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Abstract: Background: Tegaserod (Zelnorm®) is a 5-hydroxytryptamine (serotonin) type
4 receptor agonist for the treatment of hypomotility disorders of the lower gastrointestinal
tract associated with the irritable bowel syndrome with constipation (IBS-C).

Objective: The authors provide the reader with a better understanding on tegaserod mecha-
nism of action, on its pharmacodynamics and pharmacokinetic properties, on safety and
tolerability, with a summary of the key published clinical trials conducted in patients with
irritable bowel syndrome (IBS). Its effects on colon inflammation have also been described.

ARTICLE HISTORY Results: Tegaserod was withdrawn in 2007 due to increased risks of cardiovascular ad-
verse effects. The manufacturer denied this, because pre-existing cardiovascular disease or
risk factors were attributed to all affected patients. Thus, no causal relationship between
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Accepted: August 27,2019 tegaserod use and cardiovascular events was clearly shown. A matched case-control study
DOI: of tegaserod-treated with untreated patients found no association between tegaserod and
[0.2174/1871323018666190911121305 adverse cardiovascular outcomes. Despite its adverse effects, tegaserod resulted to be ef-
fective in treating chronic constipation in adult women aged < 65 years with IBS-C, while

@ CrossMark the safety and effectiveness of tegaserod in men with IBS-C have not been established.

Conclusion: Tegaserod was resubmitted to the Food and Drug Administration in 2018 for
use in a low-risk population. Moreover, tegaserod has also been shown to improve symp-
toms, enhance gastric accommodation and significantly attenuate visceral pain arising from
the colon in functional dyspepsia patients. Treatment with tegaserod seems also to exert a
protective effect in inflamed colons, reducing the severity of colitis in animal models.

Keywords: 5-HT,4 agonist, abdominal pain, chronic bowel disorder, clinical trials, constipation, irritable
bowel syndrome, tegaserod maleate, Zelnorm®.

1. INTRODUCTION disorder characterized by altered bowel habits dis-
comfort and self-evident abdominal pain, with a
prevalence of around 10-15% in populations of
developed countries and with a female predomi-
nance [1-4]. About 15% of adults and 9-10% of
*Address correspondence to this author at the Dipartimento children are affected by IBS, and one-third of them
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T:Vrr;aaxr? f39_02_49%r9032 47: ome, Ty also cause stomach cramps, bloating and diarrhoea

Irritable bowel syndrome (IBS) is a common
condition of the digestive system: a functional
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The lack of any biomarker [5, 7] makes the di-
agnosis of IBS difficult and the study of its causes
turns out to be challenging. Although it is hypoth-
esized from in vivo studies that this syndrome is
related to an increased sensitivity of the entire gut
[8], its exact cause remains unknown [9]. To date,
IBS is not correlated to a single fully plausible or-
ganic cause and several theories describe it as a
multifactorial disease [10, 11]. Due to the high
morbidity, IBS represents an economic and hu-
manistic burden of illness [12, 13].

Current guidelines recommend not only a
pharmacological therapy, in order to control spe-
cific symptoms, but also nonpharmacological
measures such as psychological counseling, life-
style changes, regular physical activity, and nutri-
tional therapy [14].

With the aim to avoid the underlying hypomo-
tility associated with slow-transit constipation and
ineffective oesophageal motility, many therapeutic
agents have been designed to stimulate muscle ac-
tivity [15]. Nowadays, the existence of a commu-
nication route between the gastrointestinal tract
(GD) and the brain (gut-brain axis) and that neu-
ronal signaling affect this connection is well
known [16].

The neurotransmitter serotonin, 5-hydroxy-
tryptamine (5-HT) plays an important role in the
pathogenesis of subsets of patients with IBS. It is
known that approximately 95% of the body’s 5-
HT is synthesized in the enterochromaffin, mast
and smooth muscle cells of the GI tract. 5-HT, act-
ing through the intrinsic nervous system of the GI
tract, is believed to play a critical role in GI motor,
sensory and secretory functions [17]. To date, sev-
en families of 5-HT receptors have been identified
(5-HT,- 5-HT5). These receptors, found in the cen-
tral and peripheral nervous system, are G protein-
coupled except for the 5-HTs receptor, a ligand-
gated ion channel, which activate an intracellular
second messenger cascade to produce an excitato-
ry or inhibitory response. Moreover, 5-HT recep-
tors classes can be categorized in 14 subtypes, and
of these, 5-HT1A, S-HTlB, S-HTQA, S-HTZB, 5-HT3,
5-HT4 and 5-HT; receptors are distributed in the
enteric nervous system or smooth muscle in the
gut. 5-HT;a,15 receptors inhibit neurotransmitter
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release while 5-HTs and 5-HT4 receptors are the
excitatory subtypes. Activation of 5-HTa recep-
tors inhibits the release of acetylcholine and the
contraction of smooth muscle. Indeed, 5-HT4 re-
ceptor agonists enhanced gastric accommodation
in patients with functional dyspepsia in clinical
studies and increase lower oesophageal sphincter
tone and slow gastric emptying in human [18].
Sumatriptan, a selective 5-HT)p receptor agonist,
induces a lag phage for gastric emptying of liquids
and increases the amplitude and duration of esoph-
ageal contractions in humans. 5-HTp (that are ex-
pressed by the smooth muscle of the adult human
gut, mediating excitatory effects in human colon
and contributing to the putative 5-HT-induced co-
lonic smooth muscle hypersensitivity associated
with IBS) [19].

5-HTp, 5-HT3and 5-HT, receptors are the most
clinically relevant in GI tract functioning. Indeed,
activation of 5-HT}, (expressed on intrinsic prima-
ry afferent neurons in the submucosa), 5-HT; (ex-
pressed throughout the central and peripheral
nervous systems) or 5-HTy4 (Gs-coupled inducing
an increase of the cellular levels of c-AMP and
located in the alimentary tract, urinary bladder,
heart and adrenal gland as well as the central nerv-
ous system) receptors enhances GI transit. Addi-
tionally, intrinsic afferents, utilizing 5-HT; recep-
tors, may be involved in a reflex circuit within the
gut that increases motility and intestinal secretions.
5-HT; and 5-HT4 receptors are expressed by the
mucosal terminals of the intrinsic sensory neurons
and mucosal application of serotonin activates lo-
cal reflex pathways via 5-HTs receptors and en-
hances peristalsis via the same receptors. Addi-
tionally, accumulating evidence suggests a poten-
tial role for the 5-HT7 receptor subtype in GI mo-
tor function. This receptor sets off a cascade of
events starting with the release of the stimulatory
G protein G from the GPCR complex that in turn
activates adenylate cyclase which increases intra-
cellular levels of c-AMP. The 5-HT; receptor
plays a role in smooth muscle relaxation within the
vasculature and in the gastrointestinal tract. More-
over, it is present in the central nervous system
and it is involved in thermoregulation, circadian
thythm, learning and memory, mood regulation
and sleep [20].
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The stimulation of GI propulsive motility should
be improved with the release of acetylcholine from
motor neurons promoted by the activation of 5-
HT, receptor (5-HT4R) on cholinergic nerve end-
ings in the enteric nervous system [21, 22]. Based
on these pharmacological observations, 5-HT4R
agonists, including tegaserod, were developed for
the treatment of hypomotility disorders [23].

Tegaserod is a non-selective 5-HT ligand, asso-
ciated with 5-HT4R partial agonist and 5-HT,p re-
ceptor antagonist properties [24]. Novartis devel-
oped it for the treatment of hypomotility disorders
of the lower GI tract associated with IBS [25, 26].
Its activity is based on the stimulation of the GI
motility and the improvement of the peristaltic re-
flex, with subsequent reduction of abdominal pain
[27].

After its withdrawal in 2007 due to concerns
about cardiovascular effects, it was resubmitted to
the Food and Drug Administration (FDA) in 2018
for use in a restricted population [28].

Tegaserod standard dosage is 6 mg twice a day
(BID). It accelerates gut transit by increasing the
peristaltic reflex and facilitating fluid secretion
into the colonic lumen. Tegaserod is effective in
treating adult women aged < 65 years with IBS-C
[29-33].

Tegaserod is an indole carbazimidamide deriva-
tive of 5-HT (Fig. 1). Compared with 5-HT, tegas-
erod has a guanidine moiety rather than a proto-
nated amine in the indole side chain [34, 35]. Due
to its physicochemical properties, tegaserod exerts
prokinetic effects in the lumen directly because it
is poorly absorbed and is largely excreted un-
metabolized in stool [36]. Indeed, tegaserod has a
bioavailability of only 10% and approximately
two-thirds of tegaserod is excreted unchanged in
faeces, so most of the drug is available to act local-
ly on enterochromaffin cells and locally high con-
centrations of the drug might, therefore, be
reached to inhibit SERT, which might add to its
prokinetic action [37].

