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Abstract

Flavin-containing monooxygenase 3 (FMO3) is a hepatic microsomal enzyme that oxidizes a host
of drugs, xenobiotics and other chemicals. Numerous variants in the gene encoding FMO3 have been
identified, some of which result in altered enzymatic activity and, consequently, altered substrate
metabolism. Studies also implicate individual and ethnic differences in the frequency of FMO3
polymorphisms. In addition, new variants continue to be identified with potentially important clinical
implications. For example, the role of FMO3 variants in the pathophysiology of gastrointestinal
diseases is an evolving area of research. Two commonly occurring polymorphisms of FMO3, E158K
and E308G, have been associated with a reduction in polyp burden in patients with familial
adenomatous polyposis who were treated with sulindac sulfide, an FMO3 substrate. These findings
suggest a potential role for prospective genotyping of common FMO3 polymorphisms in the
treatment of disease states that involve the use of drugs metabolized by FMO3. This review
summarizes the current state of research on the genetic polymorphisms of FMO3, with a focus on
their clinical implications in gastrointestinal diseases.
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Humans metabolize a vast array of endogenous and exogenous compounds, including drugs
and xenobiotics. It has been observed that different individuals, genders and ethnicities respond
differently to the same compounds. This has been attributed to multiple factors, one of which
is SNPs. With the completion of the human genome sequence and the discovery of existing
SNPs in the genome, interest has focused on the role of genetic polymorphisms of enzyme-
encoding genes involved in the metabolism of both endogenous and exogenous substances.

The flavin-containing monooxygenases (FMOSs) belong to a family of flavoprotein enzymes
that catalyze the oxidation of a broad array of nucleophilic heteroatom-containing drugs,
pesticides and chemicals [1-4]. There are six human isoforms of flavin-containing
monooxygenases, of which five are functional. An additional gene cluster containing five
pseudogenes has also been identified in both the human and mouse genome [5-10].
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Koukouritaki and colleagues confirmed that FMOL1 is the major fetal isoform, while FMO3 is
the major adult isoform [11]. They further showed that FMO1 suppression occurs within the
first few days of life in a process coupled with birth, not gestational age, and FMO3 expression
becomes detectable in most individuals by the age of 1-2 years [11]. Also noted was a variation
of 2- to 20-fold in expression of FMO1 and FMO3 among individuals, depending on the age
bracket [11]. FMO3 is the most abundantly expressed FMO in the adult human liver [12]. Its
structure and function and the implications of its polymorphisms have been widely studied
[8,12,13]. This enzyme has a wide substrate specificity, including the dietary-derived tertiary
amines trimethylamine, tyramine and nicotine; commonly used drugs including cimetidine,
ranitidine, clozapine, methimazole, itopride, ketoconazole, tamoxifen and sulindac sulfide; and
agrichemicals, such as organophosphates and carbamates [14-22].

The genes encoding five of the FMOs (1, 2, 3, 4 and 6) are located around a 250 kb cluster at
chromosome locus 1g23-24 [6,8]. The FMO5 gene is separately mapped to chromosome 121
[5]. The FMO3 gene consists of eight coding and one noncoding exons that translate into a
protein with 531 amino acids [23,24]. As mentioned earlier, the genes encoding the various
flavin-containing monooxygenases have distinct tissue- and temporal-specific patterns of
expression, with FMO3 being most widely expressed in the human adult liver [8,12,23]. The
molecular basis for the regulation of the postnatal expression of FMO3 is not defined at this
time.

Effects of FMO3 polymorphisms on substrate metabolism in vitro

Numerous variants in the FMO3 gene have been reported, with new ones being identified every
year that have phenotypic ramifications. Mutations vary from missense, nonsense and deletion
to truncation. Several databases are available for review, including GenBank [101], The Human
Genome Mutation Database [102], the human mutation database [25,103] and The Swiss Prot
Protein Knowledge Database [104]. The mutations occur in the coding region, promoter
sequences, intronic sequences, or can cause splice variants. Both in vitro and in vivo studies
have shown that mutations affect the structure and function of the enzyme by interfering with
protein folding or disrupting the B-pleated sheet structure [26].

