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Pharmacogenetics and the treatment of
functional gastrointestinal disorders

The diagnosis and management of functional gastrointestinal disorders (FGIDs) remain
very challenging. In the era of precision medicine, it is important to individualize the
treatment of these conditions by providing targeted and effective therapies while
minimizing the risk of medication side effects. By using geneticinformation that predicts
and affects the responses to specific medications, it is anticipated that the science
of pharmacogenetics in FGIDs will advance the practice of precision medicine. The
pathophysiology of FGIDs is complex, involving the interaction between predisposing
genetic and environmental factors. Studies have shown that genetic polymorphisms
may contribute to the variable responses to specific medications among individuals
with FGIDs. Genetic variations in the CYP450 system can affect the metabolism and,
hence, the pharmacokinetics of drugs used to treat FGIDs. Polymorphisms in the genes
controlling proteins that are involved in the direct action of medications targeting
the serotonergic, cannabinoid, adrenergic and bile acid pathways can affect the
pharmacologic effects of the medications. In this review, we summarize the published
literature on the pharmacogenetics of FGIDs and address the potential clinical utility
and future challenges in this field. Since it was the dominant topic in the majority of the
articles relevant to FGIDs, our review will focus on irritable bowel syndrome.
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Functional gastrointestinal disorders &
individualized medicine

Functional gastrointestinal disorders (FGIDs)
are highly prevalent worldwide. Despite their
benign nature, they have a significant impact
on quality of life and inflict a substantial
financial burden on healthcare systems [1].
The pathophysiology of FGIDs, such as irri-
table bowel syndrome (IBS), involves mul-
tiple central and peripheral mechanisms [2]
that may constitute targets for therapy. The
management of these conditions remains chal-
lenging, and pharmacotherapy usually follows
a trial-and-error approach with modest or no
improvement in symptoms, which leads to a
protracted course of illness and to frustration

for both patients and healthcare providers [3).
This is due, in part, to a poor understanding of
various factors such as genetic variations that
affect the responses to specific medications.
Precision medicine promises to overcome
this challenge, as it incorporates physiological,
pathological and environmental factors that
are unique to each individual, with the goal
of delivering individualized healthcare [4]. It
involves the use of patient-specific information
that can affect the response to the treatment,
including comorbidities, genetic makeup
and drug-to-drug interactions. The science
of pharmacogenetics studies the effect of
genetic variability of patients on the response
to medications [5.6]. Applying the concepts
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of pharmacogenetics to the management algorithm
of FGIDs may help improve the outcome of specific
therapies by maximizing efficacy and minimizing tox-
icity. Although, the field is in its infancy and there are
many challenges still to be overcome, the application of
pharmacogenetics in FGIDs has attracted more interest
in the last two decades. In this review, we summarize
the published literature on the role of pharmacogenetics
in the management of FGIDs, particularly in IBS, and
we address the future challenges and potential clinical
utility in this promising field.

Genetics of FGIDs

Unlike monogenic conditions where phenotypes
depend on variability in a single gene, FGIDs are com-
plex polygenic conditions in which polymorphisms in
multiple genes interact with environmental factors to
produce a certain phenotype [7]. A possible proof of a
genetic predisposition in FGIDs comes from epidemi-
ological studies showing a strong familial aggregation
in IBS, which suggests hereditary and/or intrafamil-
ial environmental etiologies [8]. Despite, conflicting
reports [9], several twin studies point to a probable small
genetic contribution to IBS, with higher concordance
of the condition in monozygotic compared with dizy-
gotic twins [10], and in dizygotic twins who have moth-
ers with IBS compared with dizygotic twins with cot-
wins with IBS [11]. The latter observation suggests that
environmental factors play a role even in familial IBS.
Mechanisms leading to symptoms in FGIDs seem to
involve a complex interaction between environmental
and genetic factors [12], and strong evidence for a clear
genetic predisposition in functional dyspepsia (FD)
is lacking [13]. Whether the inherited genetic makeup
leads to FGIDs directly, or to associated conditions or
intermediate phenotypes remains unclear [14,15).

Applying the candidate gene approach, researchers
have studied the correlation between gene polymorphisms
and IBS symptoms or intermediate phenotypes associ-
ated with IBS, such as colonic transit, intestinal immune
activation and mucosal permeability. This approach led
to further understanding of the highly complex genet-
ics of IBS. The candidate mechanisms associated with
genetic variations that have been most revealing to date
include genes involved in the serotonergic, cannabinoid,
bile acid, adrenergic and immune pathways. Here, we
summarize a few examples, though the genetics of IBS
has been extensively summarized elsewhere [7.15].

Single nucleotide polymorphisms have been suggested
as possible biomarkers involved in underlying mecha-
nisms in FGIDs. However, the evidence is often not
replicated in the literature and, therefore, these potential
associations are to be interpreted with caution. Examples
include the following:

The serotonergic pathway is a major brain-gut medi-
ator and is implicated in gastrointestinal motility,
secretory and sensory functions [16]. After serotonin
is secreted, the serotonin reuptake transporter SERT
(also called solute carrier 6A4 [SLCG6A4]) facilitates
reuptake to the cell from which it originates (such as
the enterochromaffin cells in the gut, platelets in the
circulation or neurons in the brain), thus decreas-
ing the biological effect of the amine transmitter [17].
The main polymorphic region in the transporter
gene promoter is the 5-HT transporter long poly-
morphic region (5-HTTLPR). A long (L) and a
short (S) variation of the gene affect the function
of SERT, with the short variant resulting in reduced
serotonin reuptake and, hence, more serotonin
available to target the postjunctional receptor;