Interestingly, tegaserod also demonstrated to be
effective in attenuating dyspeptic symptoms and
significantly reduce abdominal pain in functional
dyspepsia (FD) patients [38, 39].

Madia et al.

NH
HN =\
NH
N
| A\
@)
N
N
H
Tegaserod

Fig. (1). Chemical structure of tegaserod.

Furthermore, tegaserod proved to be capable of
reducing inflammation in colons of mice with coli-
tis and accelerating recovery from active colitis
[40]. Moreover, tegaserod, acting as 5-HT4R ago-
nist, exerted protective actions in inflamed colon
and decreased visceral sensitivity by inhibiting the
colonic inflammation-induced expression of sev-
eral factors in rats [41].

This review provides the reader with a better
understanding on tegaserod mechanism of action,
on its pharmacodynamics and pharmacokinetic
properties, on safety and tolerability, with a sum-
mary of the key published clinical trials conducted
in patients with IBS. Its effects on colon inflam-
mation have also been described.

2. ROLE OF 5-HT IN IBS

5-HT produces effects through various neuro-
crine, paracrine and endocrine pathways; it is di-
rectly involved in initiating the peristaltic reflex, in
facilitating intraluminal secretions, and strongly
implicated in the pathophysiology of IBS [42].

Many GI tract processes are regulated by 5-HT
through the 5-HT4Rs and are involved in trigger-
ing peristaltic reflex, modulating smooth muscle
tone and intestinal secretion, as demonstrated by in
vitro studies using human GI tissue specimens
[43].

Moreover, in the GI tract, 5-HT contributes to
vasodilation, and sensation, [44] and it also has
both neuroprotective [45] and pro-inflammatory
actions in the gut [46]. Indeed, the 5-HT4R is lo-
cated on enteric nerve terminals where it mediates
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presynaptic facilitation of neurotransmitter release
when activated. 5-HT4 receptors are also highly
expressed in the colonic epithelium, where they
appear to be expressed by all epithelial cells [47].
Epithelial 5-HT4Rs mediate a variety of responses,
including 5-HT release, chloride secretion and
goblet cell degranulation, as well as enhanced pro-
pulsive motility and reduced visceral hypersensi-
tivity [40].

Thus, 5-HT, agonists and/or antagonists may be
useful in normalizing motor and sensory dysfunc-
tion that occur in patients with IBS [42, 48].

2.1. Pharmacological Treatment of IBS-C

Traditionally, pharmacologic therapy for IBS-C
has been directed at relieving specific symptoms,
typically those that are the most frequent, severe or
life-altering for the patient. The initial approach
involves dietary modifications, such as avoidance
of foods known to exacerbate symptoms and foods
capable of producing excess gas. Addition of die-
tary fiber may be beneficial, although it may wors-
en symptoms of bloating. Osmotic laxatives, such
as lactulose or magnesium salt, can be helpful in
IBS-C. Abdominal pain and discomfort are usually
treated with antispasmodic agents, such as dicy-
clomine and hyoscyamine. These agents are anti-
cholinergic and block depolarization of intestinal
smooth muscle. Antispasmodic agents may be use-
ful for the treatment of abdominal cramping and
bloating, but no solid evidence confirms their effi-
cacy in IBS-C. Antidepressants, both tricyclics and
selective serotonin reuptake inhibitors, may have a
role in diarrhea-predominant IBS but do not im-
prove IBS-C. Even so, such pharmacologic thera-
pies are largely unsatisfactory and only modestly
effective in the treatment of IBS-C, mainly due to
the multifaceted and poorly understood pathophys-
iology of this disorder. Furthermore, side effects
are not uncommon with these agents, limiting their
usefulness in clinical practice [26, 49, 50].

Yet, despite the well-recognized need for more
efficacious and safer treatments, few novel treat-
ment compounds have been approved for clinical
use. The need for a drug therapy that effectively
treats all of the symptoms of IBS-C, improves the
patient’s health-related quality of life, and can be
used safely on a chronic basis remains unfulfilled.
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Recently approved drugs and novel investiga-
tional compounds are expected to streamline the
management of IBS-C. The main classes of drugs
that have been the subject of active research in re-
cent years are prokinetics, prosecretory agents or
secretagogues, and bile acid modulators (Fig. 2)
[26, 49, 50].

Enhancement of contractile force, coordination
of intestinal contractions, and augmentation of in-
testinal secretions can facilitate the movement of
bowel contents through the GI tract. Although
their performance in clinical trials has been incon-
sistent, drugs with prokinetic activity in the GI
tract may help to normalize gut neuromuscular
function and play an important role in the treat-
ment of functional bowel disorders, such as the
IBS. Several 5-HT receptor ligands have either
been approved or are in clinical development for
the treatment of IBS. Some compounds have
demonstrated increased specificity for individual
5-HT receptors over others. Drugs belonging to
this group are benzamides and derivatives as, for
example, cisapride, renzaprideclebopride, mosa-
pride and prucalopride [50].

Cisapride is a benzamide derivative that has
mixed pharmacologic actions on 5-HT receptors. It
both antagonizes the 5-HT; receptor and agonizes
the 5-HT, receptor. Cisapride’s prokinetic mecha-
nism of action is thought to result from the facilita-
tion of ACh release at the myenteric plexus [51].
Cisapride was shown to accelerate gastric empty-
ing and intestinal transit, but to have limited ef-
fects on altering bowel function [52]. Some studies
demonstrated efficacy for cisapride in the treat-
ment of chronic constipation [53]. However, the
data regarding the clinical efficacy of cisapride in
C-IBS patients have been inconsistent [54]. The
availability of cisapride is currently limited com-
mercially due to its association with cardiac
dysrhythmias and patient deaths [55]. For organic
synthesis, see literature [56].

Another substituted benzamide compound, ren-
zapride, with similarities to cisapride, demon-
strates both 5-HT; and 5-HTj, receptor activity and
has been reported to possess prokinetic activities.
Renzapride’s promotility actions are thought to be
due to its stimulating actions via the 5-HT, recep-
tor agonist activity and subsequent facilitation of
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Fig. (2). Chemical structures of drugs for the treatment of IBS-C.

cholinergic neuronal function. The pharmacologic
properties of this compound may prove beneficial
for the treatment of IBS; however, published clini-
cal data are not available to support this assertion.
In an early controlled trial in patients with IBS and
constipation, the drug demonstrated acceptable
global improvements over placebo for both men
and women. In contrast to cisapride, renzapride
has not been reported to be associated with cardiac
side effects [20]. For organic synthesis, see litera-
ture [57].

Clebopride was designed to increase the anti-
dopaminergic activity (against D, receptors), and it
also acts on the upper GI [58]. For organic synthe-
sis, see literature [59].

Mosapride is a gastrokinetic having 5-HT4 re-
ceptor agonism, 5-HT; receptor antagonism but
not D, antagonism. While cisapride was suspended

from the market, mosapride has not been limited
due to the risk of arrhythmias, but it might not be
safe because the metabolisms of both cisapride and
mosapride are inhibited by CYP3A4 inhibitors
[58]. For organic synthesis, see literature [60].

Prucalopride represents a new chemical class of
benzofurans. It is a selective agonist at 5-HT, re-
ceptors and has been shown to enhance colonic
motility. Studies have demonstrated a lack of
measurable affinity for muscarinic type 3 (M3) re-
ceptors, 5-HT,4 and 5-HTj3 receptors, and cholin-
esterases. The relatively long half-life, rapid Cpax,
and rapid plasma uptake provide an excellent
pharmacokinetic profile. Prucalopride has been
shown to enhance GI transit in patients with func-
tional constipation compared to placebo [61]. No
published data are available regarding the efficacy
of prucalopride in patients with IBS, but IBS pa-
tients have been included in clinical studies. The
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current state of development of this compound is
unclear following early concerns over carcinogen-
icity in animal studies, and possible cardiac effects
[20]. For organic synthesis, see literature [62].

Velusetrag is dihydroquinoline-carboxylic acid
derivative. It is a highly selective 5-HT, receptor
agonist having no effect on hERG channel. Ve-
lusetrag has one major metabolite being a 5-HT,4
receptor agonist as potent as the parent drug, and
the AUC ratio of the metabolite to velusetrag is
approximately 0.5 in human administered with 15
mg of velusetrag. The compound has the elimina-
tion half-life of about 16 and 35 hours after single
and multiple dosing, respectively [20]. For organic
synthesis, see literature [63].