In vitro studies have validated the genotype—phenotype relationship of several FMO3
mutations. Cashman and colleagues showed substantial differences in the N-oxygenation
kinetics for the biogenic amine substrate tyramine in in vitro studies of FMO3 V257M and
E158K cDNA [27]. Similarly, the effect of a homozygous polymorphism at E158K has been
shown to reduce N-oxygenation of benzydamine [28]. Zschocke and colleagues showed a
markedly reduced FMO3 enzymatic activity in individuals with a variant allele that comprises
the two common amino-acid polymorphisms E158K and E308G [29]. The D132H
polymorphism has also been shown to decrease methimazole and phenothiazine metabolism
[30]. By contrast, the L360 P polymorphism has been shown to increase the catalytic efficiency
of FMO3[30,31]. In addition, Sachse and colleagues, using a population-based analysis model,
did not establish a clear link between certain FMO3 polymorphisms and the metabolism of
clozapine or caffeine, suggesting that the mutations examined have only minor functional
effects, or that substrate affinity may be too low to be clinically relevant [17]. Of the several
variants, the E158K, E308G and VV257M polymorphisms have been shown to have a relatively
high population distribution [27]. Interestingly, studies have shown incongruence between
effects of similar variants in different subgroups in a given population [32]. Also, a substrate-
dependent variation in catalytic activity has been observed for the E158K and E308G
polymorphisms [30,32].
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In vivo effects of FMO3 polymorphisms

New FMO3 variants continue to be reported in the literature [7,33,34]. Although the
physiological role of FMO3 is still unclear, knowledge of its role in the metabolism of drugs,
xenobiotics and other chemicals is accumulating. FMO3 metabolizes nucleophilic heteroatom-
containing compounds, exemplified by oxygenating primary amines to hydroxylamines and
then to oximes. In contrast to mammals where metabolism of amines by FMO3 leads to their
detoxification, a similar process in plants confers growth-enhancing properties [35].

Numerous drugs are metabolized by FMO3. Some have a narrow therapeutic index, and
increased drug levels may cause significant toxicity while low levels may lead to resistance.
Although relatively few studies have examined the in vivo effects of FMO3 polymorphisms
on drug metabolism, investigators have used certain drugs in individuals as probes to
characterize the effect of FMO3 polymorphisms. The use of trimethylamine (TMA) as a
substrate probe is relatively common since TMA is solely metabolized by FMO3. Other drug
substrates have been used for both in vitro and in vivo analyses. Zschocke and colleagues
investigated the metabolism of benzydamine in controls and patients with severe FMO3
deficiency, and found evidence for markedly reduced N-oxygenation capacity in both serum
and urine samples [36]. Ryu and colleagues showed that overproduction of nitric oxide in the
liver may suppress FMO3 activity directly via reversible S-nitrosylation [37]. N-oxygenation
of nicotine [38], clozapine [17] and the histamine 2 receptor (Hy) blockers, cimetidine [39]
and ranitidine [40], have all been used to phenotype patient populations with FMO3 variants.

FMO3 mutations & trimethylaminuria

The clinical significance of the polymorphisms of human FMO3 is most clearly reflected by
the condition of trimethylaminuria. In fact, the identification of new mutations in FMO3 is
partly driven by genotyping efforts based on self-reporting by patients with this condition
[33]. Also known as the fish odor syndrome, trimethylaminuria may have a population-based
carrier rate of up to 1%, with a possible over-representation in women [41]. Trimethylaminuria
is characterized by the inability to metabolize the simple tertiary aliphatic amine
trimethylamine, a compound derived from several dietary sources including choline- and
lecithin-containing compounds present in marine fish, eggs, liver, kidney, and certain
vegetables such as beetroot, legumes and other foods. To date, 16 mutations of the FMO3 gene
have been linked to trimethylaminuria [25]. Individuals with this condition have the impaired
ability to N-oxygenate trimethylamine, which leads to its accumulation in the body and
excretion of malodorous free amines in the urine, sweat, breath and other body secretions. This
has the clinical effect of the individual manifesting a peculiar smell. Although not fatal, the
condition is sometimes associated with hypertension and adverse reactions to tyramine. Also,
the peculiar odor in this syndrome sometimes leads to social isolation, depression and suicidal
tendencies [42]. Diagnosis can be made by measuring the trimethylamine/trimethylamine N-
oxide ratio in the urine after an oral challenge [43]. With the advent of genetic testing, the
primary genetic varieties can now be easily identified, although determining the resulting
phenotype continues to remain a challenge [42]. The management of this condition involves
avoidance of trimethylamine overloading in the diet, empiric trial of antibiotics, counseling
and the use of TMA sequestering agents such as copper chlorophillin [43,44].
Trimethylaminuria is an excellent illustration of how diet, environmental exposure and genetic
makeup can interact and affect each other. As specific FMO3 mutations are now well-
established in patients suffering from this disorder, the application of genotyping in diagnosing
this condition may become feasible in the future.
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Clinical significance of interindividual and interethnic differences in FMO3

