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Abstract

Inflammatory bowel diseases, primarily Crohn’s disease and ulcerative colitis, are chronic
inflammatory disorders of the gastrointestinal tract with unknown etiology. The majority of current
therapeutic agents focus on controlling proinflammatory molecules. The neuropeptide nociceptin/
orphanin FQ (N/OFQ) has been described as a potential immunomodulator for inflammatory
bowel diseases. In this study, we asked whether the small molecule N/OFQ antagonist (-)-cis-1-
methyl-7-[[4-(2,6-dichlorophenyl)piperidin-1-yl]methyl]-6,7,8,9-tetrahydro-5H-
benzocyclohepten-5-ol (SB612111) would inhibit the development of dextran sodium sulfate-
induced colitis in C57BL/6 mice. Inhibition of the N/OFQ receptor (NOP) by SB612111
significantly ameliorated the clinical disease course in these animals, as indicated by reduced fecal
bleeding, improved recovery from diarrhea and weight loss, and a reduction in histopathological
alterations. In addition, the inflammatory response in the colon was diminished, as demonstrated
by reduced cytokine protein and messenger RNA expression for CXCL1/keratinocyte-derived
chemokine, interferon-v, interleukin-1p, interleukin-6, and tumor necrosis factor-a., some of
which are known targets for the treatment of this devastating disease. Our results strongly support
a role for the receptor—ligand pair NOP-N/OFQ in the pathogenesis of colitis. We conclude that
inhibition of NOP receptors with small molecule inhibitors may constitute a novel, urgently
needed approach for the treatment of inflammatory bowel diseases.
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1. Introduction

Inflammatory bowel diseases affect about 1 million people and account for an estimated
$6.3 billion in annual medical costs in the United States (Kappelman et al., 2008). Annual
incidence for inflammatory bowel diseases has been rising worldwide, with highest
incidences occurring in Europe and North America (Molodecky et al., 2012). While Crohn’s
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disease and ulcerative colitis account for the majority of inflammatory diseases of the
digestive system, inflammatory bowel diseases also include additional noninfectious
inflammations of the bowel (Fiocchi, 1998; Strober et al., 2007; Xavier and Podolsky, 2007).
Although the etiology is not clear, inflammatory bowel diseases are commonly thought to be
mediated by uncontrolled inflammatory responses in the bowel.

Currently approved medications, which have been used for decades, include small molecule
salicylates, corticosteroids, and general immunosuppressants (Benchimol et al., 2008;
Feagan, 2003; Sandborn, 2006; Siegel and Sands, 2005). More recent approaches have
focused on the use of biologics targeting proinflammatory cytokines (Rutgeerts et al., 2004;
Yun and Hanauer, 2009).

Nociceptin/orphanin FQ (N/OFQ) is a 17 amino acid neuropeptide that binds to NOP, the
fourth member of the opioid receptor family (Meunier et al., 1995; Reinscheid et al., 1995).
NOP receptors do not bind to opioids with high affinity, and N/OFQ binds with only low
affinity to the classical p-, 6-, and x-opioid (MOP, DOP, KOP) receptors (Gintzler et al.,
1997). More recent studies suggest that N/OFQ may be a target for treating inflammatory
bowel diseases (Kato et al., 2005).

The first indication that NOP receptors play a role in immune cells was reported by Peluso et
al., who demonstrated that NOP receptor messenger RNA was expressed in monocytes and
T and B lymphocytes (Peluso et al., 1998). These findings were supported by subsequent
studies that demonstrated that the NOP receptor ligand N/OFQ binds to peripheral blood
mononuclear cells, monocytes, T lymphocytes, and B lymphocytes (Arjomand et al., 2002;
Hom et al., 1999; Peluso et al., 2001; Williams et al., 2007).

Like the NOP receptor, its N/OFQ ligand is expressed by neutrophils, and N/OFQ
messenger RNA has been detected in human B lymphocytes (Arjomand et al., 2002; Fiset et
al., 2003). Kato et al. provided further evidence of a potential immunomodulatory role for
NOP receptors in demonstrating that NOP receptor knockout mice developed less severe
dextran sodium sulfate-induced colitis than wild type mice (Kato et al., 2005). These results
suggest that treatment of inflammatory bowel diseases with small molecule inhibitors
targeting the NOP receptor-N/OFQ interaction could be effective in ameliorating the disease.

