,NS

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

> "% NIH Public Access
O S
"Eoéj," Author Manuscript

*HERS

Published in final edited form as:
Gut. 2014 June ; 63(6): 928-937. doi:10.1136/gutjnl-2013-304901.

Pharmacological reduction of mucosal but not neuronal
serotonin opposes inflammation in mouse intestine

Kara Gross Margolis!, Korey Stevanovicl, Zhishan Li2, Qi Melissa Yang3, Tamas Oravecz3,
Brian Zambrowicz3, Kanchan G Jhaver3, Alexander Diacou?, and Michael D Gershon?

1Department of Pediatrics, Columbia University, College of P&S, New York, New York, USA

2Department of Pathology and Cell Biology, Columbia University, College of P&S, New York, New
York, USA

SLexicon Pharmaceuticals Inc., The Woodlands, Texas, USA

Abstract

Objective—Enterochromaffin cell-derived serotonin (5-HT) promotes intestinal inflammation.
We tested hypotheses that peripheral tryptophan hydroxylase (TPH) inhibitors, administered
orally, block 5-HT biosynthesis and deplete 5-HT from enterochromaffin cells sufficiently to
ameliorate intestinal inflammation; moreover, peripheral TPH inhibitors fail to enter the murine
enteric nervous system (ENS) or central nervous systems and thus do not affect constitutive
gastrointestinal motility.

Design—Two peripheral TPH inhibitors, LP-920540 and telotristat etiprate (LX1032; LX1606)
were given orally to mice. Effects were measured on 5-HT levels in the gut, blood and brain, 5-HT
immunoreactivity in the ENS, gastrointestinal motility and severity of trinitrobenzene sulfonic
acid (TNBS)-induced colitis. Quantitation of clinical scores, histological damage and intestinal
expression of inflammation-associated cytokines and chemokines with focused microarrays and
real-time reverse transcriptase PCR were employed to evaluate the severity of intestinal
inflammation.

Results—LP-920540 and LX1032 reduced 5-HT significantly in the gut and blood but not in the
brain. Neither LP-920540 nor LX1032 decreased 5-HT immunoreactive neurons or fibres in the
myenteric plexus and neither altered total gastrointestinal transit time, colonic motility or gastric
emptying in mice. In contrast, oral LP-920540 and LX1032 reduced the severity of TNBS-induced
colitis; the expression of 24% of 84 genes encoding inflammation-related cytokines and
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chemokines was lowered at least fourfold and the reduced expression of 17% was statistically
significant.

Conclusions—Observations suggest that that peripheral TPH inhibitors uncouple the positive
linkage of enterochromaffin cell-derived 5-HT to intestinal inflammation. Because peripheral TPH
inhibitors evidently do not enter the murine ENS, they lack deleterious effects on constitutive
intestinal motility in mice.

INTRODUCTION

Inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS) are inadequately
treated medical problems.1=* Although IBD is not often lethal, it gives rise to substantial
morbidity that is difficult to manage. Anti-inflammatory treatment of IBD, moreover, carries
risks, such as increased susceptibility to infection and even malignancy. Like IBD, IBS is
not inconsequential; IBS is so prevalent that its societal cost is very high and its negative
impact on the quality of life can be severe.25~7 There is evidence that intestinal
inflammation underlies at least a subset of cases of IBS.8 The pathophysiology of neither
IBD nor IBS is adequately understood; however, improved comprehension is likely to
improve their treatment.

Intestinal inflammation is necessary to defend the bowel against invasion. The luminal
microbiome is symbiotic® but also constitutes a potential threat, requiring of the intestine a
barrier to confine microbiota to the lumen and means to combat organisms that penetrate
this barrier.10 These means include inflammatory, motor and secretory responses.

Enterochromaffin cells, which are present in the mucosa of all regions of the gut except the
oesophagus, contain most of the body’s serotonin (5-HT).11 Enterochromaffin cells express
Toll-like receptors and thus may detect microorganisms.1213 The 5-HT that
enterochromaffin cells secrete can evoke peristaltic141® and secretory reflexes!®; however,
enterochromaffin cell 5-HT also appears to contribute to the initiation of intestinal
inflammation. Mice that lack the 5-HT transporter (SERT; SERTKO mice), which
inactivates 5-HT, are excessively sensitive to experimentally induced colitis and to the
spontaneous colitis that arises as a result of interleukin (IL)-10 deletion.1718 In contrast,
mice that lack the rate-limiting enzyme in enterochromaffin cell 5-HT biosynthesis,
tryptophan hydroxylase (TPH) 1, are resistant to experimentally induced colitis.1®
Enterochromaffin cell-derived 5-HT, therefore, appears to be a multipurpose paracrine
factor that can, in addition to stimulating peristaltic and secretory reflexes, initiate host
defence mechanisms that include inflammation. When these mechanisms, or the resulting
inflammation, become overly active or dysfunctional, therefore, it might be advantageous to
deplete enterochromaffin cells of 5-HT to uncouple the serotonergic drive to inflammation.

