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1 The effects of the inhibitors of glycogen synthase kinase-3f (GSK-3f), TDZD-8 and SB 415286,
which can substantially reduce the systemic inflammation associated with endotoxic shock in vivo,
have now been investigated on the acute colitis provoked by trinitrobenzene sulphonic acid (TNBS) in
the rat.

2 Administration of the GSK-3p inhibitor TDZD-8 (0.1, 0.33 or 1.0mgkg ™', s.c., b.i.d., for 3 days)
caused a dose-dependent reduction in the colonic inflammation induced by intracolonic TNBS
assessed after 3 days, both as the area of macroscopic involvement and as a score using 0—10 scale.
3 Likewise, following administration of the GSK-3p inhibitor SB 415286 (0.1, 0.33 or 1.0mgkg™',
s.c., b.i.d., for 3 days), the extent and degree of the TNBS-provoked colonic inflammation was
reduced.

4 Administration of either TDZD-8 or SB 415286 reduced the fall in body weight following
challenge with TNBS at each dose level studied.

5 The increase in myeloperoxidase activity, an index of neutrophil infiltration into the TNBS-
induced inflamed colon, was significantly inhibited by both TDZD-8 and SB 415286 at each
dose level.

6 The increase in the levels of the proinflammatory cytokine, TNF-«, in the inflamed colon was also
significantly inhibited by either compound at the highest doses evaluated.

7 The elevated levels of the transcription factor NF-xB subunit p65, as determined by Western blot
in the nuclear extracts from the TNBS-provoked inflamed colonic tissue, were dose-dependently
reduced by TDZD-8 or SB 415286 treatment.

8 These findings demonstrate that two chemically distinct selective inhibitors of the activity of GSK-
3p reduce the inflammation and tissue injury in a rat model of acute colitis. The mechanisms
underlying this anti-inflammatory action may be related to downregulation of NF-xB activity,

involved in the generation of proinflammatory mediators.
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Introduction

Glycogen synthase kinase-3 (GSK-3), a serine—threonine
protein kinase involved in glycogen metabolism, is now
considered to play an important role in the regulation of
many cellular functions, including the control of cell division
and apoptosis (Ali et al., 2001; Frame & Cohen, 2001). It has
been proposed that one of the two isoforms, GSK-3f, can
influence the activity of the nuclear factor (NF)-«B (Ali et al.,
2001; Frame & Cohen, 2001), a known key transcription factor
for the genes involved in the production of proinflammatory
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mediators, including the cytokine, tumour necrosis factor
o (TNF-o) (Karin et al., 2004). This concept was first based
on the findings that GSK-3f gene-deleted mice exhibit
a phenotype comparable to that of mice in which the gene
for NF-kB subunit p65, or the IxB kinase 2 involved in the
activation of NF-xB, had been deleted (Hoeflich ez al., 2000).
Deletion of the GSK-3f gene had no effect on TNF-a-induced
IxBa degradation, but did prevent the activation of NF-xB
(Hoeflich et al., 2000). Other studies in vitro have now
confirmed a regulatory influence of GSK-3f on the activity
of NF-xB in a range of systems (Schwabe & Brenner, 2002;
Demarchi et al., 2003; Buss et al., 2004; Takada et al., 2004).
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Recent in vivo studies have demonstrated that potent,
selective inhibitors of GSK-3pf, including TDZD-8 (Martinez
et al., 2002; Barry et al., 2003; Meijer et al., 2004) and SB
415286 (Coghlan et al., 2000; Cross et al., 2001; Gross et al.,
2004), can substantially reduce the renal dysfunction and
hepatocellular injury that results from challenge with endo-
toxin in combination with peptidoglycan (Dugo et al., 2005).
Specifically, these GSK-3f inhibitors reduced the systemic
inflammatory response, the associated tissue injury, the
phosphorylation of Ser 536 on the NF-xB subunit p65 and
the expression of NF-xB-dependent genes in the lung tissue of
rats following coadministration of endotoxin and peptido-
glycan (Dugo et al., 2005).

