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Fig. 3. Effect of PC-SOD or U-SOD on the amount of superoxide anion in vitro. Human neutrophils were preincubated with PC-SOD or U-SOD for

1 h and washed with medium. Neutrophils were then activated with PMA,

and the amount of superoxide anion was measured by ESR (A and B) or

CL analysis (C and D). The intensity of the ESR signal of the superoxide anion adduct (DMPO-OOH adduct shown by the bar in A) was determined

(B). The area under the graph (C) was also determined and is presented as
#, P < 0.05; *« or ##, P < 0.01.

and administration of a low dose (3 kU/kg) of PC-SOD sup-
pressed this effect. However, in the case of a high dose of
PC-SOD (12 kU/kg), a significant effect was only observed in
the presence of simultaneous administration of catalase (Fig.
5D), which alone did not significantly suppress the increase
(Fig. 5D). Similar, but less pronounced, results were obtained
with 6 kU/kg PC-SOD as compared with a 12 kU/kg dose
(data not shown).

We also examined the effect of catalase on the mRNA
expression of Tnf-a in the presence of a high dose of PC-SOD.
The up-regulated of the mRNA expression of Tnf-a by DSS
treatment was not suppressed by administration of a high (6
kU/kg) dose of PC-SOD (Fig. 5E). However, simultaneous
administration of catalase with the high dose of PC-SOD
significantly suppressed the DSS-induced mRNA expression
of Tnf-a (Fig. 5E). We also determined the serum level of
TNF-a and found that the level was increased by DSS treat-
ment, and this increase was suppressed by administration of
a low (3 kU/kg) dose of PC-SOD and a high (6 kU/kg) dose of
PC-SOD with catalase (Fig. 5F). Being different from the
case of mRNA expression in the intestine (Fig. 5E), the serum
level of TNF-a was decreased by administration of catalase

a relative measure in D. Values are given as the mean = S EM. (n = 3).

alone. These results suggest that TNF-a plays an important
role in the ameliorative effect of PC-SOD against DSS-in-
duced colitis.

Immunohistochemical analysis with antibody against the
phosphorylated form of NF-kB p65 at Ser536 (active form of
NF-«kB p65) demonstrated that DSS administration in-
creases the level of active NF-«B in the colonic mucosa (Fig.
5@G), suggesting that the inflammatory response occurs.in
epithelial cells and infiltrated leukocytes. Again, this in-
crease in the level of active NF-«xB expression was sup-
pressed by administration of a low (3 kU/kg) dose of PC-SOD
and a high (6 kU/kg) dose of PC-SOD with catalase.

Effect of Modified Methods of PC-SOD Administra-
tion. To obtain some useful clues for refining the clinical
guidelines for administration of PC-SOD, we tested the out-
come of other protocols and routes of administration in the
treatment of DSS-induced colitis. As illustrated in Fig. 64,
we first intravenously administered PC-SOD once at the
start of DSS treatment (day 0), then monitored the DAI for 7
days. Although the dose found to be effective with daily
administration (3 kU/kg) did not improve the DAI score, a
higher dose (6-24 kU/kg) produced a significant improve-
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Fig. 4. Effect of PC-SOD on the level of ROS and expression of cytokines. DSS and PC-SOD were administered to mice, as described in the legend of Fig.
1 (A-C). After 7 days, POBN was administered and the colons were dissected and subjected to radical adduct ESR spectrum analysis (A). The intensity of
the ESR signal (shown by the bar in A) was determined (B). Samples of colonic mRNA were subjected to real-time RT-PCR, using a specific primer set for
1118, Ii-6, and 1I-23p19. Values were normalized to Gapdh, expressed relative to the control sample (i.e., without DSS treatment) (C). Mouse peritoneal
macrophages were preincubated with or without indicated concentration of PC-SOD for 1 h and further treated with LPS (1 pg/ml) in the presence of same
concentration of PC-SOD as in the preincubation step for 3 h. The mRNA fractions were prepared and analyzed by real-time RT-PCR as described above
(D). Values are given as the mean + SEM. (n = 3) (B and C) or S.D. (D). * or #, P < 0.05; *x or ##, P < 0.01; n.s., not significant; CTRL, control.

colon shortening and colonic MPO activation (Fig. 6, B and
C). The findings suggest that intermittent (for example, once
weekly) administration of PC-SOD, a regime that greatly
improves the QOL of UC patients, is a viable clinical protocol.

ment (Fig. 6A). However, higher doses of 48 to 96 kU/kg
worsened the DAI during the early stage of colitis develop-
ment (Fig. 6A). The effectiveness of a one-shot administra-
tion of PC-SOD (12 — 24 kU/kg) was also shown by measuring
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Fig. 5. The effect of simuitaneous ad-
ministration of catalase on the amelio-
rative effect of PC-SOD on DSS-in-
duced colitis, colonic level -of hydrogen
peroxide, TNF-a, and NF-kB. Mice
were treated with DSS and PC-SOD
(A-G), and colitis was assessed (A~C),
as described in the legend of Fig. 1.
Catalase was intravenously adminis-
tered once daily (A-G). Colonic tissues
were removed and the amount of hydro-
gen peroxide was determined (D). Sam-
ples of colonic mRNA were subjected to
real-time RT-PCR as described in theé
legend of Fig. 4 (E). The serum levels of
TNF-a were determined by ELISA (F).
Sections of intestinal tissues were pre-
pared and subjected to immunohisto-
chemical analysis with an antibody
against phospho-NF-«kB p65 and DAPI
staining as described under Materials
and Methods (G). Values are mean *
S.E.M. 5, # or i, P < 0.05; =+, ##, or 11,
P < 0.01; n.s., not significant.
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Fig. 6. Effect of a single dose of PC-SOD on the development of DSS-induced colitis. PC-SOD was intravenously administered to mice once at the start
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When we monitored the level of PC-SOD after this single-
dose administration (12 kU/kg), we found that it dropped
below detectable limits 72 (in serum) or 24 (in colonic tissues)
h after the injection (Table 3). ‘
We also examined the effect of oral administration (once
daily) of PC-SOD. As shown in Fig. 7A, significant improve-
ment in the DAI score was observed at most of the doses
tested. The ameliorative effect of oral administration of PC-
SOD was also observed in terms of colon shortening and
colonic MPO activation (Fig. 7, B and C). This suggests that
oral administration of PC-SOD, a regime that greatly im-
proves the QOL of UC patients, is a viable clinical protocol

TABLE 3
Serum and colonic levels of PC-SOD

Mice were intravenously administered 12 kU/kg PC-SOD once on day 0 and treated with
DSS for 3 days. Blood and colonic tissue samples were taken periodically. The levels of
PC-SOD in the samples were determined by ELISA. Values are mean = SE.M.

15 min 24h 48 h 72h
Serum (pg/ml) 170 =57 23+ 0.67 0412012 <0.16
Tissue (ng/mg) 1.6 = 0.69 <0.031 <0.031 <0.031

and is also clinically viable. We found that the level of PC-
SOD in serum did not increase at any time points (6—48 h)
after the oral administration of PC-SOD (48 kU/kg) (Table 4),
suggesting that orally administered PC-SOD is not absorbed
and reaches the intestinal mucosa directly. By employing an
ELISA assay, we detected the PC-SOD in the colonic tissues
24 h after its oral administration (48 kU/kg) (Table 4). How-
ever, low doses (0.75-1.5 kU/kg) proved undetectable (data
not shown).