Moreover, in the last decade, intestinal secre-
tion has been the subject of active research for the
development of treatments for CC and IBS-C. The
chemical and clinical characteristics of prosecreto-
ry agents, drugs that augment intestinal secretion,
thus acting as a stool lubricant and facilitating its
evacuation [50]. Examples are lubiprostone, lin-
aclotide e plecanatide. Lubiprostone, a chloride
channel activator, was the first secretagogue to be
investigated and approved for the treatment of CC
and IBS-C. Chloride channels have been recog-
nized as the major effectors of fluid transport and
secretion in the intestinal lumen. In particular,
type-2 chloride channels (CIC-2) have been ex-
plored with regard to their role in CC and IBS-C.
Lubiprostone is a highly specific activator of CIC-
2 channels that lead to increased intestinal secre-
tion, an effect that requires the cystic fibrosis
transmembrane, conductance regulator. A phase 2
double-blind RCT demonstrated that lubiprostone
reduced abdominal pain in IBS-C patients, though
higher doses were associated with more adverse
events, namely nausea and diarrhea. Lubiprostone
was approved by the United States FDA in April
2006 for the treatment of CC in men and women,
and in April 2008 for the treatment of IBS-C in
women [50]. For organic synthesis, see literature
[64].

Linaclotide, a minimally absorbed first-in-class
peptide agonist of guanylate cyclase C (GC-C),
was recently approved for the treatment of IBS-C
and CC. GC-C mediates intestinal secretion in re-
sponse to heat-stable enterotoxins, the major cause
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of Escherichia coli-induced secretory diarrhea.
Linaclotide binds to GC-C, which is richly present
on the luminal surface of the intestinal enterocytes,
and ultimately activates CFTR, resulting in the
secretion of chloride and bicarbonate into the in-
testinal lumen. Consequently, intestinal fluid se-
cretion is increased, stools are softened, and colon-
ic transit may be accelerated. The dual action of
linaclotide on both constipation and abdominal
pain in IBS-C is likely related to its approval by
both the United States FDA and the EMA [50].
For organic synthesis, see literature [65].

Similar to linaclotide, plecanatide is a minimal-
ly absorbed GC-C agonist believed to act on both
intestinal secretion and nociception. Preliminary
results from a phase II RCT that is underway in
patients with IBS-C have suggested that pleca-
natide is effective, well-tolerated, and safe at doses
up to 9 mg [50]. For organic synthesis, see litera-
ture [66].

Bile acid modulators have been used to treat
constipation disorders based on the observation of
increased incidence of diarrhea in patients taking
bile acids for gallstones or cholestatic liver diseas-
es, and in patients with terminal ileum disease or
resection. The enhancement of colonic secretion
and motility is caused mainly by the deconjugation
of bile acids in the colon to secondary bile acids.
Thus far, two drugs, sodium chenodeoxycholic
acid (CDC) and elobixibat, have been investigated
for the treatment of IBS-C and CC. CDC is a pri-
mary biliary acid that has been in use for many
years for the dissolution of gallstones. In clinical
studies, the main adverse event of CDC was dose-
dependent diarrhea that is of the secretory type,
due mainly to intracellular activation of adenylate
cyclase and increased intestinal permeability. In
phase III double-blind RCT of 36 women with
IBS-C, CDC (500 or 1000 mg, once daily) in-
creased stool frequency, softened stools and im-
proved straining, with lower abdominal cramping
as the most commonly reported adverse event.
Therefore, CDC has the potential to be used as a
“physiologic laxative” for the treatment of IBS-C
[50].

Elobixibat is a first-in-class ileal bile acid
transporter inhibitor that is currently being investi-
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gated for the treatment of CC. Elobixibat has some
potential advantages over currently approved
drugs (prucalopride, lubiprostone, linaclotide).
First, given its negligible systemic absorption, it is
unlikely to induce cardiovascular toxicity, a theo-
retical effect of prucalopride. Second, it has a posi-
tive effect on both secretion and motility of the
colon, while lubiprostone and linaclotide are only
secretagogues, without any direct effect on colonic
motility. Two-phase II RCTs focusing on the effi-
cacy of elobixibat in CC demonstrated significant
improvement of all constipation parameters while
the efficacy of elobixibat for the treatment of IBS-
C has not yet been investigated [50]. For organic
synthesis, see literature [67].

Notably, the search for safer and more effective
drugs for the treatment of IBS-C is ongoing, with
clinical trials underway to evaluate various phar-
macologic options, including drugs already ap-
proved for other gastrointestinal indications as for
antibiotics neomycin and rifaximin [50].

2.2. Comparison with the Safety of Other Drugs

Traditionally, pharmacologic therapy for IBS-C
has been directed at relieving specific symptoms,
typically those that are the most frequent, severe or
life-altering for the patient [68]. The initial ap-
proach involves dietary modifications, such as
avoidance of foods known to exacerbate symp-
toms and foods capable of producing excess gas
[69]. Addition of dietary fiber may be beneficial,
although it may worsen symptoms of bloating.
Osmotic laxatives, such as lactulose or magnesium
salt, can be helpful in IBS-C. Abdominal pain and
discomfort are usually treated with antispasmodic
agents, such as dicyclomine and hyoscyamine.
These agents are anticholinergic and block depo-
larization of intestinal smooth muscle. Antispas-
modic agents may be useful for the treatment of
abdominal cramping and bloating, but no solid ev-
idence confirms their efficacy in IBS-C [70]. An-
tidepressants, both tricyclics and selective seroto-
nin reuptake inhibitors, may have a role in diar-
rhea-predominant IBS but do not improve IBS-C
[71]. Even so, such pharmacologic therapies are
largely unsatisfactory and only modestly effective
in the treatment of IBS-C, mainly due to the multi-
faceted and poorly understood pathophysiology of
this disorder. Furthermore, side effects are not un-
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common with these agents, limiting their useful-
ness in clinical practice [26, 49, 50].

Yet, despite the well-recognized need for more
efficacious and safer treatments, few novel treat-
ment compounds have been approved for clinical
use. The need for a drug therapy that effectively
treats all of the symptoms of IBS-C, improves the
patient’s health-related quality of life, and can be
used safely on a chronic basis remains unfulfilled.

Recently approved drugs and novel investiga-
tional compounds are expected to streamline the
management of IBS-C. The main classes of drugs
that have been the subject of active research in re-
cent years are prokinetics, prosecretory agents or
secretagogues, and bile acid modulators [26, 49,
50].

Table 1 [50] provides a concise summary of the
abovementioned drugs used for the management
of IBS-C, irrespective if they are available or not
on the market or still in the development phase
including a brief mention on their mechanism of
action, and the most frequent adverse events and
safety issues as determined in relevant clinical tri-
als that have investigated these treatment options.

3. ACTIVITY OF TEGASEROD
3.1. Mechanism of Action on 5-HT4R

Tegaserod (for the organic synthesis see litera-
ture [87]) is structurally similar to 5-HT and was
synthesized as a partial agonist to mimic the ac-
tions of endogenous 5-HT (Fig. 3) on gastrointes-
tinal 5-HT4Rs [88]. The drug lacks additional
blocking activities of the 5-HT; and dopamine D,
receptors [89]. These last two receptors are associ-
ated with constipation [90] and central adverse ef-
fects [91], respectively. Besides intestinal secre-
tion [92], tegaserod modulates normal and altered
motility throughout the GI tract [93-95] and inhib-
its visceral afferent responses upon colorectal dis-
tension [96, 97]. Cisapride and renzapride have 3-
to 8-fold lower affinity for 5-HT4R compared to
that of tegaserod (-log;o of dissociation constant
(pKD) 7.7, expressed as molar (M) unit) [98]. Te-
gaserod shows a 4-fold higher affinity for human
5-HT4Rs than 5-HT (pKD 7.1 expressed as molar
(M) unit) [98]. Although the presence of peripher-
al 5-HT4Rs [43] in human atrial tissue [99], it was
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Table 1. Comparison of tolerability and safety of drugs used in the pharmacological management of IBS-C and CC.

