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Abstract

Background—Despite setbacks to the approval of new medications for the treatment of irritable
bowel syndrome, interim guidelines on endpoints for IBS trials have enhanced interest as new targets
for medical therapy are proposed based on novel mechanisms or chemical entities.

Aim—To review the approved lubiprostone, two targets that are not meeting expectations
(tachykinins and corticotrophin-releasing hormone), the efficacy and safety of new 5-HT, agonists,
intestinal secretagogues (chloride channel activators, and guanylate cyclase-C agonists), bile acid
modulation, anti-inflammatory agents and visceral analgesics.

Methods—Review of selected articles based on PubMed search and clinically relevant information
on mechanism of action, safety, pharmacodynamics, and efficacy

Conclusions—The spectrum of peripheral targets of medical therapy address chiefly the bowel
dysfunction of IBS, and these effects are associated with pain relief. There are less clear targets
related to the abdominal pain or visceral sensation in IBS. The new 5-HT, agonists are more specific
than older agents, and show cardiovascular safety to date. Secretory agents have high specificity,
low bioavailability, and efficacy. The potential risks of agents “borrowed” from other indications
(like hyperlipidemia, inflammatory bowel disease or somatic pain) deserve further study. There is
reason for optimism in medical treatment of IBS.
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Introduction

Despite claims based on meta-analyses (1) that there are several treatments such as peppermint
oil, antidepressants, and probiotics based on Bifidobacteria which are efficacious for the
treatment of irritable bowel syndrome (IBS), patients and clinicians question their
effectiveness. A recent review assessed the pipeline of medical treatments in IBS, as well as
challenges in study design and regulatory guidance (2). Though the list is exhaustive, many
candidate medications are still at a very early stage of development. What are realistic receptor
targets of medical therapy of IBS? What targets appear to be less promising based on initial
experience in humans? To appraise realistic opportunities and to assess whether there is any
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reason for optimism, this overview focuses on classes of medications or individual medications
where there is at least mechanistic proof of concept in humans, and initial evidence of efficacy
in clinical trials. There are some targets of therapy that appeared to be very promising, but they
have been disappointing, and they are briefly discussed. While some targets for therapy are
not necessarily new, there are new approaches which promise to produce safer restoration of
normal bowel function by stimulating motility and secretion. There are still no robust targets
or proven therapies directed at visceral pain.

Thus, this overview will address the current state of knowledge in efficacy and safety of new
5-HT,4 agonists, intestinal secretagogues (chloride channel activators, guanylate cyclase C
agonists), bile acid modulation, anti-inflammatory approaches, k-opioid agonist, pregabalin
and gabapentin.

Medications Aimed at Putative Targets that Have not Fulfilled their Promise to Date

There are two targets of medical therapy with potential in IBS which have been less promising
in human studies than was predicted based on animal models:

a. Tachykinin antagonists—While NK1 antagonists such as aprepitant and casopitant are
effective in chemotherapy-induced emesis or postoperative nausea or vomiting (3-5), there are
no reports of pharmacodynamic (6) or clinical efficacy in changing bowel sensation or motility
in humans (healthy or IBS). Similarly, the NK3 antagonist class has been tested in
pharmacodynamic studies in which it did not significantly alter rectal sensation in humans
(7) and in clinical trials (8). The NKy-receptor antagonist, nepadutant (9), reduced contraction
frequency and amplitude on migrating motor complexes in the small intestine in healthy
controls. It also effectively antagonized the motility-stimulating effects of infused NKa.
Effects in clinical trials have not been reported.

b. Corticotrophin releasing hormone | antagonist—CRH stimulates colonic motility
in healthy humans (10,11), activates CRH receptor subtypes R1 and R2 on subepithelial mast
cells, thereby inducing increased transcellular uptake of protein antigens in human colonic
biopsies in Ussing chambers (12,13), and the CRH 1 antagonist reduces sensation (11) as well
as the EEG signal in response to rectal distension (14). However, a proof of concept study with
a CRF1 antagonist, pexacerafont, and colonic transit and bowel function in IBS-D showed no
advantage of pexacerafont over placebo (15). The selective CRF-1 receptor antagonist,
GW876008, was shown to attenuate psychological stress-induced rectal hypersensitivity in 9
patients with IBS (16). However, a multicenter, randomized, double blind, placebo controlled,
two-period crossover clinical trial of 19 weeks’ duration with the same agent (GW876008)
showed no significant difference from placebo in the global improvement scale, daily self-
assessment of IBS pain/discomfort or individual lower GI symptoms (17). .