Discussion

The efficacy of PC-SOD for the treatment of UC patients
has already been demonstrated by a.phase II clinical study
(Suzuki et al., 2008b). However, the mechanism of its action
is not fully understood. Given that determining the underly-
ing mechanism is important to advance the further develop-
ment of this drug, in the present study, we examined the
action of PC-SOD in an animal model of UC, DSS-induced
colitis. Furthermore, because the current clinical protocol for
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TABLE 4
Serum and colonic levels of PC-SOD -

Mice were orally administered 48 kU/kg PC-SOD once and treated with DSS for 2
days. Blood and colonic tissue samples were taken periodically. The levels of PC-SOD
in the samples were determined by ELISA. Values are mean = S E.M.

, 6h 12h 24h 48h
Serum (pg/ml) <0.16 <0.16 <0.16 <0.16
Tissue (ng/mg) <0.031 <0.031 0.46 = 0.24 <0.031

the administration of PC-SOD (once daily intravenous infu-
sion for 4 weeks) does not provide patients with good QOL,
we also tested other dosing regimes in our animal model.
The superior character of PC-SOD to U-SOD has been
shown both in vitro (high cell membrane affinity) and in vivo
(high stability in plasma). However, a direct comparison of
their pharmacological activity has not been reported. In this
study, we have demonstrated that the ameliorative effect of
PC-SOD against DSS-induced colitis is more than 30 times
higher than that of U-SOD. The higher stability in serum
(Table 1) and higher activity for decreasing superoxide anion
(Fig. 3) of PC-SOD could contribute to this effect. Analysis of

intestinal ROS level in vivo is difficult; thus, the decrease in
the level of ROS by PC-SOD has not been directly shown. In
this study, we have demonstrated this by use of radical spin
adduct ESR spectrum analysis. This analysis should also be
useful for detecting the alteration in the intestinal level of
ROS associated with various other diseases and for evalua-
tion of drugs for the treatment of such conditions.

The bell-shaped dose-response profile of PC-SOD is of clin-

. ical concern because this may reflect side effects of the drug.

In this study, we have revealed that the efficacy of higher
doses of PC-SOD is restored by simultaneous administration
of catalase that converts hydrogen peroxide to water and
oxygen. Furthermore, we have directly determined the co-
lonic level of hydrogen peroxide and found that low doses of
PC-SOD suppress the DSS-induced increase in the intestinal
level of hydrogen peroxide and that simultaneous adminis-
tration of catalase with high doses of PC-SOD but not the
PC-SOD alone produces a similar effect. These results sug-
gest that the ineffectiveness of high doses of PC-SOD on
DSS-induced colitis is caused by accumulation of hydrogen
peroxide. Although catalase is abundant, recent studies have
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suggested that its activity fluctuates during the development
of colitis (Kruidenier et al., 2003b,c; Mahgoub et al., 2003).
This may affect the clinical efficacy of PC-SOD, and individ-
ual examination of catalase activity before the administra-
tion of the drug may result in safer and more effective treat-
ment. Hydrogen peroxide is not itself a major cause of
ROS-mediated cell damage, but it does react with Fe®* to
produce a potent hydroxy radical according to the Fenton
reaction (Mao et al., 1993). Furthermore, it has been reported
that among various ROS, hydrogen peroxide is the most
potent activator of NF-«B, a strong inducer of inflammation
through induction of proinflammatory cytokines, especially
TNF-« (Schmidt et al., 1995; Marikovsky et al., 2003) and
that NF-kB plays an important role in intestinal colitis
(Schreiber et al., 1998; Herfarth et al., 2000). Here, we have
shown that activation of NF-xB, the mRNA expression of
Tnf-a, and the serum level of TNF-a are induced when the
colonic level of hydrogen peroxide increases, suggesting that
hydrogen peroxide damages the intestinal mucosa both
through induction of inflammation via activation of NF-kB
and through direct cell damage mediated in conjunction with
hydroxy radical formation.

In the present study, we have also demonstrated that
administration of a single high dose of PC-SOD at the start of
DSS treatment significantly suppresses colitis. The serum or
intestinal level of PC-SOD dropped below detectable limits
72 or 24 h, respectively, after the injection (Table.S), suggest-
ing that the existence of PC-SOD in the early stages of
development of colitis is important for its ameliorative effect.
The present clinical protocol for PC-SOD administration to
UC patients enforces their hospitalization. Our results sug-
gest that intermittent (for example, once weekly) adminis-
tration of PC-SOD, thereby allowing ambulatory administra-
tion of the drug, may be an effective and preferable treatment
for UC patients. ’ -

We also found that oral administration of PC-SOD
(0.75—-48 kU/kg) significantly suppressed DSS-induced coli-
tis. The serum level of PC-SOD did not increase after the oral
administration, suggesting that orally administered PC-SOD
is not absorbed but reaches the colonic mucosa directly. How-
ever, based on ELISA assay, we only detected PC-SOD in
colonic tissues after administration of the highest dose tested
(48 kU/kg), the tissue level being similar to that obtained
after intravenous administration of a 3 kU/kg dose (Table 1).
Thus, it seems that a very small amount of PC-SOD (under
the limit of detection) is effective when administered orally.
The distribution of PC-SOD at the intestine may differ de-
pending on the route of administration, and this may con-
tribute to the higher specific activity of PC-SOD after oral
treatment. The fact that a bell-shaped dose-response profile
was not observed upon oral administration of PC-SOD (Fig.
7) supports this idea. On the other hand, it is also possible
that PC-SOD is modified at the gastric and intestinal mucosa
in such a way that it is not recognized by the ELISA assay,
although its activity is maintained. If oral administration of
PC-SOD is applied clinically, it should greatly improve the
QOL of patients treated with the drug. We used human SOD,
not mouse protein, for the examination of the effect of oral
administration of PC-SOD on DSS-induced colitis in mice.
Human SOD may modify the mucosal immunological reac-
tion in mice, and this modification may stimulate the bene-
ficial effect of PC-SOD against colitis in mice. In this case,
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oral administration of PC-SOD may not give beneficial ef-
fects for human.

Glucocorticoids, 5-aminosalicylic acid, and immunosup-
pressive drugs are currently used for the clinical treatment of
IBD (Podolsky, 2002; Baumgart and Sandborn, 2007). Al-
though some new types of drugs, such as infliximab, have
been developed recently, a number of clinical problems, su¢h
as side effects, have yet to be addressed (Keane et al., 2001;
Bongartz et al., 2006; Baumgart and Sandborn, 2007). Thus,
IBD remains a disease for which the development of new
types of drugs remains therapeutically important. Clinical
studies have suggested that PC-SOD is a relatively safe drug.
Furthermore, it has a mechanism of action that is different
from that of other currently used drugs and those that are
under clinical development. Thus, PC-SOD remains a thera-
peutically beneficial option for UC patients, either through a
single administration or in combination with other types of
drugs. :

ROS play an important role in the progression of not only
IBD but also various other diseases, such as focal cerebral
ischemic injury, pulmonary fibrosis, chemotherapy-induced
cardiotoxicity, and motor dysfunction after spinal cord in-
jury. Therefore, it is worth noting in conclusion that a num-
ber of animal studies have suggested that PC-SOD is also
effective in the treatment of these conditions (Tamagawa et
al., 2000; Chikawa et al., 2001; Nakajima et al., 2001; den
Hartog et al., 2004; Tsubokawa et al., 2007). Thus, the re-
sults obtained in this paper should provide useful evidence
when considering the most appropriate clinical protocol for
therapeutic administration of PC-SOD against these diseases.
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ARTICLE INFO ABSTRACT

