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Abstract

Purpose of review—To assess the role of serotonin and its control in the manifestations and
treatment of lower functional gastrointestinal disorders (FGID). Recent literature has explored
several novel concepts in the association of serotonin and symptoms, alterations in tissue levels of
serotonin and its reuptake protein (SERT), aspects of the genetic determinants of serotonergic
function (particularly 5-HTTLPR) and its relationship to gastrointestinal motor and sensory functions,
and novel serotonergic agents used in therapy of lower FGID. The most consistent findings are the
increase in plasma 5-HT in diarrheal diseases and reduction in constipation. The SERT in platelets
impacts on the circulating level of 5-HT. Meta-analysis shows that 5-HTTLPR genotype is not
significantly associated with IBS in Caucasians or Asians. New 5-HT3 antagonists and 5-HT4
agonists are efficacious and promise to provide relief for patients if they can pass regulatory hurdles.

Summary—While the most relevant implication for clinical practice remains the evidence that
serotonergic agents are efficacious in the treatment of chronic constipation, chronic diarrhea and
irritable bowel syndrome, the role of genetic control of 5-HT and its receptors is the subject of ongoing
research, and is likely to enhance understanding of the mechanisms and treatment of these diseases.
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INTRODUCTION

This brief review of the role of serotonin in the gastrointestinal tract focuses on the literature
pertaining to the lower functional gastrointestinal diseases: irritable bowel syndrome,
constipation and diarrhea. Nine questions are addressed in the review: Is serotonin a pivotal
mechanism in IBS? Is there increased or decreased expression of serotonin in the
gastrointestinal tract? Is there a difference in brain 5-HT or responses to 5-HT receptor
modulation in IBS? What is the effect of increased serotonin on gastrointestinal motor and
secretory functions? Is Intestinal serotonin reuptake abnormal in functional Gl disorders? Are
tissue SERT levels abnormal in IBS? What are recent advances in the genetics of serotonin
receptors and SERT in IBS or affective disorders in IBS? Are there examples of
pharmacogenetics related to serotonergic agents? Are there new treatments involving novel
serotonergic agents?
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1. Is serotonin a pivotal mechanism in IBS?

Since 95% of the serotonin in the body is located in the gut, one would reasonably assume that
postprandial plasma levels of 5-HT are derived from the gut. Reports of plasma 5-HT
concentrations in different functional Gl disorders suggest that there may be a role for
circulating serotonin in determining predominant bowel function: serotonin is increased in
diarrhea and celiac disease, decreased in constipation. For example, Dunlop et al. reported that
platelet-poor plasma 5-HT from 0 to 180 minutes postprandially was significantly lower in C-
IBS and higher in PI-IBS patients, and suggested that abnormalities in postprandial 5-HT
release may be related to the different IBS symptoms (1).

Is this increase specific to D-IBS? It is possible that increased plasma 5-HT is a non-specific
of diarrhea, since patients with celiac disease also have increased plasma 5-HT (2). Houghton
etal. documented increased circulating 5-HT postprandially in D-1BS (3). However, the timing
of symptoms did not coincide with the increase in plasma serotonin which would be expected
to coincide if there was an association between serotonin and symptoms. Thus, the peak
serotonin concentration in plasma was reached 2—3 hours after the meal in all study groups and
appears to coincide with the arrival of nutrients in the more distal intestine. In contrast, the
timing of postprandial symptoms in patients with IBS is earlier and may be mediated by other
mechanisms initiated by gastric mechanoreceptors or upper intestinal mediators that stimulate
the colonic response to feeding. Candidate mediators released within the foregut or midgut,
such as gastrin, cholecystokinin, secretin, pancreatic polypeptide, motilin, the vasoactive
intestinal polypeptide family (including PHI/PHM), and neurotensin may be evoking the
colonic response and the associated postprandial symptoms, such as urgency or diarrhea which
are common in patients with D-1BS (4).