Drug

Target Receptor/
Affinity

Activity

Frequent AEs,
Safety Issues

Approval/
Development Status

1. Prokinetic Agents

Cisapride [72, 73]

Nonselective 5-HT},
agonist and 5-HT;
antagonist

Local Ach release,
1 GI transit

Diarrhea,
Abdominal pain,
1QTc interval,
Fatal arrhythmias

Approval 1993,
Withdrawal 2000

Renzapride [74, 75]
Clebopride, [76]
Mosapride [76]

Full 5-HT, agonist
and 5-HT3/5-HT>,
antagonist

Local Ach release,
1 GI transit

Diarrhea,
Abdominal pain,
Headache,
Flatulence,
No 1QTec interval

Phase III RTCs terminated
due to poor efficacy

US Approval 2002 for

IBS-C,
US Approval 2004 for
Diarrhea, CC,
1 peristaltic reflex, Abdominal pain, US and Other Countries
Tegaserod 5-HT, and 5-HT; 1 Intestinal secretion Headache, withdrawal in 2007,
[29, 33,77, 78] partial agonist | sensitivity to rectal Flatulence, US Emergency use only in
distension frisk of serious CV 2009,
events India withdrawal in 2011,
No EU Approval
US remarket 2018 for use
in restricted population
Diarrhea,

Prucalopride [79]

High selectivity/

1 Colonic transit

Nausea, Abdominal

EU Approval 2009 and

affinity for 5-HT,4 (HV/CC) pain, Canada 2011 for CC
Headache
Full 5-HT, agonist
GI-tr i i Diarrhea,
Naronapride [79] ( ) . 1 Colonic transit Phase I1 RTCS completed
Partial agonist (HV) Headache in CC
(heart)
i - Diarrhea,
Velusetrag [79] PI?It"Fn: Serllfctt/ll\llielf Dose dependentt Nausea, Vomitin Phase IT RTCs completed
£ 4 agomstug Colonic transit (HV) ’ & in CC
affinity Headache
1 Colonic transit, Nausea Phase Il RTC leted
Rose-010 [79] GLP-1 analogue Antinociceptive ef- ’ ase . s comprete
. Headache in IBS-C
fect in IBS-C
Phase II RTCs completed
Dopamine D, an- Gastrokinetic Diarrhea in IBS-C in the US
Itopride [80] tagonist and AChE ) " ' Registered in Japan and
Inhibitor 1 Intestinal transit Headache other Far East Countries in

other indications

(Table 1) contd...
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Target Receptor/ . . Frequent AEs, Approval/
Drug Affinity Activity Safety Issues Development Status
2. Prosecretory
Agents
L US Approval 2008 for
Activation of CIC-2 IBS-C in women and CC

. by dlI'e.Ct action on 1 Ileum and Colonic Diarrhea, ) in adults and 2013 for
Lubiprostone [81] epithelial cells pro- transit Nausea, Abdominal oIC
voking intestinal pain ’

fluid secretion

UK Approval 2012 for CC
and 2014 for OIC

Binding to GC-C
with stimulation of
¢GMP and CFTR-
mediated secretion

Linaclotide [82]

Dose dependent 1
Colonic transit

US Approval 2012 for
Diarrhea dose IBS-C and CC
dependent EU Approval 2012 for
IBS-C

GC-C receptor acti-

Probable 1 Colonic

Diarrhea dose inde- | Phase II RTCs completed,

Plecanatide [83] vation with CFTR- transit pendent, Phase III in CC ongoing
mediated secretion Nausea Phase II in IBS-C ongoing
3. Bile Acid
Modulators
) ) ) Diarrhea,
Sodium chenodeoxy- De-conjugation to + Colonic transit . Phase III RTCs completed
cholic acid [84] secondary bile acids Nausea, Abdormnal in IBS-C
cramping/pain
Phase II RTCs completed
i i in CC,
Elobixibat [85] IBAT inhibitor | D0s¢ dependent | Diarrhea, Abdominal
Colonic transit cramping/pain RTCs for extended safety
ongoing
4. Drugs Registered
in other Indications
Neomycin: protein Neomycin: Neuro-,
o synthesis inhibitor Eradication of Oto-, Nephro-toxicity
Neomycin/Rifaximin L ] methane o Phase II RTCs completed
[86] Rifaximin: Bacteri- ’ Rifaximin: Headache, in IBS-C
al RNA synthesis 1 Intestinal transit Nausea, Dizziness,
inhibitor Fatigue

AEs=Adverse Events; Ach=acetylcholine; {=Increase/acceleration; |=Decrease; CV=Cardiovascular; RTCs=Randomized Clinical Trials; IBS-C= Irritable
Bowel Syndrome Constipation predominant; CC=Chronic Constipation; US= United States of America; EU=European Union; GI-tr= Gastrointestinal tract;
GLP-1= Glucagon-like peptide-1; HV= Healthy Volunteers; CIC-2= Chloride channel-2; GC-C=Guanylate cyclase-C; cGMP=Cyclic Guanosine Monophos-
phate; CFTR=Cystic Fibrosis Transmembrane conduction Regulator; OIC=opioid- induced constipation; IBAT= Ileal Bile Acid Transporter; AChE= Acetyl-

cholinesterase.

postulated that cardiovascular adverse effects (AE)
observed with these compounds are not 5-HT, re-
ceptor-related. Indeed, 5- HT4 receptor agonists
are able to express tissue selectivity, i.e. behave as
a partial agonist in some and as a full agonist in
other tissues. Furthermore, the concept of ligand-
directed signalling offers great opportunities for
future drug development by enlarging the scien-
tific basis for the generation of agonist-specific
effects in different cell types, tissues or organs [35].

3.2. Effects of Tegaserod on Colonic Inflamma-
tion

5-HT can exert a pro-inflammatory effect in the
GI tract [100]. For instance, colitis is reduced in
mice lacking or deficient in mucosal 5-HT [101],
and it is worsened in SERT knockout mice, which
have elevated mucosal 5-HT availability [102].
This effect is likely mediated by activation of 5-
HT; receptors on dendritic cells in the lamina pro-
pria [46].
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Tegaserod administration exerts epithelial 5-
HT4R stimulation that reduces disease activity and
histological damage in both dextran sodium sulfate
(DSS) and trinitrobenzene sulfonic acid (TNBS)
colitis, supporting an anti-inflammatory effect.
The epithelial 5-HT4R stimulation can exert its
protective effects through several mechanisms,
including increased epithelial proliferation, en-
hanced epithelial cell migration, and resistance to
oxidative stress-induced apoptosis. Furthermore,
treatment with the 5-HT, agonist attenuated in-
flammation-induced changes in colonic motor
function. Importantly, all of these effects were
blocked by the 5-HT,4 antagonist, GR113808, and
protection was not detected in 5-HT4 knockout
mice [40]. Furthermore, epithelial 5-HT4Rs serve
an important physiological role in maintaining
mucosal integrity since inhibition of 5-HT4R activ-
ity in normal animals leads to inflammation and
disrupted motor function, providing evidence for

an anti-inflammatory role of 5-HT4 in normal
physiology. In addition to these protective, anti-
inflammatory actions of epithelial 5-HT4Rs, there
is evidence that 5-HT4Rs play a beneficial, neuro-
genic effect in the muscularis as the administration
of tegaserod improves the rate of propulsive motil-
ity of TNBS-inflamed guinea pigs. As in the
TNBS inflamed guinea pig colon, mice with DSS
colitis exhibited a slowing of colonic transit that
was inhibited by tegaserod treatment. Furthermore,
the effect of tegaserod was blocked by the 5- HT,
antagonist, GR113808 [40].

One mechanism by which tegaserod is acting is
through enhanced wound healing processes since
an increase both in cell proliferation and in epithe-
lial cell migration in a 5-HT, antagonist-sensitive
manner was observed. Epithelial erosions, ulcers
and decreased epithelial barrier integrity are all
common features of active colitis, and these condi-
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tions would likely be mitigated by enhanced epi-
thelial proliferation and migration [40]. Indeed,
treatment with tegaserod significantly accelerated
the recovery from DSS colitis as compared to ve-
hicle-treated animals [40]. These effects were
blocked by the 5-HT4 antagonist. Moreover, in es-
tablished TNBS colitis, tegaserod accelerated re-
covery of the disease activity index and this action
was also inhibited by antagonist treatment [40].

The anti-inflammatory effects of 5-HT4R acti-
vation may also involve resistance of the epitheli-
um to the harmful effects of oxidative stress. Oxi-
dative stress, and resultant epithelial apoptosis is a
key feature of inflammation and has been demon-
strated in bothDSS and TNBS colitis [101].
Treatment with tegaserod protected CaCo-2 cells
from apoptosis that was elicited by the free radical
donor, H,0O,, in a 5-HT, antagonist-sensitive man-
ner. Treatment with tegaserod in two different
models of colitis decreased the extent of inflam-
mation as it was occurring, and accelerated the
process of remission once colitis had been estab-
lished. The discovery that 5-HT4Rs also contribute
to the epithelial integrity in healthy animals re-
veals a newly identified role for 5-HT signaling in
the mucosal layer [40].