5-HT is produced in the central nervous system (CNS) and enteric nervous system (ENS) as
well as in the gastrointestinal mucosa. Two different genes encode TPH isoforms, TPH1 and
TPH2, which are located, respectively, in enterochromaffin cells and neurons.221 Currently
available TPH inhibitors do not discriminate between TPH1 and TPH2; moreover, studies of
mice that lack TPH2 suggest that inhibition of this isoform would be counterproductive,
both in the CNS?2 and in the ENS.23 The restriction of TPH1 to the intestinal mucosa
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(enterochromaffin and, in rats and mice, mast cells), however, suggests that a non-selective
TPH inhibitor might be physiologically selective for TPHL1 if it were to be given orally and
if it were unable to cross the blood-brain or blood—myenteric plexus?4 barriers. A compound
that cannot enter the brain might also fail to enter the myenteric plexus, to which enteric
serotonergic neurons are confined.2526

We tested hypotheses that the oral administration of a peripheral TPH inhibitor can reduce
the concentration of 5-HT in the intestinal mucosa sufficiently to protect the gut from the
effects of experimentally induced inflammation without lowering brain 5-HT or depleting 5-
HT from the ENS. Because, in contrast to TPH2 deletion, selective TPH1 knockout does not
affect constitutive gastrointestinal motility,2327 we also tested the idea that constitutive
gastrointestinal motility remains intact following pharmacological depletion of mucosal, but
not neuronal, 5-HT. Results suggest that peripheral TPH inhibitors that selectively deplete
enteric 5-HT only from the mucosa do not interfere with constitutive gastrointestinal
motility and protect the bowel from inflammation. This effect may underlie the utility that
peripheral TPH inhibitors have shown in the treatment of non-constipating 1BS%8 and may
also make them useful in therapy of IBD.

MATERIALS AND METHODS

Animals

Compounds

Male C57BL/6 mice (aged 6-8 weeks) were used at Columbia University and male C57
albino mice (aged ~14 weeks) were employed for independent experiments at Lexicon
Pharmaceuticals Inc. Institutional Animal Care and Use Committees of Columbia and
Lexicon approved experimental protocols carried out at the corresponding institutions.

Two different peripheral TPH inhibitors, LP-92054 and LX1032 (telotristat etiprate), were
studied to help verify that observed effects are due to their shared ability to inhibit TPH (see
discussion of peripheral TPH inhibitors and details of their use in supplementary data,
available online only).

Immunocytochemistry

Tissues were fixed with 4% formaldehyde (from paraformaldehyde) in 0.2 M phosphate
buffer (pH 7.4). Laminar preparations containing the longitudinal muscle with attached
myenteric plexus (LMMP) were dissected from the intestines of 6-8-week-old mice and
examined as whole mounts. Biotinylated mouse monoclonal antibodies to HUC/D (diluted
1/100; Molecular probes, Carlsbad, California, USA) were visualised with streptavidin
coupled to Alexa 488 (diluted 1/ 500; Molecular probes, Carlsbad, California, USA). Rabbit
polyclonal antibodies to 5-HT (diluted 1/250; Immunostar, Hudson, Wisconsin, USA) were
visualised with donkey antibodies coupled to Alexa 594 (diluted 1/500; Molecular probes,
Carlsbad, California, USA). Coverslips were mounted with 50% glycerol in 0.5 M
bicarbonate buffer (pH 8.6).
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Determination of whole gastrointestinal transit time

A 6% solution of carmine (natural red 4; Sigma Aldrich, St Louis, Missouri, USA) was

prepared in 0.5% methylcellulose and 0.3 mL/mice were administered intragastrically.2®
The time that elapsed between the gavage of carmine and the appearance of the first red
fecal pellet was recorded as total gastrointestinal transit time.

Measure of colonic motility

The time required to eject a glass bead (diameter, 3 mm) inserted into the rectum a distance
of 2 cm from the anal verge was used to estimate colonic motility.30

Gastric emptying and small intestinal propulsion

A solution containing rhodamine B dextran (100 pL; 10 mg/mL in 2% methylcellulose) was
administered by gavage. Animals were killed 15 min after gavage; the stomach, small
intestine, caecum and colon were collected in 0.9% NaCl. The small intestine was divided
into 10 segments of equal length, and the colon (used to obtain total recovered rhodamine B
fluorescence) was divided in half. Each piece of tissue was then homogenised in 4 mL of
0.9% NaCl, centrifuged (2000xg), and the fluorescence of 1 mL aliquots of the supernatant
was measured. The proportion of the rhodamine B dextran that emptied from the stomach
was calculated; small intestinal transit was estimated from the position of the geometric
centre? of the rhodamine B dextran in the small bowel.

