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edications are commonly used for the treatment of
atients with functional gastrointestinal disorders.
he general goal of this report is to review the phar-
acokinetics and pharmacology of medications used

n functional gastrointestinal disorders. Methods in-
luded literature review, consensus evaluation of the
vidence for each topic assigned originally to 1 or 2
uthors, and broader review at a harmonization ses-
ion as part of the Rome III process. This report
eviews the animal models that have been validated
or the study of effects of pharmacologic agents on
ensation and motility; the preclinical pharmacology,
harmacokinetics, and toxicology usually required for

ntroduction of novel therapeutic agents; the biomar-
ers validated for studies of sensation and motility
nd points with experimental medications in humans;
he pharmacogenomics applied to these medications
nd disorders; and the pharmacology of agents that
re applied or have potential for treatment of func-
ional gastrointestinal disorders, including psycho-
harmacologic agents. Clinician and basic investiga-
ors involved in the treatment or investigation of
unctional gastrointestinal disorders or disease mod-
ls need to have a comprehensive understanding of a
ast range of medications. It is anticipated that the
nteraction between investigators of basic science,
asic and applied pharmacology, and clinical trials
ill lead to better treatment of these disorders.

n relation to functional gastrointestinal disorders
(FGIDs), this report reviews animal models that have

een validated for the study of effects of pharmacologic
gents on sensation and motility; the preclinical phar-
acology, pharmacokinetics, and toxicology usually re-

uired for introduction of novel therapeutic agents; the
iomarkers validated for studies of sensation and motility
nd points with experimental medications in humans;
he pharmacogenomics applied to these medications and
isorders; and the pharmacology of agents that are ap-
lied or have potential for treatment, including psycho-

harmacologic agents.
Animal Pharmacology: Models
Validated for the Study of
Sensation and Motility

The development of new drugs for the treatment
f patients with FGIDs is facilitated by preclinical ani-
al models that must reproduce the pathophysiology of

GIDs as closely as possible. This section reviews the
ost commonly used animal models of visceral pain and

isturbed gastrointestinal motility.

Visceral Pain

There are several forms of stimulation and end
oints to measure visceral pain.

Mechanical stimuli. Experiments are performed
n awake or anesthetized rats, and the most frequently
sed stimulus of pain in animals is distention of a gut
egment with a balloon connected to a barostat to
easure simultaneously compliance and the response

o the painful stimulus. Such a balloon can be chron-
cally implanted in the gut1; variability in balloon
onstruction and unfolding influences the reproduc-
bility of experiments. Arterial embolectomy probes2

ave a very reproducible diameter but do not permit
ccurate measurement of pressure-volume relation-
hips (or compliance).

Chemical stimuli. In rats, infusion of glycerol
nto the colon through a chronically implanted catheter
nduces abdominal cramps.3

Other stimuli. Other stimuli have been used to
nvestigate visceral pain modulation in animal models,
ncluding other chemical irritants (such as trinitroben-
ene sulfuric acid, dioctyl sodium sulfosuccinate, zymo-
en) and parasite infestations (such as Nippostrongylus

Abbreviations used in this paper: FGID, functional gastrointestinal
isorder; 5-HT, serotonin/5-hydroxytryptamine; IBS, irritable bowel syn-
rome; SNRI, serotonin-norepinephrine reuptake inhibitor; SSRI, selec-
ive serotonin reuptake inhibitor.
© 2006 by the American Gastroenterological Association Institute
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rasiliensis or Trichinella spiralis). The “writhing test,”
onsisting of an intraperitoneal injection of an irritant
ompound such as acetic acid, is used for pharmacologic
tudies of analgesic compounds, but it reflects peritoneal
rritation (and activates somatic pain) rather than visceral
ain. At present, there is no consensus as to the best
odel to study visceral pain.

End points. Nociceptive responses to stimuli,
alled “pseudoaffective” responses, are brainstem or spi-
al reflexes that cease when the noxious stimulus is
erminated. The most commonly used end point is the
ontraction of abdominal muscles induced by rectal or
olorectal distention in the rat; the contractions are typ-
cally recorded by electromyography.2,4 The number of
pike bursts or integrated signals correspond to abdom-
nal contractions over the period of distention, and they
orrelate with the intensity of the stimulus applied.2 In
ice, colorectal distention triggers only one sustained

ontraction at the onset of the distention.5 Gastric dis-
ention in rats does not induce abdominal contractions,
ut stretching of the body or raising of the head and
lectromyography of neck muscles has been used as a
iomarker of the nociceptive response to gastric disten-
ion.6 It is, however, also possible that the electromyo-
raphic recording may reflect contractions associated
ith a distention-induced defecation reflex rather than
eing a measure of pain.
Visceral distention also induces viscerovisceral reflexes,

uch as relaxation of anal sphincters during rectal distention
r rectocolonic inhibition of gastric emptying.7

Change in blood pressure is a pseudoaffective response
idely used to assess visceral pain. Cardiovascular and
uscular responses are mediated via brainstem reflexes;

oth are vigorous in decerebrated but not spinalized rats.
Electrophysiologic recordings from sensory neurons

r second-order neurons in the spinal cord may pro-
ide the most direct evidence that a pharmacologic
gent alters afferent function.8,9 Measurements of the
ffect of the medication on viscus compliance are
ssential to differentiate effects on volume thresholds
o activate sensory fibers from drug-induced contrac-
ion or relaxation.10

Several behavioral end points have been used and
nvolve brain centers higher than the brainstem. They do
ot cease when the noxious stimulus is terminated and
herefore are not pseudoaffective responses. Referred so-
atic hyperalgesia is evaluated in mice by application of

on Frey hairs with forces from 1 to 32 mN on the
bdomen; the subsequent behavioral response is a mea-
ure of sensation.