Polymorphisms in the gene promoter (5-H7TLPR)
controlling the serotonin transporter SERT have
been described in patients with IBS [18]. However,
studies in different populations and even meta-
analyses show inconsistent results. For example,
polymorphisms in the SERT gene promoter were
also shown to predicta specific subgroup of IBS with
diarrhea (IBS-D) [19]. However, the 5-HTTLPR
mutation was associated with IBS with constipa-
tion (IBS-C), but not with IBS-D or IBS-mixed
(IBS-M). This association was only demonstrated
in the East Asian groups in one meta-analysis [20];
a separate meta-analysis suggested a reduced risk of
IBS in both American and Asian populations [21];

5-HTTLPR polymorphism was also found to
be associated with intermediate phenotypes in
IBS, with LS/SS genotype being associated with
increased pain sensation [22] and L/S and S/S geno-
types of the 5SHTTLPR polymorphism with greater
symptom severity [23];

Polymorphisms in the serotonergic pathways were
also shown to be associated with symptom sever-
ity in IBS. Examples include the association of
T/T genotype at position 102 of HTR2A (5-HT2A
receptor gene) associated with more severe pain [24]
and C/C genotype of the c. -42C>T polymorphism
in HTR3A with amygdala responsiveness in
IBS [2s];

Another potential role for 5-HT, polymorphisms
in FGIDs is related to the genes’ interactions
with microRNAs, which are short noncoding
RNA molecules involved in post-translational
regulation of expression of mRNAs [26]. Such
microRNAs have been studied as potential bio-
markers and therapeutic targets in IBS by using
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microRNA inhibitors or precursors. A variant in
the HTR3E subunit (c. *76G>A) was found to be
associated with IBS-D in females. This variant of
the receptor subunit was resistant to the inhibi-
tory effect of microRNA-510 in IBS-D, leading to
an increased expression of the 5-HT protein [27].
This information suggests that precursors for
microRNA-510 might have a protective effect
against IBS-D in individuals without the variant
(c. *76G>A), but likely have no significant effect

on individuals with this variant;

G-proteins are essential to transform stimuli
from the cellular receptor level into an intracel-
lular signaling pathway leading to a physiological
effect. Genetic variations in G-protein 8 3 subunit
(GNB3) were found to be associated with FD in
one study conducted in Germany [28], but this was
not replicated in a USA cohort of similar ethnic
distribution [29];

Associations between IBS and IBS-C and a poly-
morphism in 7NFSFI5, the gene encoding for the
protein, TL1A, suggest involvement of inflam-
matory responses [30]. This has been replicated
in separate European studies, including a meta-
analysis of the available data [31,32]. Association of
the 7L-10 gene with IBS [33] is also consistent with
the hypothesis that predisposition to immune acti-
vation may contribute to IBS. Genes that encode
proteins involved in epithelial cell barrier function
(e.g., TLRY) and the innate immune response to
enteric bacteria (e.g., CDHI) are associated with
development of IBS following acute gastroenteritis
(postinfectious IBS) [34];

The autonomic nervous system plays an impor-
tant role in GI motility and IBS [3536]. The
adrenergic axis is integral in the regulation of
the autonomic nervous system and was shown to
be a potential target to modulate gastrointestinal
motility by using a2 adrenergic agonists such as
clonidine [3738]. Genetic variations in o2a recep-
tor, ADRA (C-1291G), were found to be associ-
ated with gastric emptying at 2 and 4 h and with
postprandial gastric volume [39.40];

Polymorphisms in genes controlling adrenoceptors
are associated with worse symptoms in FGIDs or
quality of life; examples include the a.(2A), a.(2C)
and P2 adrenergic receptors [41,42];

The cannabinoid pathway and genetic variations
in endocannabinoid metabolism and cannabi-
noid receptors are involved in the pathophysiology

of IBS. A single nucleotide polymorphism in the
enzyme, fatty acid amide hydrolase, responsible
for the inactivation of the endocannabinoid,
anandamide, was studied. The genotype fatty
acid amide hydrolase CA/AA was found to be
associated with IBS-D, IBS-M, chronic abdominal
pain and accelerated colonic transit in IBS-D [43].
Furthermore, the polymorphism of CNRI, the
gene encoding for the cannabinoid 1 receptor, was
shown to predict phenotype and quantitative traits.
The CNRI rs806378 genotype was associated with
colonic transit in IBS-D and with symptom rating
of gas, but not pain [44];

* Bile acid synthesis, enterohepatic circulation and
excretion affect bowel function and are, thus,
involved in the pathophysiology of IBS [26].
KlothoB (KLB) normally interacts with growth
factor receptor (FGFR)4 which leads to a negative
feedback mediated by fibroblast growth factor
(FGF)19, resulting in suppression of bile acid syn-
thesis [45]. A variant of KLB, Arg728Gln, results
in an unstable KLB protein and impaired negative
feedback and, hence, increased bile acid synthesis.
This, in turn, leads to accelerated colonic transit
and diarrhea. This association between the KLB
variant and abnormal colonic transit is medi-
ated by the FGFR4 genetic variants, rs1966265
(Val10lle) and rs351855 (Gly388Arg) [46];

*  Given the inconclusive evidence of the role of genetic
polymorphisms in the association with FGIDs and
IBS, specifically, the role of genetics appears to be
of greater relevance in the context of the responses
to pharmacological agents. In this review, we will
focus on the genetic polymorphisms with potential
pharmacogenetic implications in FGIDs.