In the present study, to explore further the possible role of
GSK-3f in the modulation of different inflammatory condi-
tions in vivo, the effects of two selective GSK-3f inhibitors,
TDZD-8 and SB 415286, have now been evaluated in a well-
established rat model of colitis provoked by the hapten,
trinitrobenzene sulphonic acid (TNBS). This model exhibits
many of the macroscopic, histological and immuno-
logical features of inflammatory bowel disease (IBD) with
neutrophilic involvement seen in patients (Boughton-Smith
et al., 1988a, b; Morris et al., 1989; Yamada et al., 1992;
Kiss et al., 1997; Galvez et al., 2000; Neurath et al., 2000;
Whittle et al., 2003).

Thus, acute colonic inflammation was provoked by a single
intracolonic instillation of the TNBS and the response
evaluated after a 3-day period. The inflammatory response
has been assessed as both area of involvement of the colonic
segment and its severity as a macroscopic score. Body weight
was measured, while colonic weight has been determined
as a reflection of colonic oedema. Colonic myeloperoxidase
(MPO) activity has been measured as an index of white cell
infiltration (Boughton-Smith er al., 1988b). Since TNF-« is
involved in IBD and its levels are increased in TNBS-induced
colitis in the rat (Ameho et al., 1997; Ribbons et al., 1997,
Sykes et al., 1999; Villegas et al., 2003), the effects on the
GSK-3f inhibitors on the colonic TNF-a levels as an
inflammatory biomarker were evaluated. Moreover, the effects
of TDZD-8 and SB 415286 on the NF-«xB subunit p65 levels
in the nuclear extracts of the colonic tissue have also been
determined to provide a possible mechanistic explanation to
their actions.

Methods
Induction of colitis

The investigation was performed in accordance with the
United Kingdom Home Office Guidance on the Operation
of the Animals (Scientific Procedures) Act 1986, published by
HMSO, London.

Male Wistar rats (200-240g) were randomised before
commencement of the study, housed in groups, and inspected
and weighed every day. For the treatment groups, n =28 were
used, with n=10 and 15 for the unchallenged control and the
challenged DMSO groups. Food was withdrawn overnight
for 12h, prior to TNBS administration only, but the rats
were allowed free access to drinking water. In these studies,
a low intracolonic dose of 10mg of TNBS was used to
provoke a reproducible, yet not unduly severe, acute mucosal

inflammation in the colon, which does not cause the morta-
lity seen with higher doses of TNBS wused by others
(Woodruff er al., 2003). The colonic inflammation was
determined after 3 days, a time when plateau levels of
neutrophil infiltration and acute tissue inflammation
following TNBS challenge are observed (Boughton-Smith
et al., 1988a, b). Thus, on the morning of the day of challenge,
day 0, the rats were transiently anaesthetised with ether,
and TNBS (10mg in 0.25ml of 50% ethanol) was instilled
into the colon using a soft plastic catheter inserted 8cm
in the rat rectum. The rats were allowed to recover with
free access to food and drinking water. At the end of the
experiment, 3 days after TNBS administration (i.e. on
the morning of day 3), the distal colon was dissected,
photographed, processed and stored appropriately for sub-
sequent analyses.

The primary parameters measured were the area of
macroscopic inflammation and its severity score, MPO levels
and TNF-a levels in segments of distal 8cm of colon. In
addition, the weight of the whole 8 cm colonic segment was
measured as an indirect and nonspecific marker of oedema,
while the body weight of the animals was determined as an
indicator of general health.

The experimental compounds were administered subcuta-
neously twice daily (1mlkg ' in 10% dimethyl sulphoxide
(DMSO), final concentration) commencing 2h before TNBS
administration and then 4 h later, and then twice a day on days
1 and 2 after challenge. The doses of TDZD-8 and of SB
415286 were 0.1, 0.33 and 1.0mgkg™', s.c., b.i.d., which were
based on the previous in vivo studies with these agents (Dugo
et al., 2005). A further group of rats that was challenged with
TNBS received the DMSO vehicle alone, twice a day (1 ml kg™
s.c.), while another group had no challenge or drug treatment
and was used for baseline measurements.