Allodynia and hyperalgesia. These models per-

it evaluation of allodynia (decrease in the threshold t
f sensitivity to distention) and hyperalgesia (en-
anced response to painful stimulus). Gastric hyper-
ensitivity to distention has been induced by inflam-
ation6 and intestinal hypersensitivity by helminth

nfection.11 Colonic and rectal hypersensitivity are
nduced with stress (eg, maternal deprivation, water
voidance models),12 inflammation,2 and lipopolysac-
haride injection.13 Long-term colonic hyperalgesia
ay be induced by neonatal maternal deprivation14 or

olonic inflammation.15

Motility

The techniques used to record motility or measure
ransit in animals may differ from techniques used in
umans, but the end points are identical.

Delayed gastric emptying. Stress inhibits gastric
mptying in animals and humans. Numerous stressors
ave been proposed to inhibit gastric emptying in rats,
ncluding restraint, acoustic stress, cold stress, combined
coustic and cold stress, and passive avoidance. Pro-
onged colonic distention16 inhibits gastric emptying,
nd this is considered relevant because, in humans, vol-
ntary suppression of defecation for 4 days inhibits gas-
ric emptying.17 Another experimental method to in-
ibit gastric emptying is the duodenal infusion of lipids
n humans or animals.

Altered duodenojejunal migrating motor complex
attern. Acute stress affects migrating motor complex
atterns18; however, there are no models of chronic dis-
uption of the migrating motor complex in animals.

Altered colonic motility and transit. Colonic mo-
ility can be inhibited by several pharmacologic com-
ounds, such as �2-adrenergic and �-opioid receptor
gonists. Stress has been used to stimulate colonic mo-
ility, colonic transit, and fecal excretion in rats.19

In summary, because the present knowledge of the
athophysiology of FGIDs is limited, selection of one or
ore definitive animal models of visceral hyperalgesia is

ot possible. It is also difficult, based on results in a
ingle animal model, to predict efficacy of a compound in
linical trials. Using results from more than one animal
odel may enhance the probability of selecting effective

rugs for further development. To date, only 2 medica-
ions (tegaserod and cilansetron) have had a track record
f proven efficacy in animal models (for both transit and
ensation) and proven clinical efficacy. In addition, it is
orth emphasizing that pain is not the only symptom of
GIDs affecting quality of life, and animal models pro-
iding information on motility effects may be relevant to

he assessment of new compounds.
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Preclinical Pharmacology,
Pharmacokinetics, and Toxicology
Required for Novel Therapeutic
Agents

This section outlines some general pharmacody-
amic, pharmacokinetic, and safety aspects that are im-
ortant for the development of new drugs for FGIDs.

The Pharmacodynamic Target

Drug selectivity. Selectivity refers to the ability of
compound to interact with only one receptor subtype,

eaving other receptors unaffected at concentrations
chieved at clinically used doses and avoiding side ef-
ects. Although this definition was considered key to
nding effective new or experimental medications, there
re several important pitfalls in this approach.

First, drug selectivity is a relative concept, and the
endency to label a drug as a “selective” ligand for a given
eceptor subtype ignores the fact that a single molecule,
t therapeutic doses, may have several, sometimes differ-
nt, biological targets. For instance, cisapride was found
o be a partial 5-HT4 receptor agonist,20 a 5-HT3 recep-
or antagonist, and a fairly potent HERG K� channel
locker.21

The second pitfall is that, because of the multifactorial
athophysiology of FGIDs, single-receptor modulating
rugs may be less likely to achieve a substantial thera-
eutic gain. In several fields,22 evidence suggests that
alanced modulation of multiple targets may provide a
uperior therapeutic effect and side effect profile com-
ared with the action of a selective ligand. Rational
pproaches in which structural features from selective
igands are combined have produced designed multiple
igands that span a large variety of targets.22 A key
hallenge in the design of a ligand with multiple actions
s to achieve a balanced potency and activity at each
arget of interest and a suitable pharmacokinetic profile.
he less selective a ligand is, the harder it is to predict

oxicity; once toxicity occurs, it becomes even more
ifficult to provide a mechanistic explanation for it. This
ay jeopardize the development and regulatory approval

f such a less selective ligand.
Third, it is likely that the mechanisms responsible for

ymptoms in FGIDs may differ from one patient to
nother and a single target may not achieve adequate
fficacy in a patient population. With the selective ap-
roach to relieving symptoms or groups of symptoms
eg, pain and constipation or diarrhea), experience shows
hat primary clinical end points were achieved in �70%
f patients with agents such as tegaserod or alos-

tron.23–25 The lack of efficacy is unlikely to reflect an d
nadequate dose because phase 2 studies did not suggest
higher dose was more effective; hence, there is the need

o consider using multiple therapies or “designed” mul-
iple ligands to enhance the benefit/risk ratio. For in-
tance, a 5-HT3 receptor antagonist with partial agonist
ction at 5-HT4 receptors may be less constipating than
pure 5-HT3 receptor antagonist. Another example is

rovided by tachykinin receptor antagonists; it has been
uggested that the analgesic efficacy and motility inhi-
ition of multi-tachykinin or pan-tachykinin receptor
ntagonists are superior to that of monoreceptor
ntagonists.26,27