In this study, we investigated whether NOP receptor inhibition with a small molecule drug
would diminish the inflammatory response in inflammatory bowel diseases. Our data
suggest that inhibition of the NOP receptor decreases the severity of symptoms in
inflammatory bowel diseases and could represent a novel therapeutic approach for treating
these devastating diseases.

Materials and methods

Reagents

The high-affinity, high-selectivity NOP receptor antagonist (-)-cis-1-methyl-7-[[4-(2,6-
dichlorophenyl)piperidin-1-yl]methyl]-6,7,8,9-tetrahydro-5H-benzocyclohepten-5-ol
(SB612111) (Zaratin et al., 2004) was synthesized in-house. Cytokines were measured using
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the mouse proinflammatory cytokine kit (K15012, Meso Scale Discovery, Gaithersburg,
MD). Custom oligonucleotides were obtained from the Protein and Nucleic Acid Facility
(Stanford University, Stanford, CA).

2.2. Colitis model

2.3.

2.4,

All animal work was approved by SRI’s Institutional Animal Care and Use Committee in
full compliance with all regulations of the National Institutes of Health Office of Laboratory
Animal Welfare. To induce colitis, 6-8 week old female C57BL/6 mice were given 3.5%
dextran sodium sulfate (36-50 kDa; MPBio, Solon, OH) solution in their drinking water for
5 consecutive days ad /ibitum. Body weights were recorded daily. Test articles were
administered once daily intraperitoneally or via oral gavage. Clinical disease pathogenesis
was monitored once daily after disease onset on day 3 until day 12. Diarrhea and fecal
bleeding were monitored and scored daily as follows: weight loss (0=no weight loss; 1=0-
5% weight loss; 2=5-10% weight loss; 3=10-15% weight loss; 4>15% weight l0ss),
diarrhea (0O=normal stool; 2=loose stool; 4=diarrhea), fecal bleeding (0=no blood; 1=occult
blood/green guaiac test result [Hemoccult Sensa; Beckman, Brea, CA]; 2=occult blood/blue
guaiac test result; 3=bloody stool; 4=bloody anus). At the end of the study, colons were
collected and processed for histopathology, protein, and RNA analysis.

Histopathology

Freshly prepared colon segments were embedded in O.C.T. (Tissue-Tek, Sakura, Torrance,
CA), and snap frozen as described (Alt et al., 2002). Cross-sections 6 um thick were cut,
dried and stained with hematoxylin and eosin (American Mastertech, Lodi, CA).
Histopathological alterations were scored by a board-certified pathologist in a blinded
fashion. Microscopic changes were coded by the most specific topographic and morphologic
diagnosis; Systematized Nomenclature of Medicine (SNOMED) and National Toxicology
Program terminology manuals were used as guidelines. In brief, gradable observations of
decreased mucous cells, increased lymphocyte or mixed leukocyte infiltration, edema, and
ulceration/erosion were scored as follows: 0=not observed; 1=minimal; 2=mild;
3=moderate; and 4=marked. The scores for all observations for each individual animal were
added together to produce a cumulative histopathology score.

Immunoassay

Colon tissue was minced using a two scalpel technique, snap frozen, and stored at <—60 °C
until processed for cytokine analysis. The samples were thawed in 2 ml microtubes and
mixed by vortexing with approximately 0.2 ml glass beads (Sigma-Aldrich, St. Louis, MO)
and 0.8 ml lysis buffer (50 mM Tris-CI~ pH 7.3, 150 mM sodium chloride, 50 pM
ethylenediamintetraacetate, and 1X protease inhibitor [Thermo Fisher Scientific,
Wilmington, DE]). Samples were subsequently homogenized three times at 4 °C for 5 min
using a Bullet Blender (Next Advance, Averill Park, NY). Debris was removed by two
sequential centrifugations at 4 °C, and the supernatants were stored at <—60 °C. Protein
content of the samples was measured using a bicinchoninic acid kit (Thermo Scientific
Pierce, Rockford, IL) according to the manufacturer’s instructions.
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A multiplex immunoassay (Meso Scale Discovery, Gaithersburg, MD) was used to measure
cytokine levels in the tissue lysate samples in duplicate. In brief, pre-coated assay plates
were treated with blocking solution. Samples or protein standards were added, and the plates
were incubated for 2 h at room temperature. Plates were washed with PBS/0.05% Tween-20
using an automated plate washer (ELx405; BioTek, Winooski, VT), and incubated for 2 h at
room temperature with a detector antibody mix. Plates were washed again, and read with a
SECTOR Imager 2400 (Meso Scale Discovery). Cytokine concentrations were calculated
using MSD Workbench 3 software (Meso Scale Discovery).