Pharmacogenetics in FGIDs

Pharmacogenetics modulates responses to therapy at
two levels in FGIDs: pharmacokinetics — through
modulation of drug metabolism; and pharmaco-
dynamics — through changes affecting receptors or
transporters involved in the mechanisms of action of
medications. Examples of pharmacokinetics include
the roles of the variations in functional CYP2D6
in modifying the plasma levels and the efficacy and
safety of several drugs such as tricyclic antidepres-
sants [47]. The first gene polymorphism affecting
drug action was genetic variation in 5-HTTLPR,
which influences the promoter for the synthesis of
SERT (SERT-P), and its effect on the activity of a
serotonergic drug, the 5-HT, antagonist, alosetron,
in IBS-D [4s]; this was replicated for the 5-HT,
agonist, tegaserod [49].
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Pharmacogenetics related to
pharmacokinetics

Genetic variation in CYP450

The effects of genetic variations on enzymes involved
in drug metabolism can be very significant, ren-
dering the pharmacokinetics of a drug extremely
variable among individuals [so]. This variability
in metabolism is usually related to one principal
enzyme, which makes the genetic polymorphism of
the enzyme of great potential clinical and experi-
mental value. In general, metabolism of a drug
involves Phase I reactions such as oxidation, dehy-
dration or esterification of functional groups and
Phase II conjugations [51]. The CYP450 enzymes
such as CYP2C19 and CYP2D6 plays an impor-
tant role in Phase I reactions in the metabolism of
a multitude of medications used in FGIDs, particu-
larly antidepressants. The CYP2D6 enzyme is highly
polymorphic, with more than 100 genetic variants.
The frequency of functional versus nonfunctional
alleles may explain the differences in responses to
several medications in different ethnicities. Func-
tional alleles include CYP2D*2, *9, *10, *17, in addi-
tion to the wild-type CYP2D6*1. Depending on the
genotype, an individual may be an ultrarapid, exten-
sive, intermediate or poor metabolizer [52]; 7-10%
of Caucasians are poor metabolizers compared with
only 1-2% of Asians [53]. CYP2CI19 and enzymes
involved in the metabolism of frequently prescribed
medications such as omeprazole and cimetidine also
show polymorphisms that vary depending on ethnic-
ity, with a prevalence of poor metabolizers in 2—6%
of Caucasians, 15-20% of Japanese and 10-20% of
Africans [54].

Examples of clinical implications of impact of
genetic variation on pharmacokinetics in FGIDs
Neuroleptics in IBS: effect of CYP2D6
polymorphism

Antidepressants, including tricyclics and selective sero-
tonin reuptake inhibitors, are used for the treatment of
FGIDs and visceral hypersensitivity [ss]. Metabolism
of the tricyclic antidepressant, nortriptyline, correlated
with the number of functional CYP2D genes [47]. The
effect of the variability in the metabolism of antidepres-
sants on the response to therapy has not been studied
extensively for FGIDs. However, a better understand-
ing of the pharmacogenetics of drug metabolism may
help tailor the choice of antidepressant and its dose for
each patient, depending on their genetic makeup, and
thereby minimize toxicity and maximize benefit [s3].
Future studies are needed to understand the role of
CYP2D variability on the efficacy of antidepressants
specifically in FGIDs.

Proton pump inhibitors & H2 receptor blockers

in functional dyspepsia: effect of CYP2C19
polymorphism

Genetic variation in CYP2CI9 results in lower inac-
tivation of most proton pump inhibitors (PPIs), thus
leading to an increased efficacy of the inhibition of gas-
tric acid secretion by the PPIs that undergo metabolism
by CYP2C19; this genetic variation is most prevalent
in people of Asian lineage who would theoretically
require a lower dose to achieve efficacy. The PPI, rabe-
prazole, is metabolized by CYP3A4, not by CYP2C19,
and may offer an option to avoid potential interaction
of the CYP2C19 genotype with PPI function.

A study of 100 patients with FD who were treated
with cimetidine until the dyspepsia resolved showed
that the mean duration of treatment was the shortest
for the variant homozygote type CYP2CI9 [s6]. This
is consistent with a prior study that showed a lower
failure rate in poor metabolizers of on-demand therapy
with pantoprazole after successful treatment for esoph-
agitis [57]. This can be explained by a more sustained
and significant effect of those drugs in poor metaboliz-
ers. Larger trials specifically targeting FD are needed
to study the clinical relevance of CYP2CI9 poly-
morphism on the response to PPIs and H2 blockers.
Furthermore, genetic tests lack widespread availability,
and FD is usually treated with therapeutic trials of
medications such as PPIs or H2 blockers. The genetic
tests may still have a role in refractory cases or in cases
where potential toxicity is a concern.

Pharmacogenetics & pharmacodynamics
Pharmacogenetics of serotonin pathways
Serotonin receptors are therapeutic targets in IBS, such
as with the use of 5-HT, receptor antagonists in IBS-D
and 5-HT, agonists in IBS-C or functional constipa-
tion. In addition to the influence of 5-H7TTLPR on
SERT function, the genes for 5-HT, receptors are also
polymorphic, and these variants are thought to affect
the response to treatment [s8].

Alosetron & tegaserod: effects of 5-HTTLPR
polymorphism

The polymorphism in 5-H7TTLPR was shown to
possibly predict the response to the 5-HT, agonist,
tegaserod, with higher response rate in S/S and L/S
genotypes (which are both associated with reduced
SERT function [59], and poor response rate in the L/L
genotype in patients with IBS-C. Li ez al. suggested
that an increased serotonin uptake in LL subjects
may lead to a decreased serotonergic neurotransmis-
sion, altering 5-HT, receptor affinity to endogenous
serotonin or exogenous tegaserod [49]. In theory, the S
allele is associated with more synaptic serotonin and,
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potentially, more contractile response with the use of
5-HT, agonist. Ismair e# 2l. showed that tegaserod may
also inhibit SERT, which may further explain the vari-
able efficacy of this drug in association with different
SHTTLPR gene variants [60]. Conversely, individuals
with the L/L genotype have more effective SERT func-
tion resulting in less synaptic serotonin, which may
explain the better response observed with the 5-HT,
antagonist, alosetron, in IBS-D (48]. The 5-HTTLPR
polymorphism shows the complexity of the pharmaco-
genetics of IBS, where genetic variation in one pathway
can alter response to therapy.