Macroscopic analysis

The distal 8-cm portion of the colon (measured from the
rectum) was removed, opened longitudinally and gently rinsed
with ice-cold phosphate buffer (pH 7.4), blotted, weighed
(Scaltec, Germany) and photographed (Samsung, Digimax
340, digital camera). The extent of macroscopically apparent
inflammation, ulceration and tissue disruption was determined
in a randomised manner from the colour images via
computerised planimetry (Scion Image B4.02 version; Scion
Corp.). The area of macroscopically visible mucosal involve-
ment was calculated and expressed as the percentage of the
total colonic segment area under study.

The tissue was then cut into longitudinal strips, each strip
being thus 8 cm long, and included the whole of the zone of
injury. This tissue was weighed, processed and the resulting
supernatant stored at —20°C for the subsequent determination
of MPO activity, protein levels, for the assay for TNF-« or for
Western blot analysis.

Macroscopic score

In addition to the quantitative measurement of area of
involvement, the degree of colonic inflammation was also
assessed from the photographs in a randomised blinded
fashion using a macroscopic score, utilising a 1-10 scale
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adapted from those used previously (Boughton-Smith et al.,
1988a; Wallace et al., 1989):

0 No damage.

1 One region of localised inflammation or thickening;
No ulcers.

2 Linear ulceration, but no significant inflammation.

3 Linear ulceration with inflammation at one site.

4 Two or more sites of ulceration and/or inflammation;
ulcers present in at least one site.

5 Two or more sites of ulceration and inflammation

with one major site of ulceration and inflammation
extending 1 cm along the length of the colon.

Two or more sites of ulceration and inflammation
with one major site of ulceration and inflammation
extending 2, 3, 4, 5 or 6¢cm along the length of the
colon.

MPO activity

The MPO activity was determined in colonic tissue as
previously described in this model (Kiss et al., 1997). The 8-
cm longitudinal strips of the colon were weighed, homogenised
(Ultra turrax, T25, 13,500 revmin~!; 2 x 30's; 250 mg colon ml™!
buffer) in ice-cold phosphate buffer (50 mM, pH 6.0), freeze—
thawed three times and then centrifuged twice (each time at
15,000 x g for 15min at 4°C). Then, a 12-ul aliquot of the
supernatant was mixed with 280 ul phosphate buffer (50 mM,
pH 6) containing 0.167 mgml~! of O-adenosine dihydrochloride
and the reaction initiated with 10 ul 0.03% hydrogen peroxide
and assayed spectrophotometrically at 490nm (Benchmark
Microplate reader, Bio-Rad Labs) after 90s of shaking. MPO
was expressed as mU mg ™! protein.

TNF-o levels in the colon

The colonic tissue samples were thawed, weighed and homo-
genised (Ultra-turrax, T25, 2 x 30s on ice; 250mg colonml™
buffer) in a modified Greenburg buffer (300 mmoll~' NaCl,
15mmoll~" Tris, 2mmol1~' MgCl,, 2mmoll~' Triton X-100,
20ngml™" pepstatin A, 20ngml™' leupeptin, 20ngml~!
aprotinin;, pH 7.4). Tissue homogenates were lysed for
30min on ice, and then centrifuged twice (10min,
14,000 x g). The aliquots of the supernatant were stored at
—20°C until use (Ten Hove et al., 2001).

The TNF-« levels were determined with quantitative TNF-o
solid-phase enzyme-linked immunosorbent assay (ELISA).
The samples were measured spectrophotometrically at
450 nm, and were diluted 2 or 4 times with the buffer included
in the kit. This commercially available kit used had a range of
the standard curve of 0-2000 pgml~!, with minimum detection
level of 10pgml™" of TNF-a. The TNF-z values were
expressed as pgmg~' protein.