In a population-based analysis, Cashman and colleagues demonstrated statistically significant
differences in the frequency of single and multiple alleles and genotypes of the human
FMO3 among ethnically diverse populations [45]. For instance, they demonstrated a relative
frequency of the E158K polymorphism among non-Hispanic Caucasians of 0.39, versus 0.15
for Asians in the USA. Similarly, the relative frequency of the V257M polymorphism among
African—Americans was 0.07 versus a frequency of 0.20 for Asians, and the relative frequency
of the E308G polymorphism among African—Americans was 0.04, as opposed to 0.12 for
Hispanics [45]. A recent study compared the allele and genotype frequencies of the same
polymorphisms among Han Chinese and African—American subjects, and found a significant
difference between the two groups. In Han Chinese, the minor allele frequencies were 0.229
(E158K), 0.203 (V257M) and 0.148 (E308G). In African—-Americans, the minor allele
frequencies were 0.48 (E158K), 0.05 (V257M) and 0 (E308G) [46]. Similarly, Lattard and
colleagues demonstrated a higher frequency of the V257M and E308G polymorphisms in
Caucasians than in African—Americans [30].

In validating the presence of individual differences in human FMO3 activity, many studies
have demonstrated the effects of FMO3 polymorphisms in altering the metabolism of its
substrates, including the drugs sulindac, ranitidine, methimazole and benzydamine [40,43,
47-50]. These drugs have been used as in vivo probes to demonstrate interindividual differences
in their metabolic rates due to different FMO3 polymorphisms. As noted previously, individual
differences have also been demonstrated in the metabolism of compounds such as
trimethylamine. The prevalence of trimethylaminuria in some parts of the population and not
in others is valid proof of the individual differences in the metabolism of compounds by FMO3.
As a further example, Koukouritaki and colleagues demonstrated that two novel structural
variants of FMO3, E24D and K416N caused modest changes in catalytic efficiency when
expressed recombinant enzymes were tested with methimazole, trimethylamine, sulindac and
ethylene-thiourea, while the N61K variant showed an almost total loss of activity in
metabolizing these compounds [50]. The frequency of these polymorphisms was noted to be
different among African—Americans, Hispanics and non-Latino whites [50]. Similarly,
Mayatepek and colleagues demonstrated markedly impaired metabolism of benzydamine,
manifested as decreased levels of the N-oxide metabolite in the serum and urine, in subjects
with severe FMO3 deficiency due to polymorphisms [49]. These and other studies establish
that FMO3 mutations have a role in the interindividual and interethnic metabolic differences
noted in the population. This conclusion is supported by in vitro, in vivo and population-based
studies. Whether this could lead to guidelines alluding to individualized and ethnic-based
dosing regimens remains to be seen.

Gastrointestinal implications of FMO3 polymorphisms

The study of genetic polymorphisms has been gaining pace in the practice of gastroenterology.
For example, study of polymorphisms in the thiopurine methyl transferase (TPMT) gene led
to the application of TPMT genotyping as a marker for TPMT activity, and therefore dosing
decisions for azathioprine and 6-mercaptopurine, two known substrates of TPMT, in the
treatment of inflammatory bowel diseases [51-54]. In another case, mutations in the
dihydropyridine dehydrogenase (DPD) gene affect enzymatic activity and lead to clinically
significant differences in the metabolism of 5-fluorouracil, an antimetabolite used in cancer
therapy, causing variation in the effects and toxicities associated with this medication [54,
55].

The role of FMO3 mutations in diseases of the gastrointestinal tract has been studied with
regard to the nonsteroidal anti-inflammatory drug (NSAID) sulindac and the histamine 2
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receptor (H,) blockers, ranitidine and cimetidine. Kang and colleagues found a direct
correlation between FMO3 genotypes and the corresponding phenotypes in a group of 210
volunteers who were administered ranitidine, which is primarily metabolized by FMO3. Using
HPLC measurements of urine ranitidine and ranitidine N-oxide levels, the study showed that
subjects who were homozygous or heterozygous for the E158K and/or the E308G
polymorphisms had lower in vivo FMO3 activity than volunteers with a wild-type FMO3
genotype [40].