Experimental colitis

Colitis was induced with trinitrobenzene sulfonic acid (100 mg/kg) as previously
described3! (see details in supplementary data, available online only). During treatment, a
clinical disease activity index was computed daily based on changes in body weight (five-
point scale), stool consistency (four-point scale) and blood in stools (three-point scale).

Histological scoring of inflammation

Transverse sections (5 uM) of paraffin-embedded distal colon (3 cm) were stained with
haematoxylin and eosin. An expert pathologist, blinded to each animal’s treatment, scored
the tissue on an 11-point scale (see supplementary data, available online only, for details of
scoring).

Reverse transcriptase PCR

RNA was extracted with Trizol (Invitrogen) and treated with DNase | (1 U/mL). PCR,
utilising primers for B-actin, confirmed the absence of DNA contamination. Real-time PCR
was employed to quantify transcript abundance. Reverse transcriptase (High Capacity cDNA
Archive Kit; Applied Biosystems) was used to convert 1 ug of sample to complementary
DNA. Transcript abundance was normalised to that of glyceraldehyde 3-phosphate
dehydrogenase (see supplementary data, available online only, for further details).

PCR microarray

Focused PCR microarrays (84 genes encoding key inflammatory cytokines and chemokines;
PAMM-011Z SABiosciences; Frederick, Maryland, USA) were used. cDNA samples were
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mixed with sufficient master mix to be loaded into the wells of 96-well PCR array plates.
Microarrays were carried out and plates were read using a TagMan 7500 PCR machine. A
web-based integrated PCR array expression analysis suite provided by SaBiosciences was
employed for image analysis and data acquisition. The intensity of signals was normalised to
those of glyceraldehyde 3-phosphate dehydrogenase and p-actin.

5-HT in tissue

5-HT was extracted from tissues by homogenising in a buffer containing 300 mM
trichloroacetic acid, 100 mM sodium acetate, pH 3.5, 0.01 mM EDTA and 20 mM sodium
bisulfate. The lysates were centrifuged and 5-HT in the supernatants was analysed by using
reverse-phase high-pressure liquid chromatography, employing a C18 column (mobile
phase: 97% of 100 mM sodium acetate, pH 3.5 and 3% acetonitrile) with an in-line
fluorescence detector (excitation wavelength=280 nM, emission wavelength=330 nM).

Statistical analyses

RESULTS

Student’s t test and one-way analysis of variance (ANOVA) were used, respectively, to
compare single and multiple means. Two-way ANOVA was used to analyse the significance
of the contributions to observed variation of time (days) and treatment (peripheral TPH
inhibitor-treated versus vehicle-treated) to the clinical course of TNBS-induced colitis.

Peripheral TPH inhibitors selectively decrease gastrointestinal and blood 5-HT
concentrations

We first verified that orally administered LP-920540 and LX1032 selectively deplete
gastrointestinal 5-HT. After the gavage of LP-920540 (five mice at each dose) or vehicle
(n=5 mice), 5-HT levels were measured in the jejunum, colon and brain. The 5-
hydroxyindoleacetic acid (5-HIAA) level was also quantified in the brain, where, in contrast
to the gut,32 5-HIAA is the major 5-HT metabolite. In both the jejunum (figure 1A) and
colon (figure 1B), LP-920540 dose-dependently depleted 5-HT; however, 5-HT was more
thoroughly depleted in the jejunum than in the colon. In contrast, neither brain 5-HT (figure
1C) nor 5-HIAA (figure 1D) levels were affected significantly by oral LP-920540. The
effects of LX1032 were similar to those of LP-920540. Again, after gavage of LX1032
(n=10) small intestinal 5-HT, but not brain 5-HT, was significantly less than that in mice
(n=6) receiving vehicle (figure 1E). Both LP-920540 (n=10) and LX1032 (n=10), at their
highest dose, achieved a greater than 90% reduction in small intestinal 5-HT. LX1032 and
LP-920540, but not sulfasalazine (a non-5-HT-related anti-inflammatory compound; n=10),
also reduced blood 5-HT significantly (figure 1F and data not shown).

Peripheral TPH inhibitors do not deplete enteric neuronal 5-HT

Measurements of 5-HT levels in whole bowel predominantly reflect mucosal 5-HT.
Immunocytochemistry was therefore used to examine the 5-HT content of the ENS after
gavage of the peripheral TPH inhibitors, LP920540 (n=6), LX1032 (n=6) and LX1033 (the
parent compound of LX1032; n=6) or vehicle (n=6). The underlying logic was that 5-HT
immunoreactivity in myenteric nerve cell bodies and neurites would decrease and fewer
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would be at the threshold needed for demonstration if these inhibitors gained access to the
TPH2 of enteric serotonergic neurons. Sections from wild-type (WT), TPH1KO, and
TPH2KO mice were examined as antibody controls. Because enteric serotonergic neurons
express SERT, the uptake of mucosally secreted 5-HT might, in control mice, account for
some of their 5-HT content. Peripheral TPH inhibitors, however, deplete mucosal and blood
5-HT (see figure 1). The maintenance of enteric neuronal 5-HT immunoreactivity in treated
animals, therefore, would imply that peripheral TPH inhibitors fail to penetrate the blood—
myenteric plexus.