A number of clinical studies have shown that non-steroidal anti-inflammatory drugs (NSAIDs) exacerbate
inflammatory bowel disease; however the molecular mechanism whereby this occurs remains unclear. NSAIDs
inhibit cyclooxygenase (COX), which has subtypes COX-1 and COX-2. In this study, we have examined the effect:
of various types of NSAIDs on the development of dextran sulfate sodium (DSS)-induced colitis, an animal
model of inflammatory bowel disease. The DSS-induced colitis was worsened by administration of non-
selective NSAIDs but not by COX-1 or COX-2 selective inhibitors, However, administration of a combination of
both COX-1- and COX-2-selective inhibitors exacerbated the colitis. The intestinal level of PGE, dramatically
decreased in response to administration of COX-1- and COX-2-selective inhibitors, and exogenously
administered PGE; suppressed the exacerbation of colitis by NSAIDs. The expression of mucin proteins, which
protect the intestinal mucosa, was suppressed by non-selective NSAIDs and this expression was restored by
PGEg, both in vivo and in vitro. Intestinal mucosal cell growth was inhibited by non-selective NSAIDs and this
cell growth was restored by PGEy, both in vivo and in vitro. This study provides evidence that inhibition of both
COX-1 and COX-2 and the resulting dramatic decrease in the intestinal level of PGE; is responsible for NSAID-
dependent exacerbation of DSS-induced colitis. Furthermore, expression of mucin proteins and intestinal
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mucosal cell growth seems to be involved in this exacerbation and its suppression by PGE,.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Inflammatory bowel disease has become substantial heaith
problems. Recent studies suggest that inflammatory bowel disease
involves chronic inflammatory disorders in the intestine due to the
infiltration of activated Jeukocytes into intestinal tissues, the sub-
sequentintestinal mucosal damage induced by reactive oxygen species
that are released from the activated leukocytes, and, as a result of this
mucosal damage, invasion of intestinal pathogenic bacteria across the
intestinal mucosa (Podolsky, 2002). To develop a dlinical protocol for
the treatment of inflammatory bowel disease and to avoid accidental
exacerbation of inflammatory bowel disease by clinically used drugs, it
is important to know what type of drugs ameliorate or exacerbate the
development of inflammatory bowel disease and to understand the
underlying molecular mechanism. For this purpose, experimental
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0014-2999/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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animal colitis models, in particular the dextran sulfate sodium (DSS)-
induced colitis models, are useful (Jurjus et al., 2004).

Non-steroidal anti-inflammatory drugs (NSAIDs) are a useful family
of therapeutics and the anti-inflammatory actions of NSAIDs are
mediated through their inhibitory effects on cyclooxygenase (COX)
activity. COX is an enzyme essential for the synthesis of prostaglandins,
which have a strong capacity to induce inflammation. Therefore, it was
tentatively proposed that NSAIDs would be effective for the treatment of
inflammatory bowel disease; however, clinical and animal studies have
shown that NSAIDs exacerbate the development of inflammatory bowel
disease and inflammatory bowel disease-related experimental colitis
(Evans et al., 1997; Felder et al,, 2000; Kabashima et al., 2002; Yamada
et al, 1993). This seems to be due to the protective effects of prosta-
glandins on the intestinal mucosa through various mechanisms such as
stimulation of mucin production, stimulation of mucosal cell growth,
inhibition of mucosat apoptosis and inhibition of the production of pro-
inflammatory cytokines (Kabashima et al, 2002). Supporting this
notion, it was reported that inflammatory bowel disease-related expe-
rimental colitis can be attenuated by pre-treatment with exogencus
prostaglandins {Tessner et al., 1998). However, it is not clear that NSAIDs
exacerbate inflammatory bowel disease through decreasing the intest-
inal level of prostaglandins, because recent studies on gastric'mucosa
have shown that NSAIDs directly, in other words in a manner
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independent of COX-inhibition, damage gastric mucosal cells, which
contributes to the formation of NSAID-induced gastric lesions (Tomisato
" et al, 2004). Furthermore, some studies have shown contradictory
results which indicate that NSAIDs are safe for the treatment of
inflammatory bowel disease and inflammatory bowel disease-related
experimental colitis (Bonner et al,, 2000; Takeuchi et al,, 2006).

COX has two subtypes, COX-1 and COX-2. COX-1 is constitutively
expressed in various tissues and play an important role in physiological
homeostasis, whereas COX-2 is induced under inflammatory conditions,
including in the intestine of inflammatory bowel disease patients and
animal models of inflammatory bowel disease {Fukata et al., 2006;
Singer et al, 1998; Tessner et al, 1998). Recently, COX-2-selective
inhibitors have been developed as NSAIDs that are safer for gastric
mucosa. Clinical and animal studies suggest that COX-2-selective inhi-
bitors are also safe and, in some cases, beneficial for the treatment of
inflammatory bowel disease patients and inflammatory bowel disease-
related experimental colitis (El Miedany et al., 2006; El-Medany et al.,
2005; Mahadevan et al, 2002; Martin et al, 2005); however, the
mechanism by which they act is unclear. Furthermore, some studies
have shown conflicting results: COX-2-selective inhibitors exacerbated
the development of inflammatory bowel disease and colitis in animal
models of inflammatory bowel disease (Bonner, 2001; Okayama et al.,
2007; Reuter et al,, 1996). On the other hand, the involvement of COX-1
in inflammatory bowel disease remains unclear. Since it is not
uncommon for NSAIDs to be administered to inflammatory bowel
disease patients accidentally or intensively (Evans et al., 1997), it is
important to know what types of NSAIDs (for example, COX-1- and COX-
2-selective inhibitors) are safe for inflammatory bowel disease patients.
In this study, we have examined the effects of various NSAIDs on the
developmeént of DSS-induced colitis and found that the colitis was
exacerbated by treatment with both COX-1- and COX-2-selective
inhibitors. We also suggest that this exacerbation is due to a decrease
in the intestinal level of PGE,. Furthermore, we suggest that the
protective effect of PGE; against DSS-induced colitis is mediated by
various mechanisms, such as by induction of the expression of mucin

Table 1
Effect of various NSAIDs on colon shortening associated with DSS-induced colitis

Treatment Length of colon {cm)
Vehide 8.6+0.06
DSS - 6.90.25
+SC-560 (2.5 mg/kg) 65+0.19
+SC-560 (5 mg/kg) 6.40.28
+5C-560 (10 mg/ke) 6.9£0.35
+Celecoxib (5 mgfkg) 6.9£0.25
+Celecoxib (310 mg/kg) 6.810.24
+Celecoxib (20 mgjkg) 7.2+0.28
+5C-560 (5 mgfkg) and Celecoxib (10 mgfke) 5.8+0.24*
+Indomethacin (1 mgfkg) 5.8+0.06°

ICR mice were treated with or without 3% DSS for 7 days.
The indicated dose of each NSAID was administered daily. After 7 days, the colon lengths
were determined as described in the Materials and methods. Values are mean+S.EM.
(n=4-15).