The same discordance between timing of symptoms after ingestion of cold water in D-IBS and
elevation of plasma serotonin is noted in another paper, which reported a significant correlation
between symptoms and area under the curve of the plasma 5-HT (5).

Studies of plasma levels of 5-HT are complicated by the presence of an avid serotonin
transporter (SERT) in platelets. Thus, while the postprandial circulating serotonin likely
originates from the gut, interpretation of circulating levels is more complex, and recent data
suggest that there may be differences in platelet SERT function in different IBS subgroups.

SERT expressed on platelet membranes of D-IBS patients is characterized by low density and
binding affinity. One report suggested a possible correlation between the reduced capacity of
serotonin reuptake and the severity of D-IBS symptoms (6). More recently, two groups
provided functional evidence in support of this concept by measuring mucosal 5-HT turnover
as assessed by mucosal 5-HIAA (metabolite produced after reuptake) to 5-HT ratio. The
Nottingham group showed that mucosal 5-HIAA/5-HT ratio was decreased in both C-IBS and
post-infectious (PI)-IBS patients, compared with healthy controls (1).

Atkinson et al. (7) showed that D-1BS patients had raised platelet-depleted plasma 5-HT
concentrations under fasting and fed conditions (Figure 1) and C-1BS patients failed to show
anincrease in plasma 5-HT with meal ingestion, compared with controls. C-1BS was associated
with decreased plasma 5-HIAA (P<0.01), normal 5-HIAA:5-HT ratio, and increased platelet
5-HT. In contrast, D-1BS with normal plasma 5-HIAA reduced 5-HIAA:5-HT ratio and normal
platelet 5-HT. These results support the concept that D-1BS is characterized by reduced 5-HT
reuptake, whereas impaired release of 5-HT from platelets may be a feature of C-IBS. These
data are consistent with the observation by Bellini et al. (6) that reduced SERT expression in
platelets in D-IBS correlates with symptom severity.
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2. Is there increased or decreased expression of serotonin in the
gastrointestinal tract?

This field is controversial, with evidence arguing for increased expression of 5-HT or the rate-
limiting enzyme of its synthesis (tryptophan hydroxylase-1, TpH-1) in PI-IBS (8), in patients
with constipation (1,9), and in Crohn’s disease patients in remission who experience I1BS-like
symptoms (10). These patients have increased mucosal TpH-1 levels in the colon, suggesting
that increased serotonin biosynthesis in the colon plays a role in the generation of the symptoms
in these patients (10). Increased duodenal mucosal 5-HT has also been reported in constipation,
though the significance is unclear (11).

Other studies identified decreased 5-HT in jejunal mucosa in IBS (12) or no difference in gastric
mucosal 5-HT during fasting or after a water “meal” in IBS (5).

Summarizing this literature, it appears that there is no consistent message or clear mechanistic
interpretation that can be gleaned from these findings. Further research is necessary in large
numbers of patients with clearly defined phenotype and genotype, given the potential genetic
variations in rates of synthesis and re-uptake of serotonin.

3.Isthere adifferencein brain 5-HT or responses to 5-HT receptor modulation

in IBS?

Using an indirect measure to assess central 5-HT responses in IBS, there was an exaggerated
release of prolactin in response to buspirone, the 5-HT1 5 agonist (13). The clinical significance
of this finding is unclear.

In studies of brain imaging conducted in association with rectal stimulation, there were
significantly greater decreases in activity of the amygdala, ventral striatum, hypothalamus and
infragenual cingulate gyrus in 52 non-constipated irritable bowel syndrome patients after 3
weeks of treatment with a 5-HT3-receptor antagonist, alosetron, compared to placebo. The
decreases in brain activity were observed in response to unanticipated, anticipated and
delivered aversive rectal stimuli. These data suggest that alosetron decreased activation in
structures of the emotional motor system, and this is associated with a decrease in
gastrointestinal symptoms (14). Subsequent studies showed that greater symptom
improvement was predicted by less activity in bilateral orbitofrontal cortex (OFC) and medial
temporal gyrus during pre-treatment scans. Lower levels of interpersonal sensitivity predicted
greater symptom improvement and were positively related to activity in left OFC (15).