2.5. Quantitative polymerase chain reaction (PCR) analysis

Colon tissue samples were minced, shap frozen and stored at <—60 °C until processed for
quantitative PCR analysis using an RNeasy Mini Kit (Qiagen, Valencia, CA) modified from
the manufacturer’s instructions. In brief, colon samples were resuspended in 0.6 ml RLT
lysis buffer (Qiagen), 0.2 ml glass beads were added, and the tissue samples were
homogenized three times at 4 °C for 5 min using a Bullet Blender. The homogenized
samples were centrifuged, one volume of 70% ethanol was added to the supernatant, and the
mixture was applied to RNeasy Mini spin columns. Columns were washed according to the
manufacturer’s instructions, and RNA was eluted twice using 0.030 ml nuclease-free water.
RNA content was measured using a spectrophotometer (NanoDrop ND-1000; Thermo
Scientific, Wilmington, DE). RNA templates (~100 ng) were amplified with a reverse
transcription kit (A3500 kit; Promega, Madison, WI) using anchored oligo-dT primers (IDT,
Coralville, IA) according to the manufacturer’s instructions. Complementary DNA samples
were stored at <—10 °C until further analysis.

Intron-spanning primers were designed for the quantitative PCR reactions (Table 1);
quantitative PCR amplification reactions (initial denaturing at 95 °C for 15 min; 55 cycles
denaturing at 95 °C for 15 s, 60 °C for 30 s, elongation at 72 °C for 10 s; and final melting
point analysis) were performed using the QuantiTect SYBR Green PCR Kit (Qiagen) in a
LightCycler 480 (Roche Applied Science; Indianapolis, IN). Results were verified by
melting point analysis, and data was normalized to housekeeping gene expression
(hypoxanthine—guanine phosphoribosyltransferase[HPRT]).

2.6. Statistical analysis

Statistical calculations were performed using GraphPad Prism 4.0 (San Diego, CA).

3. Results

3.1

Inhibition of NOP receptor-N/OFQ interaction ameliorates colitis in dextran sodium

sulfate-treated mice

Previous data indicated that N/OFQ affects primarily neutrophils and macrophages (Fiset et
al., 2003; Kaminsky and Rogers, 2008; Serhan et al., 2001; Trombella et al., 2005).
Therefore, we used a dextran sodium sulfate-induced inflammatory bowel disease model in
which colitis is mediated by innate immune responses. In this model, we examined whether
pharmacological inhibition of the NOP receptor-N/OFQ interaction with small molecule
inhibitors would result in reduced inflammatory bowel disease pathogenesis after feeding
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C57BL/6 mice with dextran sodium sulfate in their drinking water for 5 days. Clinical
disease pathogenesis was monitored during the treatment and subsequent recovery period for
a total of 12 days. Dextran sodium sulfate treatment resulted in fecal bleeding, diarrhea, and
weight loss (Fig. 1). When animals were treated intraperitoneally once daily with the high-
affinity and high-selectivity NOP receptor antagonist SB612111 (Zaratin et al., 2004) at 30
mg/kg starting at day 0, fecal bleeding was significantly reduced by days 4-6 (Fig. 1A).
SB612111 treatment at 30 mg/kg was the most effective dose in these studies (data for 10
mg/kg and 60 mg/kg groups not shown). Treated animals also recovered earlier from
diarrhea (starting at day 9) and weight loss (starting at day 7) compared to vehicle-treated
animals (Fig. 1B and C, respectively). This earlier recovery resulted in a significant
reduction in overall disease activity starting at day 8 (Fig. 1D). To confirm that SB612111
did not affect food or water uptake, which could have affected the outcome of these
experiments, we treated naive, healthy C57BL/6 mice once daily for 12 days with 30 mg/kg
SB612111. No statistical differences in body weight changes were observed when
comparing SB612111-treated and vehicle-treated control animals (Fig. 1E). We observed
similar amelioration of fecal bleeding, diarrhea, and body weight loss when administering
SB612111 intraperitoneally or via oral gavage, resulting in an overall improved disease
activity index (Fig. 2).

