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Serotonin (5-HT) is a monoamine neurotransmitter that is classically recognized for its
functions in the central nervous system, where it plays important roles in regulating mood,
body temperature, sleep, sexuality, appetite, and metabolism.? Although some 5-HT is
synthesized in serotonergic neurons in the central nervous system, the vast majority of 5-HT
(approximately 95%) is localized to the intestine.l In the intestine, 5-HT is synthesized in
serotonergic neurons in the enteric nervous system as well as in the enterochromaffin (EC)
cells of the gastrointestinal mucosa.2 However, EC cells secrete the vast majority of 5-HT
in the gut.!

Two enzymes, tryptophan hydroxylase 1 (TPH1), in EC cells, and TPH2, in central
and enteric neurons, catalyze 5-HT biosynthesis.! Because there are no extracellular
enzymes that catabolize 5-HT, uptake into cells is required for 5-HT inactivation. 5-
HT is also charged at a physiologic pH, and thus, does not traverse cell membranes
well. A plasmalemmal 5-HT transporter (SERT) is responsible primarily for mediating
transmembrane transport of 5-HT into mucosal enterocytes® (Figure 1).14

In the bowel, SERT is expressed in enterocytes and in the serotonergic neurons of the enteric
nervous system. If SERT is knocked out or inhibited, other transporters compensate, such as
organic cation transporters 1 and 3 and the dopamine transporter (DAT) and mediate 5-HT
uptake. However, these transporters have a much lower affinity for 5-HT than SERT.® As

a result, the actions of 5-HT are enhanced and prolonged when SERT is knocked out or
inhibited.

Enteric mucosal 5-HT, which is produced in EC cells, and also in mast cells in rats and
mice, can act as a paracrine factor or as a hormone.1:26 As a hormone, 5-HT is released
into the blood to regulate bone density by inhibiting osteoblastic activity.” As a paracrine
factor, 5-HT targets mucosal projections of intrinsic primary afferent neurons to initiate
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enteric peristaltic and secretory reflexes.82 Because 5-HT” has roles in increasing peristalsis
and secretion, it has been thought to play a protective role against enteric infections by
facilitating the rapid removal of organisms from the gut.10:11

5-HT is likely to play a role in mucosal homeostasis. There is substantial evidence

that mucosal 5-HT modulates the immune response, and thus, is able potentially to
influence intestinal inflammation.10 5-HT has been shown to promote lymphocyte activation
and secretion of proinflammatory cytokines.12 Additionally, dendritic cells, lymphocytes,
macrophages, endothelial cells, and enteric epithelial cells all express 5-HT receptors.13-

16 Recent evidence from patients with inflammatory bowel disease suggests that mucosal
5-HT may play an important role in intestinal inflammation. Increased enteric 5-HT levels
have been demonstrated in patients with Crohn’s disease and ulcerative colitis and this has
been associated with significant increases in EC cell numbers.10:17-19 Fyrthermore, SERT
transcription is decreased in patients with ulcerative colitis as well as patients with a recent
history of diverticulitis.1®-20 Both interleukin (IL)-18and lipopolysaccharide-induced 5-HT
secretion is significantly increased in EC cells derived from patients with Crohn’s disease
compared with a control population.19 In patients with celiac disease, enteric 5-HT levels
and duodenal EC cells are increased and a significant correlation was observed between
peak postprandial 5-HT levels and postprandial dyspepsia scores, suggesting a role for 5-HT
in promoting associated symptoms.2! Post-infectious irritable bowel syndrome (PI-1BS),
which has been suggested by some groups to represent a “low-grade inflammatory state,”
has also been associated with an increase in the peak of postprandial 5-HT release and EC
cell hyperplasia.1%22 SERT polymorphisms have also been investigated in IBS. Although a
meta-analysis of 7 such studies concluded that 5-HTTPLR genotypes are not risk factors for
IBS, other studies have found evidence of an association when patients were stratified by the
predominant clinical symptoms.23

Animal and in vitro studies further support a role for 5-HT in inflammatory states.
Experimental inflammation in animals induced by TNBS or infection with either 7richinella
spiralis or Citrobacter rodentium, leads to down-regulation of SERT with a concomitant
increase in EC cell number and/or 5-HT release.11:24-27 Interferon- » and tumor necrosis
factor-a decrease SERT function in colonic adenocarcinoma Caco? cells.8 In this issue

of GasTROENTEROLOGY, Ghia et al?® provide 1 of the first important pieces of evidence
demonstrating an innovative role for mucosal 5-HT in the generation of intestinal
inflammation. They are also the first to show that 5-HT promotes this inflammation

through immune cell activation. Ghia et al induced dextran sulphate sodium (DSS)- or
dinitrobenzene sulfonic acid (DNBS)-induced colitis in 2 mouse models in which the
amount of intestinal 5-HT is reduced profoundly. They used Tph1*/* mice, which lack

the key biosynthetic enzyme for 5-HT in EC cells, and mice treated with the 5-HT

synthesis inhibitor, parachlorylphenylalanine. Tph1~/~ mice developed significantly less
severe colitis following DSS or DNBS administration and parachlorylphenylalanine-treated
mice developed significantly less severe DSS-induced colitis, compared with their wild-type
counterparts. This was demonstrated as significantly lower disease activity, macroscopic
and histologic scores, as well as diminished serum MPO and CRP levels. In Tph1™/~

mice, reduced severity of intestinal inflammation was associated also with significantly less
mucosal macrophage infiltration and levels of proinflammatory cytokines compared with
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their wild-type counterparts. To consolidate these findings, the authors restored intestinal
5-HT with subcutaneous 5-HTP, a precursor of 5-HT, in Tph1™~ mice and exposed them