Protein determination

Using a commercial protein assay kit, aliquots (20 ul) of the
diluted samples (25 x or 50 x with distilled water) were mixed
with 980 ul distilled water and 200 ul Bradford reagent added
to each sample. After mixing and a 10-min incubation, the
samples were assayed spectrophotometrically at 595nm.
Protein level was expressed as mg proteinml™".

Western blotting for NF-kB p65

Protein extracts for analysis were prepared according to the
method supplied with the nuclear extract kit (Active Motif
Company, Carlsbad, U.S.A.) The colonic tissue samples were
thawed, weighed and homogenised (Ultra-turrax, T8, 2 x 30s
on ice; 1 g colon per 3 ml buffer) in a hypotonic buffer supplied
by the Active Motif company. Tissue homogenates were lysed
for 15min on ice, and then centrifuged (10 min, 850 x g). The
pellets were suspended in hypotonic buffer, lysed for 15 min on
ice, and then centrifuged (30s, 14,000 x g). The pellets were
suspended in the supplied complete lysis buffer containing
10mM dithiothreitol, lysed for 30min on ice and then
centrifuged (10 min, 14,000 x g) to yield the nuclear fraction.

These protein extracts were stored at —80°C, the concentra-
tion of protein being measured using the Bradford method.
Aliquots of the total nuclear proteins were denatured by
mixing and boiling (3min) vv~' with 20mM Tris, 3mM
EDTA, 2% sodium dodecyl sulphate (SDS), 10% O-mercap-
toethanol and 20% glycerol. The samples (20 pug per 20 ul) were
electrophoresed (100V, 25mA per gel) on 10% SDS-
polyacrylamide gel, and transferred (100V, S0mA per gel,
2h) to a nitrocellulose membrane (Hybond ECL Nitrocellu-
lose membrane, Amersham, Pharmacia Biotech., Buckingham-
shire, U.K.). At 1h after blocking with phosphate buffer (pH
7.4), 0.25% Tween 20 (vv~') and 5% nonfat dried milk, the
membrane washed with phosphate buffer-Tween 20 (three
times for 15 min) and probed with anti NF-xB p65 monoclonal
antibody (1:1000; 2h; Santa Cruz Biotechnology Inc.) at
room temperature, washed with phosphate-buffered Tween 20
(three times for 15min) and then incubated with horseradish
peroxidase-conjugated bovine anti-mouse IgG secondary anti-
body (1:2000 dilution, 1h; Santa Cruz Biotechnology Inc.) for
1h at room temperature. A primary monoclonal antibody
against f-actin (1:5000 dilution) was used as the loading
control (Sigma Aldrich Company Ltd).

Membranes were developed using an enhanced Immobilon
Western chemiluminescent HRP substrate (Millipore Corpora-
tion, Billerica, MA, U.S.A.) and scanned and analysed using
the UVIPro Chemi imaging system (Uvitec Ltd, Cambridge,
U.K.). Densitometric analysis was performed for each blot
following normalisation with reference to the control f-actin
and the data were expressed in terms of % of the challenged
DMSO group.

Reagents and materials

TDZD-8 was obtained from Calbiochem (Merck Biosciences
Ltd, Beeston, Nottingham, U.K.) and SB 415286 was obtained
from Tocris Cookson Ltd (Avonmouth, Bristol, U.K.). These
compounds were prepared freshly on each day of use in the
vehicle, 10% DMSO (Sigma Aldrich Company Ltd; Poole,
Dorset, U.K.).

The 2,4,6-TNBS was obtained from Fluka Chemie AG
(Buchs, Switzerland). The Bradford protein assay was from
Bio-Rad (Herts., U.K.). All other assay reagents were from
Sigma Aldrich Company Ltd. The TNF-a ELISA assay kit
was obtained from Hycult Biotechnology b.v. 5405 Uden, The
Netherlands, while the nuclear extract kit was from Active
Motif Company, Carlsbad, U.S.A. The primary and secondary
antibodies for the Western blots were obtained from Santa
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Cruz Biotechnology Inc. (Santa Cruz, CA, U.S.A.) and Sigma
Aldrich Company Ltd (Poole, Dorset, U.K.).