Pharmacodynamic versus pathophysiologic tar-
et. When drugs target a single receptor mechanism,
eterogeneity in pathophysiology (eg, dysmotility vs hy-
ersensitivity) has a negative impact on the therapeutic
ain if patients are not selected on the basis of the specific
isorder. Indeed, some of the disappointing results of the
ast decade can be attributed to the heterogeneity of
unctional disorders, lack of understanding of pathophys-
ology, and lack of short-term mechanistic studies that
an predict clinical outcome. New drugs should target
he entire pathophysiologic mechanism(s) contributing
o the functional disorder rather than only an individual
art or a specific receptor. Thus, nonselective agents
esigned to modulate multiple targets of the whole
athophysiologic process (eg, dysmotility, sensory disor-
er, inflammation) would be advantageous over highly
elective medications addressing a single mechanism.
ppropriate patient subgroups should be recruited to

how the therapeutic properties of a medication, al-
hough this may reduce the generalizability of the results
f the trial.

Pharmacokinetics

Pharmacokinetics may help to achieve gut selec-
ivity. This approach is particularly relevant when there
re potential actions outside the gut. For example, pe-
ipherally restricted opioid receptor antagonists such as
ethylnaltrexone and alvimopan do not cross the blood-

rain barrier and, in addition, have very low oral bio-
vailability.28,29 This offers the potential to modulate
ntestinal motility without systemic effects. Moreover,
argeted drug delivery to the colon with pH- or time-
ependent release30,31 or bacterial activation of a prodrug
ffer potential new approaches for FGIDs.

Another important pharmacokinetic property is the
ack of interactions with food or other drugs. CYP2D6
10% slow metabolizers in the community), CYP3A4,
nd CYP2C19 are important isoenzymes because of their
nvolvement in the metabolism of many drugs and drug-

rug interactions. Significant interactions with these en-
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ymes should be ruled out in early drug discovery and
ay be achieved by computational prediction. Specifi-

ally, it is important to distinguish between pharmaco-
inetic modification resulting from drug metabolism by
ne of the enzymes versus drug interactions at one of the
nzymes, which may be inhibition or induction. In both
ituations, drug-drug interactions may occur if inhibi-
ion or induction occurs at clinically relevant doses.

Safety Aspects

Apart from the standard safety evaluations of
very new medicinal product, 2 examples deserve special
ttention because of recent experience: cisapride resulted
n tachyarrhythmia associated with prolongation of the
T interval of the electrocardiogram due to blockade of

he HERG K� channels32 and alosetron or cilansetron
ere associated with ischemic colitis.33 Although these

re very rare events, even a low risk is not acceptable for
rugs that target pathophysiologic mechanisms and pro-
ide relief of nonfatal diseases such as FGIDs, and the
rug development process should identify such undesired
ffects as early as possible.34 Overall, low risk of these
dverse effects or minor adverse events may be acceptable
n patients with severe FGIDs that affect daily living. A
hird issue of particular relevance in FGIDs is the po-
ential for drug interactions, given the problem of poly-
harmacy and the frequent use of psychotropic agents
which often depend on CYP2D6 metabolism).

Human Pharmacology:
Nonpsychotropic Agents

Gastrointestinal motor and sensory function can
e altered through several pharmacologic approaches; the
ost important are summarized in Table 1 and are

iscussed in this section. However, it is also important to
ecognize 2 other classes of agents that are commonly
sed in FGIDs, that is, laxatives in the treatment of
onstipation (alone or in association with IBS)35 and
robiotics.36

Several meta-analyses of pharmacologic treatments for
BS have been published in recent years.37 The pharma-
ology of agents directed to amine receptors or peptides
s summarized (Table 1).

Serotonergic Agents

Serotonin, or 5-hydroxytryptamine (5-HT), plays
key role in the control of gastrointestinal motility,

ensitivity, and secretion. Actions of 5-HT are termi-
ated by a reuptake system, which is inhibited by anti-
epressants.38 Selective serotonin reuptake inhibitors

SSRIs) alter motility in the stomach, small bowel, and l
olon,39 but to date no convincing beneficial therapeutic
ffects have been reported in FGIDs. Several 5-HT re-
eptor types are present on both nerves and smooth
uscle and mediate a number of different actions.40

5-HT3 receptor antagonists, such as alosetron, delay
rocecal and colonic transit times and reduce colonic
ompliance but not sensitivity to isobaric disten-
ion.41–43 Several clinical studies confirmed the efficacy of
losetron in diarrhea-predominant irritable bowel syn-
rome (IBS).25 Shortly after its introduction, alosetron
as withdrawn due to suspected side effects of ischemic

olitis/colonic ischemia33 and is now available for re-
tricted use in the United States only. Preliminary data
uggest a therapeutic potential for cilansetron,44 al-
hough there is also potential for ischemic colitis.45