5-HT, receptor polymorphisms & treatment of
gastrointestinal symptoms

A study of the pharmacogenetics of 5-HT, ; receptors in
chemotherapy-induced nausea and vomiting suggested
a lower efficacy of antiemetic therapy with 5-HT,
antagonists in patients homozygous for the H7R3B
-100_-102delAAG deletion variant [¢1]. To date, no
trials have studied the effects of such 5-HT,; recep-
tor polymorphisms on responses to drugs in FGIDs.
Celli ez al. summarized the role of the different 5-HT,
receptor variants (CHTRA-E), provided an electronic
database where genetic and pharmacogenetic data will
be gathered as a reference for potential clinical use,
and postulated that polymorphisms in 5-HT] receptor
genes may have clinical utility in the management of
FGIDs [s8).

Ramosetron (5-HT, antagonist): effect of TPH1
polymorphism
A pilot study showed that Single nucleotide polymor-
phisms in the genes encoding for tryptophan hydroxy-
lase 1 (T'HPI), the rate-limiting enzyme in the synthesis
of 5-HT, predicted response to the 5-HT,; antagonist,
ramosetron, in IBS-D. The frequency of the genotypes,
TPHI rs4537731 T/T, 157130929 C/C and rs211105
T/T, was significantly higher in responders compared
with nonresponders [62]. This finding has potential
clinical utility to identify subgroups of patients with
IBS-D with a greater likelihood of response to new
agents such as ramosetron. Furthermore, the genetic
polymorphism in THPI helps further elucidate the
role of serotonin as a biomarker involved in one of the
complex mechanisms involved in the etiology of IBS.
The identification of these genetic variations in the
serotonergic pathway can offer a unique opportunity to
target therapy based on prediction of response. Before
these findings can be applied in clinical practice, more
research is required to establish the effects of such
polymorphisms in diverse populations, given the dif-
ferences in the prevalence of the genetic variations in
different ethnicities.

Pharmacogenetics of cannabinoid pathways
Dronabinol: effect of CNR1 polymorphism
Dronabinol is a nonselective cannabinoid receptor ago-
nist that was shown to inhibit gastric emptying and
colonic motility [63.64]. A trial of dronabinol in IBS-D
showed a modest delay in colonic transit in patients
with CNRI rs806378 CT/TT compared with CC [6s].
Despite the lack of observations in large cohorts,
this preferential effect of dronabinol observed in a sub-
group of IBS patients can have a significant implica-
tion in an era when the use of medicinal cannabinoids
is increasing and with the need to minimize toxicity.

Pharmacogenetics of adrenergic pathways
Clonidine: effect of a2 A polymorphism

Clonidine is an .2 receptor agonist that can modulate
colonic tone and pain perception [37]. Genetic variation
in ADRA2A (C-1291G) was associated with improve-
ment in rectal sensation of gas and urgency in response
to clonidine in IBS patients [66]. Future research on
adrenergic receptor polymorphisms and their effects
on responses to specific medications is needed. Cloni-
dine is not considered a first-line therapy in FGIDs.
Future pharmacogenetics studies may help identify a
subcategory of patients with IBS who would benefit
from a2 receptor agonists.

Pharmacogenetics of bile acid modulation
Chenodeoxycholic acid & colesevelam: KLB &
FGFR4 polymorphisms

A study on chenodeoxycholic acid in IBS-C showed
that polymorphisms in KLB and FGFR4 can influence
the response to therapy. Furthermore, genetic varia-
tions in KLB and FGFR4 may predict a more benefi-
cial response to the bile acid sequestrant, colesevelam,
on ascending colon half-emptying time and overall
colonic transit in patients with IBS-D (67.68]. This is an
example of the potential utility of pharmacogenetics
in IBS. Learning more about the genetic variations
involved in bile acid metabolism and effects of the
genetic polymorphisms in FGFR4 and KLB on the
responses to specific IBS therapy targeting the bile acid
pathway may predict the patients who are more likely
to respond to bile acid directed therapy in the future.

Conclusion, future perspective & a note of
caution

Though, there are both appeal and potential benefits
of precision medicine, the use of pharmacogenetics in
FGIDs is still challenged. First, there is a lack of profound
understanding of the different pathophysiological mech-
anisms in FGIDs and of the role of the genetic factors in
those mechanisms. Second, genetic testing remains rela-
tively expensive, not widely available, and may at times

Review

fsg

future science group

www.futuremedicine.com

1089



Review Halawi & Camilleri

Table 1. Summary of associations of genetic polymorphisms with pharmacokinetics and pharmacodynamics in

functional gastrointestinal disorders.