The role of brain 5-HT and its receptors in IBS requires further study.

4. What is the effect of increased serotonin on gastrointestinal motor and
secretory functions?

Over 50 years ago, it was demonstrated that 5-HT affects intestinal motility in humans, though
initial studies suggested it stimulated small bowel motility and inhibited gastric and colonic
phasic contractions (16,17). Sigmoid colonic motility appears to be increased in patients with
IBS. Involvement of 5-HT in the dysmotility observed in IBS remains unclear, although data
show a possible relationship between endogenous concentrations of 5-HT and sigmoid colonic
motility recorded in both IBS and healthy subjects. There were significant correlations of fed
sigmoid colonic motor activity index with platelet-depleted plasma 5-HT concentration in IBS
patients and healthy volunteers; the R values suggest that the 5-HT level explains less than
20% of the variance in the postprandial colonic motility (18).
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There are, however, other human data suggesting a role of 5-HT mechanisms in colonic motility
in disease states and in pharmacological models. First, carcinoid diarrhea (the disease
associated with highest endogenous 5-HT levels) is associated with exaggerated colonic tone,
particularly postprandially (19). Second, the 5-HT, agonist, tegaserod, increases colonic tone
and phasic contractility (20). Third, 5-HT3 antagonists inhibit the increase in colonic tone after
a meal in health and in patients with carcinoid diarrhea (21,22).

Serotonin causes secretion; carcinoid diarrhea is a classical example of a secretory diarrhea
(23). The secretory effects of serotonin are mediated through different receptors: 5-HT induces
secretion across human ileal mucosa via a receptor of the 5-HT,4 subtype, whereas a receptor
of the 5-HT,A subtype appears to mediate the effect in human sigmoid colon (24).

5. Is intestinal serotonin reuptake abnormal in functional Gl disorders?

Serotonin is released diffusely into the lamina propria and its action is rapidly terminated by
reuptake by nerve terminals, enterocytes and vascular endothelial cells. Reuptake of 5-HT
requires active co-transport with Na* by the serotonin transporter (SERT), the driving force
for uptake being the sodium gradient generated by the basolaterally located Na*, K*ATPase.
The functional activity of SERT depends on its membrane expression.

A recent report fully characterized SERT in human intestinal mucosa; expression is localized
predominantly to the apical and intracellular compartments and is distributed throughout the
crypt-villus axis. There is higher SERT mRNA expression in the human small intestine
compared with colon (ileum >> duodenum >> jejunum). These data show there is a functional
SERT in human intestinal epithelial cells, capable of removing intraluminal serotonin. This is
relevant since serotonin is released by nutrients and serves as a “taste” mechanism, activating
local and long reflexes through activation of intrinsic afferents (25). However, the presence of
SERT is important for homeostatic control, to prevent an excessive stimulation of secretion or
motility by the serotonin (26).

At the present time, several serotonin reuptake inhibitors are available to alter the biological

function of 5-HT. While these medications may alter small bowel transit or colonic tone (27,
28), they have limited effects on visceral sensation in health or IBS (29). In the future, the level
of intestinal serotonin may be more directly influenced by novel specific inhibitors of type 1
tryptophan hydroxylase 1, the rate-limiting enzyme for 5-HT synthesis (30).