5-HT4 receptor agonists, such as tegaserod or prucalo-
ride, act on intrinsic neurons to stimulate gastric, small
owel, and colonic transit in health, in constipation, and
n constipation-predominant IBS.46–48 In the stomach,
-HT4 receptor agonists enhance (postprandial) proximal
astric volumes in health but have no effects on sensa-
ion.49 In healthy subjects, tegaserod does not alter sen-
ory thresholds or sensory ratings during rectal disten-
ion but reduces the inhibition of the RIII reflex caused
y slow-ramp colorectal distention, which was proposed
s a surrogate marker of visceral pain.50,51 Tegaserod
mproves constipation, provides relief of pain/discomfort
nd bloating, and is approved for women with constipa-
ion-predominant IBS and for men and women younger
han 65 years with chronic constipation.24,52,53 Prucalo-
ride and tegaserod were shown to be effective in the
reatment of constipation.54,55

Activation of 5-HT1A receptors on enteric neurons
nhibits the release of acetylcholine.56 In humans,
-HT1A receptor agonists such as buspirone inhibit mo-
ility and decrease gastric tone, but therapeutic useful-
ess has not been established.57

Motilides

Activation of motilin receptors on smooth muscle
nd on cholinergic nerves enhances gastric contractil-
ty.58 Motilin receptor agonists, such as erythromycin or
he macrolide prokinetic ABT-229, enhance antral con-
ractility, fundic tone, and gastric emptying in health
nd in gastroparesis (Cuomo et al, manuscript in sub-
ission).59–62 The symptomatic impact of enhanced

mptying by erythromycin in gastroparesis has been
uestioned,63 and no symptomatic benefit (but rather
ome symptom aggravation) was found in studies with
BT-229.64 The occurrence of tachyphylaxis with moti-
ides may be an important factor.65
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Tachykinin Receptor Antagonists
Three distinct receptors, neurokinin 1, neuroki-

able 1. Agents Directed to Amines/Receptors and Peptides

Target receptor Type of ligand Distribution of re

mines/receptors
5-HT 5-HT3 receptor antagonists

(eg, alosetron,
cilansetron)

Intrinsic and extrins

5-HT4 receptor agonists
(eg, tegaserod,
renzapride, prucalopride)

Enteric neurons, sm
muscle cells

5-HT1A receptor agonists
(eg, buspirone)

Enteric neurons, ext
afferent neurons

Ach (muscarinic) M3 receptor antagonists Smooth muscle

M1 and M2 receptor
antagonists

Enteric neurons and
muscle

Adrenoceptors �3-adrenoceptor agonists Smooth muscle
�2-adrenoceptor agonists Enteric neurons and

enterocytes

Dopamine D2 receptor antagonists
(eg, domperidone,
levosulpiride,
metoclopramide)

Area postrema, smo
muscle, enteric n

eptides
Motilin Motilides Smooth muscle, en

neurons
Opioid �-receptor agonists (eg,

loperamide)
Enterocyte, enteric

afferent neurons,
inflammation

�-receptor antagonists
(eg, naloxone, methyl-
naltrexone, and
alvimopan)

Enteric neurons, aff
neurons, and infla

�-receptor agonists (eg,
fedotozine asimadoline)

Enteric neurons and
neurons

Somatostatin SSR-2 receptor agonists
(eg, octreotide,
lanreotide)

Enterocyte, submuc
neurons, myenter

Tachykinin NK1 receptor antagonists
(eg, aprepitant)

Enteric neurons, int
cells of Cajal, sm
muscle, immune

NK2 receptor antagonists
(eg, nepadutant)

Enteric neurons, sm
muscle, extrinsic

NK3 receptor antagonists
(eg, talnetant)

Enteric neurons, ext
afferents

Cholecystokinin Cholecystokinin-1 receptor
antagonists (eg,
dexloxiglumide)

Afferent vagal nerve
enteric neurons

K, neurokinin; TLESR, transient lower esophageal sphincter relaxat
in 2, and neurokinin 3, mediate the biological effects of l
ndogenous tachykinins substance P, neurokinin A, and
eurokinin B in the gastrointestinal tract. Through the

rs
Pharmacologic action in

animals
Pharmacologic action in

humans

urons Inhibits visceral sensitivity,
absorption/secretion,
motility

Slows transit, increases colonic
compliance

Enhances secretion and
motility, reduces visceral
sensitivity

Accelerates transit, increases
colonic high-amplitude
propagated contractions and
gastric accommodation,
reduces inhibition of R1II
reflex during rectal distention

Inhibits motility and
enhances compliance

Increases accommodation

Increases smooth muscle
relaxation, compliance

No published data

oth Increases gastric emptying May enhance accommodation

Inhibits motility No published data
Reduces secretion,

enhances compliance,
and reduces motility and
tone

Reduces secretion, enhances
compliance, and reduces
motility and tone and
sensation

s
Contracts muscle Antiemetic, prokinetic, reduced

sensation?

