after BLM administration, the whole lungs were removed
and homogenized in 0.5 ml of buffer (PBS, 1% protease inhibitor
cocktail, 10 mM EDTA, 0.05% Tween 20). After centrifugation at
21,000g for 10 minutes at 4°C (two times), the supernatants were
recovered. The amounts of active TGF-81 (day 7), IL-6, and TNF-«

(days 3 and 7) in the supernatant were measured using ELISA,

according to the manufacturer’s protocol. In addition, Western blotting

“minutes before BLM treatment. For the intervention
study, the first dose of HSA-Trx was administered
1 day after BLM treatment, and the subsequent dose
was administered at day 7 after BLM treatment (C).

of MIF chemokine in the supernatant was performed using the
following protocol. After measurement of the protein content with use
of the BCA protein assay reagent (Pierce Biotechnology Inec., Rock-
ford, IL), each sample was separated by 12.5% SDS-PAGE and
transferred onto polyvinylidene difluoride membranes (Immobilon-P;
Millipore, Bedford, MA) by wet electroblotting. The membranes were
blocked for 1 hour at room temperature with 5% skim milk in PBS.
The membranes were washed three times with PBS containing 0.05%
Tween 20 (PBS-T) and incubated for 2 hours at room temperature
with a 400 ng/ml primary mouse monoclonal antibody against
N terminus of MIF of human origin, which has cross-reactivity with
mouse MIF (sc-271631; Santa Cruz Biotechnology Inc., Santa Cruz,
CA) in PBS-T. The membranes were washed 3 times with PBS-T and
incubated with the secondary antibody (horseradish peroxidase-
linked anti-mouse IgG [H+L]; Invitrogen, Carlsbad, CA) for 1.5 hours
at room temperature. The membranes were washed 3 times with
PBS-T, and immunoblots were visualized using the SuperSignal West
Pico chemiluminescent substrate (Pierce Biotechnology Inc.) with

"LAS-4000EPUVmini (Fujifilm, Tokyo, Japan).

Counting of Cells in BALF. On days 1 and 3 after BLM ad-
ministration, the mice were anesthetized with pentobarbital, the
chests were opened, and blood was drained. BALF samples were
collected by cannulating the trachea and lavaging the lung with 1 ml
of sterile PBS containing 50 U/ml heparin (two times). Approximately
1.8 ml of BALF was routinely recovered from each animal. The BALF
was centrifuged at 4100g for 5 minutes at 4°C to separate the cells in
the BALF from the liquid. Cells were dissolved in 0.9% NaCl, and
lysate was centrifuged again. From the recovered cells, the total cell
number was counted using a hemocytometer. Cells were stained with
Diff-Quick reagents (Kokusai Shiyaku, Kobe, Japan), and the ratios of
alveolar macrophages, neutrophils, and lymphocytes to total cells

- were determined. More than 200 cells were counted for each sample.

Immunostaining of Lungs Tissue. On day 3 after BLM ad-
ministration, the whole lungs were flushed with sterile PBS before
being removed. The removed lungs were stored in 4% paraformalde-
hyde at 4°C for 2 hours before being immersed in a 10% sucrose
solution overnight. The concentration of sucrose solution was then
adjusted to 20% at room temperature,; and incubation was continued
for another 6 hours. The recovered lungs were covered with OCT
compound and frozen at —80°C. Next, the lungs frozen with cryostat
(CM3000II; Leica, Wetzlar, Germany) were sliced at a thickness of
4 pum and attached on a glass slide. The slide was then cleansed to
remove OCT compound and dried. After drying the slide completely,
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Fig. 2. Effect of HSA-Trx (intravenously; every 2
weeks or every 1 week) on the BLM-induced pul-
monary fibrosis. (A and B) Sections of pulmonary
tissue were prepared 14 days after BLM adminis-
tration and subjected to histopathological examina-
tion [H&E (A) and Masson’s trichrome staining (B)].
(C) Fibrosis score was evaluated as the quantity of
the section’ positively stained for collagen and
displaying alveolar wall thickening. (D) Hydroxypro-
line levels in lung were determined 14 day after BLM
administration. Each bar represents the mean =
SD.(C,n=8-5;D,n=5).
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a solution containing 50 mM Tris/HCl + 0.1% Tween 20 (T-TB) was
used to solubilize the lung slice, followed by blocking with Block Ace
(Dainippon Pharmaceutics, Osaka, Japan) at room temperature for
15 minutes. Next, the primary antibody reaction was conducted below
4°C overnight. In addition, the primary mouse monoclonal antibody
against 8-hydroxy-2'-deoxygenase (8-OH-dG) [15A3] (sc-66036; Santa
Cruz Biotechnology Inc.), which has cross-reactivity with mouse, or
the primary rabbit polyclonal antibody against nitrotyrosine (NOg-
Tyr;AB5411; Millipore, Billerica, MA), which has cross-reactivity with
mouse, was diluted to 2 or 20 ug/ml before use, respectively. The lung
slices were then washed with 50 mM Tris/HCl (TB) and T-TB,
followed by the secondary antibody reaction at room temperature for
1.5 hours. For the secondary antibody, in relation to NOy-Tyr and
8-0OH-dG, Alexa Fluor 546 goat anti-mouse IgG (H+1; Invitrogen) and
Alexa Fluor 488 goat anti-mouse IgG (H-+L; Invitrogen) diluted
200 times were respectively used. After the reaction, the slide was ob-
served using a microscope (BZ-8000; Keyence). Image analyses of the
extent and intensity of 8-OH-dG and NOo-Tyr staining were also
performed using Imaged software.