Doubly labelled preparations were used to determine the proportion of total nerve cell
bodies (HuC/D-immunoreactive) co-stained with antibodies to 5-HT in vehicle and
LP-920540-treated mice (figure 2A, B). Because serotonergic neurons (figure 2B inset, C)
are a relatively small proportion of the total that project extensively within the ENS,
computer-assisted imaging was employed to estimate the proportion of the total area of the
myenteric plexus occupied by 5-HT-immunoreactive neurites (figure 2D). The proportion of
nerve cell bodies that were 5-HT immunoreactive was not significantly different from
control in mice receiving either LP-920540 or LX1032 (figure 2C). The proportion of
myenteric area occupied by serotonergic neurites was not significantly different from that of
vehicle-treated animals in LP920540 or LX1032-treated mice (figure 2D). Similar results
were obtained with mice receiving LX1033 (not illustrated). Antibodies to 5-HT appeared to
be specific in that both enterochromaffin cells and myenteric nerve fibres were 5-HT
immunoreactive in WT mice (figure 2E); no enterochromaffin cells (figure 2F) but
myenteric nerve fibres (figure 2G) were 5-HT immunoreactive in TPH1KO mice; only
enterochromaffin cells were 5-HT immunoreactive in TPH2KO mice (figure 2H-J). These
observations suggest that peripheral TPH inhibitors, in doses that deplete 5-HT from
enterochromaffin cells (see figure 1), fail to affect 5-HT significantly in the myenteric
plexus.

Peripheral TPH inhibitors do not alter constitutive gastrointestinal motility in mice

Total gastrointestinal transit time (figure 3A), gastric emptying (figure 3B), small intestinal
transit (figure 3C) and colonic motility (figure 3D) did not differ significantly from vehicle
in LP-920540 or LX1032, or LX1033 (the parent compound of LX1032)-treated mice (each
group contained six mice). Peripheral TPH inhibitors, therefore, fail to alter constitutive
gastrointestinal motility significantly, despite their ability to reduce mucosal levels of 5-HT
profoundly. These data are consistent with the previous observation that all of the above
measured parameters of gastrointestinal motility in TPH1KO do not differ significantly from
those in WT mice.2327 In TPH2KO mice,23 transit is abnormally slow in the small and large
intestines, while gastric emptying is accelerated (although it is not yet clear whether the
abnormal motility of TPH2KO mice is due to impaired serotonergic neuro-transmission or
ENS abnormalities due to the absence of 5-HT-promoted neurogenesis/survival). The
inability of peripheral TPH inhibitors to alter constitutive motility in either the intestine or
the stomach is thus consistent with the idea that these compounds do not significantly affect
TPH2 in enteric neurons.
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Peripheral TPH inhibitors ameliorate TNBS-induced colitis

We tested the hypothesis that mucosal 5-HT depletion with LP-920540 or LX1032 confers
protection from intestinal inflammation (doses were chosen to be the smallest able to deplete
mucosal 5-HT, see figure 1). For LP-920540, a total clinical score was determined
consisting of weight loss, stool consistency and the presence or absence of blood in the
stool. The clinical condition of the mice was scored daily for 5 days following the
administration of TNBS and two-way ANOVA was employed to analyse the effects of time
and LP-929540 treatment. The total clinical scores and those of each of its components in
six mice treated with LP-920540 was significantly less than in six vehicle-treated control
animals (figure 4A;_3, B). The scores of each parameter increased significantly as a function
of time after TNBS, but did so to a significantly smaller degree in mice given LP-920540.

The expression of genes encoding molecules involved in mediating or regulating colonic
inflammation was investigated to validate the clinical suggestion that TNBS-induced colitis
is less severe in LP-920540 than in vehicle-treated mice (figure 4B). Focused microarrays
were used to facilitate the simultaneous study of the expression of 84 inflammatory pathway
genes in six vehicle and eight LP-920540-treated mice. After TNBS-induced colitis,
transcripts encoding 24% of such transcripts were at least fourfold more abundant in
vehicle-treated than in LP-920540-treated animals (figure 4C). The lower abundance of 14
(17%) of these transcripts in LP-920540-treated animals was statistically significant
(p<0.05). No transcripts were expressed to a fourfold greater extent in LP-920540 than in
vehicle-treated mice. Real-time PCR confirmed these data in six additional vehicle and
LP-9205420-treated animals for transcripts encoding IL-6 (figure 4D; not included in the
array) and IL-1p (figure 4E; included in the array; see position in figure 4C). Transcripts
encoding IL-6 and IL-1p were each significantly more abundant during TNBS-induced
colitis in vehicle-treated than in LP-920540-treated mice. These observations support the
idea that LP-920540 reduces the severity of TNBS-induced colitis.