Statistical evaluation

Results shown in the figures are expressed as mean +s.e.m. For
statistical comparisons, the two-tailed Student’s z-test and the
analysis of variance with the Bonferoni test were used where
appropriate. P<0.05 was taken as significant. In the graphs,
statistical comparison is made against the values for the
DMSO vehicle group.

Results
Effects on colonic macroscopic inflammation

Following intracolonic instillation of TNBS (10mg), the area
of colonic inflammation, determined 3 days after challenge in
the control group of rats that had only received the DMSO
vehicle (10%, 1mlkg™! b.i.d.), involved 59+ 6% (n = 15) of the
total colonic area of the segment studied (Figure 1). The
macroscopic appearance was of areas of haemorrhagic
necrosis, tissue ulceration and inflammation with hyperaemia,
and was not different in extent from that induced by TNBS in
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Figure 1 Effects of the vehicle DMSO (1 mlkg™" s.c. twice a day
for 3 days), TDZD-8 (0.1, 0.33 and 1.0mgkg " s.c. twice a day for 3
days) or SB 415286 (0.1, 0.33 and 1.0mgkg™" s.c. twice a day for 3
days) on the area of colonic inflammation, expressed as % of the
total colonic area of the segment (upper panel) and as a macroscopic
score (1-10 scale; lower panel). Planimetric measurements and
randomised score evaluation were taken from colonic tissue
collected 3 days after intracolonic challenge with TNBS. The values
from the nonchallenged control group are also shown. Results are
expressed as mean+s.em.; n=8-15 **P<0.01, ***P<0.001
compared with the DMSO group.

a group of saline-treated rats (n=15; data not shown). There
was no detectable macroscopic injury in the colons from the
nonchallenged control group of rats (n=10; Figure 1).

Treatment with TDZD-8 (0.1, 0.33 or 1.0mgkg™", s.c., twice
a day for 3 days) caused a dose-dependent reduction in the
area of inflammation observed on day 3, that was significant at
each dose level (P <0.05) as shown in Figure 1. Administration
of SB 415286 (0.1, 0.33 or 1.0mgkg™"' s.c., twice a day for 3
days) also caused a reduction in the extent of colonic
inflammation, with significant inhibition being observed at
the two higher doses (Figure 1).

When the degree of the colonic inflammation was evaluated
using a 1-10 macroscopic score, findings comparable to the
quantitative area data were obtained. Thus, the increased score
observed following challenge in the DMSO vehicle group was
dose-dependently reduced by treatment TDZD-8 (0.1, 0.33 or
1.0mgkg™", s.c., twice a day), as shown in Figure 1. Likewise,
treatment with SB 415286 (0.1, 0.33 or 1.0mgkg™', s.c., twice
a day) reduced the macroscopic score, which was significant
at the two higher doses (Figure 1).

Effects on body and colon weight

Following challenge with TNBS, there was a progressive fall in
body weight over the 3-day treatment period in the DMSO
vehicle-treated group, being reduced to 98+0.5, 934+0.7 and
90+1% of the prechallenged weight on days 1, 2 and 3
postchallenge. The nonchallenged group gained weight over
the 3-day experimental period (102+0.4, 103+0.5 and
105+ 1%, respectively; P<0.001 compared with the DMSO
challenged group).

The fall in body weight determined 3 days following
challenge with TNBS was attenuated by TDZD-8, the effects
being significant at all three dose levels at this time point
(Figure 2). There were no consistent significant differences in
body weight between the various groups at the earlier time
points. Treatment with SB 415286 significantly (P<0.01)
attenuated the fall in body weight 3 days after TNBS challenge
at all dose levels studied, as shown in Figure 2.

As an indirect index of inflammatory oedema in the colonic
tissue, the weight of the standard colonic segments was
determined at the end of the treatment period. As shown in
Figure 2, the colonic weight in the groups receiving DMSO
and challenged with TNBS was significantly higher than that
of nonchallenged colon for a comparable tissue segment.
Treatment with TDZD-8 at the two higher doses significantly
reduced the increase in colonic weight (Figure 2). However,
treatment with SB 415286 failed to reduce significantly the
increase in colon weight (Figure 2).