Pathway Gene Mechanism
Genetic polymorphism and effect on pharmacokinetics
CYP450 CYp Number of functional CYP2D6
and drug 2D6 gene copies determines
metabolism phenotype (ultrarapid,
extensive, intermediate or
poor metabolizer)
CYpP Variant CYP2C19 associated
2C19 with lower inactivation of

most PPIs in Asians

Genetic polymorphism and effect on pharmacodynamics

Serotonergic 5-HTTLPR Short (S) variant of 5-HTTLPR

pathway associated with reduced
SERT function, reduced 5-HT
reuptake, increased synaptic
5-HT, compared with long (L)
variant

5-HT Homozygosity for the

receptor -100_-102delAAG deletion
affects function of 5-HT,
receptor

TPH1 Polymorphism predicts
response to 5-HT,,
antagonists

Cannabinoid CNRT
pathway

CNRT1 rs806378 genotype
associated with colonic transit
in IBS-D and with symptom
rating of gas

Adrenergic  a2A (C-1291G) associated with

pathway receptor gastric emptying and
postprandial gastric volume

Bile acid KLB and Variants in KLB and FGFR4

pathway FGFR4 modulate negative feedback

on hepatocyte bile acid
synthesis

Drug

Tricyclic
anti-
depressants

Proton pump
inhibitors

H2 blockers

Tegaserod (5-

HT, agonist)

Alosetron
(5-HT,
antagonist)

Tropisetron
and
ondansetron
(5-HT,
antagonists)
Ramosetron
(5-HT,,
antagonist)

Dronabinol
(nonselective
CB receptor
agonist)
Clonidine
(a2 receptor
agonist)
Chenodeoxy-
cholic acid

Colesevelam
(bile acid
sequestrant)

Clinical applicability

CYP2D6 genotype may predict
clearance rate, efficacy, safety
and dosing of nortriptyline

Variant CYP2C19 in
poor metabolizers may
predict better response to

pantoprazole

Variant CYP2C19 in poor
metabolizers may predict
shorter duration of cimetidine
therapy needed to achieve
resolution of symptoms in FD

S/S and L/S genotypes may
predict better response to
tegaserod in IBS-C

L/L genotype may predict
better response to alosetron

in IBS-D

Homozygosity for the
-100_-102delAAG may
predict decreased efficacy
of antiemetic therapy with
tropisetron and ondansetron

Genotypes rs4537731 T/T,
rs7130929 C/C, and rs211105
T/T may predict higher
response to ramosetron in

IBS-D

Genotypes rs806378 CT/TT
may predict more delay in
colonic transit in response to
dronabinol in IBS-D

C-1291G may predict better
response to clonidine in
patients with IBS

Genetic variations in KLB and
FGFR4 may predict response to
chenodeoxycholic acid in IBS-C

Genetic variations in KLB and

Study (year)

Dalen et al.
(1998)

Sheu et al.
(2012)

Kim et al.
(2012)

Li et al. (2007)

Camilleri
et al. (2002)

Tremblay
et al.(2003)

Shiotani et al.
(2015)

Wong et al.
(2012)

Camilleri
et al. (2009)

Rao et al.
(2010)

Wong et al.

FGFR4 may predict response to (2012)

colesevelam in IBS-D

Ref.

[56]

[49]

(o1]

(62]

(66]

(67]

(68]
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pose an ethical dilemma that requires counseling unless
specifically related to pharmacokinetics. Third, a lack of
demonstrated cost—effectiveness is a major limitation,
especially given that one of the goals in the management
of FGIDs is to minimize testing and cost. Recent reviews
have questioned the impact of precision medicine on
public health (69] and on individualization of therapy [70].
Despite these limitations, we believe there is a role for
further study of pharmacogenetics in FGIDs in those
cases that do not respond to conventional therapy, given
the opportunity to tailor treatment to each individual
based on genetic predictors of response. With further
validation, it is conceivable that genetic testing may
have diagnostic utility by subcategorizing patients based
on mechanisms or intermediate phenotypes, and thus,
acting as actionable biomarkers. The study of pharma-
cogenetics in FGIDs has the potential to lead to better
understanding of the pathophysiology of FGIDs and to
propose hypotheses for future research. In the future, a
management approach based on pharmacogenetics may
become cost—effective since a personalized therapy that
targets patients who are more likely to respond by using
the lowest effective dose of a specific medication will
help achieve better outcomes and will help avoid more
invasive testing and more harmful and costly adverse
events related to application of nontargeted therapy.
Precision medicine involvesa multilayered approach
to patient management, and pharmacogenetics is

only one part of the equation. Environmental fac-
tors and their dynamic interactions with the genetic
factors are key elements in individualized medicine,
especially in FGIDs, given their complex patho-
physiology. Hence, for the management of FGIDs,
physicians need to consider other factors apart from
pharmacogenetics, including environmental changes,
drug-to-drug interactions, patient preferences and
availability of drugs and tests. The role of environ-
mental factors led to consideration of an epigenetic
model of IBS [71], whereby DNA modifications, vari-
ations in gut microbiota and gene expression altera-
tion by microRNAs can affect the pharmacogenet-
ics of FGIDs and vice-versa [72]. Finally, despite the
complexity added by these gene—environment inter-
actions, the study of pharmacogenetics in FGIDs
has the potential to lead to new therapies and future
research opportunities in FGIDs.
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Executive summary

receptors HTR2A HTR3A, HTR3E.

e.g., G-protein B3 subunit (GNB3).

e Epithelial cell barrier function (e.g., TLR9).

¢ Bile acid feedback regulation, e.g., KLB and FGFR4.

chenodeoxycholic acid or colesevelam.

* Genetics of FGIDs: genetic variants are possible biomarkers involved in underlying mechanisms in FGIDs.
e Serotonergic pathway, e.g., 5-HT transporter long polymorphic region (5-HTTLPR), and genes for 5-HT

e G-proteins are essential to transform stimuli from the cellular receptor level into an intracellular signaling,

¢ Inflammatory responses, including TNFSF15, the gene encoding for the protein, TL1A, and /L-10 gene.
* Innate immune response to enteric bacteria (e.g., CDH1).

e Adrenergic pathway, such as a2a receptor, ADRA (C-1291G).
e Cannabinoid pathway including FAAH, the gene for fatty acid amide hydrolase, which inactivates the
endocannabinoid, anandamide, and CNR1, the gene encoding for the cannabinoid 1 receptor.