3.2. Effect of treatment with SB61211 on histopathology in dextran sodium sulfate-

treated mice

3.3.

We then explored whether pharmacological inhibition of the NOP receptor-N/OFQ
interaction with SB612111 would improve the histopathological alterations observed during
colitis. At the end of a 12 day dextran sodium sulfate-induced colitis study, colon samples
from dextran sodium sulfate-treated animals showed increased histopathological signs of
colitis: increased inflammation, increased edema, and ulceration/erosion, compared to
colons from control animals (Fig. 3). Treatment with SB612111 did not result in a
significant reduction in the cumulative histopathology score nor in the individual parameters
such as the numbers of lymphocytes in the lamina propria, edema, and ulceration/erosion of
the epithelium (Fig. 3).

Effect of SB61211-treatment on N/OFQ, NOP, and cell adhesion molecule expression

When measuring N/OFQ and NOP receptor expression by immunofluorescent staining,
neither was detectable in the colon sections, although they were detectable in spinal cord
sections. Since this could be due to limited sensitivity of the commercially available
antibodies, we tested the expression of N/OFQ and NOP messenger RNA in colon extracts
by quantitative PCR. Neither N/OFQ nor NOP were detectable in significant amounts in
colon extracts 2, 5, 8, or 12 days after colitis induction, although they were detectable in
brain extracts: The crossing point for N/OFQ was 28.8, for NOP was 29.1, and for HPRT
was 21.3.

A role for NJOFQ-NOP in endothelial cells has been described before (Carvalho et al.,
2008; Williams et al., 2008). Since expression of cell adhesion molecules by endothelial
cells is important for recruitment of lymphocytes into inflamed tissues, we examined
whether there was a difference in expression of intercellular cell adhesion molecule
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(ICAM)-1, mucosal addressin CAM (MAdCAM)-1, or vascular CAM (VCAM)-1 after
treatment with SB61211. We did not observe any statistically significant expression changes
of ICAM-1, MAdACAM-1, or VCAM-1 in colon lysates from dextran sodium sulfate-treated
animals 12 days after colitis induction (Fig. 4).

Inhibition of NOP receptor and N/OFQ reduces cytokine production in dextran

sodium sulfate-induced colitis

To determine whether the improved clinical disease and histopathology following treatment
with SB612111 resulted from reduced inflammation in the colon, we measured
inflammatory cytokines by immunoassay from colon samples of dextran sodium sulfate-
treated animals 12 days after commencement of the study and normalized the results to total
protein amounts. We found that CXCL1/keratinocytederived chemokine (KC), interferon-vy,
interleukin (IL)-1p, IL-6, IL-10, and tumor necrosis factor (TNF)-a protein amounts
significantly increased after dextran sodium sulfate-treatment, whereas daily injections with
SB612111 reduced the cytokine concentrations in the colon 3-16-fold (Fig. 5A). The
reduction in protein correlated with local cytokine messenger RNA production in the colon
as determined by quantitative PCR from complementary DNA preparations isolated from
colonic tissue. Colonic messenger RNA encoding for interferon-y, IL-1B, IL-6, and TNF-a
increased significantly by more than 7-fold 12 days after colitis induction. Daily treatment
with SB612111 reduced cytokine messenger RNA expression (Fig. 5B), suggesting that
NOP receptor inhibition diminishes the local cytokine expression during colitis.

We also asked whether proinflammatory TH17 cytokines were affected by SB612111
treatment. No significant increase of IL-17 or IL-23-p19 was observed at day 12 after colitis
induction (Fig. 6A); consequently we did not see any ameliorative effect from SB612111
(Fig. 6A). To determine whether IL-17 and IL-23 increased at all during the induction of
dextran sodium sulfate-induced colitis, we measured these two cytokines 2, 5, 8, and 12 days
after colitis induction. No significant changes in IL-17 or IL-23 messenger RNA expression
were observed (Fig. 6B).