Effects on colonic MPO levels

The level of MPO activity in the colonic tissue was
substantially increased in the DMSO vehicle group following
TNBS challenge, compared with that from the nonchallenged
control group, as shown in Figure 3.

Administration of TDZD-8 caused a significant reduction in
the TNBS-clevated MPO activity at all of the dose levels
(Figure 3). Treatment with SB 415286 likewise caused a
significant reduction in the elevated MPO activity at all doses,
although no clear dose-response relationship was observed
(Figure 3).
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Figure 2 Effects of the vehicle DMSO (I mlkg™' s.c. twice a day
for 3 days), TDZD-8 (0.1, 0.3 and 1.0mgkg ' s.c. twice a day for 3
days) or SB 415286 (0.1, 0.33 and 1.0mgkg™" s.c. twice a day for 3
days) on the change in body weight, expressed a % change in body
weight immediately prior to challenge (upper panel) and the weight
of the total colon segment expressed as g (lower panel). Measure-
ments of body weight and the standard colonic segment weight were
made 3 days after intracolonic challenge with TNBS. The values
from the nonchallenged control group are also shown. Results are
expressed as mean+s.em.; n=28-15; **P<0.01, ***P<0.001
compared with the DMSO group.

Effects on colonic TNF-u levels

The levels of TNF-« in the colonic tissue from DMSO vehicle
group were significantly increased some four-fold compared to
that from the nonchallenged control group following intra-
rectal TNBS, as shown in Figure 3. These elevated TNF-«
levels were dose-dependently reduced following administration
of TDZD-8, being significant at the highest dose (Figure 3).
Treatment with SB 415286 also caused a dose-dependent
inhibition of TNF-« levels in the inflamed colon, and, as with
TDZD-8, was significant at the higher dose (Figure 3).

Western blot of NF-xB p65

The levels of the NF-xkB p65 subunit protein in the nuclear
fractions of the colonic tissue were substantially elevated
following induction of inflammation by TNBS challenge after
3 days, compared to the control group, as determined by
Western blotting techniques (Figure 4, upper panel). The levels
of NF-kB p65 protein were dose-dependently reduced in the
nuclear fractions of the colons from animals that had received
either TDZD-8 or SB 415286, as shown in Figure 4 (upper
panel). This reduction, as estimated by densitometric analysis,
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Figure 3 Effects of the vehicle DMSO (1 mlkg™' s.c. twice a day
for 3 days), TDZD-8 (0.1, 0.33 and 1.0mgkg ™" s.c. twice a day for 3
days) or SB 415286 (0.1, 0.33 and 1.0mgkg~" s.c. twice a day for 3
days) on the colonic MPO activity, expressed as mUmg ™" protein
(upper panel) and colonic TNF-« levels determined by ELISA and,
expressed as pgmg~' protein (lower panel), in homogenates of
colonic tissue collected 3 days after intracolonic challenge with
TNBS. The values from the nonchallenged control group are also
shown. Results are expressed as mean+s.e.m.; n=_8-15; **P<0.01,
*#% P <0.001 compared with the DMSO group.
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Figure 4 Effects of the vehicle DMSO (I mlkg™' s.c. twice a day
for 3 days), TDZD-8 (0.1, 0.33 and 1.0mgkg™" s.c. twice a day for 3
days) or SB 415286 (0.1, 0.33 and 1.0mgkg™" s.c. twice a day for 3
days) on NF-«B p65 subunit protein detected in nuclear fractions
prepared from colonic tissue collected 3 days after intracolonic
challenge with TNBS. Data from the nonchallenged control group
are also shown. The upper panel shows an example of a Western
blot following probing with the antibody to the NF-xB p65, for each
treatment group. The lower histogram is the data derived from the
Western blots following densitometry analysis, with the results
shown as NF-xB p65 levels compared to the challenged DMSO
group, mean +s.e.m.; n=_8-15; ¥*P<0.05, ***P<0.001.