Interest has focused on the role of certain pharmacological agents in the chemoprevention of
colorectal cancer. NSAIDs have received the most attention, since epidemiological evidence
indicates that they effectively reduce the risk of colorectal adenoma and cancer [56,57]. Sandler
and colleagues demonstrated, in a randomized, double-blinded placebo-controlled trial of 635
patients with a history of colorectal cancer, that daily use of aspirin was associated with a
significant reduction of subsequent colorectal adenoma [58]. Similarly, Baron and colleagues
demonstrated a moderate chemopreventive effect of aspirin in patients with a recent history of
colorectal adenoma [58]. Sulindac has also been shown to reduce polyp burden in randomized
control trials of patients with familial adenomatous polyposis (FAP) [59-61].

Sulindac is a prodrug that is biotransformed by two pathways, one by reduction to its active
sulfide form and the other by oxygenation to the sulfone form [62] (Figure 1). The reduction
of sulindac to its active sulfide form is catalyzed by the aldehyde oxidase system in monkey
liver [63] and the methionine sulfoxide reductase system in Escherichia coli [63]. Once
absorbed, the oxidative inactivation of the sulfide form to its sulfoxide and sulfone forms is
catalyzed by FMO3 [14] (Figure 1). An important phenomenon in the metabolism of sulindac
is the enterohepatic circulation of the three redox forms with rate of biliary secretion of
sulindac, sulfoxide > sulfone > sulfide [62]. Since the gastrointestinal toxicity of NSAIDs is
partly determined by the exposure of the gut mucosa to the active form, this disproportionate
secretion of prodrug relative to active drug provides a theoretical basis for the relatively low
toxicity of sulindac [64].

Two studies, one performed in a primary prevention model [47] and the other in a regression
model [48] of chemoprevention, demonstrated that polymorphisms in FMO3, particularly at
the E158K and E308G loci, were associated with a protective effect on adenoma formation in
FAP patients who were treated with sulindac. In the first study, the authors examined the
correlation between the presence of several polymorphisms in the FMO3 gene and the de
novo development of adenomas in genotypically positive but phenotypically negative FAP
patients at baseline who received sulindac for the subsequent 4 years [65]. A significant number
of patients who remained adenoma-free at the end of the treatment period exhibited
homozygous FMO3 polymorphisms at the E158K or E308G loci. By contrast, none of the
patients who developed adenomas exhibited homozygosity in either of the variant alleles.
Furthermore, polymorphisms in the E158K or E308G allele were associated with a significant
decrease in mucosal prostanoid levels in patients treated with sulindac. It was concluded that
mutations in FMO3, particularly at the E158K and E308G loci, may reduce the ability of FMO3
to catabolize sulindac and result in an increased efficacy of sulindac to prevent polyposis in
FAP [47].

In another study [48], 19 genotypically and phenotypically positive FAP patients were treated
with sulindac for 6 months. Six patients exhibiting polymorphisms in both E158K and E308G
loci were designated as genotype combination 1. The remaining patients were designated as
genotype combination 2. Over the course of treatment, patients with genotype combination 1
had a greater reduction in both the size and number of adenomas than those with genotype
combination 2. These results suggest that combined polymorphic changes in the E158K and
E308G alleles may protect against polyposis in patients with FAP treated with sulindac [48].
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These studies demonstrated that FMO3 polymorphisms at the E158K and E308G alleles, which
have been shown to decrease FMO3 activity, are protective of polyposis in FAP patients treated
with sulindac. This outcome is presumably due to increased bioavailability of sulindac due to
decreased metabolism, as suggested by the significant decrease of mucosal prostanoid levels
in patients with the variant FMO3 alleles in the first study (Figure 2).