* Pharmacogenetics: genetic variants modulate responses to therapy at two levels in FGIDs:
- Pharmacokinetics — drug metabolism e.g., CYP 450 variants.
- Pharmacodynamics — through changes affecting receptors or transporters involved in the mechanisms
of action of medications e.g., 5-HTTLPR and serotonergic drugs alosetron and tegaserod; TPH1
and ramosetron; CNR1 and dronabinol; ADRA2A (C-1291G) and clonidine; KLB and FGFR4 and

References

1 Lacy BE, Mearin F, Chang L ez al. Bowel disorders.
Gastroenterology 150, 1393-1407, ¢5 (2016).

2 Camilleri M. Peripheral mechanisms in irritable bowel

syndrome. N. Engl. J. Med. 367, 16261635 (2012).

3 Lucak S, Chang L, Halpert A, Harris LA. Current and
emergent pharmacologic treatments for irritable bowel
syndrome with diarrhea: evidence-based treatment in

practice. Therap. Adv. Gastroenterol. 10, 253-275 (2017).

4 Duarte TT, Spencer CT. Personalized proteomics: the future
of precision medicine. Proteome 4(4), 29 (2016).

Review

fsg

future science group

www.futuremedicine.com

1091



Review

Halawi & Camilleri

20

21

22

Nebert DW. Pharmacogenetics and pharmacogenomics: why
is this relevant to the clinical geneticist? Clin. Gener. 56,

247-258 (1999).
Maitland-van der Zee AH, de Boer A, Leufkens HG.

The interface between pharmacoepidemiology and
pharmacogenetics. Eur. J. Pharmacol. 410, 121-130 (2000).

Saito YA, Zimmerman JM, Harmsen WS ez a/. Irritable bowel
syndrome aggregates strongly in families: a family-based case—
control study. Neurogastroenterol. Motil. 20, 790-797 (2008).

Kalantar JS, Locke GR 3rd, Zinsmeister AR, Beighley CM,
Talley NJ. Familial aggregation of irritable bowel syndrome:
a prospective study. Gut 52, 1703-1707 (2003).

Mohammed I, Cherkas LF, Riley SA, Spector TD, Trudgill
NJ. Genetic influences in irritable bowel syndrome: a twin

study. Am. J. Gastroenterol. 100, 1340-1344 (2005).

Bengtson MB, Ronning T, Vatn MH, Harris JR. Irritable
bowel syndrome in twins: genes and environment. Guz 55,

1754-1759 (2000).

Levy RL, Jones KR, Whitehead WE, Feld SI, Talley NJ,
Corey LA. Irritable bowel syndrome in twins: heredity and
social learning both contribute to etiology. Gastroenterology
121, 799-804 (2001).

Morris-Yates A, Talley NJ, Boyce PM, Nandurkar S,
Andrews G. Evidence of a genetic contribution to functional

bowel disorder. Am. J. Gastroenterol. 93, 1311-1317 (1998).

Lembo A, Zaman M, Jones M, Talley NJ. Influence of
genetics on irritable bowel syndrome, gastro-oesophageal
reflux and dyspepsia: a twin study. Aliment. Pharmacol. Ther.
25, 1343-1350 (2007).

Gottesman II, Gould TD. The endophenotype concept
in psychiatry: etymology and strategic intentions. Am. /.
Psychiatry 160, 636645 (2003).

Camilleri M, Katzka DA. Irritable bowel syndrome: methods,
mechanisms, and pathophysiology. Genetic epidemiology and
pharmacogenetics in irritable bowel syndrome. Am. J. Physiol.
Gastrointest. Liver Physiol. 302, G1075-G1084 (2012).

Kim DY, Camilleri M. Serotonin: a mediator of the brain—
gut connection. Am. J. Gastroenterol. 95, 2698-2709 (2000).

Bertrand PP, Bertrand RL. Serotonin release and uptake in
the gastrointestinal tract. Auton. Neurosci. 153, 47-57 (2010).

Camilleri M. Is there a SERT-ain association with IBS? Guz.
53, 1396-1399 (2004).

Park JM, Choi MG, Park JA et al. Serotonin transporter
gene polymorphism and irritable bowel syndrome.
Neurogastroenterol. Motil. 18, 995-1000 (2006).

Zhang ZF, Duan Z], Wang LX, Yang D, Zhao G, Zhang L.
The serotonin transporter gene polymorphism (5-HTTLPR)
and irritable bowel syndrome: a meta-analysis of 25 studies.

BMC Gastroenterol. 14, 23 (2014).

Areeshi MY, Haque S, Panda AK, Mandal RK. A serotonin
transporter gene (SLC6A4) polymorphism is associated with
reduced risk of irritable bowel syndrome in American and Asian
population: a meta-analysis. PLoS ONE 8, ¢75567 (2013).

Camilleri M, Busciglio I, Carlson P e /. Candidate genes and
sensory functions in health and irritable bowel syndrome. Am.

J. Physiol. Gastrointest. Liver Physiol. 295, G219-G225 (2008).

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Colucci R, Gambaccini D, Ghisu N ¢z a/. Influence of the
serotonin transporter SHTTLPR polymorphism on symptom
severity in irritable bowel syndrome. PLoS ONE 8, ¢54831
(2013).

Pata C, Erdal E, Yazc K, Camdeviren H, Ozkaya M, Ulu O.
Association of the -1438 G/A and 102 T/C polymorphism
of the 5-H2A receptor gene with irritable bowel syndrome
5-Hr2A gene polymorphism in irritable bowel syndrome.