4. Discussion

In our study, treatment with SB612111 ameliorated the disease course in dextran sodium
sulfate-induced colitis. Our findings concur with the observations reported by Kato et al. that
NOP receptor-deficient mice exhibited reduced body weight loss, diarrhea and fecal
bleeding when compared to wild type animals subjected to dextran sodium sulfate-induced
colitis (Kato et al., 2005). Kato et al. also reported increased expression of N/OFQ by
immunohistochemistry in the colon during colitis (Kato et al., 2005), which we did not
observe in our studies using several commercial antibodies for N/OFQ and NOP. Since these
antibodies detected N/OFQ and NOP in the central nervous system, we considered that
expression levels in the colon were too low to be detected by immunohistochemistry. We
then used quantitative PCR to measure the expression of N/OFQ and NOP in colonic
extracts; only minimal amounts of N/OFQ were detected in the colonic extracts compared to
the expression levels in the brain. A possible explanation may be that N/OFQ is expressed in
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the central nervous system and then axonally transported into the intestine, a mechanism that
has been previously reported for other neurotransmitters (Dockray et al., 1981).

In dextran sodium sulfate-induced colitis, initial epithelial damage triggers an exaggerated
innate immune response that causes an inflammatory response in the colon (Egger et al.,
2000; Strober et al., 2002; Wirtz et al., 2007; Yan et al., 2009). Although not required for the
disease induction in this model, the adaptive response is triggered during the disease course
(Dieleman et al., 1994; Strober et al., 2002). While all current in vivo models of
inflammatory bowel disease fail to mimic every aspect of the disease, currently used
therapies that modulate the immune response have been found to be efficacious in the
dextran sodium sulfate-induced colitis model (Melgar et al., 2008).

Many in vitro observations suggest that N/OFQ and its receptor NOP play a functional role
in the innate immune response; for example, Fiset observed neutrophils secreting N/OFQ
upon degranulation (Fiset et al., 2003). Moreover, neutrophils treated with N/OFQ showed
changes in tyrosine-phosphorylation and cAMP-production as well as increased cell
migration (Fiset et al., 2003). Monocytes treated with N/OFQ not only showed increased
migration (Trombella et al., 2005), but also altered chemokine expression that may be
involved in recruiting additional leukocytes into inflamed tissues (Kaminsky and Rogers,
2008). CXCL1 is a chemokine critical for the recruitment of neutrophils into inflamed sites
(Kobayashi, 2008). We observed that increased CXCL1 chemokine expression in the
inflamed colon was reduced after treatment with SB612111. These in vitro observations
suggest that N/OFQ may alter the recruitment of neutrophils and monocytes into inflamed
tissues and that inhibition of N/OFQ may reduce inflammation and therefore ameliorate
inflammatory bowel diseases. To test whether NOP inhibition also affects the adaptive
immune response, we measured the expression of 1L-17, a T417-produced cytokine, and
IL-23, a cytokine that promotes T17 survival and proliferation (Bettelli et al., 2007). We
did not observe significant increases in colonic IL-17, or IL-23 mRNA expression during
DSS-induced colitis in vivo. This observation is not surprising since DSS-induced colitis is
commonly considered an innate immunity-mediated colitis model (Egger et al., 2000;
Strober et al., 2002; Wirtz et al., 2007; Yan et al., 2009). This observation suggests that the
ameliorative effect of NOP receptor inhibition in colitis results from modulation of innate
immune responses, however this does not exclude a potential role of N/OFQ-NOP in
adaptive immune responses which remains to be elucidated.

The remarkable increase in fecal bleeding and edema observed in our present study may be
due to increased vascular permeability caused directly or indirectly by N/OFQ (Brookes et
al., 2007). In animal models of sepsis and in septic patients, increased N/OFQ is correlated
with increased disease severity, possibly through a similar mechanism involving the blood
vessels (Carvalho et al., 2008; Williams et al., 2008). Kato reported reduced expression of
MAJdCAM-1 in intestinal blood vessels and reduced numbers of cells expressing
MAdCAM-1 ligand in NOP receptor-deficient mice after dextran sodium sulfate-induced
colitis (Kato et al., 2005) which we did not observe after SB612111-treatment, possibly
because the reduction of MAJCAM-1 is less pronounced after pharmacological inhibition
when compared to a genetic deletion of NOP.
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The beneficial effect of NOP receptor inhibition on weight change is unlikely to be a result
of neuromodulatory feeding effects, since we did not see any weight gain in naive animals
treated with SB612111. Moreover, others have reported that NOP receptor activation, but not
NOP receptor inhibition, resulted in increased food intake (Economidou et al., 2006).