Motility stimulation Motility and transit stimulation

ns, Reduces intestinal
secretion and transit

Slows colonic transit,
antidiarrheal, increases
resting anal tone

tion
Reverses opioid effects on

motility
Accelerates colonic transit;

reverses effect of opiates on
bowel dysfunction; reduces
duration of postoperative
ileus

rent Reduces sensation,
variable effect on
motility

Reduces sensation

urons
Retards transit, reduces

afferent firing and
sensation

Retards transit, reduces
sensitivity, enhances
absorption

ial Inhibits motility, fluid
secretion, vagal afferent
sensation, and
inflammation

Antiemetic

nts
Inhibits motility, fluid

secretion, sensation,
and inflammation

Inhibits NKA-induced motility

Inhibits motility and
sensation

No published data

Accelerates gastric
emptying, inhibits TLESR

Inhibits lipid-induced gastric
motor effects, inhibits TLESR
cepto

ic ne

ooth

rinsic

smo

oth
euron

teric

neuro
and

erent
mma

affe

osal
ic ne

erstit
ooth
cells

ooth
affere

rinsic

s and
ocations of neurokinin receptors on intrinsic nerves,
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xtrinsic nerves, inflammatory cells, and smooth muscle,
nhibition of tachykinin receptors has the potential to
nhibit motility, sensitivity, secretion, and inflammation
n the gastrointestinal tract.27,66 Neurokinin 1 receptor
ntagonists also have antiemetic properties.27 Several
achykinin receptor antagonists are currently under eval-
ation for treatment of FGIDs.

Adrenoceptor Agonists

The �2-adrenoceptor agonist clonidine was shown
o reduce colonic tone and pain sensation in response to
istention.67–69 A preliminary study of clonidine in di-
rrhea-predominant IBS suggested therapeutic potential
or clonidine, but clinical application is hampered by
ose-limiting side effects such as somnolence or hypo-
ension.

Opioid Receptor Ligands

Three types of opioid receptors, �, �, and �
eceptors, located in the enteric nervous system and on
ociceptive pathways, have effects on human gastroin-
estinal function. Opioid receptor activation reduces vis-
eral pain through peripheral (spinal afferents) and cen-
ral mechanisms and inhibits motility through decreased
cetylcholine release. �-opioid receptor agonists have
een proposed as a pharmacologic approach to the treat-
ent of hypersensitivity in FGIDs. Acute studies with

edotozine and asimadoline showed decreased sensitivity
o gastric or colonic distention.70–73 However, therapeu-
ic studies in IBS and functional dyspepsia with fe-
otozine have been disappointing.74,75 The �-opioid re-
eptor agonist loperamide, used in the treatment of
iarrhea, inhibits secretion, reduces colonic transit, and
ncreases resting anal sphincter tone.76 Peripherally re-
tricted �-opioid receptor antagonists, such as N-meth-
lnaltrexone and alvimopan, normalize bowel function in
piate-treated patients without compromising central
pioid analgesia.29 The use of these agents in constipa-
ion and in constipation-predominant IBS is under in-
estigation.

Miscellaneous Agents

Cholecystokinin has a large number of effects on
astrointestinal contractility and secretion.77 Cholecysto-
inin-1 receptor antagonists such as loxiglumide and
exloxiglumide enhance gastric emptying in health and
n constipation-predominant IBS, although effects on
olonic motility are unclear.78,79 So far, clinical useful-
ess has not been established.
The transient receptor potential ion channel of the

anilloid type 1 (TRPV1), expressed by primary afferent

eurons, is viewed as a trigger for chemonociception and w
ay be up-regulated in some FGIDs.80 Long-term ad-
inistration of capsaicin, which is believed to desensitize
RPV1, was more effective than placebo in decreasing

ymptoms in functional dyspepsia.81

Dopamine2 receptor antagonists have gastroprokinetic
ffects and central antiemetic properties resulting in
uppression of nausea and vomiting. Although clinically
sed in the treatment of FGIDs and gastroparesis,82

fficacy has not been established by high-quality stud-
es.83,84

Muscarinic receptor antagonists and smooth muscle
elaxants are used in some countries for the treatment of
BS. Meta-analysis suggests they are superior to placebo
n IBS-related pain,85 although the quality of trials has
een questioned.
Somatostatin and its stable analogues such as oc-

reotide inhibit rapid gastric and small bowel transit as
ell as sensitivity to rectal or colonic distention in
umans.86–88 The need for multiple subcutaneous injec-
ions, high cost, and potential side effects limit its
resent use in FGIDs.
Cannabinoid CB1 receptors are expressed on nocicep-

ive afferents and enteric nervous system neurons,
hereas CB2 receptors are expressed on immune cells.
ctivation of CB1 receptors slows gastrointestinal transit

n animals through inhibition of acetylcholine release.
he nonspecific agonist �-9-tetrahydrocannabinol has

trong antiemetic properties and delays gastric emptying
n humans.89,90 It is unclear whether the potential for
buse of CB1 agonists would preclude their regulatory
pproval. Inverse CB1 agonists (which function as antag-
nists at constitutively active CB1 receptors)91 are being
eveloped for treatment of obesity, because they may
nduce nausea and vomiting. The effects on stomach
unction are unclear. On the other hand, agonists at the
onneuronal CB2 receptors have no abuse potential and
xert antinociceptive effects in pain associated with in-
ammation.92

Pharmacodynamics: Biomarkers for
Sensation and Motility End Points
in Experimental Medicine

This section reviews the application of physio-
ogic tests as potential biomarkers to understand mode of
ction and to predict efficacy of an experimental medi-
ine in FGIDs.