Determination of Malondialdehyde in Lung Tissue. On day
3 after BLM administration, the right lung was removed and homoge-
nized in 0.5 ml of radicimmunoprecipitation assay/PI buffer (150 mM
NaCl, 1% Nonidet P-40, 10 mM Tris-HCL, pH 7.4, including a 1% so-
lution of a proteaseinhibitor; Nacalai Tesque, Tokyo, Japan). After

centrifugation, the amount of malondialdehyde (MDA) in super-
natant was measured using thiobarbituric acid reactive substances
assay kit (Cayman Chemical, Ann Arbor, MI), which is a well-established
method for measuring lipid peroxidation, according to the manufac-
turer’s protocol. .

Isolation of Polymorphonuclear Neutrophils. Whole blood
was obtained from 10 mice. Heparinized blood was mixed with an
equal volume of 3% dextran in 0.9% NaCl. After 30 minutes of gravity
sedimentation, the upper layer, containing leukocytes, was removed
and centrifuged at 620g for 10 minutes. The cell pellet was resuspended
in 0.9% NaCl and underlaid with Ficoll-Paque (GE Healthcare). After
centrifugation for 30 minutes at 1490g, the mononuclear cell layer was
isolated, and contaminating red blood cells were removed by hypotonic
lysis. After centrifugation for 10 minutes at 760g (two times), the
pellet was resuspended, and the neutrophils were plated at 1.0 x 10°
cells/ml in PBS. !

Measurement of Neutrophil-Derived ROS. The scavenging
activity of HSA-Trx against Oy~ released from neutrophils was
determined using EPR spin trapping with DMPO. The neutrophils
(1.0x10° cells/ml) were pretreated with PMA (1 ug/ml) for 7 minutes
at 37°C to activate the cells and generate ROS. Aliguots of this cell
suspension were combined with 100 pM DTPA in Hanks’ balanced
salt solution in the absence or presence of either HSA-Trx (10, 30,
50 M), HSA'(30 uM), or Trx (30 M), After activation of neutrophils,
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Fig. 3. Effects of HSA-Trx (intravenously; every 1
week), Trx (intravenously; every 1 week), or Trx
(intraperitoneally; every 2 days) on the BLM-
induced pulmonary fibrosis. (A and B) Sections of
pulmonary tissue were prepared 14 days after
BLM administration and subjected to histopatho-
logical examination ([A] H&E and [B] Masson’s
trichrome staining). (C) Fibrosis score was evalu-
ated as the quantity of the section positively
stained for collagen and displaying alveolar wall
thickening. (D) Hydroxyproline levels in lung were
determined 14 days after BLM administration.
Bach bar represents the mean = SD. (C,n =4; D,
n =35). *P < 0.01; or *P < 0.05 versus BLM(+),
saline (i.v.). /
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this reaction mixture was added with DMPO (27 mM). Afiér 6 minutes
of addition of DMPO, EPR spectra were recorded at room temperature
in a JES-TE-200 spectrometer (JEOL, Tokyo, Japan) under the fol-
lowing conditions: medulation frequency, 100 kHz; microwave fre-
quency, 3.43 GHz; microwave power, 40 mW; scanning field, 335.2 =
5 mT; sweep time, 2 minutes; field modulation width, 0.25 mT; receiver
gain, 630; and time count, 0.3 seconds.