British Journal of Pharmacology vol 147 (5)



580 B.J.R. Whittle et a/

GSK-3p inhibitors and colitis

was significant with both compounds at their two higher doses
(Figure 4, lower panel).

Discussion

In order to evaluate further the anti-inflammatory potential
of the GSK-3f inhibitors that have been recently identified
in vivo in models of shock (Dugo et al., 2005), the effects of two
such compounds, TDZD-8 and SB 415286, have now been
evaluated in a rat model of IBD. These compounds are known
to be active on GSK-3f in vitro in the nanomolar range, with
1Cy, values (concentrations causing 50% inhibition) of 2 and
0.08 uM for TDZD-8 and SB 415286, respectively (Coghlan
et al., 2000; Martinez et al., 2002; Meijer et al., 2004). The
compounds, TDZD-8 and SB 415286, which respectively
interact noncompetitively or competitively at ATP-binding
sites, also appear to be selective for this kinase. Thus, TDZD-8
did not inhibit a range of other kinases such as protein kinase
A and C, casein kinase I and cyclin-dependent kinase 1 in sub-
millimolar concentrations (Martinez et al., 2002). Likewise, SB
415286 did not show inhibitory activity on a panel of 24 other
serine/threonine and tyrosine kinases (Coghlan et al., 2000).
The full pharmacological profile and selectivity of these agents,
however, awaits further evaluation. Previous studies in the rat
have suggested that both compounds have similar potency for
pharmacological activity in vivo (Dugo et al., 2005), as found
in the current study using TNBS-induced colitis.

Oral administration of the thiadiazolidinone TDZD-8
(Martinez et al., 2002) produced a dose-dependent reduction
in the extent of colonic macroscopic inflammation and
ulceration, both in terms of the area of mucosal involvement
as determined by planimetry and also its severity using a
scoring system, which was significant at all the doses
evaluated. To confirm that this activity was indeed the
consequence of GSK-3f inhibitory activity, the actions of a
structurally distinct hydroxyphenylamino-nitrophenyl-pyrrole-
dione compound, SB 415286 (Coghlan et al., 2000), were also
evaluated. This compound likewise showed a reduction in
the extent of colonic macroscopic inflammation and score. The
findings with these two chemically distinct inhibitors thus
strongly suggest an involvement of the GSK-3f pathway in the
pathogenesis of the colitis.

The increased weight of the colonic segments following
TNBS challenge was significantly reduced by TDZD-8,
presumably reflecting a diminution of the tissue disruption
and subsequent oedema, although why this was not observed
with SB 415286 on this secondary parameter of colitis is as yet
unclear. More direct measurement of inflammatory oedema
may be required to resolve this apparent discrepancy. The
fall in body weight seen in the vehicle-treated groups over the
3 days following TNBS challenge was reduced by both
compounds at each dose level, which may be the consequence
of the reduction in colonic tissue disruption and hence the
attenuation of any appetite loss.

Studies in both this experimental model of colitis (Boughton-
Smith et al., 1988b; Morris et al., 1989; Sun et al., 2001) and in
clinical IBD studies (Raab et al., 1993; Kristjansson et al.,
2004) indicate the important involvement of neutrophils in
these inflammatory processes in the colon. The macroscopic
injury caused by TNBS challenge was accompanied by a
substantial increase in the levels of MPO, an index of

neutrophil infiltration. This increase in MPO activity was
significantly inhibited by both TDZD-8 and SB 415286 at
all dose levels investigated. These changes in this cellular
biomarker of the acute inflammatory response in the colitis
model thus confirm the anti-inflammatory activity of the two
GSK-3f inhibitors.