Measurements of Colonic Transit

The radiopaque marker test for colonic transit is
ommonly performed and widely available to assess

hole gut transit time. Studies with fiber or loperamide
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uggest that overall effects of these therapies can be
redicted by the marker transit test, although there was
onsiderable overlap.93,94 Examples from the literature
upport the use of detailed scintigraphic colonic transit
easurement in the development of medications for

BS-associated changes in bowel function. Alosetron, a
-HT3 receptor antagonist that slows colonic transit, was
hown to be effective in diarrhea-predominant IBS,25 and
egaserod, a 5-HT4 receptor agonist that accelerates co-
onic transit, was shown to be effective in constipation-
redominant IBS.24,52,53

Intraluminal Measurements of Rectal or
Colonic Motility and Sensitivity

Intracolonic measurements of postprandial tone
howed the potential of 5-HT3 receptor antagonists to
revent diarrhea and other postprandial symptoms in
iseases including IBS and carcinoid diarrhea.95 Measure-
ents of rectal or colonic sensation have not been con-

istent in predicting therapeutic efficacy. Changes in
ectal sensitivity have been associated with responsive-
ess to octreotide86–88,96 and opiates,97 but rectal sensory
hresholds do not seem to be significantly altered by
egaserod when using rapid distention.51

Gastric Biomarkers in Functional Dyspepsia

Scintigraphic gastric emptying has been a classi-
al investigation for drug development for gastropare-
is98; however, the prediction of clinical efficacy is not
onsistent.63,98 This analysis is also complicated by the
ccurrence of tachyphylaxis to some medications and by
hanges in gastric emptying rate with placebo.62,64,99,100

A second approach is to use the gastric barostat to
easure compliance, tone, and sensitivity. Studies with

he �-opioid agonist fedotozine and with the 5-HT1A

eceptor agonist R-137696 showed acute effects on
arostat measurements of sensitivity or tone that did not
ranslate into significant clinical benefit during placebo-
ontrolled studies of oral administration of these medi-
ations for several weeks in patients with functional
yspepsia.57,74

A recent approach in evaluating symptoms in dyspep-
ia has used the symptoms induced by a standardized
rovocative meal, which is either water or a liquid nu-
rient drink or a solid meal.101,102 Although these tests
eparated healthy controls from patients with functional
yspepsia, it is unclear whether changes in symptom
everity after meal provocative tests will prove effective
redictors of the clinical efficacy of medications.
As a further development along this line, the com-

ined use of the nutrient drink test with assessment of

ymptoms and measurement of gastric volume and emp- I
ying as with single photon emission computed tomog-
aphy, ultrasonography, or magnetic resonance imaging
ay be useful because it simultaneously measures several

f the previously mentioned potential biomarkers.103,104

Principles of Pharmacogenomics in
FGIDs

Pharmacogenetics refers to the study of individual
ariations in DNA sequence related to drug response.
harmacogenomics is the study of the variability of the
xpression of individual genes relevant to disease suscep-
ibility and drug response at cellular, tissue, individual,
r population levels.

Polymorphisms may be markers associated with pre-
isposition to FGIDs. Examples in the literature include
atients with IBS having significantly reduced frequen-
ies of the high producer genotype for interleukin-10
han controls, suggesting that at least some patients with
BS may be genetically predisposed to produce lower
mounts of this anti-inflammatory cytokine. This lends
ome support to the hypothesis that there may be an
nflammatory or genetic component in some cases of
BS.105 There are contradictory data in the literature
uggesting an association of IBS subgroups with poly-
orphisms of the serotonin transporter (SERT).106 A

olymorphism (C825T) in the gene controlling G-pro-
ein synthesis has been described in functional dyspepsia
nd IBS.107 Clearly, more studies are needed to confirm
r refute the genotype associations for interleukin-10 and
N�3.
A second aspect is genetic variations influencing re-

ponse to medications. There may be genetic polymor-
hism in drug metabolism. For instance, the number of
unctional CYP2D6 genes determines the pharmacoki-
etics and plasma levels of the commonly used tricyclic
gent nortriptyline108 or the action of codeine (which has
o be converted to morphine by the CYP2D6 isoenzyme
o be effective). Note also that several antidepressants are
etabolized by these enzymes, and this may affect their

linical efficacy and safety.
Genetic polymorphism may also involve transport-

rs109 that may influence drug response. Two examples of
harmacodynamic variation are provided from the field
f FGIDs. 5-HT undergoes reuptake by SERT. Polymor-
hisms in the promoter for synthesis of SERT (SERT-P)
nfluence response to serotonergic medications in de-
ressed individuals. SERT polymorphisms were associ-
ted with a greater colonic transit response in those with
ong homozygous than those with heterozygous or short
omozygous polymorphisms in diarrhea-predominant

BS.110
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A second observation is that drug response in patients
ith functional dyspepsia may be influenced by genetic
ariation in GN�3 translation. Holtmann et al found
hat G-protein polymorphisms were predictors of symp-
om outcome in functional dyspepsia, based on the ra-
ionale that G proteins act as second messengers and may
nfluence multiple receptor-mediated mechanisms.107

These results require confirmation, but they suggest
hat pharmacogenetics may affect drug response and need
o be considered in drug development programs and in
linical therapeutics. Pharmacogenetics may also provide
ew insights on the mechanism or pathophysiology of
GIDs.