Histological examination of tissue from six vehicle and six LP-920540-treated mice
confirmed the protective effect of LP-920540 (figure 5A, B). A total score was compiled
(figure 5C), consisting of inflammatory infiltrates (figure 5D), ulceration (figure 5E) and
crypt damage (figure 5F). A veterinary pathologist, who was blinded to the identity of the
material, scored the preparations. The total histological score (figure 5C) for vehicle-treated
mice was 5.4+1.4 while that for animals receiving LP-920540 was 2.1+0.6 (p<0.05). The
total histological score for naive mice was 1+0 (n=5), all of which was derived from
inflammatory infiltrates.

A second peripheral TPH inhibitor, LX1032 (200 mg/kg; a dose that significantly reduced
intestinal 5-HT; see figure 1E), was evaluated to determine whether it shared the ability of
LP-920540 to inhibit TNBS-induced colitis. Weight loss after the induction of colitis with
TNBS was significantly greater in 10 mice treated orally with vehicle than in 10 animals
receiving LX1032 (figure 6A). Histological damage in the colons of mice receiving TNBS
was scored, summated and normalised to that in five control mice, which received no TNBS.
Histological damage scores in mice receiving vehicle (n=5) were significantly higher than in
animals receiving LX1032 (figure 6B; n=10). The abundance of transcripts encoding IL-1p
(figure 6C) and IL-6 (figure 6D) was lower in 10 mice treated with LX1032 than in five
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mice given vehicle. Blood neutrophils were elevated in mice subjected to TNBS-induced
colitis. The neutrophil count was determined in blood samples drawn 1 day before and 5
days following TNBS administration. No difference in mean counts was found in the blood
of control mice (n=5), which did not receive TNBS, but a significant elevation was detected
after TNBS in 10 mice treated with vehicle (data not illustrated). In contrast, no significant
increase in blood neutrophils was observed in 10 mice treated with LX1032 after the
induction of colitis with TNBS; thus, as a result, the blood neutrophil count after TNBS-
induced colitis was significantly lower in animals treated with LX1032 than with vehicle
(data not illustrated). These observations indicate that LX1032, like LP-920540, provides
significant protection to mice from the effects of TNBS-induced colitis.

DISCUSSION

We tested the hypothesis that oral peripheral TPH inhibitors, which do not cross the blood—
brain barrier, protect mice from TNBS-induced colitis. This hypothesis relies on the
accessibility of enterochromaffin cells, which contain TPH1, to the compounds. Inhibition
of 5-HT biosynthesis in enterochromaffin cells was expected to deplete mucosal 5-HT and
thus mimic the protective effect of TPH1K0.1° Peripheral TPH inhibitors do not distinguish
TPH1 from TPH2.283334 To avoid adverse effects, therefore, it is necessary that they not
gain access to TPH2, which is located in central353¢ and enteric serotonergic neurons.233738
Deletion of TPH2 in the brain is associated with abnormal behaviour,?2 while deletion of
TPH2 in the ENS is accompanied by deficient gastrointestinal motility and abnormal enteric
neuronal development or survival.23 The inability of peripheral TPH inhibitors to cross the
blood-brain barrier protects central 5-HT stores; however, the possibility that the blood—
myenteric plexus?* might similarly sequester enteric TPH2 and prevent the depletion of
enteric neuronal 5-HT had to be verified.

Oral administration of two peripheral TPH inhibitors, LP-920540 and LX1032, were each
found to deplete intestinal 5-HT; moreover, neither compound affected brain concentrations
of 5-HT or its chief CNS metabolite, 5-HIAA. As would be expected, following the
depletion of 5-HT from enterochromaffin cells, which are the primary source of circulating
5-HT,3039-41 | X1032 also induced a significant fall in blood 5-HT. This effect of LX1032
was not shared with oral sulfasalazine, which alleviates intestinal inflammation. Because
mucosal 5-HT dwarfs that in the ENS, mucosal contamination makes enteric neuronal 5-HT
difficult to measure chemically; neuronal 5-HT was therefore evaluated
immunocytochemically. Neither LP-920540 nor LX1032 reduced the proportion of
myenteric 5-HT-immunoreactive nerve cell bodies or the area of myenteric plexus occupied
by 5-HT-immunoreactive nerve fibres. Enteric neuronal 5-HT stores are thus maintained
even when peripheral TPH inhibitors deplete mucosal 5-HT; therefore, peripheral TPH
inhibitors evidently fail to enter the myenteric plexus or inhibit enteric neuronal TPH2.
Biosynthesis mediated by the sequestered TPH2 is thus probably more important than the
uptake of mucosal 5-HT to maintain 5-HT in enteric serotonergic neurons.