As described above, we used SB612111 to inhibit the NOP receptor-N/OFQ interaction.
SB61211 is a highly specific, highaffinity (K;=0.33 nM) NOP receptor antagonist, with more
than 100-fold lower binding affinity to opioid receptors and only low affinity binding to
a1a-, Aoa-, Aoc-, ag-adrenergic, and Hp-histimine receptors when tested against a large
panel of receptors (Zaratin et al., 2004). These binding properties indicate that the beneficial
effects of SB612111 treatment for colitis predominantly resulted from NOP receptor
inhibition. The reduced disease pathogenesis correlated with decreased cytokine production
in the colon. CXCL1, IL-1p, IL-6, and TNF-a are produced by a large variety of cell types,
including mononuclear phagocytic cells and neutrophils as well as tissue parenchymal cells
such as epithelial cells, endothelial cells, and fibroblasts (Commins et al., 2010; lida and
Grotendorst, 1990). In contrast, interferon-y is predominantly produced by macrophages, T
and NK cells (Becker et al., 1994; Commins et al., 2010). The fact that anti-TNF-a therapy
has shown encouraging results for the treatment of human inflammatory bowel diseases
points out the importance of these cytokines in inflammatory bowel diseases (Rutgeerts et
al., 2004; Yun and Hanauer, 2009) whereas medications targeting interferon-y or IL-6
receptor are currently undergoing clinical trials (Bosani et al., 2009). However, as with most
biological therapeutics, the risk of developing immunogenic side effects, such as infusion
reactions and serum sickness-like reactions, is of major concern, particularly for the
treatment of chronic diseases. Small molecule therapeutics are devoid of such side effects,
and could allow oral application, and therefore their development would be advantageous
(Baert et al., 2003; Farrell et al., 2003).

5. Conclusions

Our results strongly indicate a role for NOP receptor-N/OFQ in the disease pathogenesis of
inflammatory bowel diseases. NOP receptor inhibition with SB612111 significantly
ameliorated the disease course in our colitis model, and decreased the production of several
inflammatory cytokines that are known targets for the treatment of these devastating
diseases. Although additional studies are necessary to explore these effects, our results
suggest that inhibition of NOP receptors with small molecule inhibitors may be a novel,
safe, and urgently needed approach for the treatment of inflammatory bowel disease.
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Fig. 1.

Inﬁibition of N/OFQ significantly improved disease activity in dextran sodium sulfate-
induced colitis in C57BL/6 mice. C57BL/6 mice received dextran sodium sulfate for 5 days,
and disease activity (fecal bleeding, diarrhea, and weight loss) was monitored for an
additional 7 days (12 days total). Starting on day 0, one group of mice received daily
intraperitoneal injections of the specific NOP receptor antagonist SB612111 at 30 mg/kg.
Treated animals (solid squares) showed less severe fecal bleeding (A), faster recovery from
diarrhea (B), and a reduction in weight loss (C) compared with vehicle-treated control
animals (solid circles), resulting in an improved disease activity index score (D). Body
weight changes were comparable in SB612111-treated and vehicle-treated healthy animals
(E). Healthy age-matched controls injected daily with vehicle are shown for comparison
(open circles). Mean and standard deviation are shown (n=10). Statistical analysis was
performed by one-way analysis of variance (ANOVA) and Dunnett’s test (*P<0.05,
**P<0.01, ***P<0.001). One out of two representative experiments is shown.
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Fig. 2.