Expert commentary

Although the study of FMO3 pharmacogenetics is still in its infancy, the fact that so much
remains to be learned makes this a rich field of research. This is of particular interest to
clinicians, pharmacologists, policy makers and patients because of the potential for practical
application. Recent studies of the genotype—phenotype relationship between FMO3 mutations
and their effects on enzyme activity range from in vitro models [31,34] to translational studies
examining the direct impact of these mutations in humans [40,47,48]. Trimethylaminuria is a
good example; this disorder has been a cornerstone for the developing field of FMO3
polymorphisms. Self-reporting patients with this condition, along with population-based
studies, have led to the discovery of novel variants [25,33,66]. Expanded knowledge of the
effects of FMO3 polymorphisms will open up new avenues of research and, ultimately, clinical
applications. In the field of gastroenterology, the effect of FMO3 polymorphisms has been
demonstrated in the metabolism of sulindac and H, blockers. Both medications have important
roles in the management of common gastrointestinal diseases including colorectal adenoma
and peptic ulcer disease [60,61,67]. Translational data is accumulating on the role of certain
polymorphisms in in vivo human clinical settings [40,47,48,67], and the process of discovery
and clinical utilization needs to be pursued.

Conclusion

Exciting research opportunities with direct application to diseases of the gastrointestinal tract
exist in the field of pharmacogenetics. Data from recent studies point toward the role of genetic
polymorphisms in modulating the phenotype with effects on drug metabolism. With rapid
advances in high-throughput sequencing and gene-chip technology, individualized medicine
may soon become a reality. Even today clinicians are utilizing genotyping to prescribe
medications such as azathioprine and 6-mercaptopurine, the metabolism of which is dependent
on highly polymorphic TPMT enzyme systems.

The flavin-containing monooxygenases are a major drug-metabolizing enzyme system in
humans, of which FMO3 is the primary form in the liver. Numerous variants have been reported
in the FMO3 gene. These variants have been shown in both in vitro and in vivo systems to
affect enzyme activity. Several FMO3 variants have also been shown to have clinical
implications, as illustrated by the disease trimethylaminuria, the metabolism of several
commonly used medications, and more recently, in the chemoprevention of FAP using
sulindac.

Despite advances in understanding the role of FMO3 polymorphisms in human diseases,
significant challenges lie ahead for this field. For example, certain FMO3 polymorphisms are
not associated with common diseases such as colorectal cancer and hypertension [68,69]. This
is one gray area illustrative of the amount of additional research needed to establish the
significance of FMO3 polymorphisms in human diseases and their management. Furthermore,
clinical application of existing information is still in its infancy, the ethical and financial
implications of genetic testing need to be addressed, and the vast number of polymorphisms
makes the task of sorting the relevant ones formidable. With the conclusion of the Human
Genome Project and the ongoing HapMap project, a great deal of information on the location
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of SNPs, their link to diseases and their impact on drug metabolism will become available and
this will unquestionably aid this research.

Executive summary

Flavin-containing monooxygenase 3 metabolizes numerous drugs, including those
used in gastrointestinal diseases.

Many mutations have been identified in FMO3.

A genotype—phenotype correlation has been suggested in both in vitro and in
vivo models.

Alterations in enzyme kinetics because of FMO3 polymorphisms have been
highlighted by several studies.

Trimethylaminuria, a rare genetic disorder of FMO3 dysfunction, validates the
role of FMO3 polymorphisms in determining FMO3 enzyme activity and,
importantly, provides a clinical model for FMO3 genotyping and its application.

Sulindac and H; blockers are examples of the drugs involved in the gastrointestinal
system that are affected by FMO3 polymorphisms.

Certain FMO3 polymorphisms have been shown to have a protective effect on
polyposis in FAP patients treated with sulindac.

More research is needed to validate the principal of applying pharmacogenetics to
disease management, although clear and tangible benefits will result from such
work and may usher in an era of individualized medicine with great benefits for
patient care.
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Figure 1. Metabolism of sulindac by flavin-containing monooxygenase 3

The scheme depicts the enzymatic metabolism of sulindac by FMO3. Sulindac is ingested as
a prodrug, sulindac sulfoxide, which exists as the R- and S-enantiomeric forms. Both forms
are converted by the gut bacteria to its reduced sulfide form, which is then absorbed. It is the
sulfide form that is metabolically active. The sulfide form is then inactivated in the body by
FMO3 back to the sulfoxide and then to the inactive sulfone form.

FMO3: Flavin-containing monooxygenase 3 gene.

Adapted with permission from [54].
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Figure 2. Effect of flavin-containing monooxygenase 3 gene polymorphisms on sulindac metabolism
in familial adenomatous polyposis patients
The scheme depicts the sequential effect of two common polymorphisms of FMO3, E158K

and E308G, on reducing polyp burden in patients with FAP being treated with sulindac [47,

48].

FAP: Familial adenomatous polyposis; FMO3: Flavin-containing monooxygenase 3 gene.
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