Although 5-HT secretion from enterochromaffin cells stimulates peristaltic reflexes, 1415 this
action in mice does not appear to be necessary for constitutive gastrointestinal propulsion.
Constitutive motility is not impaired in TPH1KO mice, which lack mucosal 5-HT;23
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moreover, colonic migrating motor complexes have been observed even after removal of the
mucosa.*2 The current observations that neither LP-920540 nor LX1032 significantly affect
total gastrointestinal transit time, gastric emptying, small intestinal or colonic motility are
thus consistent with the idea that mucosal 5-HT can be depleted in mice without adversely
affecting gastrointestinal motility. Because gastrointestinal transit time and gastric emptying
are abnormal in TPH2KO mice,23 the observations are also consistent with the idea that
peripheral TPH inhibitors fail to enter the murine myenteric plexus, block TPH2, or affect
neuronal stores of 5-HT. LX1032, however, relieves the excessive motility seen in patients
with carcinoid syndrome,*3 implying that LX1032 reaches the systemic circulation and
inhibits 5-HT biosynthesis by metastatic symptom-inducing tumour cells.

Both LP-920540 and LX1032 ameliorated the severity of TNBS-induced colitis. Total
clinical scores, as well as its components of weight loss, stool blood and stool consistency
were all significantly lower in LP-920540-treated mice than in animals treated with vehicle.
Focused microarrays also revealed that 24% of a panel of transcripts encoding molecules
related to inflammation were at least fourfold more highly expressed in vehicle than in
LP-920540-treated mice; moreover, the LP920540-associated reduction in the expression of
17% of these genes was statistically significant. The LP-920540-induced reduction in
proinflammatory gene expression was verified in the expression of transcripts encoding I1L-6
(not included in the array) and IL Histological examination of the colons of mice treated
either with vehicle or LP-920540 verified that LP-920540 protected the colon.

The current observations demonstrate the ability of selective pharmacological depletion of
mucosal 5-HT to reduce the severity of TNBS-induced colitis. This action of peripheral TPH
inhibitors thus extends results previously obtained with TPH1KO® and SERTKO!’ mice
and shows that deletion of mucosal 5-HT reduces the severity of intestinal inflammation, no
matter whether it is achieved chronically by the knockout of TPH1, or acutely by spatially
restricted pharmacological TPH inhibition. Because of the acute nature of 5-HT depletion
following treatment with peripheral TPH inhibitors, the effect is unlikely to be due to an
adaptive change, which might potentially occur in a knockout animal in which the deficit in
mucosal 5-HT begins in fetal life. The concordance of pharmacological and knockout
actions thus provides compelling evidence that enterochromaffin cell-derived 5-HT is not
only a proinflammatory mediator, but also a necessary one. The observations further support
the concept that enterochromaffin cells function as defensive sensors triggering
inflammation when needed. Observations are consistent with the small number of
publications that are relevant to mucosal 5-HT in IBD. Particularly in ulcerative colitis,
mucosal levels of 5-HT have been found to be reduced,** transcripts encoding TPH1 and
SERT are less abundant,*® and in severe disease the 24-h urinary excretion of 5-HIAA is
elevated.*® Secretion of 5-HT in response to IL-1p and lipopolysaccharide is greater in
enterochromaffin cells derived from inflamed bowel, 12 suggesting that 5-HT could
contribute to abnormalities of bowel function in Crohn’s disease. As a result, the inhibition
of 5-HT secretion from enterochromaffin cells has been proposed as an alternative
therapeutic strategy to ameliorate symptoms in IBD.

These observations suggest that IBD affects enterochromaffin cells, although they cannot
distinguish whether the inflammatory process releases 5-HT and interferes both with its
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biosynthesis and reuptake, or whether 5-HT release contributes to inflammation. In any case,
when inflammation is abnormal, as in IBS or IBD, the uncoupling of the proinflammatory
drive of mucosal 5-HT from the inflammatory process by means of therapy with peripheral
TPH inhibitors is likely to be beneficial. It is also likely to be safe because of the
sequestration of TPH2 within the confines of the CNS and ENS, which peripheral TPH
inhibitors do not reach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is already known on this subject?

What are the new findings?

How might it impact on clinical practice in the foreseeable future?

Significance of this study

Treatment of disorders of the gut that involve inflammation, such as IBD and
IBS, is not adequate.