Ingibition of N/OFQ by oral application of SB612111 significantly improved disease
activity in dextran sodium sulfate-induced colitis in C57BL/6 mice. C57BL/6 mice received
dextran sodium sulfate for 5 days, and disease activity (fecal bleeding, diarrhea, and weight
loss) was monitored for an additional 7 days (12 days total). One group was dosed daily with
SB612111 at 30 mg/kg starting on Day 0. Treated animals (solid squares) showed less
severe fecal bleeding (A), faster recovery from diarrhea (B), and a reduction in weight loss
(C) compared with vehicle-treated control animals (solid circles), resulting in an improved
disease activity index score (D). Healthy age-matched controls that received vehicle daily
via oral gavage are shown as a comparison (open circles). Mean and standard deviation are
shown (n=10). Statistical analysis was performed by one-way analysis of variance (ANOVA)
and Dunnett’s test (*P<0.05, **P<0.01, ***P<0.001).
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Fig. 3.

Hiitopathology observations after SB612111 treatment. Colitis was induced with dextran
sodium sulfate in animals that were treated with SB612111 (30 mg/kg) or vehicle once daily.
Colon tissues were prepared 12 days after study initiation and stained with hematoxylin and
eosin. Histopathological alterations in decreased mucous cells, increased lymphocyte or
mixed leukocyte infiltration, edema, and erosion/ulceration were scored in a blinded fashion
using the following scale: 0=normal, 1=minimal, 2=mild, 3=moderate, 4=marked. Dextran
sodium sulfate-treated animals that received either vehicle (B) or SB612111 (C), and healthy
animals are shown (A). This figure shows images from animals with representative
histopathology scores (A—C) and cumulative histopathology scores summarizing the
observed histopathological alterations, as well as individual histopathological alterations
(D). Bar=100 um.
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No statistically significant differences were observed between ICAM-1, MAdCAM-1, and
VCAM-1 messenger RNA expression in colon extracts in dextran sodium sulfate-induced
colitis. Inflammatory bowel disease was induced by treating C57BL/6 mice with dextran
sodium sulfate for 5 days. Animals were treated daily with SB612111 at 30 mg/kg. Colons
were excised after 12 days, and the amounts of ICAM-1, MAdCAM-1, and VCAM-1
messenger RNA were measured. No changes were observed during dextran sodium sulfated-
induced colitis. Observations per individual animal and group means are shown (n=10).
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Statistical analysis was performed by one-way ANOVA and Dunnett’s test (**P<0.01). One
out of two representative experiments is shown.
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Inhibition of N/OFQ resulted in significantly reduced cytokine amounts in colon extracts in
dextran sodium sulfate-induced colitis. Inflammatory bowel disease was induced in
C57BL/6 mice by treating them with dextran sodium sulfate for 5 days. Animals were
treated daily with the specific N/OFQ antagonist SB612111 at 30 mg/kg. Colons were
excised after 12 days, and cytokine amounts were quantified by immunoassay or PCR. (A)
The amount of CXCL1, IFN-vy, IL-1B, IL-6, IL-10, and TNF-a protein was significantly
increased in colon tissue from animals treated with dextran sodium sulfate; this effect was
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diminished in animals that had been treated with SB612111. (B) The amount of IFN-y,
IL-1B, IL-6, and TNF-a messenger RNA was significantly increased in colon tissue from
animals treated with dextran sodium sulfate; this effect was diminished in animals that had
been treated with SB612111. Observations per individual animal and group means are
shown (n=10). Statistical analysis was performed by one-way ANOVA and Dunnett’s test
(**P<0.01). One out of two representative experiments is shown.
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Fig. 6.

IL-17 and IL-23-p19 messenger RNA expression in the inflamed colon. Inflammatory bowel
disease was induced in C57BL/6 mice by treating them with dextran sodium sulfate for 5
days. Animals were treated daily with the specific N/OFQ antagonist SB612111 at 30
mg/kg. Colons were excised after 12 days, and cytokine amounts were quantified by PCR.
(A) When normalized to HPRT, IL-17 and IL-23(p19) messenger RNA were either
detectable in only minimal amounts or undetectable. No increase was observed during the
induced colitis. Observations per individual animal and group means are shown. (B). IL-17
and IL-23-p19 messenger RNA levels in colon extracts were detected on days 0, 2, 5, 8, and
12. No significant increase in the amount of IL-17 or IL-23-p19 messenger RNA was
observed. Statistical analysis was performed by one-way ANOVA and Dunnett’s test.
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