to DSS. Tph1™~ mice that received 5-HTP had significantly higher levels of inflammation
relative to Tph1~/~ mice not treated with 5-HTP. In vitro experiments demonstrated that
LPS-stimulated peritoneal macrophages from Tph1*/* mice secreted significantly greater
amounts of IL-18and IL-6 when incubated with 5-HT and this effect was inhibited

by the addition of a nuclear factor (NF)-xB inhibitor. Further experiments may provide
additional insights into the precise nature of 5-HT’s actions in intestinal inflammation.
Stimulating intraepithelial lymphocytes with 5-HT could also potentially implicate another
mechanism for 5-HT in chronic colitis. Additionally, because activation of specific signaling
molecules of the NF-xB pathway may be associated with different pathophysiologic
consequences pertinent to intestinal inflammation, it would be useful to identify the specific
NF- xB-related signaling molecules activated by 5-HT using, for example, RNA silencing
approaches. This study highlights convincingly the importance of 5-HT in the modulation
of experimental colitis and provides strong evidence supporting several potential associated
mechanisms, including recruitment of macrophages in intestinal inflammatory sites and

an NF-xB-dependent activation of proinflammatory cytokines. These data compliment the
recent study published by Bischoff et al that demonstrated that TNBS-induced colitis is
increased in severity when coupled with the 5-HT-enhancing effects of the knockout of
SERT.%0

From the evidence presented thus far, it is apparent that 5-HT modulates intestinal
inflammation (Figure 2). The precise function(s) of 5-HT in intestinal inflammation,
however, are not clear. The physiologic roles of 5-HT in general have still not been
elucidated completely, in part because of the multiple functions mediated by 5-HT in the
intestine making it difficult to discern which of these actions are more physiologically
important. The multiplicity of responses to applied 5-HT can be attributed partly to the
wide number of 5-HT receptors expressed in the gut. 5-HT3, 5-HT,4, and 5-HT7 receptors
are expressed in various parts of the intestine and are known to serve different, and

even contrasting, roles. Further complicating this picture are the multiple 5-HT receptors
(5-HT1a, 5-HT1p, 5-HT>a, 28, 5-HT3, 5-HT4, and 5-HT>) that at least potentially exert
effects on GI sensorimotor function in humans.! Because of the widespread actions of
5-HT, drugs that combat inflammation must be targeted to specific receptors. Future studies
will thus likely be focused on the specific 5-HT receptor subtype(s) involved in intestinal
inflammation and which aspects of the immune system they affect. Another obstacle to the
development of 5-HT-related “therapies” is the limited number of suitable ligands currently
available for in vivo studies.!

Two additional areas in which 5-HT seems to play a role involve prenatal and adult
neurogenesis. 5-HT, present in the earliest born of enteric neurons, has been demonstrated
to promote neuronal development and is, therefore, in a position to shape the development
of the ENS.L Excitingly, Liu et al3! very recently demonstrated that 5-HT plays a role

in adult enteric neurogenesis, which is, at least in part, dependent on the 5-HT4 receptor.
These 5-HT-dependent functions may potentially be modulated with the development of
receptor-specific drugs.
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The most well-studied neurotransmitters in the pathogenesis of intestinal inflammation
are substance P, corticotropinreleasing hormone, neurotensin, and vasoactive intestinal

pe

ptide.32 All of these transmitters bind to G-protein—coupled receptors and modulate

intestinal inflammation through activation of NF-«xB and other signaling pathways related

to

inflammation.32 From Ghia et al’s work, it is evident that 5-HT activates similar

proinflammatory pathways and is likely to become a target for therapy in intestinal
inflammatory disorders in the near future.
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Figurel.
In the enterochromaffin (EC) cell, tryptophan (T) is converted to 5-hydroxytryptophan

(5-OH-T) by 5-HT’s rate limiting biosynthetic enzyme TPH1. 5-OH-T is then converted
to 5-HT with the assistance of L-aromatic acid decarboxylase (L-AAAD) and biogenic
amine synthesis. Once secreted from the EC cell, some 5-HT is taken up by the 5-HT
reuptake transporters, located mainly in mucosal enterocytes. The remainder goes into
the blood where it is captured and concentrated by the platelets which release it upon
stimulation. Once in the enterocyte, 5-HT is metabolized by monamine oxidases and
UDP-glucuronosyltransferase to its inactive metabolites, 5-hydroxyindoleacetic acid and
5-hydroxytryptamine glucuronide. These inactive metabolites are ultimately excreted by
the kidneys. In conditions where excessive 5-HT is produced, and the 5-HT reuptake
transporters and platelets cannot hold more 5-HT, excess 5-HT flows into the gut lumen
and blood in its active form.
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Figure 2.

5-HT and Mechanisms of Intestinal Inflammation: Luminal inflammatory stimuli cause EC
cell hyperplasia and possible activation of EC cells resulting in increased 5-HT release.
While some 5-HT is taken up by SERT in epithelial cells as well as platelets in the blood,
excess 5-HT circulates acts locally on epithelial cells as well as on lamina propria cells,
such as macrophages, dendritic cells, lymphocytes and enteric nerves via binding on specific
5-HT receptors. This binding triggers activation of the NF-xB system and possible other
proinflammatory signaling pathways resulting in transcription of proinflammatory cytokines
and chemokines, such as IL-18and IL-6. Proinflammatory mediators further amplify the
intestinal inflammatory response by stimulating enteric nerves to release 5-HT and other
neurotransmitters that perpetuate inflammation. 5-HT, cytokines and other neurotransmitters
also act on the intestinal epithelium altering tight junctional permeability and stimulating
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fluid secretion, as well as on smooth muscle cells causing motility changes associated with
intestinal inflammatory conditions.
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