# P<0.05, vs. Control.

proteins, stimulation of epithelial cell proliferation and suppression of
reactive oxygen species-induced cell death in the intestine,

2. Materials and methods
2.1, Chemicals and animals

Celecoxib was from LKT Laboratories (St. Paul, MN). Paraformalde-
hyde, peroxidase standard, fetal bovine serum (FBS), o-dianisidine, 5-
bromo-2’-deoxyuridine (BrdU), 3-(4, 5-dimethyl-thiazol-2-y1)-2, 5-
diphenyl tetrazolium bromide (MTT), menadione, hexadecyl trimethyl
ammonium bromide (HTAB) and 2/-(4-ethoxyphenyl)-5-(4-methyl-1-
piperazinyl)-2,5/-bi-1H-benzimidazole trihydrochloride (Hoechst
33342) were obtained from Sigma (St. Louis, MO). The antibody to
BrdU was from Santa Cruz Biotechnology Inc (Santa Cruz, CA).
Indomethacin and DSS (M.W. 5000, 15-20% sulfur content) were from
WAKO Pure Chemicals (Tokyo, Japan). Lipopolysaccharide (LPS) was
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Fig. 1. Effect of various NSAIDs on DSS-induced colitis. DSS-induced colitis was developed as described in the Jegend of Table 1. The indicated dose (mgfkg ) of SC-560{SC} (A, C), celecoxib
(Ce) (B, €) or indomethacin (IND}(C) was administered daily. Body weight and disease activity index were measured daily. Values are meanSEM. (n=4-18), *P-:0.01; *P<0.05.
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from List Biological Laboratories, Inc (Campbell, CA). Optimal cutting
temperature (0.C.T.) compound was from Sakura Finetek Japan (Tokyo,
Japan). Mayer's hematoxylin and malinol were from MUTO Pure
Chemicals (Tokyo, Japan). Terminal deoxynucleotidyl transferase
(TdTase) was obtained from TOYOBO (Osaka, Japan). Alcian blue was
from Nacalei Tesque (Kyoto, Japan). Nuclear fast red was from Merck
KGaA (Darmstadt, Germany). The Envision kit was from Dako Co
(Carpinteria, CA), Biotin 14-ATP and Alexa Fluor 488 conjugated with
streptavidin were purchased from Invitrogen (Carlsbad, CA). VECTA-
SHIELD was from Vector Laboratories (Burlingame, CA). 4, 6-diamidino-
2-phenylindole-, dihydrochloride (DAPI) was from Dojindo Laboratories
{Kumamoto, Japan). The RNeasy kit was obtained from Qiagen (Valencia,
CA), first-strand cDNA synthesis kit was from GE Healthcare (Little
Chalfont, UK) and iQ SYBR Green Supermix was from Bio-Rad (Hercules,
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Fig. 2. The intestinal level of PGE; in DSS-ireated mice. DSS-induced colitis was
developed (A-C) and NSAIDs were administered (C) as described in the legend of Fig. 1.
Colonic tissues were removed periodically and total RNA was extracted. Samples were
subjected to real-time RT-PCR, using a specific primer set for cox-1 or cox-2. Values
were noralized to the GAPDH gene, expressed relative to the control sample (i.e. mice
without DSS-treatment)(A). After the indicated number of days (B) or 3 days (C), colonic
tissues were removed and PGE; levels were determined as described in the Materials
and methods (B, C). Values are mean+S.EM. (n=4-18). #%P<0.01; *P<0.05. :
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Fig. 3. Effect of dm-PGE; on exacerbation of DSS-induced colitis by NSAIDs. DSS-
induced coliis was developed and NSAIDs were administered as described in the
legend of Fig. 1. dm-PGEs (0.25 mg/kg) was administered twice per day. Body weight
and (A) and colon length (B) were measured as described in the legend of Fig. 1 and
Table 1, respectively. MPO activity was measured as described in the Materials and
methods (C). Values are mean+S.EM. (n=4-11). ## (or &&)P<0.01; # (or &)P<0.05.

CA). 5-(4-chlorophenyl)-1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-
pyrazole (SC-560), the ELISA kit for PGE, and 16, 16-dimethy] PGE; (dm-
PGE;) were from Cayman Chemicals (An Arbor, MI). IEC6 (rat intestinal
epithelial cell) and RAW264 (mouse leukemic monocyte) cells were
from RIKEN BioResource Center (Tsukuba, Japan) and bEnd.3 (mouse
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brain endothelioma) cells were from the American Type Culture
Collection (Rockville, MD). We used [EC6 cells because it is normal cell
line and RAW264 and bEnd.3 cells because they are standard cell
lines and used in many previous paper. ICR mice were from Kyudo Co.
{Kumamoto, Japan). The experiments and procedures described here
were cartied out in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the National
Institute of Health, and were approved by the Animal Care Committee
of Kumamoto University. ’

2.2. Development of DSS-induced colitis and measurement of colon length
and disease activity index

Colitis was induced in mice by the addition of 3% DSS (w/v, final
concentration) to their drinking water as described previously (Tanaka
etal; 2007). The animals were allowed free access to the DSS-containing
water for 7 days. Over that time, NSAIDs were orally administered daily
and dm-PGE; was intraperitoneally administered twice per day.

After 7 days, animals were placed under deep ether anaesthésia
and sacrificed, the colons were dissected and their length measured
from the ileocecal junction to the anal verge.

The disease activity index was determined macroscopically by an
observer unaware of the treatment they had received, according to
previously reported criteria (Tanaka et al., 2007). Briefly, the disease
activity index was calculated as the sum of the diarrheal stool score
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(0: normal stool; 1: mildly soft stool; 2: very soft stool; 3: watery stool)
and the bloody stool score (0: normal color stool; 1: brown color stool:
2: reddish color stool; 3: bloody stool).

For histopathological observation, measurement of PGE,, myelo-
peroxidase (MPO), various mRNAs, mucin as well as apoptosis and
proliferation study, we used rectum and distal colon.

~ For labelling with BrdU to examine epithelial cell proliferation, 1 h
before the mice were sacrificed, BrdU (100 mg/kg) was injected intra-
peritoneally as described previously (Kabashima et al., 2002).

Theintestinal level of PGE; was determined by ELISA according to the

manufacturer's protocol, as previously described (Futaki et al,, 1993).

2.3. Myeloperbxidase (MPO) activity

MPO activity in the colonic tissues was measured as previously de-
scribed (Krawisz et al,, 1984; Tanaka et al., 2007). After 7 days of DSS
treatiment, animals were placed under deep ether anaesthesia and sacri-
ficed. Colons were dissected, rinsed with cold saline and cut into small
pieces. Samples were homogenized, freeze-thawed and centrifuged. The
protein concentrations of the supernatants were determined using the
Bradford method (Bradford, 1976). MPO activity was determined in 10 mM
phosphate buffer with 0.5 mM o-dianidisine, 0.00005% (w/v) hydrogen
peroxide and 20 pg protein. MPO activity was obtained from the slope of
the reaction curve and its specific activity was expressed as the number of
hydrogen peroxide molecules converted per min per mg protein.
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Fig. 4. Effect of NSAIDs and dm-PGE; on the mRNA expression of various proteins in the intestinal tissues of DSS-treated mice. DSS-induced colitis was developed and NSAIDs and dim-
PGE, were administered as described in the legend of Fig. 3. The relative mRNA expression of each gene in the intestinal tissues was monitored and expressed as described in the
legend of Fig. 2A. Values are mean#S.EM. (n=3-7). **{or ## or &&)P=0.01; ¥or # or &P<0.05; n.s., not significant
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Fig. 4 (continued).