Interestingly, tegaserod proved to attenuate the
visceral sensitivity by reducing the Fos protein,
substance P (SP) and calcitonin gene-related pep-
tide (CGRP) expression in the lumbarsacral spinal
cord induced by colon inflammation in rats [41].
Fos, one of the inducible transcription factors,
serves as a quantifiable marker to identify neu-
ronal populations activated by noxious stimula-
tions. Noxious stimulation of hollow viscera in-
duced a specific pattern of Fos expression in rat
spinal cord that reflected the intensity of the stimu-
lation [103]. Neurons in the dorsal horn of lumbar-
sacral spinal cord are activated via sensory afferent
fibers in the pelvic nerve by noxious stimulation
induced by persistent colonic inflammation.
Therefore, tegaserod can dose-dependently prevent
these sensory neurons from being activated by co-
lonic inflammation [41].

SP was released from primary sensory nocicep-
tive neurons in response to noxious stimuli. SP
could play a pivotal role at the spinal cord level in
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postsynaptic sensitization, particularly during and
after gut inflammation [104]. The density of SP in
the dorsal horn decreased significantly compared
to the control group after treatment with tegaserod.
Therefore, tegaserod can inhibit SP expression in
the dorsal horn of the spinal cord, exerting antino-
ciceptive effect [41].

CGRP is one of the major neuropeptides ex-
pressed in the spinal cord sensory processing re-
gion and is widely distributed in the nervous sys-
tem. CGRP is likely to be involved in pain trans-
mission and may produce a direct nociceptive ef-
fect. CGRP might also enhance SP-induced noci-
ceptive sensation by facilitating the release of SP
in the spinal dorsal horn [105]. Compared with
that of the control group, the density of CGRP de-
creased in treatment groups, suggesting that tegas-
erod may not act on CGRP expression to reduce
visceral nociceptive transmission. However,
whether a much larger dose of tegaserod can sig-
nificantly decrease CGRP expression in the spinal
cord still needs more studies [41].

3.3. Efficacy of Tegaserod in the Treatment of
Functional Dyspepsia

FD is defined as the presence of one or more of
four gastroduodenal symptoms including epigas-
tric pain, epigastric burning, postprandial fullness,
and early satiety, in the absence of organic disease
[106, 107]. Although the etiology and pathophysi-
ology of FD are not well understood, recent stud-
ies have suggested that abnormalities in GI motili-
ty, abnormal sensorimotor function (hypersensitiv-
ity to distention and impaired meal accommoda-
tion), genetic factors, psychosocial factors, and
Helicobacter pylori infection may be implicated in
the pathophysiology of FD [108].

The 5-HT4R is mainly found in the intestine
and has been shown to increase gastric volumes
before and after a meal in healthy volunteers, as
well as impacting gastric motor and sensory func-
tion in patients with FD [109]. 5-HT4R agonists
have also been shown to significantly attenuate
visceral pain arising from the colon [110].

In a randomized controlled trial (RCT) [111],
the efficacy of tegaserod in the treatment of FD
was evaluated. It showed a significantly higher
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Scheme 1. Pre-systemic and systemic metabolism of tegaserod.

response rates and improvement of symptoms in
patients treated with tegaserod compared to the
placebo group [38].

4. TEGASEROD AND IBS-C

4.1. Preclinical and Clinical Pharmacokinetics
(PK)

Tegaserod PK and metabolism were investigat-
ed in animals and in vitro using human liver and
intestinal slices, as well as rat and human liver mi-
crosomes.

After oral administration in rats and dogs, the
drug was absorbed by approximately 30% and
60%, respectively and exhibited an extensive first-
pass metabolism in both species. The terminal
elimination half-life (t;,) was 2 hours in rats and 7
hours in dogs. The major metabolite in both spe-
cies, 5-methoxy-indole-3-carboxylic acid glucu-
ronide M29.0 (Scheme 1), showed no pharmaco-

logic activity [112]. Nevertheless, there is a poten-
tial for tegaserod and M29.0 to increase platelet
aggregation in vitro. In one in vitro study, tegaser-
od, at concentrations up to 10-times the maximum
plasma concentration (Cpax) at the recommended
dose, significantly increased platelet aggregation
in a concentration-dependent manner up to 74%
compared to vehicle control. In another in vitro
study, M29.0 also showed a 5% to 16% increase in
platelet aggregation compared to vehicle control.
The clinical implications of the in vitro platelet
aggregation results are unclear [32].

Most discussions of tegaserod’s activity have
been limited to the activity of intact tegaserod and
inactivity of its major metabolite M29.0. Com-
pletely absent from these discussions, as from the
Figure, is the fate in humans of half of the mole-
cule, the pentylaminoguanidine (PAG) also gener-
ated when tegaserod undergoes acid hydrolysis in
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the stomach. The 2018 FDA Briefing Document
simply states the following: “Information on sys-
temic absorption of PAG in humans is not availa-
ble” [28]. One mole of PAG is generated for every
mole of M29.0 and of M7.0. Blood levels of both
metabolites are substantial: Cpax for M29.0 is 16-
fold and M7.0 8-fold higher than tegaserod’s.
Hence PAG’s blood levels could be 24-fold higher
than tegaserod’s. Regardless, PAG could exert ef-
fects in the gut instead of or in addition to those in
the blood.

PAG could have direct impacts upon both the
efficacy and safety of tegaserod. PAG is a deriva-
tive of guanidine that has a labeled adverse effect
of diarrhea, as well as increased peristalsis, that
may preclude use [113]. Hence tegaserod’s modest
benefits could be related to PAG rather than intact
tegaserod.

There are several PAG safety concerns. For in-
stance, guanidine has a labeled warning regarding
fatal bone marrow suppression [113]. A low neu-
trophil count is an adverse event listed in the te-
gaserod label [114]. Moreover, tegaserod produces
small intestine mucosal hyperplasia and adenocar-
cinoma in mice. Despite blaming this finding on
PAG, the developer estimated a safety margin for
human exposure based on tegaserod dosages alone
[28]. All in vitro receptor, drug interaction, and
genotoxicity studies omitted PAG entirely [113].

Information is also lacking on the metabolites
enclosed in square brackets in Scheme 1. Like
PAG, they may have appreciable blood levels and
they may be pharmacologically active since one of
them is 5-methoxyindole-3-carboxylic acid, a po-
sitional isomer of 5-methoxyindole-2-carboxylic
acid, that is a potent hypoglycemic agent [115].

Tegaserod clinical PK was investigated after
single and multiple oral (tablet or capsule) or i.v.
administration, in healthy volunteers, special pop-
ulations and patients with IBS, all groups contain-
ing both male and female individuals. The range of
investigated doses was 2 mg - 12 mg BID.

The absolute bioavailability of tegaserod was
approximately 10% (Table 2). Variability in the
area under the plasma concentration-time curve
from zero to infinity (AUCy.) and maximum drug
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concentration (Cpax) following oral administration
was greater than the i.v. one. The variability in the
absorption of tegaserod and the limited oral avail-
ability were associated with a first-pass effect and
the acceleration of GI transit [116, 117]. After sin-
gle oral administration in fasting conditions (12
mg), tegaserod was rapidly absorbed. Maximum
plasma concentration (Cpax) of about 5.5 ng/mL
was achieved in 1.5 hours (tma.x) and the mean ex-
posure (AUCy) was 17.1 ng*h/mL. Administration
under fed conditions reduced both the rate (Cpax)
and extent (AUC.) of absorption of tegaserod by
20-40% and 40-65%, respectively (Table 2). More-
over, the lag time and ty.x Were increased [116-
119]. The terminal half-life following oral or i.v.
administration was about 11 hours [96, 116, 117].
The reduced absorption of tegaserod under fed cir-
cumstances was attributed to decreased solubility
associated with a rising gastric pH [117, 118].

Following single and repeated oral administra-
tion of 2 to 100 mg (BID, for 5-14 days), tegaser-
od showed linear (dose and time-independent) PK.
After 5 days of treatment at the recommended
dose (6 mg BID), steady-state was already
achieved. No relevant accumulation was observed
(Table 3) [116, 117, 120, 121].

High plasma protein binding, mainly to o-
glycoproteins, was observed with tegaserod con-
centrations between 20 and 20000 pg/L (approxi-
mately 98%). The volume of distribution at steady
state was about 368 L, indicating that the drug is
distributed into the tissues [117].

In healthy volunteers and in patients with IBS-
C and IBS with diarrhea (IBS-D), similar multiple-
dose PK of tegaserod was observed, when the food
effect was considered [117, 119, 122]. For the 6
mg BID dose in patients with IBS-C and IBS-D,
AUC; and Cpaxss were 30 to 50%, lower than
those in healthy individuals following administra-
tion in fasting conditions [121]. For patients with
IBS-C and IBS-D the type of bowel function ab-
normality has no impact on the PK of tegaserod
(Table 4) [117, 119, 122-124].