6. Are tissue SERT levels abnormal in IBS?

SERT expressed on platelet membranes of D-IBS patients is reduced (6). SERT platelet
function may influence levels of circulating 5-HT. However, a controversial question in the
literature is: Are rectal mucosal SERT levels abnormal in IBS? Coates et al. reported that both
D-IBS and C-IBS had exceedingly low expression of SERT mRNA in rectal mucosa (31).
These results were not replicated in a study that included several additional levels of validation
in the assays performed, including measurements at multiple sites in the left colon and at two
time points separated by an average of three months (32). Moreover, a preliminary report of
SERT in mucosal biopsies from gastric antrum, duodenum, and rectum in IBS and functional
dyspepsia also failed to show any difference between C-IBS and healthy controls (33). Finally,
levels in duodenal biopsies of 5-HT and SERT, but not of TpH-1 were increased in C-IBS
compared to controls (11).

In summary, the much heralded finding of markedly decreased SERT in rectal mucosa of
patients with IBS has not been replicated. Although a commentary suggested, “There is no
obvious explanation for these conflicting findings other than patient heterogeneity” (34), it
appears that different assay methodologies, including the selection of the control protein for
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comparison of expression of SERT mRNA, as well as the greater validation steps conducted
in the more recent studies (32,33) suggest that the expression of SERT in rectal mucosa is not
altered in IBS. It is also still unclear why D-IBS and C-IBS showed the same expression level
(31), and the mechanisms whereby the reduced SERT in RNA was associated with the different
phenotypes were not mechanistically investigated in patients.

7. What are recent advances in the genetics of serotonin receptors and SERT
in IBS or affective disorders in IBS?

This topic has been extensively reviewed elsewhere (35). After several individual studies of
SERT (SLC6A4) genetics and IBS, a meta-analysis (36) concluded that, in combined or
separated groups of Caucasian and Asian cohorts, there was not a significant odds ratio for any
specific genotype of 5-HTTLPR (the polymorphism is the promoter for the gene for SLC6A4)
and IBS, confirming the original and largest individual studies in Caucasian (37) and Asian
patients (38).

On the other hand, there is some evidence that 5-HTTLPR genotype modifies the risk for
depressive episodes in patients with IBS (39), and another study suggested that 5-HTTLPR
genotype in combination with a2C-Del (322-325), which is a deletion in the a2-adrenergic
receptor gene, is associated with high somatic symptom scores in IBS (37). The significance
of these findings is unclear. It is worth noting that the prevalence of the a2C-Del (322-325)
genotype was low (<10%) in Caucasians, and this finding has not yet been replicated.

Studies of the association between motor and sensory functions and carrying the 5-HTTLPR
genotype variation have been recently explored in work from our laboratory based on studies
conducted in healthy controls and patients with functional gastrointestinal disorders.
Specifically, small bowel and colonic transit did not differ significantly when subjects were
stratified for LL genotype versus the combined group that carries the short allele [LS or SS
genotype (40)]. On the other hand, there was a significant association between 5-HTTLPR LS/
SS genotype and increased rectal compliance and increased pain ratings, particularly at sub-
noxious levels of distensions. These data suggest that the endophenotype of visceral
hypersensitivity in IBS may be partly related to 5-HTTLPR. Interestingly, the increased pain
sensation is not attributable to abnormal rectal compliance in association with the genotype,
since rectal compliance was actually higher with the LS/SS genotype (41).

A first report documents the association of D-1BS with a functional variant in the
microRNA-510 (miR-510) target site of the 5-HT receptor type 3E gene. The authors
investigated the untranslated regions (UTRs) of the 5-HT receptor type 3 subunit genes,
HTR3A and HTR3E. The novel HTR3E 3'UTR variant ¢.*76G>A (rs62625044) was
associated with female D-1BS compared to controls in patients from United Kingdom, and the
finding was replicated in patients from Germany. This genetic variation appears to be
functionally relevant since, in a reporter assay, ¢.*76G>A affected binding of miR-510 to the
HTR3E 3'UTR and caused elevated luciferase expression. HTR3E and miR-510 co-localize
in enterocytes of the gut epithelium. This suggests that microRNA related expression regulates
a 5-HT receptor gene with a cis-regulatory variant affecting this regulation and it appears to
be associated with female D-IBS (42). These highly interesting findings are worthy of further
study.