2.4, Real-time RT-PCR analysis

Total RNA was extracted from intestinal tissues using an RNeasy kit
according to the manufacturer's protocol. Samples (2.5 g RNA) were
reverse-transcribed using a first-strand cDNA synthesis kit according to
the manufacturer's instructions. Synthesized ¢cDNA was used in real-
time RT-PCR (Chromo 4 instrument (Bio-Rad)) experiments using iQ
SYBR GREEN Supermix and analyzed with Opticon Monitor Software
according to the manufacturer’s instructions. The real-time PCR cycle
conditions were 2 min at 50 °C, followed by 10 min at 90 °C and finally
45 cycles of 95 “C for 30 s and 63 °C for 60 s. Specificity was confirmed by
electrophoretic analysis of the reaction products and by inclusion of
template- or reverse transcriptase-free controls. To normalize the amount
of total RNA present in each reaction, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) cDNA was used as an internal standard.

Primers werte designed using the Primer3 website (http://frodo.wi.
mit.edufegi-bin/primer3/primer3_www.cgi). The primers used were
(name: forward primer, reverse primer): for mouse; turmor necrosis factor
{nf)-cu. 5'-cgtcageegatttgetatet-3, 5'-cggactccgeaaagtctaag-3'; interleukin
(il)-13: 5'-gatcccaagcaatacceaaa-3', 5'-ggggaactctgcagactcaa-3': il-6: 5'-
ctggagtcacagaaggagteg-3/, 5'-ggtttgccgagtagatctcaa-3'; vascular cell adhe-
sion molecule (vcam)-1: 5'-ctectgeactigtggaaatg-3, 5'-tgtacgagecatccaca-
gac-3¢; intercellular adhesion molecule (icam)-1: 5'-tcgtgatggcagectettat-
3', 5'-gggcttgteccttgagtttt-3' mucosal addressin cell adhesion molecule

(madcam)-1: 5'-gcaggctgggagctactet-3, 5'-tecctettgtggtaggtiec-37; cox-1;
5’-cggtgacatcgatgctttag-3/, 5/-ggagececcatetetatcat-3/: cox-2: 5/~
tgctatctitggggagacea-3', 5'-geteggcttecagtattgag-3/; muc2: 5'-getgac-
gagtggreggtgaatg-3/, 5'-gatgaggtggcagacaggagac-3’; muc3: 5'-
cgtggtcaactgegagaatgg-3/, 5/-cggctetatcictacgetetec-3/; for rat; actin: 5'-
gatcattgctecteetgage-3/, 5'-actectgettgetgatecac-3/; muc?: 5'-gagga-
caggeecatctatga-3/, 5’-cagatectecaggtgggtag-3'; muc3: 5'-atgcacaaaggcaa-
gagtec-3/, 5'~ctcaaagccaatgtigtgga-3-.

2.5. Histological and immunohistochemical analysis

Colonic tissue samples were fixed in 4% buffered paraformalde-
hyde, embedded in 0.C.T. compound and cryosectioned,

Forimmunohistochemical analysis, sections were treated in a micro-
wave oven with 0.01 M citric acid buffer (pH 6.0) for antigen activation
and incubated with 0.3% hydrogen peroxide-containing methano} for
removal of endogenous peroxidase. Sections were blocked with 2.5%
goat serun: for 10 min, incubated for 12 h with antibody against BrdU
{1100 dilution) in the presence of 2.5% BSA and then incubated for 1 h
with peroxidase-labelled polymer conjugated to goat anti-mouse
immunoglobulins (Envision kit). Then, 3, 3'-diaminobenzidine (DAB)
was applied to the sections and the sections were finally incubated with
Mayer's hematoxylin. Samples were mounted with malinol and
inspected using a fluorescence microscope (Olympus BX51).
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Fig. 4 (continued).

For staining of mucus with Alcian blue, sections were placed in 3%
acetic acid for 3 min, then in 1% Alcian blue and 3% acetic acid (pH 2.5)
for 10 min. Sections were then incubated in 0.1% nuclear fast red for
1 min as a counter stain and mounted with malinol.

2.6. TdT-mediated dUTP-biotin end labelling (TUNEL) assay

Colonic tissue samples were fixed in 4% buffered paraformalde-
hyde, embedded in O.C.T. compound and cryosectioned. Sections were
incubated first with proteinase K (20 pg/m!) 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 using a
fluorescence microscope (Olympus BX51).

2.7, Cell culture and staining with Hoechst 33342

Cells were cultured in RPMI1640 medium supplemented with 10%
FBS, 100 U/ml penicillin and 100 ng/mi streptomycin in a humidified
atmosphere of 95% air with 5% CO; at 37 °C. Unless otherwise noted
cells (0.8 10% cells per well in 24-well plates, 4x 10% cells per well in
G-well plates, 6x10° cells in 100-mm plates) were cultured for 24 h
prior to use in experiments. Apoptotic chromatin condensation was
monitored as described previously (Tsutsumi et al,, 2002). Cells were
washed with PBS, stained with 10 ug/mi Hoechst 33342 and observed
under a fluorescence microscope.

'

2.8. Statistical analysis

All values are expressed as the mean+standard error mean (S.EM.).
Two-way analysis of variance (ANOVA) followed by the Tukey test or the
Student’s t-test for unpaired results was used to evaluate differences
between more than three groups or between two groups, respectively.
Differences were considered to be significant for values of P<0.05,

3. Results
3.1 Effect of various NSAIDs on DSS-induced colitis

The severity of DSS-induced colitis can be monitored by various
indices, such as body weight, disease activity index and length of colon.
We examined the effect of SC-560, a COX-1-selective inhibitor, on the
time-course of development of colitis induced by 3% DSS administration
by monitoring body weight and disease activity index. Administration of
3% DSS caused a mild increase in the (Fig. 1A), which is consistent with our
previous results (Tanaka et al,, 2007). Administration of SC-560 did not
affect the DSS-induced increase in the disease activity index and alteration
in body weight even at the highest tested dose (10 mg/kg) (Fig. 1A).
Celecoxib, a COX-2-selective inhibitor did not worsen the DSS-induced
colitis (Fig, 1B). It was reported that either SC-560 or celecoxib worsened
the DSS-induced colitis (Okayama et al., 2007) and the discrepancy may

" be due to the difference in animal species and dose of DSS. Furthermore,

%]

disease activity index data showed weak amelioration of DSS-induced
colitis by celecoxib(Fig. 1B). We also examined the effect of administration
of a combination of SC-560 and celecoxib on development of DSS-induced
colitis. As shown in Fig. 1C, administration of this combination to DSS-
treated mice not only reduced body weight but also stimulated an
increase in the disease activity index. We confirmed that in mice that had
not been treated with DSS, administration of the SC-560/celecoxib
combination did not affect body weight and the data not shown. Based on
previous reports (Kato et al, 2001), the concentration of SC-560 or
celecoxib employed in the experiments described in Fig. 1 C should have
been sufficient to inhibit COX-1 or COX-2, respectively. Furthermore,
administration of a non-selective NSAID (indomethacin) alone decreased
the body weight and stimulated an increase in the disease activity index of
D5S-treated mice to a similar extent as treatment with SC-560/celecoxib
(Fig. 1C). The exacerbation of DSS-induced colitis by administration of SC-
560/celecoxib or indomethacin was confirmed by monitoring another
index of colitis, DSS-induced colon shortening, which is used as a
morphometric measure for the degree of inflammation (Table 1). All of
these results suggest that inhibition of both COX-1 and COX-2 exacerbates
DSS-induced colitis.