Tegaserod dose adjustment is not required in
patients with mild hepatic disease (caution rec-
ommended) and in patients with mild-moderate
renal impairment. However, tegaserod is not
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Table 2. PK of tegaserod in fasting and fed conditions.

Pharmacokinetic Parameters (mean + SD, median for t,, and t;,,)
Treatment Cmax AUC 0-o0 tmax t1/2,2 tlag CL/F Vz/F Vss F (0/)
(ng/mL) | (ng*h/m) | (h) (h) (h) (L*h™) L) L) ’
12 mg p.o. | fasted | 5.5+£2.2 17.1+64 | 15| 65+3.2 0 799 + 301 7350 + 6147 - 11 +4
12 mgp.o.| fed 25+0.9 8.0+2.6 2 72+23 | 0.7 ] 1995+ 548 11821 +£1984 - -
3ME | pdted | 454492 | 400479 | - | 10846 | - | 77£15% | 1149+405% | 3684223 | -
infusion’

*F=1; § over 40 min. Data are referred to a study involving 12 healthy male subjects aged 19-31 years [116].

Table 3. Multiple-dose PK of tegaserod.

Pharmacokinetic Parameters (mean = SD, median for t,,,,)
Treatment
Cmax SS AUCT tmax SS Cmin SS
(BID) ’ ’ ’ Accumulation Ratio
(ng/mL) (ng*h/mL) (h) (ng/mL)

2 mg 0.7+0.3 24+13 1 <LOQ 0.93
6 mg 2.7+1.2 8.9+4.2 0.8 0.11 +0.07 1.16

12 mg (2x6 mg) 5.6+2.9 20.4 £14.0 1 0.28 +0.11 1.15

Data are referred to a study involving 18 subjects (11 male and 7 female) aged 21-36 years [121].

Table 4. PK of tegaserod in IBS-C patients.

Pharmacokinetic Parameters (mean £+ SD, median for t,,,,)
Treatment Subiect
ubjects
(BID) J Cmax,ss tmax,ss AUC.,
(ng/mL) (h) (ng*h/mL)

C-IBS patients* 1.7£0.7 1.0 5725

6 mg tablets D-IBS patients* 1.9+1.4 1.0 48+2.4

Healthy volunteers§ 27+1.2 0.8 89+42

*Data are referred to a study involving 54 patients for C-IBS or 32 patients for D-IBS [122]; § Data are referred to a study involving 18 subjects (11 male and 7

female) [121].

recommended for patients with moderate-severe
hepatic or severe renal impairments [117, 120].

4.2. Efficacy Data

Tegaserod accelerates gastric emptying and co-
lonic transit time in healthy subject and in patients
with IBS-C [26, 125-129].

Its efficacy was investigated in phase III clinical
trials involving approximately 9000 IBS patients,
mostly women with constipation-predominant
symptoms. In the majority of studies, the clinical
outcome was the Subject’s Global Assessment
(SGA) of relief of overall GI symptoms [130].

Four pivotal Phase III RCTs [29, 30-32] evalu-
ated tegaserod versus placebo. The results showed
that tegaserod was significantly better than place-
bo at relieving overall and key individual IBS
symptoms including abdominal pain and discom-
fort, bloating and constipation. Following the ces-
sation of treatment with tegaserod, IBS symptoms
slowly recurred, indicating that there was no re-
bound effect. Tack et al. [32], showed significant
improvements in Quality of Life (QoL) and health
economic-related outcomes. In all four pivotal
studies, response to tegaserod was rapid, sustained,
and increasing during the course of treatment.
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Tegaserod efficacy was also evaluated in six
phase IIIb/IV studies in IBS patients worldwide
[131-136]. Data from two of them [131, 134], with
a similar design to the pivotal IBS trials, demon-
strated that significantly more patients taking te-
gaserod experienced satisfactory relief of overall
and individual symptoms (abdominal pain/dis-
comfort, stool frequency, stool consistency, and
straining during defecation) compared to placebo.
These results confirm that tegaserod is an effective
treatment irrespective of factors such as geograph-
ical region, race, and culture. In addition, two of
these trials included patients without diarrhea (non-
IBS-D), and indicated that tegaserod is effective in
this subgroup of patients, as well as those with
IBS-C according to the Rome II criteria [137].

In conclusion, results from clinical studies
demonstrated that tegaserod at 6 mg BID is asso-
ciated with significant relief, compared with pla-
cebo or baseline, of overall and individual symp-
toms in IBS-C and non-IBS-D patients [136, 138].

4.3. Safety Evaluation
4.3.1. Common Adverse Reactions

The frequency of reported adverse reactions in
the 3-month trials with tegaserod varies considera-
bly (e.g. 50-60% of US patients reported adverse
reactions), whereas only 4% of the patients in an
Asia-Pacific trial and 38% (13% drug-related) in a
European trial did so. As this can be explained nei-
ther by different doses nor by trial design, cultural
differences in the willingness to complain are the
most likely explanation. The most common ad-
verse reactions were diarrhea, headache and ab-
dominal pain and were graded as mild, sometimes
as moderate. Only diarrhea was reproducibly more
prevalent in the tegaserod than in the placebo
groups, but this was not dose-related. Three ad-
verse reactions potentially attributable to tegaserod
have gained particular attention, namely an in-
creased rate of abdominal surgery, ischemic colitis
and cardiac events. They occurred so infrequently
that they are unlikely to be identified in Phase III
trials and may only come up in pooled analyses or
during post-marketing surveillance,but they are
severe enough to warrant concerns [32, 33].

Less common adverse reactions reported in <
2% of patients in clinical trials of IBS-C on tegas-
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erod but more frequently than placebo affect:
blood and lymphatic system (anemia); ear and lab-
yrinth (vertigo); gastrointestinal apparatus (rectal
hemorrhage); musculoskeletal and connective tis-
sue (arthropathy, tendonitis); nervous system (mi-
graine); asthenia; increased blood creatine phos-
phokinase; increased appetite.

4.3.2. Gastrointestinal and CNS Effects

Gastrointestinal (GI) symptoms are the most
common side effects. In pooled data from Phase
III RCTs in IBS-C, diarrhea was reported by 8.8%
of patients treated with tegaserod 6 mg BID versus
3.8% of patients on placebo, and similar rates were
present in international post-US marketing RCTs.
Diarrhea occurred mainly in the first week of
treatment and was often transient, resolving with
continued treatment. Tegaserod-induced diarrhea
was mild in many patients, without fluid or elec-
trolyte disturbances, and less than 3% of patients
discontinued tegaserod due to diarrhea. The inci-
dence of other GI symptoms (e.g. abdominal pain,
nausea and flatulence) was similar between tegas-
erod and placebo. Regarding abdominal surgery in
patients with IBS-C, a pooled analysis of Phase I1I
and post-US marketing RCT did not demonstrate
any significant difference between tegaserod
(0.44%) and placebo (0.41%) in the incidence of
abdominal/pelvic surgery [139]. Patients with IBS
have a higher risk of developing colonic ischemia
than the general population. Episodes of ischemic
colitis were not reported with tegaserod in over
11600 patients participating in Phase III or post-
marketing RCTs. In the post-marketing surveil-
lance, the rate of ischemic colitis with tegaserod
was lower than that observed in non-tegaserod pa-
tients since post-marketing reports have noted that
incidence of cases of ischemic colitis and intestinal
ischemia in patients taking tegaserod appears to be
similar to the general population and is less than
estimates for the IBS patient population. Moreo-
ver, no mechanism has been identified through
which tegaserod might predispose to ischemic co-
litis [32, 77, 78].

Pooled analysis of Phase III RCTs demonstrat-
ed an increase in the incidence of headaches in te-
gaserod-treated (6 mg BID) vs. placebo-treated
patients (15% vs. 12.3%, respectively; P < 0.05).
However, post-US marketing RCTs did not show
this increased incidence [77, 78].
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The last FDA revision (March 2019) reports in
“Warning and Precaution” section the following:
“Monitor patients for the clinical worsening of de-
pression and emergence of suicidal thoughts and
behaviors, especially during the initial few months
of treatment. Instruct patients to immediately dis-
continue Zelnorm™ and contact their healthcare
provider if their depression is persistently worse or
they are experiencing emergent suicidal thoughts
or behaviors”. Indeed, suicide, suicidal attempt
and ideation, and self-injurious behavior have been
reported in clinical trials of IBS-C and other gas-
trointestinal motility disorders. The frequency of
suicidal ideation or attempts with tegaserod treat-
ment (8 patients out of 10,003) was higher than
placebo (1 patient out of 5,425). Events on tegas-
erod included one completed suicide, two suicide
attempts, four cases of self-injurious behavior, and
one case of suicidal ideation. There was one sui-
cide attempt on placebo. Of the eight tegaserod-
treated patients who experienced an event, all were
less than 65 years of age, seven were female and
three had IBS-C. The patient who committed sui-
cide was a female, less than 65 years of age with
IBS-C, taking tegaserod 2 mg twice daily. Suicidal
ideation/behavior in clinical trials was proportion-
ately more frequent among patients receiving anti-
depressant medication [33].