Psychopharmacology of FGIDs

The acute effects of various psychotropic drugs are
hown in Table 2. 5-HT1A receptors and �2 adrenocep-
ors are both presynaptic and postsynaptic receptors and
eteroreceptors (ie, they modulate norepinephrine and
-HT neurotransmission, respectively, via presynaptic
omatodendritic receptors). When administered long-
erm, all antidepressants also enhance glucocorticoid sig-
aling and inhibit overactivity of corticotrophin-releas-
ng factor in the brain and presumably in the periphery.
ach class affects several transmitters via reciprocal ac-
ions between amine and neuropeptide systems and re-
uces excessive cytokine release associated with various
onditions in which inflammatory cytokines play a

able 2. Pharmacologic Actions of Psychotropic Drugs on Mo

Neurotransmitter

5-HT Norepinephrine Do

ricyclic antidepressants
Amitriptyline ����� ���
Imipramine ���� �����
Desipramine ��� �����
Clomipramine ����� ���

SRIs
Fluoxetine ����� ��
Paroxetine ����� ���
Sertraline ����� �
Citalopram ����� 	

NRIs
Venlafaxine ���� �
Duloxetine ����� ����

typical agents
Bupropion 0 �
Nefazodone �� ��
Mirtazapinea 	 0

zapirones
Buspirone 0 0

, �-adrenergic; H, histamine; Ach, muscarinic cholinoceptors; � to
Mirtazapine also blocks 5-HT3 receptors (���), which reduces nau
ole.111 c
Long-term treatment with any antidepressant alters
eceptor sensitivity, which in all cases is believed to
esult in enhanced 5-HT neurotransmission. Tricyclic
ntidepressants, but not SSRIs or serotonin-norepineph-
ine reuptake inhibitors (SNRIs), increase the sensitivity
f postsynaptic 5-HT receptors and down-regulate �2

resynaptic receptors and heteroreceptors. The analgesic
ffect of tricyclic antidepressants is also mediated by
lockage of a class of voltage-dependent sodium channels
n extrinsic sensory neurons. SSRIs and SNRIs reduce the
ensitivity of 5-HT1A autoreceptors and heteroreceptors.
uspirone (which is an anxiolytic, not an antidepressant)
own-regulates 5-HT1A somatodendritic autoreceptors
o produce anxiolysis. Down-regulation of 5-HT1A re-
eptors is believed to play the most important role in
ntidepressant, anxiolytic, and analgesic effects of anti-
epressants.
Benzodiazepines enhance the inhibitory effects of

-aminobutyric acid via potentiation at the GABAA

eceptors, indirectly enhance 5-HT, and diminish nor-
pinephrine neurotransmission and antagonize the effects
f cholecystokinin in brain and gut. This results in
mmediate anxiolytic activity.

Evidence for Efficacy of Psychotropic
Treatments in FGIDs

Psychotropic agents are commonly used to treat
atients with FGIDs.112 Two groups examined the ac-

ine Reuptake and Receptors

take blockade Receptor blockade

ne �1 �2 H1 Ach 5-HT1A 5-HT2

��� � ���� ��� � ���
�� � ���� �� �� ��
�� � �� �� 	 	
�� ��� �� 	 	

	 	 	 	 	 	
	 0 �� 	 	

�� � 0 � 	 	
� � � 0 	 	

0 0 0 0 0 0
	 	 	 	 	 	

	 	 	 0 	 	
��� 	 �� 	 ���

� ���� � ���

0 0 0 0 �� 0

��, increasing levels of potency; 	, weak; 0, no effect.
nd has acute anxiolytic effects in humans.
noam

reup

pami

	
	
	
	

	
�	

���
0

	
�

�
��
0

0

���
rued evidence for efficacy of antidepressants for IBS and
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eached remarkably different conclusions. Jackson et al113

onducted a meta-analysis of randomized controlled tri-
ls published between 1966 and 1988, focused on the
ffectiveness of antidepressants for FGIDs, and suggested
hat antidepressants were as effective for IBS as other
ommonly prescribed treatments, such as antispasmodics
nd antidiarrheals. However, there is justifiable debate
ver the conclusions drawn due to the inclusion of one
tudy showing an unusually large treatment effect, with-
ut which the findings would have been less conclusive.
randt et al114 assessed randomized controlled trials for
ll studies published between 1980 and 2001 that ex-
mined the efficacy of different IBS treatments, includ-
ng tricyclic antidepressants. They concluded that none
f the tricyclic antidepressant studies was sufficiently
ong or used sufficiently large sample sizes to assure
fficacy. These studies were considered to have a high
robability of type I or II errors; tricyclic antidepressants
re not superior to placebo for global IBS symptoms, but
here was “limited evidence that tricyclic antidepressants
ay decrease abdominal pain.”

Newer Studies of Psychotropic Agents in
FGIDs

Tricyclic antidepressants. Drossman et al115 com-
ared the efficacy of the tricyclic antidepressant desipramine
on average 100 mg/day) with placebo in women with
oderate to severe IBS. In the intention-to-treat analysis,

reatment with desipramine failed to reach statistical supe-
iority over placebo in the overall sample. Post hoc analysis
f subjects completing therapy and a separate analysis that
xcluded subjects with undetectable desipramine levels (as-
umed to be noncompliant with therapy) favored desipra-
ine over placebo on the main outcome measure and on

uality of life and pain (P 
 .09 each) and on patient-rated
satisfaction with treatment” (desipramine � placebo; P 

011). It was concluded that because most of the patients
ho dropped out did so due to side effects and a significant
ortion had nondetectable desipramine levels, tolerability of
esipramine treatment ultimately limited the statistical
ower of this study.