Radiolabeling of Proteins with **°I, HSA-Trx and Trx were
radiolabeled with T according to the procedures reported previously
(Watanabe et al., 2001; Furukawa et al., 2011) and purified using
a Pharmacia Bio-Gel PD-10 column. The radiolabeled proteins were
diluted with nonlabeled protein before conducting the pharmacoki-
netie experiments to adjust the dose (mg/kg) of protein in each group.

Pharmacokinetics of Trx and HSA-Trx in BLM Mice. On day
14 after BLM administration, the **°I proteins (0.1 mg/kg) were
injected into the tail vein of mice (~10° cpm/mouse). Approximately
500 wl of blood was collected from the vena cava at 0.05, 0.167, 0.5, 1,
2, 4, 6, and 12 hours after the injection of these radiolabeled proteins
with the mice under ether anesthesia, and plasma was obtained.
Degraded proteins and free *2°I were removed from plasma by cen-
trifugation in 1% bovine serum albumin and 40% TCA. At each of
these time points, the mice were sacrificed. The organs were rinsed
with saline and weighed, and the I radioactivity contained in each
tissue was determined using a gamma-counter (ARC-5000; Hitachi
Aloka Medical, Tokyo, Japan). v

Data Analysis. Noncompartment model was used in the pharma-
‘cokinetic analyses after *T proteins administration. Each parameter

BLM (+)

was calculated using the program MOMENT (BS) (Tabata et al.,
19986). Data are means = S.D. for the indicated number of animals.
Significant differences among each group were examined using a one-
way of analysis of variance followed by Tukey’s multiple comparison.
A probability value of P < 0.05 was considered to indicate statistical
significance.

Results

Evaluation of the Administration Schedule of HSA-
Trx in BLM-Induced Pulmonary Fibrosis. Pulmonary
fibrosis was induced in mice by a single intratracheal admini-
stration of BLM (day 0). Because Hoshino et al. (2003) found
that the multiple administration of Trx (3.5 nmol/body) pre-
vented BLM-induced pulmonary fibrosis, we adopted a dose of
HSA-Trx equivalent to one Trx treatment (3.5 nmol/body).
Figure 1 shows a schematic summary of the experimental
protocols used in the study. The effect of HSA-Trx on BLM-
induced pulmonary fibrosis was evaluated using H&E staining
(Fig. 2A), Masson’s trichrome staining (Fig. 2B), the quantity
analysis of the section positively stained for collagen (Fig. 20),

- and the measurement of hydroxyproline levels in lung tissue:

(Fig. 2D) on day 14.
H&E staining showed that BLM administration induced
severe lung damage (thickened and edematous alveolar walls
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and interstitia) and the infiltration of inflammatory cells into
these regions (Fig. 2A). Masson’s trichrome staining of col-
lagen and the measurement of hydroxyproline levels in lung
tissue indicated that BLM induced the deposition of collagen

in lung (Fig. 2, B-D). These phenomena induced by BLM were.

all significantly suppressed by the HSA-Trx treatment. In
addition, the administration of HSA-Trx at weekly intervals
had a more potent effect than its use at 2-week intervals (Fig.
2, A-D). Therefore, HSA-Trx was administered once per week
in the subsequent experiments.

Effect of HSA-Trx on Histologic Alterations and Hy-
droxyproline Levels in Lung Tissue. Hoshino et al. (2003)
demonstrated that, when Trx is administered every 2 days, it
prevents BLM-induced pulmonary fibrosis. Thus, we com-
pared the effect of the infravenous administration of HSA-Trx
at weekly intervals with that for the intravenous administration
of Trx at weekly intervals or the intraperitoneal adminis-
tration of Trx at 2-day intervals (Fig. 1B).

H&E staining (Fig. 3A), Masson’s trichrome staining (Fig.
3B), the quantity analysis of the section positively stained for
collagen (Fig. 3C), and hydroxyproline levels in lung tissue
(Fig. 3D) clearly indicated that HSA-Trx, when administered
at 1-week intervals, significantly suppressed the lung injury
and fibrosis in diseased model mice. Intraperitoneal adminis-
tration of Trx at 2-day intervals resulted in similar therapeutic
effects as those for the HSA-Trx treatment at weekly intervals,
but intravenous administration of Trx at weekly intervals
showed no suppressive effect.