8. Are there examples of pharmacogenetics related to serotonergic agents?

Two complementary studies have been published that suggest 5-HTTLPR genetic
polymorphisms influence the efficacy of serotonergic treatments. Thus, efficacy of alosetron
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in D-IBS patients with L/L genotype was associated with greater effect on colonic transit than
S/S and S/L genotypes (43).

The 5-HTTLPR genetic polymorphisms also influenced the efficacy of tegaserod treatment in
C-1BS patients on clinical efficacy with the L/L genotype being associated with poorer response
than S/S and S/L genotypes (44). Since the short allele results in reduced SERT synthesis, the
allele reduces reuptake of serotonin, and this could hypothetically result in more competition
(and less efficacy) for alosetron and more 5-HT stimulation of post-synaptic 5-HT3 or 5-
HT,4 receptors (e.g., on cholinergic neurons) resulting in greater efficacy with the 5-HTy4
agonist, tegaserod.

9. Are there new treatments involving novel serotonergic agents?

Several new 5-HT, agonists that are prokinetic, especially in the colon, deserve further study.
The attraction to these agents is that their action on 5-HT, receptors is more specific than with
older agents. These agents include prucalopride (Figure 2), ATI-7505 and TD-5108 (45-47).
An in vitro study of peristaltic responses suggested that effects of 5-HT, agonists could be
enhanced by combination with an opiate antagonist (48); however, a human study showed that
oral naltrexone (n and & antagonist) does not enhance tegaserod (5-HT 4 agonist)-induced
acceleration of colonic transit (49).

5-HT3 antagonists are efficacious in the treatment of D-IBS. A recent meta-analysis
demonstrated that both agents, alosetron and cilansetron, were efficacious in D-IBS patients
and in both genders (50). Another meta-analysis updated the information about alosetron and
reached the same conclusions (51). A new 5-HT3 antagonist, ramosetron, is in development
and demonstrates the typical efficacy over placebo at the 5 and 10 ug doses, but not at the 1
ug dose (52).

The big question is whether these 5-HT3 antagonists and 5-HT 4 agonists will be approved for
more widespread use, given the restricted access approval for alosetron, lack of approval of
cilansetron, and withdrawal of tegaserod. It is still unclear whether 5-HT3 antagonists really
cause ischemic colitis, given the lack of support for the mechanisms proposed for the
development of ischemic colitis (53) and the lack of effect of alosetron on mesenteric flow in
an experimental animal model (54). On the other hand, there is little doubt that the dose of 5-
HT3antagonist has to be carefully titrated and monitored to avoid development of constipation,
since these agents have a significant benefit on diarrhea and urgency in IBS and the retardation
of colonic transit demonstrated with alosetron (55).

CONCLUSION

Serotonin and serotonergic agents will continue to be topical and are likely to play a pivotal
role in the mechanisms and treatment of gastrointestinal diseases, particularly the lower
functional gastrointestinal disorders. In the future, it is anticipated that the interaction with
other neurotransmitters and inflammation will be a subject of research as the role of 5-HT in
the biology and potential for treatment of these and other diseases is clarified.
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Figure 1.
Profiles of 5-hydroxytryptamine (5-HT) (A) and 5-hydroxyindoleacetic acid (5-HIAA) (B)

concentrations and ratio of 5-HIAA:5-HT (C) with respect to meal ingestion (t = 0) in patients
with constipation(m)- and diarrhea(e)-predominant IBS and healthy controls (A). Data are
geometric mean and 95% confidence interval. Reproduced from ref. 7, Atkinson W, et al.
Gastroenterology 2006;130:34-43.
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Effect of prucalopride on the proportion of patients having an average of three or more
spontaneous, complete bowel movements (SCBMSs) per week. Reproduced from ref. 45,
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