SSRIs. Clinically, SSRIs appear to be useful for
ome patients with FGIDs. Kuiken et al116 reported that

weeks of treatment with fluoxetine 20 mg daily was
ot superior to placebo overall but did reduce abdominal
ain in the subgroup with rectal hypersensitivity. These
ndings need confirmation. In a pediatric population
ith recurrent abdominal pain, a response was reported

n 21 of 24 subjects (ages 7–18 years) after 12 weeks of
reatment with flexible-dose citalopram.117

In the only placebo-controlled, randomized, controlled

rial of the SSRI paroxetine to date, Tabas et al118 com- s
ared 12 weeks of flexible-dose treatment with parox-
tine (10–40 mg/day) with placebo in 81 patients with
BS. Treatment with paroxetine was associated with sig-
ificantly higher improvement of overall well-being and
atient preference compared with placebo. Abdominal
ain and bloating were not significantly better after
reatment with paroxetine.

Two open-label treatment studies with paroxetine in
BS have been recently reported. Creed et al119 reported
ignificant improvement of abdominal pain severity in
6 patients with severe IBS during 12 weeks of treat-
ent with paroxetine 20 mg/day. Masand et al120 re-

orted improvement in overall pain, pain severity, and
requency in 20 patients with IBS treated for 12 weeks
ith paroxetine (mean dose, 31 mg), with a trend toward
reater improvement in pain in patients with anxiety
isorder. These results should be interpreted cautiously
ue to the open-label design.

Indication and Choice of Psychotropic
Agents in FGIDs

Psychotropic agents are indicated in the presence
f significant psychiatric symptoms. The goal of therapy
s to achieve relief of gastrointestinal and psychosocial
istress. Patients with prior mania, prominent suicidal
deation, or a history of worrisome or unstable behavior
hould be referred promptly for assessment by a mental
ealth specialist.
All the antidepressant classes and the anxiolytics

able 3. Dosing Guidelines for Antidepressants and
Anxiolytics for FGIDs

Antidepressants

Treatment
(6–8 wk)

(mg) Starting dose (mg)

ricyclic antidepressants
Imipramine 100 10
Desipramine 100 10
Clomipramine 75 2.5–10

SRIs/SNRIs
Sertraline 50 12.5–25
Paroxetine 20 5–10
Fluoxetine 20 2–5
Escitalopram 10 5
Citalopram 20 10
Fluvoxamine 50 25
Venlafaxine 75 18.75

igh-potency benzodiazepinesa

Alprazolam 2 0.25–0.5 3 times daily
Clonazepam 1 0.25–0.5 twice daily

OTE. Some patients may still benefit from dosages lower than
ndicated. For treatment of major depression or anxiety disorders,
osages are at least double what is indicated.
Not useful as antidepressants.
hown in Table 3 have efficacy in placebo-controlled,
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andomized, controlled trials for the disorders shown.
owever, not all antidepressants are broadly effective

nxiolytics. The SNRIs and SSRIs are generally consid-
red to be equivalent in efficacy and tolerability, and
ither class is a reasonable first-line approach. They are
roadly efficacious as antidepressants and anxiolytics and
re safer and more tolerable than the traditional antide-
ressants. The relative advantages and disadvantages of
ach of the available treatments should be anticipated for
he individual patient, and participation in the initial
reatment choice should be negotiated with the patient
s an active partner in the process in the interest of
aximizing compliance. For some patients, finding a

olerable and effective choice may require using more
han one medication. Obtaining tricyclic agent plasma
evels (8–12 hours after the last dose) after initiating
herapy can assure continued patient safety.

If patients are intolerant of antidepressants and have
rominent anxiety, they can be treated with benzodiaz-
pine monotherapy.121 However, long-term use in pa-
ients with FGIDs is discouraged due to a number of
actors. Treatment with benzodiazepines may be associ-
ted with the development of tolerance, physical depen-
ence, abuse, sedation, cognitive impairment, and, in
articular, inability to discontinue benzodiazepines when

igure 1. Algorithm for use of treatment with psychotropics for psych
erotonin-norepinephrine reuptake inhibitor; TCA, tricyclic antidepress
heir use is no longer clinically indicated. n
Buspirone is a partial 5-HT1A receptor agonist that is
fficacious in general anxiety disorder, but efficacy in
GIDs needs to be studied.
Starting psychotropic drugs for FGIDs at a low dosage
ay help reduce exacerbation of preexisting gastrointestinal

nd other symptoms. An algorithm for the use of psycho-
ropic agents is outlined in Figure 1. Achieving full remis-
ion is not a reasonable goal for the initial 6- to 8-week
reatment and may require 4–6 months or even longer. For
ome patients, the use of concomitant benzodiazepines for
nxiety control may help with compliance and allow more
ptimal control of symptoms.

In summary, the presence of clinically significant psy-
hiatric symptoms in patients with FGIDs is an indica-
ion for psychotropic agents, especially when stress reac-
ivity is observed. Enthusiasm for newer antidepressants
or FGIDs is based on their broad efficacy in the psychi-
tric conditions and potential efficacy on core IBS symp-
oms. Confirmation of existing practice with randomized
ontrolled trials is still needed.

Conclusions

Clinician and basic investigators involved in the
reatment or investigation of FGIDs or disease models

symptoms in FGIDs in clinical practice. BZ, benzodiazepines; SNRI,
iatric
eed to have a comprehensive understanding of a vast
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ange of medications. It is anticipated that the interac-
ion between investigators of basic science, basic and
pplied pharmacology, and clinical trials will lead to
etter treatment of patients with these disorders.
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