c. 5-HT1A receptor antagonist—A large study of 402 patients explored the efficacy of
AZD7371, a 5-HT1A receptor antagonist, which was not more effective than placebo in
providing adequate relief from IBS or change in score in validated symptom and quality-of-
life questionnaires. Hallucinations were reported by eight patients taking AZD7371, none on
placebo (18).

d. Cholecystokinin antagonist—Dexloxiglumide is a competitive antagonist of the
CCKj receptor. CCK is thought to a potential mediator of the colonic contraction in response
to feeding that may cause symptoms such as urgency or diarrhea. Initially, studies conducted
in patients with female IBS-C patients provided contradictory results with two large phase 111
trials showing no efficacy (19). This latter was consistent with a pharmacodynamic study in
C-1BS (20), which paradoxically showed slowing of ascending colon emptying and no
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significant effect on overall colonic transit or satisfactory relief of IBS. In a more recent phase
Il randomized withdrawal study, dexloxiglumide demonstrated sustained relief of symptoms
or at least a longer time to loss of therapeutic response in a randomized withdrawal trial in
female (not male) IBS patients (21). It is worth noting that among 869 IBS-C patients receiving
single-blinded dexloxiglumide, there were 413 responders. The clinical benefit of this class of
medication is still unclear

e. Beta-3 adrenergic agonist—Solabegron was proposed after animal studies showed
functional receptors on enteric neurons (22). However, a reliable pharmacodynamic
assessment in humans failed to show any significant effect on gastrointestinal or colonic transit
(23). A clinical trial with this medication has been completed, and a preliminary report shows
that solabegron, 200mg, b.i.d., led to a statistically significant increase in the proportion of
females (p=0.019) and possibly both genders (p=0.06) achieving adequate relief of IBS pain
and discomfort compared to placebo. There were also improvements in pain scores and number
of pain-free days, but (consistent with transit results) no significant change in bowel symptoms
(24).

What went wrong? Was the problem in the target or the specific medication?

One feature in common with all these classes of medications is that their investigation in
humans followed extensive animal toxicology and preclinical effects that appeared robust.
However, application of the same principles in human proof of concept studies has been
disappointing. There may be several reasons, some of which are reviewed in a scholarly treatise
on the topic by Mayer et al. (25); others may be more speculative.

First, there is little evidence that CRF mechanisms are upregulated in the human condition,
and the degree of stress experienced by patients attending a clinic is not as severe as that of a
rat avoiding water! In addition, there is no evidence that drug alteration of rectal sensory
threshold predicts responsiveness in clinical trials in IBS.

Second, the efficacy of neurokinin modulators predicted from animal studies has been
uniformly disappointing in larger human studies. It is conceivable that redundant mechanisms
in sensation (e.g. norepinephrine, CGRP) or motor function (e.g. acetyl choline) compensate
for the specific antagonism of the neurokinin receptors.

Third, the role of 5-HT1A receptors in modulating colonic motor or sensory function suspected
from animal models was not confirmed in our study in healthy volunteers (26). Thus, buspirone
did not significantly alter colonic compliance, tone, or sensation relative to placebo whereas a
positive control (venlafaxine) was effective.

Fourth, if CCK is associated with colonic motor response to feeding, why would it be tested
in patients with IBS-C? In addition, dexloxiglumide slowed ascending colon emptying time
which might be predicted to aggravate constipation or at least to cause harder stool consistency.

Fifth, in studies of a B3-adrenergic agonist that alters enteric cholinergic neurons may require
a baseline measurement of symptoms in detail or an assessment of colonic transit to select
patients more likely to respond to this form of therapy.

In summary, it appears that failures might be attributable to insufficient proof of concept in
humans before embarking on costly and time-consuming phase I1b or Il clinical trials.