J. Clin. Gastroenterol. 38, 561-566 (2004).

Kilpatrick LA, Labus JS, Coveleskie K ez al. The HTR3A
polymorphism c.-42C>T is associated with amygdala
responsiveness in patients with irritable bowel syndrome.

Gastroenterology 140, 1943-1951 (2011).

Camilleri M, Oduyebo I, Halawi H. Chemical and
molecular factors in irritable bowel syndrome: current
knowledge, challenges, and unanswered questions. Am. /.
Physiol. Gastrointest. Liver Physiol. 311, G777-G784
(2016).

Kapeller ], Houghton LA, Ménnikes H ez al. First
evidence for an association of a functional variant in the
microRNA-510 target site of the serotonin receptor-type 3E
gene with diarrhea predominant irritable bowel syndrome.

Hum. Mol. Genet. 17, 2967-2977 (2008).

Holtmann G, Siffert W, Haag S ez al. G-protein beta 3
subunit 825 CC genotype is associated with unexplained
(functional) dyspepsia. Gastroenterology 126, 971-979
(2004).

Andresen V, Camilleri M, Kim HJ et al. Is there an
association between GNbeta3-C825T genotype and lower
functional gastrointestinal disorders? Gastroenterology 130,

1985-1994 (20006).

Zucchelli M, Camilleri M, Andreasson AN ez /. Association
of TNFSFI5 polymorphism with irritable bowel syndrome.
Gut. 60, 1671-1677 (2011).

Swan C, Duroudier NP, Campbell E ez 4/. Identifying and
testing candidate genetic polymorphisms in the irritable
bowel syndrome (IBS): association with TNFSF15 and
TNFo.. Gur 62, 985-994 (2013).

Czogalla B, Schmitteckert S, Houghton LA ez al. A meta-

analysis of immunogenetic case-control association studies
in irritable bowel syndrome. Neurogastroenterol. Motil. 27,

717-727 (2015).

Gonsalkorale WM, Perrey C, Pravica V, Whorwell PJ,
Hutchinson IV. Interleukin 10 genotypes in irritable bowel
syndrome: evidence for an inflammatory component? Gut.

52, 91-93 (2003).

Villani AC, Lemire M, Thabane M ez a/. Genetic risk factors
for post-infectious irritable bowel syndrome following a
waterborne outbreak of gastroenteritis. Gastroenterology 138,

1502-1513 (2010).
Elsenbruch S, Orr WC. Diarrhea- and constipation-

predominant IBS patients differ in postprandial autonomic
and cortisol responses. Am. J. Gastroenterol. 96, 460—466
(2001).

Gupta V, Sheffield D, Verne GN. Evidence for autonomic
dysregulation in the irritable bowel syndrome. Dig. Dis. Sci.

47,1716-1722 (2002).

1092

Pharmacogenomics (2017) 18(11)

fsg

future science group



Pharmacogenetics & the treatment of functional gastrointestinal disorders

Review

37  Viramontes BE, Malcolm A, Camilleri M et al. Effects of 52 Xie H-G, Kim RB, Wood AJ]J, Stein CM. Molecular basis of
an alpha(2)-adrenergic agonist on gastrointestinal transit, ethnic differences in drug disposition and response. Annu.
colonic motility, and sensation in humans. Am. /. Physiol. Rev. Pharmacol. Toxicol. 41, 815-850 (2001).

Gastrointest. Liver Physiol. 281, G1468—G1476 (2001). 53 Arranz M, de Leon J. Pharmacogenetics and

38  Bharucha AE, Camilleri M, Zinsmeister AR, Hanson RB. pharmacogenomics of schizophrenia: a review of last decade
Adrenergic modulation of human colonic motor and sensory of research. Mol. Psychiatry 12, 707-747 (2007).
function. Am. J. Physiol. 273, G997-G1006 (1997). 54  Flockhart DA. Drug interactions and the cytochrome

39 Grudell AB, Camilleri M, Carlson P ez al. An exploratory P450 system. The role of cytochrome P450 2C19. Clin.
study of the association of adrenergic and serotonergic Pharmacokinet. 29 (Suppl. 1), 45-52 (1995).
genotype and gastrointestinal motor functions. 55 Ford AC, Talley NJ, Schoenfeld PS, Quigley EM, Moayyedi
Neurogastroenterol. Motil. 20, 213219 (2008). P. Efficacy of antidepressants and psychological therapies

40 Martinucci I, Blandizzi C, de Bortoli N ez 2. Genetics and in irritable bowel syndrome: systematic review and meta-
pharmacogenetics of aminergic transmitter pathways in analysis. Gut 58, 367-378 (2009).
functional gastrointestinal disorders. Pharmacogenomics 16, 56 Kim M, Kong E. Genetic polymorphisms of cytochrome
523-539 (2015). P450 2C19 in functional dyspeptic patients treated with

41 Kushnir VM, Cassell B, Gyawali CP ¢t a/. Genetic cimetidine. Korean J. Physiol. Pharmacol. 16, 339342
variation in the beta-2 adrenergic receptor (ADRB2) (2012).
predicts functional‘ gastro.intesti'nal diagnoses and poorer 57 Sheu BS, Cheng HC, Yeh YC, Chang WL. CYP2C19
health-related quality of life. Aliment. Pharmacol. Ther. 38, genotypes determine the efficacy of on-demand therapy of
313-323 (2013). pantoprazole for reflux esophagitis as Los-Angeles grades C

42 Kim HJ, Camilleri M, Carlson PJ e al. Association of and D. /. Gastroenterol. Heparol. 27, 104-109 (2012).
distinct alpha(2) adrenoceptor and serotonin transporter 58 CelliJ, Rappold G, Niesler B. The human serotonin type
polymorphisms with constipation and somatic symptoms 3 receptor gene (HTR3A-E) allelic variant database. Hum.
in functional gastrointestinal disorders. Gur 53, 829-837 Mutar. 38, 137-147 (2017).