In order to test this idea, we measured the intestinal level of PGE..
At first we confirmed, by real-time PCR, that cox-1 and cox-2 mRNAs
were expressed in the intestinal tissues (Fig. 2A). DSS-administration
up-regulated the expression of cox-2 mRNA but not of cox-1 mRNA, as
described previously (Fukata et al., 2006; Singer et al., 1998), however,
the time-course profile was not consistent with data reported
previously (Okayama et al., 2007). This may be due to the difference
in animal species and dose of DSS. The results displayed in Fig. 2B
show how the intestinal level of PGE; is altered with the development
of DSS-induced colitis. The intestinal level of PGE; increased gradually
for 5 days after initiation of DSS-treatment and then returned to the
original level (Fig. 2B). This transient profile was not observed in
previous report and again this may be due to the difference in animal
species and dose of DSS. Fig. 2C shows the effect of administration of
various NSAIDs on the intestinal level of PGE, in DSS-treated mice.
Administration of SC-560 weakly decreased the intestinal level of
PGEy; however, celecoxib did not affect the level significantly (Fig. 2C).
Furthermore, administration of SC-560/celecoxib dramatically
decreased the intestinal level of PGE; to a similar extent as was
observed in response to indomethacin administration (Fig. 2C).
Combining the results summarised in Table 1, Figs. 1 and 2, it seems
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that the observed large decrease in the intestinal level of PGE, is tered DSS-treated mice to a similar level to that observed in control

required for the exacerbation of DSS-induced colitis by NSAIDs, mice (without NSAID-administration). Similar results were obtained

with another index of colitis, colon length (Fig. 3B), Colonic MPO

3.2, Effect of PGE> on the exacerbation of DSS-induced colitis by NSAIDs activity, an indicator of leukocyte infiltration, was also increased by

- administration of SC-560/celecoxib or indomethacin and this increase

To confirm the role of PGE; in exacerbation of DSS-induced colitis was suppressed by simultaneous administration of dm-PGE; (Fig. 3C).

by NSAIDs, we have examined the effect of exogenously administered The results shown in Fig. 3 show that administration of di-PGE,

PGE; in this disease model. As shown in Fig. 3A, administration of dm- suppresses the exacerbation of DSS-induced colitis by NSAIDs and

PGE; (a stable analogue of PGE;) returned the body weight and suggest that the decrease in the intestinal level of PGE; is responsible
disease activity index of SC-560/celecoxib- or indomethacin-adminis- for the exacerbation of DSS-induced colitis by NSAIDs,

DSS

1
:

e et

+ SC (5) + Ce (10) + dm-PGE, (0.2

TR

Fig. 5. Effect of NSAIDs and dm-PGE; on the amount of mucus in the intestinal mucosa of DSS-treated mice. DSS-induced colitis was developed and NSAIDs and dm-PGE; were
administered as described in the legend of Fig. 3. Sections of colonic tissues were prepared and subjected to staining with Alcian blue as described in the Materials and methods.

Magnification of all photomicrographs is x100.
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3.3. Involvement of cytokines, cell adhesion molecules and mucin proteins
in exacerbation of DSS-induced colitis by NSAIDs

Pro-inflammatory cytokines, such as TNF-a, IL-1f3 and IL-6 and cell
adhesion molecules, such as ICAM-1, VCAM-1 and MAdCAM-1, play an
important role in the activation and infiltration of leukocytes that is
associated with inflammatory bowel disease. In order to understand
the mechanism governing the exacerbation of DSS-induced colitis by
NSAIDs and its suppression by PGEz, we compared the mRNA expression
of various inflammatory bowel disease-related proteins, such as
cytokines, cell adhesion molecules and mucin proteins in the intestinal
tissues of DSS-treated mice. As shown in Fig. 4A, tnf-cmRNA expression
was induced by administration of SC-560/celecoxib; however, this
induction was not suppressed by simultaneous administration of dm-
PGE,. Neither SC-560/celecoxib nor dm-PGE; affected il-18 or il-6 mRNA
expression (Fig. 4A). Likewise, vcam-1, icam-1 and madcam-1 mRNA
expression was not affected by SC-560/celecoxib or dm-PGE; (Fig. 4B).
We previously reported that DSS-treatment up-regulated the mRNA
expression of these cytokines and cell adhesion molecules (Tanaka et al,,
2007). The ineffectiveness of DSS on expressions of these factors may be
due to that we measured 3 days (instead of 7 days in our previous paper)
after the initiation of DSS treatment, On the other hand, muc2 and muc3
mMRNA expression was inhibited by administration of SC-560/celecoxib
or indomethacin, and simultaneous administration of dm-PGE, counter-
acted this effect (Fig. 4C). Staining of tissue with Alcian blue demon-
strated that the administration of indomethacin or $C-560/celecoxib
decreased the amount of mucus (blue-staining spots) in the intestinal
mucosa of DSS-treated mice. Simultaneous administration of dm-PGE,
counteracted this effect, with mucin levels in these mice equivalent to
that of controls (Fig. 5). The results displayed in Figs. 4 and 5 suggest that
expression of mucin proteins rather than expression of cytokines and
cell adhesion molecules is involved in the observed exacerbation of DSS-
induced colitis by NSAIDs and its suppression by PGE;.

We also exarnined the effect of NSAIDs and PGE; on the mRNA
expression of cytokines, cell adhesion molecules and mucin proteins in
vitro. In RAW264 cells, indomethacin did not affect tnf-cy, il-13 and il-6
mRNA expression (Table 2A). Similarly, in bEnd.3 cells,indomethacin did
not affect veam-1, icam-1 and madcam-1 mRNA expression (Table 2B).
We confirmed that treatment of these cells with LPS up-regulated the
mRNA expression of these genes (up-regulation of tnf-o mRNA ex-
pression was observed 3 h (data not shown) but not 24 h (Table 2A) after
the addition of LPS), which is consistent with previous results (Gupta
et al, 1995). On the other hand, in 1IECG cells, muc2 and muc3 mRNA
expression was inhibited by indomethacin (Table 2C). Treatment of cells
with dm-PGE; stimulated mRNA expression of these genes (Table 2C),
suggesting that indomethacin directly inhibits mRNA expression of
mucin proteins through decreasing the level of PGE,, This effect may
be responsible for the decrease in the expression of mucin proteins
observed after the administration of indomethacin or SC-SGO/celecox:b
in DSS-treated mice (Figs. 4 and 5).