Effect of HSA-Trx on Active TGF-81 Levels in Lung
Tissue. TGF-B1 plays an important rele in BLM-induced
pulmonary fibrosis (Kinnula et al., 2005; Chaudhary et al.,
2006). To reveal the mechanism underlying the suppressive
effect of HSA-Trx on BLM-induced pulmonary fibrosis, the
levels of active TGF-B1 in lung tissue on day 7 were determined.
As shown in Fig. 4, the level of active TGF-81 was increased
in BLM mice [BLM(+), saline (.v.)]. In contrast, HSA-Trx
decreased the level of active TGF-B1 to the same level as the
normal group [BLM(-)].

Effect of HSA-Trx on BALF Cells. To evaluate the
effects of HSA-Trx on the inflammatory response induced by
BLM, the cells in BALF were analyzed. As shown in Fig. 5, the
administration of BLM resulted in an increase in the number
of inflammatory cells (Fig. 54), including alveolar macro-
phages (Fig. 5B), neutrophils (Fig. 5C), and lymphocytes (Fig.
5D) on days 1 and 3 after BLM administration. The HSA-Trx
treatment significantly reduced the number of total celis and
neutrophils on both days 1 and 3 and alveolar macrophages
and lymphocytes on day 3. These results suggest that HSA-
Trx ameliorates the BLM-induced pulmonary inflammatory
response. '

Effect of HSA-Trx on Inflammatory Cytokines and
Chemokine Levels in Lung Tissue. We also examined the
effect of HSA-Trx on IL-6, TNF-«, and MIF levels in the lung
tissue of BLM-induced pulmonary fibrosis on days 3 and 7. As
shown in Fig. 6, the levels of IL-6 (Fig. 6A), TNF-« (Fig. 6B), and
MIF (Fig. 6, C and D) in lung tissue that were increased by
BLM were significantly decreased as the result of the HSA-Trx
treatment. These data suggest that HSA-Trx exerts an anti-
inflammatory action against BLM-induced pulmonary damage.

Effect of HSA-Trx on Oxidative Stress in Lung Tissue.
Recently reported findings suggest that ROS released from acti-
vated leukocytes, especially alveolar macrophages and neutrophils,
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Fig. 4. Effect of HSA-Trx on active TGF-81 levels in BLM mouse lung.

Active TGF-B1 levels in lung were determined 7 days after BLM
administration. Each bar represents the mean * S.D. (n = 5).

are associated with the development of BLM-induced lung
injury (Manoury et al., 2005). To evaluate the effect of HSA-Trx
on the oxidative stress induced by BLM in the lung,
immunostaining of 8-OH-dG and NOy-Tyr, oxidized product of
nucleic acids and proteins, respectively, and also quantification
of lipoperoxidation final reaction substances, MDA, in lung
sections were performed on day 3 after BLM administration. As
shown in Fig. 7, the accumulation of 8-OH-dG, NOy-Tyr, and
MDA in lung tissue increased in BLM-mice [BLM(+), saline
(i.v.)], compared with normal mice [BLM(—)], whereas HSA-Trx
clearly suppressed the levels of these oxidative stress markers
in the lungs.

To confirm whether HSA-Trx shows scavenging activity
against Oy~ generated from neutrophils, we conducted ex vivo
EPR spectroscopy with use of a DMPO spin-trapping tech-
nique. As shown in Fig. 8, although PMA-stimulated neutro-
phils generated O, and increased EPR signaling, HSA-Trx
significantly decreased the EPR signaling in a concentration-
dependent manner (Fig. 8, A and B). We also compared the
Oz~ scavenging activity among HSA-Trx, Trx, and HSA. Ata
30 uM concentration of each protein, HSA-Trx and Trx sig-
nificantly decreased the EPR signal by 40 and 85%, respectively,

-whereas HSA alone did not significantly change the intensity

of the signal (Fig. 8, C and D).

Effect of Post-Treatment of HSA-Trx on BLM-Induced
Pulmonary Fibrosis. For future clinical applications, the
postadministration effect of HSA-Trx against BLM-induced
fibrosis was examined (Fig. 1C). Because HSA-Trx suppressed
ROS production by neutrophils (Fig. 8), the effect of the
postadministration of HSA-Trx was examined at 1 and 7 days
after BLM treatment, when a marked increase in neutrophils
in BALF was observed (Fig. 5C). The results of H&E staining
(Fig. 9A), Masson’s trichrome staining (Fig. 9B), the quantity
analysis of the section positively stained for collagen (Fig. 9C),
and the determination of hydroxyproline levels (Fig. 9D) on day
14 showed that the post-treatment of HSA-Trx suppressed the
progression of BLM-induced fibrosis.
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