(2004). 59 Lesch KP, Bengel D, Heils A ez al. Association of anxiety-

43 Camilleri M, Carlson P, McKinzie S e al. Genetic variation related traits with a polymorphism in the serotonin
in endocannabinoid metabolism, gastrointestinal motility, transporter gene regulatory region. Science 274, 1527-1531
and sensation. Am. J. Physiol. Gastrointest. Liver Physiol. 294, (1996).

G13-GI9 (2008). 60  Ismair MG, Kullak-Ublick GA, Blakely RD, Fried M,

44 Camilleri M, Kolar GJ, Vazquez-Roque M1, Carlson P, Vavricka SR. Tegaserod inhibits the serotonin transporter
Burton DD, Zinsmeister AR. Cannabinoid receptor 1 gene SERT. Digestion 75, 90-95 (2007).
and irritable bowel syndrome: phenotype and quantitative . L
traits. Am. J. Physiol. Gastrointest. Liver Physiol. 304, 61 Tremblay PB, Kalsér R, Sezer O e 4l. Variations in Fhe
G553-G560 (2013). S—hydroxytryptamlnfz typé 3B receptor' gene as pred'lctors

of the efficacy of antiemetic treatment in cancer patients.

45 LiT, Chiang]JY. Bile acid signaling in metabolic disease and J. Clin. Oncol. 21, 2147-2155 (2003).
drug therapy. Pharmacol. Rev. 66, 948-983 (2014). . . . . .

62 Shiotani A, Kusunoki H, Ishii M ez a/. Pilot study of

46 Wong BS, Camilleri M, Carlson PJ ez al. A Klotho variant biomarkers for predicting effectiveness of ramosetron in
mediates protein stability and associates with colon transit in diarthea-predominant irritable bowel syndrome: expression
irritable bowel syndrome with diarrhea. Gastroenterology 140, of $100410 and polymorphisms of TPHI. Neurogastroenterol.
1934-1942 2011). Motil. 27, 82-91(2015).

47 Dalen P, Dahl ML, Ruiz ML, Nordin J, Bertilsson L. 63  Esfandyari T, Camilleri M, Busciglio I, Burton D, Baxter
10-Hydroxylation of nortriptyline in white persons with 0, K, Zinsmeister AR. Effects of a cannabinoid receptor
1,2, 3, and 13 functional CYP2D6 genes. Clin. Pharmacol. agonist on colonic motor and sensory functions in humans:
Ther. 63, 444-452 (1998). a randomized, placebo-controlled study. Am. J. Physiol.

48  Camilleri M, Atanasova E, Carlson PJ ez /. Serotonin- Gastrointest. Liver Physiol. 293, G137-G145 (2007).
transporter polymorphism pharmacogenetics in diarrhea- 64 Esfandyari T, Camilleri M, Ferber I, Burton D, Baxter
predominant irritable bowel syndrome. Gastroenterology 123, K, Zinsmeister AR, Effect of a cannabinoid agonist on
425-432 (2002). gastrointestinal transit and postprandial satiation in healthy

49 LiY, Nie Y, Xie J et al. The association of serotonin human subjects: a randomized, placebo-controlled study.
transporter genetic polymorphisms and irritable bowel Neurogastroenterol. Motil. 18, 831-838 (20006).
syndrome and its influence on tegaserod treatment in 65 Wong BS, Camilleri M, Eckert D er 2l. Randomized
Chinese patients. Dig. Dis. Sei. 52, 2942-2949 (2007). pharmacodynamic and pharmacogenetic trial of dronabinol

50  Meyer UA. Pharmacogenetics: the slow, the rapid, and the effects on colon transit in irritable bowel syndrome-diarrhea.
ultrarapid. Proc. Natl Acad. Sci. USA 91, 1983-1984 (1994). Neurogastroenterol. Motil. 24, €358—e169 (2012).

51 Evans WE, Relling MV. Pharmacogenomics: translating 66 Camilleri M, Busciglio I, Carlson P ez a/. Pharmacogenetics
functional genomics into rational therapeutics. Science 286, of low dose clonidine in irritable bowel syndrome.

487-491 (1999). Neurogastroenterol. Motil. 21, 399-410 (2009).
fsg www.futuremedicine.com 1093

future science group



Review

Halawi & Camilleri

67

68

69

Rao AS, Wong BS, Camilleri M ¢z al. Chenodeoxycholate

in females with irritable bowel syndrome-constipation:

a pharmacodynamic and pharmacogenetic analysis.
Gastroenterology 139, 1549-1558 (2010).

Wong BS, Camilleri M, Carlson PJ et al. Pharmacogenetics of
the effects of colesevelam on colonic transit in irritable bowel
syndrome with diarrhea. Dig. Dis. Sci. 57, 1222-1226 (2012).

Khoury MJ, Galea S. Will precision medicine improve
population health? JAMA 316, 1357-1358 (2016).

70

71

72

Joyner MJ, Paneth N. Seven questions for personalized
medicine. JAMA 314, 999-1000 (2015).

Dinan TG, Cryan ], Shanahan F, Keeling PW, Quigley
EM. IBS: an epigenetic perspective. Naz. Rev. Gastroenterol.
Hepatol. 7, 465-471 (2010).

Gazouli M, Wouters MM, Kapur-Pojskic L ez al. Lessons
learned-resolving the enigma of genetic factors in IBS. Naz.
Rev. Gastroenterol. Hepatol. 13, 77-87 (2016).

1094

Pharmacogenomics (2017) 18(11)

fsg

future science group