3.4. Involvement of intestinal mucosal apoptosis and cell growth in the
exacerbation of DSS-induced colitis by NSAIDs

Inhibition of cell growth and induction of cell death at the intestinal
mucosa also play an important role in the pathogenesis of inflammatory
bowel disease, because the intestinal mucosa functions as a barrier against
pathogenic bacterial invasion. Inhibition of cell growth and induction of
apoptosis at the intestinal mucosa was reported in both inflammatory
bowel disease patients and animal models of inflammatory bowel disease
(Kabashima et al., 2002; Souza et al., 2005). The cell death associated with-
inflammatory bowe] disease seems to be induced mainly by reactive
oxygen species. Mucin proteins (such as MUC2 and MUC3) also function as
a barrier to bacterial invasion and mucosal damage by reactive oxygen
species (Van der Sluis et al, 2006). Therefore we examined, using the
TUNEL assay, the effect of indomethacin administration on the level of
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Table 2
Effect of indomethacin and dm-PGE; on mRNA expression of various_proteins in vitro
A
Treatment Relative expression

nf-a i-1B i-6 .
Contro} 1.00£0.09 1.00+0.08 1.00+009
Indomethacin (50 pM) 0.94£0.06 1.28+0.05 1121006
Indomethacin (100 M) 0.90+£0.05 1261007 0.91+0.09
LPS 111:0.08 3.00£025° 1101 6.40°
B
Treatiment Relative expression )

’ veam-1 icam-1 madcam-1
Contyol 1.00£0.02 1.00+0.05 1.00£0.09
Indomethacin (50 M) 0.98+0.07 115£0.06 11210.06
Indomethacin (100 pM) 0.91+0.06 1.02+0.07 0.97+0.09
LPS 1112037° 4.94x037° 44.633.54"
C
Treatment Relative expression

muc-2 muc-3
Contyol 1.00+£0.09 100007
Indomethacin (100 yM) 0.49£012° 0.24+0.01°
Indomethacin (100 1M)+ 2.00£013%¢ 5052013%¢

Adm-PGEz (0.5 pM)

RAW264 (A) or bEnd.3 (B) cells were incubated with the indicated concentrations of
indomethacin (or 5 pg/ml LPS) for 24 h or 18 h, respectively (A, B). IEC6 cells were pre-
incubated with or without 0.5 pM dm-PGE. for 1 h and further incubated with the
indicated concentrations of indomethacin for 24 h in the presence of the same
concentraton of dm-PGE; as was used in the pre-incubation step (C). Relative mRNA
expression of each gene was monitored and expressed as described in the legend of
Fig. 2A. Values shown are mean+S.EM. (n=3).

2p<0.05, vs. Control; ®P<0.01, vs. Control; “P<0.01, vs. Indomethacin (100 pM).

apoptosis observed in the intestinal mucosa of DSS-treated mice. More
TUNEL-positive cells (apoptotic cells) were observed in the intestinal
mucosa of the indomethacin- or SC-560/celecoxib-administered mice
than the control mice (Fig. 6A). Furthermore, simultaneous administration
of dm-PGE; counteracted this effect, with the extent of apoptosis in those
animals similar to that of controls (Fig: 6A).

We also examined, using a BrdU-staining method, the effect of
indomethacin administration on intestinal mucosal cell proliferation
in DSS-treated mice. Less BrdU-positive cells (growing cells, cells
stained brown) were observed at the intestinal mucosa of indometha-
cin- or SC-560/celecoxib-administered mice than the control mice
(Fig. 6B, C). Furthermore, simultaneous administration of dm-PGE,
with the indomethacin resuited in similar numbers of BrdU-positive
cells to the control {Fig. 6B, C). The results shown in Fig. 6 suggest that
alterations to the fevels of cell proliferation and apoptosis in intestinal
mucosa are involved in the exacerbation of DSS-induced colitis by
NSAIDs and its suppression by PGE,.

We also examined the effect of indomethacin and PGE; on
apoptosis and cell growth in vitro. As shown in Fig. 7A, the relative
number of IEC6 cells with apoptotic chromatin condensation was not
increased by treatment with indomethacin, showing that indometha-
cin did not induce apoptosis under these experimental conditions.

We also used menadione, a superoxide anion (a representative

" reactive oxygen species) releasing drug, to examine the effect of PGEz
on reactive oxygen species-induced cell death. As shown in Fig. 7B, cell
death induced by treatment with menadione for 24 h was partially
suppressed by simuitaneous treatment of cells with 0.5 pM dm-PGE,.
We concluded that the cell death described in Fig. 7B was mediated
by apoptosis, based on monitoring apoptotic chromatin condensation
{data not shown). These results show that PGE; protects intestinal
cells from reactive oxygen species-induced apoptosis.

“indomethacin significantly inhibited the growth of 1ECG cells and
this growth inhibition was suppressed by simultaneous treatment of
cells with dm-PGE; (Fig. 7C). This suggests that indomethacin directly

23
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inhibited the growth of the intestinal cells through decreasing the
level of PGE; and this effect may be responsible for the inhibition of
epithelial cell proliferation in the intestine of DSS-treated mice after
the administration of indomethacin in vivo (Fig. 6B and C),

4. Discussion

In both clinical and animal studies, it is debatable as to whether
NSAIDs are of benefit, have no effect or aggravate inflammatory bowel
disease and inflammatory bowel disease-related experimental colitis
(Bonner, 2001; Bonner et al,, 2000; El Miedany et al., 2006; Evans et al,,
1997; Felder et al, 2000; Mahadevan et al., 2002; Takeuchi et al, 2006;

vehicle

A DSS
TUNEL

DAPI

+ SC (5) + Ce (10)

B l

+IND (1)

- ....

Yamada et al, 1993). To utilize NSAIDs for the clinical treatment of
inflammatory bowel disease but avoid exacerbation of inflammatory
bowel disease by NSAIDs, it is important to know what types of NSAIDs
ameliorate or exacerbate the development of inflammatory bowel disease
and to understand the underlying molecular mechanisms. In this study,
focusing on COX-1/COX-2 specificity, we have examined the effect of
various NSAIDs on DSS-induced colitis. Administration of either a COX-1-
selective inhibitor (SC-560) or of a COX-2-selective inhibitor (celecoxib)
did not affect DSS-induced colitis, however, the colitis was clearly
exacerbated by the administration of these drugs in combination or
administration of the non-selective NSAID indomethacin. For the com-
bination experiment({the results of which are shown inFig. 1 and Table 1),

+SC (5) + Ce (10)

+ dm-PGE, (0.25) + dm-PGE, (0.25)
+SC (5) + Ce (10) + IND (1)

Fig. 6. Effect of NSAIDs and din-PGE; on the level of apoptosis and cell proliferation in the intestinal mucosa of DSS-treated mice. DSS-induced colitis was developed and NSAIDs
and dm-FGE; were administered as described in the legend of Fig. 3. Sections of intestinal tissues were prepared and subjected to the TUNEL assay and DAPI staining (A) o to
immunohistochemical analysis with an antibody against BrdU (B). Cells (imore than 400 cells) were counted for staining with BrdU in four independent sections. Values shown are
meantSEM. #(or #§ or &&)P< 0.0 (C). Magnification of all photomicrographs is x100 (A) or x200 {B).
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Fig. 7. Effect of indomethacin and dm-PGE; on apoptosis and cell growth in vitro. IEC6 cells were incubated with the indicated concentrations of indomethacin for 24 h, stained with
Hoechst 33342 and the relative number of Hoechst 33342-positive cells was determined. Magnification of all photomicrographs is 100 (A). Cells were pre-incubated with the
indicated concentration of dm-PGE, for 1 b and further incubated with the indicated concentrations of menadione {B)or 160 uM indomethacin (C) for the indicated periods in the
presence of the same concentrations of dm-FGE; as in the pre-incubation step. Cell viability was determined by MTT assay (B). Total viable cell numbers were counted (C). Values
shown are mean+S.EM. (n=3). *¥(or ##)P<0.01; *(or #)P-=0.05.