Proinflammatory cytokines play a key pathological role in
the inflammatory events underlying IBD and the clinical use
of TNF-o modifying approaches, including use of the TNF-o
antibody, infliximab, have proved very beneficial, particularly
in Crohn’s disease (Rutgeerts et al., 2004). As found in the
current work, colonic TNF-« levels have been reported to be
increased in TNBS-induced colitis in the rat (Ameho
et al., 1997; Ribbons et al., 1997; Sykes et al., 1999; Villegas
et al., 2003). Moreover, inhibitors of TNF-o synthesis (Bobin-
Dubigeon et al., 2001; Ten Hove et al., 2001; Woodruff et al.,
2003) can reduce the damage in this model. In the present
work, the elevated levels of TNF-o in the colonic tissue
were significantly reduced by treatment with either TDZD-8
or SB 415286, although this effect only reached significance
at the higher doses. It is not yet clear whether this reflects
a true dissociation between the more consistent effects of
these compounds on tissue injury, which was achieved at lower
doses than that on the levels of this cytokine. The reduction in
the TNF-o levels may reflect an action of the GSK-3f
inhibitors at these doses on the cellular transduction pathways
promoting cytokine biosynthesis. However, it is also possible
that the observed inhibition of TNF-a by the GSK-3f
inhibitors is partly the consequence of the reduced area of
tissue injury and inflammation, reducing the infiltration of
cytokine-producing inflammatory cells at the high doses,
although a fall in MPO levels was observed at all doses of
these compounds.

The mechanisms by which TDZD-8 and SB 415286 can
reduce the colitis remain to be identified more fully, but it is
highly feasible that this reflects inhibition of the modulatory
action of GSK-3f on transcriptional processes of proinflam-
matory genes facilitated by NF-«B (Ali ez al., 2001; Frame &
Cohen, 2001). Indeed, in the present work, both of these
compounds substantially and dose-dependently reduced the
NF-xB p65 levels in the nuclear fractions as determined by
Western Blot analysis in the inflamed colonic tissue. These
findings suggest that both TDZD-8 and SB 415286 attenuate
the nuclear translocation of p65 and, hence, further suggest the
reduced activation of the transcription factor NF-xB in vivo by
these compounds through inhibition of GSK-3f. This is in
agreement with recent findings using embryonic fibroblasts
derived from GSK-3f gene-deleted mice showing suppressed
activation of a number of cytoplasmic signalling intermediates
and retention of p65 in the cytoplasm upon TNF-o stimulation
(Takada et al., 2004). However, other in vitro (Hoeflich et al.,
2000; Steinbrecher et al., 2005) and in vivo studies (Dugo et al.,
2005) have reported that GSK-3f affects NF-xB activity
through processes independent of p65 nuclear localisation. The
heterogeneity and change in the number of cells present in
the inflamed colonic tissue in the present study in vivo add to
the complexity of interpreting the mechanism by which GSK-
3p controls NF-kB activation.

The involvement of NF-xB regulated genes in experimental
colitis has been clearly previously demonstrated by the use of
antisense NF-xB, which reduced both the inflammation and
the fibrosis associated with murine TNBS colitis (Neurath
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et al., 2000; Lawrance et al., 2003). In addition to GSK-3p,
other kinases that can influence NF-kB activity include the
G protein, Rho kinase (Segain et al., 2003) and the mitogen-
activated protein kinase, p38 (Hollenbach et al., 2005).
Inhibitors directed towards these latter kinases prevent
activation of NF-xB and also reduce murine TNBS colitis
(Segain et al., 2003; Hollenbach et al., 2005). Suppression of
NF-kB activity has also been proposed to underlie the
beneficial actions of a number of different agents in this colitis
model, including the natural product, curcumin (Ukil et al.,
2003; Jian et al., 2005), and the peroxisome proliferator-
activated receptor y (PPAR?y) agonists, rosiglitazone and
troglitazone (Desreumaux et al., 2001; Sanchez-Hidalgo
et al., 2005). Interestingly, these latter thiadiazolidinedione
PPARy agonists have some chemical commonality with
TDZD-8, although not with SB 415286. While it is not yet
clear if TDZD-8 has any PPARy ligand affinity, along with its
potent activity as a GSK-3f inhibitor, that could influence its
anti-inflammatory activity, it would seem unlikely that any
such effects would extend in the present colitis model to the
structurally dissimilar SB 415286.
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