Medications that Are Fulfilling their Promise to Date

Table | provides a summary of the classes of medications targeting motor, secretory or sensory
mechanisms that appear to be fulfilling their promise to date.
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5-HT4 Agonists

Novel 5-HT3

Withdrawal of cisapride and tegaserod because of cardiac or potential vascular adverse events
requires that any new drugs in this class prove selectivity (27) for the 5-HT 4 receptor over other
receptors (e.g. 5-HTg, 5-HT7) and channels (e.g. delayed rectifier potassium channel) and
safety through studies of arrhythmogenic potential and effects on QT interval (28). Three 5-
HT, agonists in development are reported to have greater selectivity for 5-HT, over other
receptors, and have advanced to human trials.

a. Prucalopride—is efficacious in accelerating colonic transit (29) and in the treatment of
severe chronic constipation unresponsive to laxative treatment (30-32). More recent reports
document the continued efficacy in a 2 year open-label study of patients recruited from 7 prior
placebo-controlled, randomized, controlled trials. Cardiovascular safety was also reported in
100 elderly constipated patients randomized (25/treatment group) to prucalopride in a dose-
escalation study. Vital Signs, ECG, and Holter data in these patients (~80 % of whom had
history of or current cardiovascular disease) were not different from placebo, and importantly,
no patients had QTcF > 500msec (33,34).

b. ATI-7505—is a benzamide 5-HT, receptor agonist whose chemical structure includes
substituted piperidine-based scaffolds, that are similar to cisapride. ATI-7505 is the pure (3S,
4R) isomer, whereas cisapride is a mixture of (3R, 4S) and (3S, 4R) isomers. It is a full agonist
in the Gl tract, but a partial agonist in the heart, devoid of other 5-HT receptor activities and
negligible inhibitory activity at the hERG channel. The affinity ratio between Ik, and 5-HT4
receptors is at least 1000-fold. Its primary metabolite is 100-fold less active than the parent
drug at the 5-HT, receptor and it has no detectable hERG channel inhibitory activity (35).
Unlike cisapride, ATI-7505 undergoes hydrolytic esterase metabolism, not oxidative CYP450
metabolism. Therefore drug interactions with agents that affect or are metabolized by CYP
3A4 are unlikely. A dose-response pharmacodynamic study showed ATI-7505 accelerated
colonic transit and enhanced evacuation of stool (36). A study in rodents suggests ATI-7505
may alter visceral sensitivity (37). Results from clinical trials and dose-response clarifications
are awaited.

c. Velusetrag (TD-5108)—is a potent agonist at human 5-HT 4 receptors with high intrinsic
activity and selectivity for 5-HT,4, >500-fold selective over other 5-HT receptors (including
h5-HT,g and h5-HT34 At 3 uM, TD-5108 had no effect on human ether-a-go-go-related gene
encoded K* channels (38,39). In pharmacodynamic studies, velusetrag dose dependently
accelerated colonic transit after single doses; with multiple doses, gastric and colonic transit
were accelerated by 15 and 30mg doses (40). Clinical trials demonstrate these doses are also
effective in the treatment of chronic constipation (41). To date, placebo controlled trials in 60
healthy volunteers and >400 patients did not identify any cardiac rhythm abnormalities.

Antagonist

Prior studies had shown that this class of drugs inhibits colonic secretion and motility, and
visceral sensation through central and peripheral mechanisms. In experimental animal models,
ramosetron inhibited stress or exogenous CRF-induced water secretion and acceleration of
colonic transit, as well as colonic nociception in stress models (42,43). In a double-blind,
placebo-controlled, parallel-group study of 418 IBS-D patients, the 5-HT3 receptor antagonist,
ramosetron, 5- and 10-ug once daily, increased monthly responder rates of 'Patient-reported
global assessment of relief of IBS symptoms’ compared to placebo; the benefit was similar in
males and females (44). In a second study, ramosetron, 5 ug once daily, was effective and well
tolerated in the treatment of abdominal pain, discomfort and bowel habits in IBS-D patients
(45).
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Inhibition of Serotonin Synthesis

Given the concerns that 5-HT3 antagonists may be associated with ischemic colitis, and
evidence that plasma serotonin or jejunal mucosal serotonin content are increased in patients
with diarrhea-predominant IBS (46,47), there are novel approaches to reduce serotonergic
stimulation by inhibition of the synthesis of the biogenic amine.