Mucosal 5-HT is positively coupled to intestinal inflammation, the severity of
which is ameliorated in mice that lack TPH1, the rate-limiting enzyme in
mucosal 5-HT biosynthesis.

Constitutive gastrointestinal motility is normal in mice that lack TPH1, but
abnormal in animals that lack TPH2, the rate-limiting enzyme in neuronal 5-HT
biosynthesis.

Peripheral TPH inhibitors have been developed, which reduce 5-HT levels in the
gut but not the brain because they do not cross the blood—brain barrier.

Oral administration of the peripheral TPH inhibitors, LP-920540 or LX1032,
deplete 5-HT in the gut and blood but not the brain.

Oral administration of LP-920540 does not affect enteric neuronal 5-HT and
thus LP-920540 probably does not cross the blood—-myenteric plexus barrier.

Despite the depletion of mucosal 5-HT, oral administration of neither
LP-920540 nor LX1032, affect total gastrointestinal transit time, gastric
emptying, small bowel transit, or colonic motility.

Oral administration of the peripheral TPH inhibitors, LP-920540 or LX1032,
protects mice against haptene-induced colitis.

When intestinal inflammation contributes to disease, as in IBS or IBD, therapy
with a peripheral TPH inhibitor may beneficially remove the proinflammatory
drive that mucosal 5-HT provides to the inflammatory process.

Such treatment is likely to lack adverse effects on gastrointestinal motility or
mood because peripheral TPH inhibitors do not reach TPH2, which is
sequestered within the confines of the ENS and CNS.
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Peripheral tryptophan hydroxylase inhibitors deplete serotonin (5-HT) from the gut and
blood but not from the brain. (A) Oral LP-920540 depletes 5-HT from the jejunum; the
effect is significant and maximal at 30 mg/kg. (B) Oral LP-920540 depletes 5-HT from the
colon. (C) Oral LP-920540, in doses equal to those that deplete 5-HT from the small and
large intestines (A, B), does not deplete 5-HT from the brain. (D) Oral LP-920540 does not
deplete the brain of 5-hydroxyindoleacetic acid (5-HIAA). (E) Oral LX1032 depletes 5-HT
from the jejunum but not the brain. The effect of LX1032 on the jejunum is maximal at 150
mg/kg and even 300 mg/kg fails to affect brain 5-HT levels. (F) Oral LX1032 depletes 5-HT
from the blood. Neither vehicle nor sulfasalazine affect blood 5-HT.
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Figure 2.
Peripheral tryptophan hydroxylase inhibitors do not deplete enteric neuronal serotonin (5-

HT). Neurons and 5-HT were identified immunocytochemically, respectively, with
antibodies to HUC/D (green) and 5-HT (red). Vehicle, LP-920540 (100 mg/kg), LX1032
(200 mg/kg) and LX1033 (200 mg/kg) were administered orally. (A) Dissected longitudinal
muscle with adherent myenteric plexus (LMMP); vehicle administration. 5-HT-
immunoreactive neurites (red) are prominent both within ganglia and in interganglionic
connectives. (B) LMMP; LP-920540 administration. The appearance cannot be
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distinguished from that of the animal given only vehicle (A). Inset: 5-HT-immunoreactive
nerve cell body. The neuron (Dogiel type 1 morphology) is doubly immunostained with
antibodies to 5-HT and HUC/D (yellow). (C) The 5-HT-immunoreactive proportion of total
nerve cell bodies in animals given LP-920540 or LX1032 was not significantly different
from that in animals treated with vehicle. (D) The proportion of myenteric plexus area
occupied by 5-HT-immunoreactive neurites is not significantly different in mice receiving
vehicle, LP-920540 or LX1032. (E) 5-HT immunoreactivity—wild-type (WT) mouse. (F) 5-
HT immunoreactivity/interference contrast—TPH1KO mouse (because there is no
immunoreactivity, the interference image is shown to identify the field examined). (G) 5-HT
immunoreactivity—TPH1KO mouse (serotonergic neurites are immunoreactive. (H-J) 5-HT
immunoreactivity—TPH2KO mouse (enterochromaffin cells are labelled but there are no 5-
HT immunoreactive nerve fibres. Interference microscopy shows the field examined. (E-J)
The bars=50 pm.
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Peripheral tryptophan hydroxylase inhibitors fail to affect measures of constitutive
gastrointestinal (G1) motility. Effects of oral LP-920540 (100 mg/kg), LX1032 (200 mg/kg),