we used half of the highest dose of SC-560 or celecoxib that was used in results suggest that non-selective NSAIDs, rather than COX-1- or COX-2-
the other experiments (single NSAID administration). it may therefore be selective inhibitors, exacerbate the development of DSS-induced colitis
concluded that the effects of SC-560 and celecoxib are synergistic. These and inflammatory bowel disease. This idea is supported by the majority of

%
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previous clinical and animal studies, although some results are incon-
sistent with this idea (Bonner, 2001; El Miedany et al., 2006; El-Medany
etal, 2005; Evans et al,, 1997; Felder et al,, 2000; Mahadevan et al., 2002;
Martin et al,, 2005; Okayama et al., 2007; Reuter et al,, 1996; Yamada et al,,
1993). The importance of COX-1 and COX-2 in protecting against
inflammatory bowel disease and inflammatory bowel disease-related
experimental colitis was also suggested by other studies (Okayama et al,,
2007). For example, both COX-1- and COX-2 deficient mice exhibited a
phenotype of sensitivity to DSS-induced colitis (Morteau et al, 2000).
Furthermore, rapid development of colitis in IL-10-deficient mice (with-
out DSS) was observed in response to administration of both COX-1- and
COX-2-selective inhibitors (Berg et al., 2002).

As for the primary mechanism for the exacerbation of DSS-induced

colitis by NSAIDs (SC-560/celecoxib or indomethacin), we conclude
that the intestinal level of PGE, plays a major role, based on the
following observations. In DSS-treated mice, administration of a
combination of SC-560 and celecoxib or of indomethacin dramaticaily
decreased the intestinal level of PGE,, however, administration of SC-
560 or celecoxib alone did not greatly decrease the level of PGE,.
Simultaneous administration of dm-PGE; suppressed the exacerba-
tion of DSS-induced colitis by NSAIDs. These results also suggest that
PGE; synthesis at intestinal tissues involves both COX-1 and COX-2.
Other evidences are consistent with PGE; playing an important role
in the protection of intestinal tissues against DSS-induced colitis. For
example, administration of PGE; suppressed the development of DSS-
induced colitis, and PGE, has been reported to be involved in the
regeneration of epithelial crypts after DSS-induced damage (Cohn
etal., 1997). It is well known that COX-2 is up-regulated and that the
level of PGE; is increased in the intestinal tissues of inflammatory
bowel disease patients relative to unaffected individuals (Singer et al.,
1998). The results of the current study suggest that these responses
ameliorate the development of inflammatory bowel disease.

Pro-inflammatory cytokines and cell adhesion molecules positively
contribute to the progression of inflammatory bowel disease and colitis in
animal models of inflammatory bowel disease. Pro-inflammatory
cytokines activate, and thereby stimulate the release of reactive oxygen
species from, leukocytes and cell adhesion molecules are essential for
recruitment of blood circulating leukocytes into inflamed intestinal
tissues (Danese et al., 2005; Kinoshita et al., 2006). However, in this study,
we have shown that administration of PGE; does not significantly affect
the mRNA levels of these proteins. This suggests that the expression of
pro-inflammatory cytokines and cell adhesion molecules is not involved
.in the suppression of NSAID-dependent exacerbation of DSS-induced
colitis by PGE,. However, we assume that this is due to our experimental
conditions and that pro-inflammatory cytokines and cell adhesion
molecules are involved in the protective effects of PGE, against
inflammatory bowel disease and inflammatory bowel disease-related
experimental-colitis, because a number of previous studies have clearly
shown that PGE; inhibits the production of pro-inflammatory cytokines
(particularly TNF-a¢ and cell adhesion molecules (Kabashima et al., 2002;
Kunkel et al., 1988). ’

Invasion of pathogenic bacteria across the intestinal mucosa is
- responsible for the development of inflammatory bowel disease.
Therefore, the decrease in the intestinal mucosal cell number due to
stimulation of apoptosis and inhibition of cell proliferation stimulates
the development of inflammatory ‘bowel disease (Kabashima et al.,
2002; Tessner et al., 1998). In this study, we have shown that in DSS-
treated mice the level of apoptosis and epithelial cell growth at the
intestinal mucosa is stimulated and inhibited, respectively, by admin-
istration of NSAIDs (SC-560/celecoxib or indomethacin) and that this
alteration is suppressed by simultaneous administration of PGE,. This
suggests that the alterations in the levels of intestinal mucosal cell
growth and apoptosis are involved in the exacerbation of DSS-induced
colitis by NSAIDs and its suppression by PGE,. In accordance with this
idea, it has been reported that PGE; stimulates intestinal epithelial
growth (Tessner et al., 1998). We have also shown that indomethacin

inhibited the growth of cultured intestinal cells and that addition of
exogenous dm-PGE; recovered this cell growth, suggesting that NSAIDs
affect cell growth partially through decreasing the level of PGE,. We
could not detect apoptosis induced by indomethacin in vitro. Based on
our previous results with gastric mucosal cells (Tomisato et al,, 2001),
this is probably due to the low concentrations of indomethacin used.
Higher concentrations of indomethacin may induce apoptosis in the
intestinal cells; however, such high concentrations may not be achieved
in vivo. Alternatively, we consider that reactive oxygen species released
from activated leukocytes are responsible for the increased apoptosis in
the presence of NSAIDs (SC-560/celecoxib or indomethacin) in vivo and

for its suppression by PGEs, because we have shown that PGE; protects
intestinal cells from menadione-induced apoptosis. We have also
demonstrated that NSAIDs (SC-560/celecoxib or indomethacin) inhibit
the mRNA expression of mucin proteins and that PGE; suppresses this

inhibition both in vivo and in vitro. These results suggest that NSAIDs

directly affect the expression of mucin proteins through decreasing the
level of PGE; and that this is involved in the exacerbation of DSS-induced

colitis by NSAIDs and its suppression by PGE,. The protective role of
mucin proteins against DSS-induced colitis was genetically confirmed

recently, using muc2-deficient mice (Van der Sluis et al,, 2006).

In accordance with previous results (Cuzzocrea et al., 2001), we
have shown that administration of celecoxib ameliorates the
progression of DSS-induced colitis, suggesting that celecoxib is
beneficial for the treatment of inflammatory bowel disease. In fact,
some previous clinical studies support this idea (El Miedany et al.,
2006; El-Medany et al., 2005). Our results also show that celecoxib,
under conditions where it was observed to have a protective effect
against DSS-induced colitis, did not significantly affect the intestinal
level of PGE;. Furthermore, we recently found that some other COX-2
selective inhibitors do not ameliorate DSS-induced colitis (Tanaka K.
et al. unpublished results). These results suggest that a mechanism
other than COX inhibition is also involved in conferring the protective
effect of celecoxib against DSS-induced colitis. It was reported that
celecoxib has various COX-independent effects on cells, such as
induction of the endoplasmic reticulum (ER) stress’ response,
inactivation of phosphatidylinositol 3-kinase (P13K)/3-phosphoinosi-
tide dependent kinase-1 (PDK1)/Akt and inactivation of mitogen-
activated protein kinase (MAPI()/extracellular signal-regulated kinase
(ERK) (Ding et al,, 2005; Tsutsumi et al, 2004; Zhang et al,, 2004).
Identification of a COX-independent mechanism that confers the
protective effect of celecoxib against DSS-induced colitis will be
important for application of this drug in the clinical treatment of
inflammatory bowel disease.
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