The novel oral tryptophan hydroxylase (TPH) inhibitor, LX1031, resulted in significant
reductions in urinary 5-HIAA and was well tolerated in total daily doses up to 4 g over 14 days.
These data indicate successful pharmacological inhibition of the target enzyme in the Gl tract
(48); clinical trials are in progress.

Chloride Secretion

Epithelial chloride transport induces fluid secretion: the main fluxes of chloride [Figure 1
(49)] are the basolateral Na*-K*-2Cl co-transporter, which brings chloride into the enterocytes,
aided by the Na pump, and K channel which transport the cations out through the basolateral
membrane. In the apical membrane, the cystic fibrosis trans-membrane regulator (CFTR) and
CIC-2 CI" channels in the apical membrane allow CI- exit, and this induces fluid secretion.

Currently, there are three targets of medical therapy related to chloride channels.

a. Crofelemer—is an antagonist at the CFTR; it may antagonize bowel dysfunction in IBS-
D (50) based on a single clinical trial.

b. CIC-2 and CIC-3 are expressed in most cells—Lubiprostone is a a bicyclic fatty
acid chloride channel activator in a drug class called prostones that induces chloride secretion
by enterocytes and colonocytes (51); there are contradictory data in the literature regarding the
activation of smooth muscle or activation of prostaglandin receptors by lubiprostone (52,53).
In humans, lubiprostone induces acceleration of colonic transit (54). Clinical trials show
lubiprostone at 24 ug b.i.d is effective in the treatment of constipation (55); the dose approved
for IBS-C is 8 ug b.i.d. (56), which is associated with lower prevalence of nausea. A human
study assessed the effects of lubiprostone on colonic motility; minor changes in colonic tone
and compliance were observed which are not likely to account for the clinical effects of
lubiprostone; hence, the secretory effects appear to be the main mechanism responsible for the
effects on constipation (57). In addition, the study showed no significant effect on colonic
sensation thresholds or ratings.

c. Guanylate cyclase C (GC-C)—is the principal receptor for heat-stable enterotoxins
(STa), major causes in E. coli-induced secretory diarrhea. GC-C is enriched in intestinal
epithelium, and has 2 endogenous ligands in the form of small cysteine-rich peptides guanylin
and uroguanylin, released in an auto- or paracrine fashion into the intestinal lumen. Guanylin
and uroguanylin are also endocrine hormones in gut-kidney communication, regulating ion
transport in extra-intestinal epithelia (58).

Linaclotide is a synthetic guanylate cyclase C agonist, which is a 14 amino acid peptide that
activates the membrane GC-C on intestinal epithelial cells; highest levels of GC-C expression
occur on the luminal surface of the epithelial cells. Linaclotide increases intestinal fluid
secretion and increases intestinal transit. Linaclotide also decreases visceral pain in rats, and
the effects are attributed to the effects of cGMP (59). In humans, there was no evidence of
systemic exposure to linaclotide or its 13-amino acid active metabolite, MM-419447, after oral
administration. Linaclotide accelerated colonic transit, loosened loose consistency and
increased bowel frequency in patients with chronic constipation (60). Beneficial effects were
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replicated in a phase 2a RCT in chronic constipation (61) and in a phase 2b RCT in IBS-C
(62).

Medications “Borrowed” from other Indications

Bile Acid Modulation—Up to 95% of bile acids secreted into bile are actively reabsorbed
in the terminal ileum. Inadequate absorption of bile in the distal small intestine increases its
delivery into the cecum and colon, where bile acids may cause secretory diarrhea (63). Prior
studies have shown that both conjugated and non-conjugated bile acids induce secretion in the
human colon (64,65). There is also evidence that the di-a-hydroxy bile salt chenodeoxycholate
(CDC) increases colonic motility (66,67), though the effective dose is unclear. lleocolonic
delivery of CDC results in accelerated colonic transit and increased stool frequency and
consistency in healthy volunteers (68). This ileocolonic delivery is effective at relatively low
doses of 0.5 to 1.0g/day, whereas effect of higher doses (2.25g/day) of oral CDC were of
variable efficacy in chronic constipation (69). There is considerable information about CDC
safety from its use in the dissolution of gallstones. Thus, doses of 7-20 mg CDCA per kg body
weight ™1 day 1) were not hepatotoxic in humans (70).