LX1033 (200 mg/kg) and vehicle. (A) Total gastrointestinal transit time. (B) Gastric
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emptying (% of administered rhodamine B dextran emptied from the stomach in 15 min).
(C) Small intestinal transit (the position of the geometric centre of rhodamine B dextran in
the small intestine after 15 min). (D) Colonic motility (time to expel an intrarectal glass bead
inserted 2 cm from the anal verge). The errors are broad for LX1032 and LX1033 because of

an outlier in each group.
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Figure 4.
Oral administration of the peripheral tryptophan hydroxylase inhibitor, LP-920540,

ameliorates the severity of trinitrobenzene sulfonic acid (TNBS)-induced colitis in mice.
The severity of inflammation was estimated from the clinical course and intestinal
expression of cytokines. Two-way analysis of variance was used to compare clinical
measurements in vehicle and LP-920540-treated mice as a function of time after TNBS
administration. Weight loss (A1), stool blood (A,), stool consistency (Az) and the
aggregated total clinical scores (B) all increase significantly with time after TNBS in both
LP-920540 and vehicle-treated mice; however, the increments in each parameter are
significantly greater in mice treated only with vehicle. (C) Expression of transcripts
encoding 84 inflammation-associated cytokines and chemokines was quantified with a
focused microarray in animals subjected to TNBS-induced colitis. A volcano plot is
illustrated displaying statistical significance as the negative logqq of the p value on the y-axis
against the log, of the fold-change of expression on the x-axis. The combination of the p
value statistical test with the fold-change in regulation enables genes with either large or
small expression changes that are statistically significant to be identified. VValues for
transcripts corresponding to each of the inflammation-associated transcripts in eight animals
treated with LP-920540 (filled circles) were compared to those for the corresponding
transcripts from six animals receiving only vehicle (open circles). The boundaries of the
fourfold upregulation or downregulation cut-offs are shown as is the cut-off of statistical
significance (p<0.05). Transcripts encoding 14 (17%) of the assayed inflammation-
associated molecules are both fourfold less abundant in the colon in LP-920540 (filled
circles) than in vehicle-treated mice and significantly different. An additional six transcripts
in the colons of LP-920540-treated mice were fourfold less abundant than in vehicle-treated
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colon, but the difference did not reach statistical significance. No transcripts were either
fourfold or significantly more abundant in vehicle than in LP-920540-treated mice. The
position of interleukin (IL)-1p is indicated (see also E). (D) Abundance of transcripts
encoding IL-6 during TNBS-induced colitis (vehicle >LP-920540; not included in array).
(E) Abundance of transcripts encoding IL-1p during TNBS-induced colitis (vehicle
>LP-920540).
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Figure 5.
Histological examination of tissue from mice subjected to trinitrobenzene sulfonic acid

(TNBS)-induced colitis confirms that inflammation is less severe in LP-920540 than in
vehicle-treated animals. (A) Colon of a mouse subjected to TNBS-induced colitis and
treated with LP-920540. The appearance of the mucosa is relatively normal. (B) Colon of a
mouse subjected to TNBS-induced colitis and treated with vehicle. The mucosa is ulcerated
and an inflammatory infiltrate can be seen in the lamina propria that extends through the
muscularis mucosa into the underlying submucosa. (C) Total histological score (vehicle
>LP-920540). (D) Inflammatory infiltrates (vehicle >LP-920540). (E) Degree of ulceration
(vehicle >LP-920540). (F) Appearance of crypt damage.

Gut. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 21

-4~ No TNBS -* Vehicle == LX1032

p <0.0001

....I....E.---I-""I]:p<o.ooo1 No TNBSH l—{ I 005
p<0.

¥ ]: p<0.0001  yehicle
1 R

'15 L 1 L) L)
0 2 4 6 0 5 10 15

Weight loss (%)
4

LX1032

Days Histology Score

C p <0.05 D p <0.05

0.15 | | 0.08 -
P I 0.064
2 o104 o
% o
o S 0041
«Q =
< 0054 @
4 = 0.021

0.00 - 0.00

LX1032 Vehicle LX1032 Vehicle
Figure 6.

LX1032 (200 mg/kg) shares the ability of LP-920540 to alleviate the severity of
trinitrobenzene sulfonic acid (TNBS)-induced colitis. (A) Two-way analysis of variance was
used to compare the degree of weight loss in naive, vehicle, and LX1032-treated mice as a
function of time after the administration of TNBS. The horizontal lines in the legend above
the graph depict statistical comparisons between treatments. Weight loss after TNBS in
vehicle and LX1032-treated mice is greater than that in control animals given enemas
containing vehicle but no TNBS (p<0.0001); however, the time-dependent increment in loss
of weight is significantly greater in mice treated with vehicle than with LX1032 (p<0.0001).
(B) TNBS-induced histological damage scores are significantly greater in vehicle-treated
mice than in control animals not given TNBS. Histological damage following TNBS-
induced colitis, however, is greater in vehicle than in LX1032-treated mice. (C) Abundance
of transcripts encoding IL-1p during TNBS-induced colitis (vehicle >LX1032). (E)
Abundance of transcripts encoding IL-6 during TNBS-induced colitis (vehicle >LX1032).
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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