4.3.3. Cardiovascular Effects

Until 2007, many studies on both healthy vol-
unteers and patients with IBS-C treated with te-
gaserod did not demonstrated incidence of ven-
tricular/supraventricular tachycardia, or clinically
significant effects on cardiac repolarization and
QT interval duration [29, 140]. The administration
of i.v. tegaserod (0.8-20 mg) in 36 healthy volun-
teers resulted in plasma concentrations up to 100
times those measured after therapeutic doses (6 mg
orally BID; maximum 5 ng/mL), but did not affect
any ECG parameter, including QT interval dura-
tion. Furthermore, patients on placebo or oral te-
gaserod (2 or 6 mg BID), showed similar changes
in ECG parameters, QT interval duration, and sim-
ilar frequency and type of arrhythmias during ther-

apy [141].

In 2007, the FDA requested withdrawal from
the market, citing a relationship between prescrip-
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tions of tegaserod and increased risks of heart at-
tack or stroke [142]. Novartis Pharmaceuticals de-
nies an association as all affected patients were
said to have pre-existing cardiovascular disease or
risk factors for such. Thus, no causal relationship
between tegaserod use and cardiovascular events
had been demonstrated. Indeed, a matched case-
control study of tegaserod-treated patients with
untreated patients found no association between
tegaserod and adverse cardiovascular outcomes
[143]. Nevertheless, in 2007 a pooled retrospective
analysis of ischemic events from 29 clinical stud-
ies using tegaserod in a variety of GI tract condi-
tions [144, 145] allowed to recognize the adverse
events that the Phase III clinical trials were not
powered to detect. Indeed, the prevalence of cardi-
ovascular adverse events with tegaserod was low
and likely to fall below the limit of detection in a
clinical trial programme. These studies included
11614 tegaserod-treated patients and 7031 treated
with placebo (average age: 43 years; 88% wom-
en). Thirteen tegaserod treated patients (0.11%)
had serious and life-threatening cardiovascular
events. Among these, four patients had a myocar-
dial infarction (one died), six had severe cardiac
ischemia, and three had a stroke [142]. Among pa-
tients on placebo, only one had symptoms suggest-
ing a stroke. This patient recovered without com-
plications. Three adjudications, one internal (by
the developer) and two external, attested the limi-
tations in data collections. The internal one count-
ed 18 patients with cardiovascular events for te-
gaserod and 2 for placebo. The second, by NY’s
Mt. Sinai Hospital, counted 13 for tegaserod and 1
for placebo and identified an imbalance in patients
taking tegaserod (0.1%) compared to placebo
(0.01%). The third, by Duke Clinical Research In-
stitute, counted 7 for tegaserod and 1 for placebo
and was conducted with additional patient-level
information, confirming an imbalance in cardio-
vascular events in patients taking tegaserod com-
pared to placebo. All events occurred in male and
female patients with a history of cardiovascular
ischemic disease and/or more than one cardiovas-
cular risk factor. The patient narratives and tabula-
tions in the briefing documents for the 2018 FDA
advisory committee meeting confirm the inade-
quacy of the data collection [146, 147]. With bet-
ter data collection, multiple adjudications would
not have been necessary, or the repeat adjudica-
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tions would have been more consistent. Regard-
less, the adjudications all support that there is an
increased cardiovascular risk with tegaserod but of
an unknown magnitude.

The mechanism through which tegaserod use
may be associated with increased cardiovascular
risk is not clearly established. A hypothetical
mechanism for tegaserod-related cardiac events
was proposed involving interaction with receptors
other than 5-HTj,. Indeed, tegaserod shows moder-
ate activity for 5-HTy, or5-HT w4 receptor sub-
types on coronary arterioles [148]. In fact, these
receptors are located on vascular smooth muscle
and endothelial cells causing contraction of human
coronary arteries. Regarding 5-HT)q, a single dose
of the selective agonist PNU-142633 produced
chest pain in 2 of 34 migraine patients in a double-
blind, placebo-controlled study [149]. Regarding
5-HTp, activation of which produces coronary
vasoconstriction, tegaserod is a significantly more
potent agonist at the 124 Cys-variant than at the
wild-type 5-HT},, receptor [150]. However, as te-
gaserod does not behave as a 5-HT;preceptor ago-
nist in a recent study of human isolated proximal
and distal coronary arterioles, the mechanisms in-
volved remain unclear [151]. Furthermore, plate-
lets have 5-HT receptors. Although there are varia-
tions in the studies of tegaserod effects upon plate-
lets, one study strongly suggests that tegaserod
increases platelet aggregation [152]. Tegaserod
has no affinity for 5-HT;or dopamine receptors.

4.3.4. Postmarketing Data

FDA approved tegaserod in 2002 for women
with predominant IBS-C and in 2004 for patients
up to 65 years of age with chronic idiopathic con-
stipation (CIC) under the name of Zelnorm®
(marketed by Novartis). FDA asked Novartis to
suspend its U.S. marketing and sales on March 30,
2007, due to increased incidence of heart attack,
stroke, and unstable angina (heart/chest pain) in
patients treated with tegaserod compared with pla-
cebo [145]. FDA concluded that for most patients
the benefits of this drug no longer outweighed the
risks. Novartis no longer provided Zelnorm® and
since 2009 agreed to continue to supply tegaserod
in the U.S. only for emergency use (immediate
life-threatening or serious conditions enough to
qualify for hospitalization) [153, 154]. Tegaserod
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was also approved in several other countries for
the treatment of IBS-C and CIC. However, in
March 2007 it was withdrawn from most markets
[141]. Tegaserod never received approval in the
European Union (EU) [155]. India banned tegas-
erod in March 2011, because of a 10-fold increase
risk in heart attack and stroke [156]. Tegaserod
was resubmitted in 2018 to the FDA for use in
women having irritable bowel syndrome with con-
stipation and low cardiovascular risk. An advisory
committee meeting for the resubmissionwas held
on October 17, 2018, with the members voting 11
to 1 in favor of approval [28, 33].

The following adverse reactions have been
identified during post-approval use of Zelnorm®.
Because these reactions are reported voluntarily
from a population of uncertain size, it is not al-
ways possible to reliably estimate their frequency
or establish a causal relationship to drug exposure
[33]:

e Ischemic colitis, mesenteric ischemia, gan-
grenous bowel and rectal bleeding;

e Severe diarrhea resulting in syncope, hypo-
tension, hypovolemia, electrolyte disorders;

e Sphincter of Oddi spasm, bile duct stone,
cholecystitis with elevated transaminases,
elevation in ALT, AST and bilirubin, hepa-
titis;

e Alopecia;

e Hypersensitivity reactions, including ana-
phylaxis.

4.3.5. Safety in Special Populations

Available data from case reports with tegaserod
use in pregnant women has not identified a drug-
associated risk of major birth defects, miscarriage,
or adverse maternal or fetal outcomes. In animal
studies, decreased survival of rat pups was ob-
served with maternal dietary administration of te-
gaserod at 71 times the recommended dose during
organogenesis and through lactation. Decreased
body weight and delays in developmental land-
marks in rat pups were observed with maternal di-
etary administration of 45 times the recommended
dose. No adverse developmental effects were ob-
served with oral administration of tegaserod to
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pregnant rats at doses up to 15 times the recom-
mended dose or to pregnant rabbits at doses up to
51 times the recommended dose during organo-
genesis [33].

There are no data regarding the presence of te-
gaserod in human milk, the effects on the breastfed
infant, or the effects on milk production. Tegaser-
od and its metabolites are present in rat milk; the
milk to plasma concentration ratio for tegaserod is
very high. Following oral administration, tegaser-
od and its metabolites are excreted in the milk of
lactating rats with a milk:plasma concentration ra-
tio of 33:1. Since when a drug is present in animal
milk, it is likely that the drug will be present in
human milk. Because of the potential for serious
reactions in the breastfed infant, including tumor-
igenicity, advise a lactating woman that breast-
feeding is not recommended during treatment with
tegaserod [33].