Conversely, bile acid binding with cholestyramine is effective for the treatment of diarrhea
related to bile acid malabsorption (71), but compliance with cholestyramine is poor due to
unpalatability, gritty texture and gastrointestinal side effects, which limit its long term use
despite formulations sweetened with sucrose or aspartame. A newer bile acid binder,
colesevelam hydrochloride, is better tolerated, has fewer gastrointestinal side effects and is
easily administered (72). Initially approved as a lipid-lowering agent, colesevelam is now also
approved as an adjunct therapy to improve glycemic control in patients with type 2 diabetes
mellitus (73,74). Colesevelam slows colonic transit in a subset of patients with IBS-D (Odunsi
and Camilleri unpublished observations). Formal clinical trials are required to determine the
role of bile acid binding in chronic diarrhea and 1BS-D especially since it has been suggested
that up to 70% of patients with chronic watery diarrhea have bile acid malabsorption (75), and
20% of unselected 1BS-D patients had serological evidence of bile acid malabsorption (76).

Anti-inflammatory Approaches

There is evidence of a low grade inflammation in IBS, involving mast cells in some patients,
particularly in those with post-infectious etiology (77). Three anti-inflammatory targets are
being targeted in lower functional gastrointestinal disorders.

a. Sodium cromoglycate—Jejunal fluid and a biopsy were obtained in health and IBS, 6
months after random allocation to no treatment (IBS, n=7) or oral DSCG, 200 mg/8h, (IBS-
DSCG, n=11). BMs, stool consistency and abdominal pain were monitored. Mast cell
degranulation was assessed by luminal tryptase release and transmission electron microscopy.
Mast cell-mediated transcriptional restoration of relevant immuno-modulatory genes in
mucosal inflammation with cromoglycate results in clinical improvement of bowel function
in IBS-D (78).

b. Ketotifen—a mast cell stabilizer, has been shown to significantly improve gastric emptying
after abdominal surgery, and it may play a role in therapy for post-operative ileus, which is
associated experimentally with mast cell degranulation (79). In a preliminary report of 60 IBS
patients, it was claimed that ketotifen but not placebo increased the threshold for discomfort
in visceral hypersensitive IBS patients (n=30); however, the post-treatment thresholds in the
two treatment arms were not compared and do not appear to be significant. This effect on rectal
sensory thresholds was not observed in normosensitive IBS patients (n=30). Importantly, the
percentage of patients reporting severe abdominal pain was significantly decreased by ketotifen
(30% to 7% p=0.031), but not by placebo (32% to 29%, NS); similarly, severe complaints of
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abdominal bloating, flatulence, diarrhea and incomplete evacuation were significantly reduced
and quality of life subscales of sleep, diet and sexual functioning improved with ketotifen
compared to placebo. Interestingly, spontaneous release of tryptase from IBS patients’ rectal
mucosal biopsies was lower from that of healthy volunteers [in contrast to prior studies (80)],
and ketotifen treatment of IBS patients did not affect the release of tryptase (81). In summary,
these provocative data support the need for further studies; an additional precaution to avoid
unblinding of patients would be to use a control medication that induces some sedation or
drowsiness.

c. Mesalazine—reduces total immunocytes, mast cells, as well as mucosal IL-1B (pg/ml),
histamine (ng/ml) and tryptase (ng/ml) in patients with IBS. This was associated with improved
well-being and satisfaction with treatment but the study was too small to demonstrate
significance in bowel and pain symptoms (82).

Visceral Sensation as a Target

The k-opioid agonist, asimadoline, has been extensively studied with pharmacodynamic trials
showing reduced pain sensation at relatively low levels of colonic distension (83), and clinical
trials that suggest adequate relief especially in patients with IBS-D and at least moderate pain
during the run-in period (84). Intermittent use of asimadoline during attacks of IBS pain was
not an effective therapy (85).

Gabapentin, a 3-alkylated analogue of y-amino butyric acid (GABA), has been shown to reduce
elements of central sensitization in human experimental hyperalgesia. Forty patients with IBS-
D were randomized for 5-day treatment with gabapentin, 300 mg/day and then 600 mg/day,
which increased rectal sensory thresholds through attenuating rectal sensitivity to distension
and enhancing rectal compliance (86). Pregabalin has been tested in IBS patients in
pharmacodynamic study (87), but no clinical trials are reported to date.

New Centrally Acting Agents in IBS

Benzodiazepine Receptor Modulator—Dextofisopam binds to 2,3-benzodiazepine
receptors located in subcortical and hypothalamic regions. In animal models, dextofisopam
reduced stimulation-induced colonic motility and visceral sensitivity. A 12-week, placebo-
controlled, phase Il study in patients with diarrhea-predominant or alternating-1BS showed
more months with adequate relief in the dextofisopam compared to the placebo group (88).
The most prominent effects were observed within the first 4 weeks of treatment, and included
an improved consistency and frequency of bowel movements. The drug was well tolerated;
however, the significance of the 12% of the patients experiencing worse abdominal pain (versus
4% with placebo) requires further study.

Anti-Psychotic Agent—Quetiapine is an atypical antipsychotic agent that ameliorates
anxiety and sleep disturbances, augments the effect of antidepressants, and provides an
independent analgesic effect. In a medical records study of patients with severe refractory
functional gastrointestinal disorders, Grover et al. (89) reported that among the 11 of 21 patients
still on the medication at follow up, 6 demonstrated global relief of symptoms, and 9 were
satisfied with treatment. The remaining 10 of 21 discontinued therapy because of somnolence
and lack of Gl benefits. This is a very specific group of patients with known psychiatric
diagnoses, including 14 anxiety, 3 post-traumatic stress disorder and 5 depression, and other
centrally acting medications. The dose escalation, unblinded treatment, and adverse effects
also may have influenced the reporting of benefit. This approach requires further blinded
studies before it can be endorsed. In addition, physicians without experience with this class of
agents should probably avoid using such medications because of significant risk of central side
effects.
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Conclusions

The peripheral targets of medical therapy address the bowel dysfunction of IBS and this is
often associated with pain relief. There are less clear targets related to the abdominal pain or
visceral sensation in IBS. In recent years, the field of IBS therapy has been characterized by
initial promise and subsequent disappointment due to withdrawal or restrictive use of new
medications. However, there is reason to be optimistic. Representatives of the Food and Drug
Administration have proposed interim endpoints for use in trials of IBS drugs that are based
on clinically valid concepts (90). This has provided much appreciated guidance. The new 5-
HT,4 agonists are more specific and continue to show cardiovascular safety. Secretory agents
have high specificity and low bioavailability. The potential risks of agents “borrowed” from
other indications (like hyperlipidemia, inflammatory bowel disease or somatic pain) are known.
With the convergence of greater understanding of pathophysiological mechanisms in IBS
(91), relevant targets for medical therapy, a pipeline of medications that appear safe, and clarity
on trial endpoints, there is reason to believe that new medications will relieve patients with
IBS.
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Figure 1.

Chloride transport is also pivotal in the regulation of fluid secretion in the gastrointestinal tract
by organs that drain into the intestine. This model of the chloride secretory mechanism in
intestinal epithelial cells shows that secretion can be stimulated by increases in intracellular
messengers, either cyclic nucleotides (CAMP/cGMP) or cytosolic calcium ([Ca2']i). Major
targets for regulation of secretion include channels in the apical membrane: CFTR, cystic
fibrosis transmembrane conductance regulator; CaCC, calcium-activated chloride channel and
CIC-2 (chloride channel type 2). Activation of these channels by the intracellular messengers
is indicated with solid arrows, with additional postulated sites of action indicated with broken
arrows. The identity of basolateral potassium channel(s) involved in either cyclic nucleotide-
or calcium-mediated chloride secretion is unknown. lon channels in the basolateral membrane
serve to deliver chloride into the enterocytes, while ensuring that the obligatorily co-transported
cations are extruded by energy-dependent (e.g. ATP) mechanisms. These transporters are
particularly needed to re-cycle potassium ions. They include: NKCC1 (sodium/potassium/2
chloride co-transporter type 1), IK, intermediate conductance potassium channel; K-cAMP
channel, putative potassium channel regulated by cAMP and KCNQ1/KCNE3 heteromeric K
+ channels (not shown). Adapted from ref. 49, Barrett KE, Keely SJ. Chloride secretion by the
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