Safety and effectiveness of tegaserod in pediat-
ric patients have not been established. Moreover,
tegaserod is not indicated in patients 65 years of
age and older [33].

No change in the pharmacokinetics of tegaserod
was observed in subjects with end-stage renal dis-
ease requiring hemodialysis. Although renal im-
pairment does not affect the pharmacokinetics of
tegaserod, the pharmacokinetics of its main me-
tabolite M29.0 are altered, its Cp.x doubling and
the AUC increasing 10-fold in patients with severe
renal impairment compared to healthy subjects
with normal renal function. Thus, tegaserod is con-
traindicated in patients with severe renal impair-
ment or end-stage renal disease. Differently, no
dosage adjustment is recommended in patients
with mild to moderate renal impairment [33].

In subjects with mild hepatic impairment
(Child-Pugh A), the mean tegaserod AUC was
31% higher and the Cpax was 16% higher com-
pared to healthy subjects with normal hepatic
function. The increase in exposure in subjects with
mild impairment is not considered to be clinically
relevant. Only in a single subject with moderate
hepatic impairment, the Cpax and AUC were 140%
and 200% of that observed in healthy controls.
Thus, no tegaserod dosage adjustment is necessary
in patients with mild hepatic impairment (caution
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recommended). Tegaserod has not been studied in
patients with moderate or severe hepatic impair-
ment (Child-Pugh B or C) and it is, therefore, con-
traindicated in these patients [33, 117, 120].

4.3.6. Major Changes after Resubmission

After the proposal to remarket tegaserod in
2018, the FDA supported its reintroduction on the
market. To ensure a favorable benefit-risk, the re-
introduction proposal focuses both on a single in-
dication (IBS-C) and a restricted patient popula-
tion that is females 65 and younger affected by
IBS-C without a history of ischemic cardiovascu-
lar disease [146].

In particular, the sponsor’s proposal is support-
ed by:

* Clinical trial data, epidemiology study find-
ings and mechanistic evaluations that support a
favorable cardiovascular safety profile. While the
available evidence supports cardiovascular safety,
the data are insufficient to rule out possibilities of
low risk associated with tegaserod that was ob-
served in the initial signal which was driven by a
small number of events across controlled studies;

* Clear demonstration of effectiveness across
large and well-designed studies, with a meaningful
response in overall impact assessment and im-
provement in key symptoms;

 Evaluations of more than 6,000 IBS-C pa-
tients, as well as data from other studied popula-
tions and postmarketing experience supporting
good tolerability and a favorable safety profile.

Because there could be residual uncertainty
around the cardiovascular risk associated with te-
gaserod, the sponsor proposed its reintroduction in
a restricted population based on age, gender and
cardiovascular disease history. The proposed age
and gender restrictions are consistent with patients
that have inherently lower cardiovascular risk than
the general population and consistent with the nat-
ural history of IBS-C, as well as the majority of
the clinical trial experience, predominantly com-
prised of working-age women. In addition, any
risk will likely be reduced by contraindicating use
in individuals with pre-existing ischemic cardiac
or cerebral diseases since such patients would be
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at greatest risk for a cardiac or ischemic event.
This approach would make tegaserod available to
many IBS-C patients who may benefit from avail-
ability of an additional effective treatment option
and who are at an inherently lower risk for a car-
diovascular event than the broader population
[147].

The last version of prescribing information of
Zelnorm™ (the brand name for tegaserod market-
ed by Novartis) revised by FDA on March 2019
reports several changes as follows [33]:

e Indications and Usage: Zelnorm'" is a sero-
tonin-4 (5-HT4) receptor agonist indicated
for the treatment of adult women less than
65 years of age with irritable bowel syn-
drome with constipation (IBS-C). Limita-
tions of Use: the safety and effectiveness of
Zelnorm™in men with IBS-C have not
been established. In two randomized, place-
bo-controlled, double-blind trials enrolling
288 males, efficacy response rates were
similar between Zelnorm “and placebo in
the male subgroup;

e Controindications: Zelnorm™ is contrain-
dicated in patients with a history of myo-
cardial infarction, stroke, transient ischemic
attack, or angina; a history of ischemic coli-
tis or other forms of intestinal ischemia; se-
vere renal impairment (eGFR <15
mL/min/1.73 m?) or end-stage renal disease;
moderate or severe hepatic impairment
(Child-Pugh B or C); history of bowel ob-
struction, symptomatic gallbladder disease;
suspected sphincter of Oddi dysfunction, or
abdominal adhesions; hypersensitivity to
tegaserod.

e Warnings and Precautions: Cardiovascular
Ischemic Events, Including Major Adverse
Cardiovascular Events (MACE): The poten-
tial risks of treatment must be balanced with
expectations in improvements in symptoms
of IBS-C. Discontinue Zelnorm'Vtreatment
in patients who experience a myocardial in-
farction, stroke, transient ischemic attack or
angina. Evaluate the risks and benefits of
continued treatment in patients who develop
clinical or other evidence of cardiovascular
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ischemic heart disease and/or experience
changes in health status that could increase
cardiovascular risk during treatment. Is-
chemic Colitis: Monitor for rectal bleeding,
bloody diarrhea, and new or worsening ab-
dominal pain and discontinue Zelnorm™ if
symptoms develop. Volume Depletion As-
sociated with Diarrhea: Avoid use in pa-
tients with severe diarrhea. Instruct patients
to discontinue Zelnorm™ and contact their
healthcare provider if severe diarrhea, hypo-
tension or syncope occur. Suicidal Ideation
and Behavior: Monitor patients for clinical
worsening of depression and the emergence
of suicidal thoughts and behaviors, especial-
ly during the initial few months of treat-
ment. Instruct patients to immediately dis-
continue Zelnorm™ and contact their
healthcare provider if their depression is
persistently worse or they are experiencing
emergent suicidal thoughts or behaviors.

CONCLUSION

The complex nature of IBS is still a significant
treatment challenge for patients and physicians.
Traditional medications are frequently prescribed
with deceiving results in IBS patients. Increasing
knowledge in IBS pathophysiology has led to the
development of several new compounds as sero-
tonergic medications such as tegaserod that have
effectively managed many of the motor and senso-
ry abnormalities in IBS.

Preclinical and clinical studies have demon-
strated that tegaserod accelerates gastric emptying
and colonic transit time. Dose adjustment is not
required in patients with mild hepatic disease and
with mild-moderate renal impairment, while it is
not recommended in patients with moderate-severe
hepatic and severe renal impairments. Data from
international clinical trials suggested that tegaser-
od provides rapid, sustained, and statistically sig-
nificant relief of IBS overall and individual symp-
toms (abdominal pain/discomfort, bloating, and
constipation) compared with placebo. Efficacy of
tegaserod was also confirmed in open-label trials
performed in real-life clinical settings. Tegaserod
is associated with significant improvements in pa-
tients” QoL and work productivity.
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Despite its clinical efficacy, data collected
demonstrated cardiovascular adverse events.
Therefore, the FDA requested a market withdraw-
al, citing a relationship between the drug and in-
creased risks of heart attack or stroke. Neverthe-
less, the manufacturer denied this and a causal re-
lationship between tegaserod use and cardiovascu-
lar events was not demonstrated. Indeed, both pa-
tients follow-up and cardiovascular adverse events
description were incomplete. Therefore, the inade-
quacy of the data collection was confirmed such
that an accurate estimation of adverse events is not
possible because its magnitude remains unknown,
even though an increase in cardiovascular risk
seems to exist. As concerns the clinical use of te-
gaserod, the proposal to remarket the drug is not
irrational because the absolute risk is low in pa-
tients who otherwise have negligible risk. Howev-
er, the pharmacology, the clinical trial results and
the cardiac risk magnitude of tegaserod still re-
main uncertain.

LIST OF ABBREVIATIONS

5-HT = Serotonin

5-HT4R = 5-HT4receptor

BID = Twice a Day

CGRP = Calcitonin Gene-Related Peptide

CIC = Chronic Idiopathic Constipation

DSS = Dextran Sodium Sulfate

FD = Functional Dyspepsia

FDA = Food and Drug Administration

GI = Qastrointestinal

IBS = Irritable Bowel Syndrome

IBS-C = Irritable Bowel Syndrome with Con-
stipation

IBS-D = Irritable Bowel Syndrome with Diar-
rhea

PAG = Pentylaminoguanidine

PK = Pharmacokinetic

QoL = Quality of Life
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RCT = Randomized Controlled Trial
SP = Substance P
TNBS = Trinitrobenzene Sulfonic Acid
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