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Abstract

Purpose of Review—Atherosclerosis and associated cardiovascular disease (CVD) still remain
the largest cause of mortality worldwide. Several recent studies have discovered that metabolism
of common nutrients by gut microbes can produce a proatherogenic metabolite called
trimethylamine-N-oxide (TMAO). The goal of this review is to discuss emerging evidence that the
hepatic enzyme that generates TMAO, flavin monooxygenase 3 (FMO3), plays a regulatory role
in maintaining whole body cholesterol balance and atherosclerosis development.

Recent Findings—Several independent studies have recently uncovered a link between either
FMO3 itself or its enzymatic product TMAO with atherosclerosis and hepatic insulin resistance.
These recent studies show that inhibition of FMO3 stimulates macrophage reverse cholesterol
transport (RCT) and protects against atherosclerosis in mice.

Summary—A growing body of work demonstrates that nutrients present in high fat foods
(phosphatidylcholine, choline, and L-carnitine) can be metabolized by the gut microbial enzymes
to generate trimethylamine (TMA), which is then further metabolized by the host enzyme FMO3
to produce proatherogenic TMAO. Here we discuss emerging evidence that the TMAO producing
enzyme FMQO3 is centrally involved in the pathogenesis of atherosclerosis by regulating
cholesterol metabolism and insulin resistance, and how these new insights provide exciting new
avenues for CVD therapies.
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Introduction

Cardiovascular disease affects approximately one in three adults in the United States, posing
a significant public health burden that is only expected to grow due to increasing incidences
of obesity and diabetes [1]. Atherosclerosis, a chronic disease driven by
hypercholesterolemia and associated accumulation of cholesterol-laden macrophages in the
artery wall, is the underlying cause of a majority of clinical cardiovascular events including
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myocardial infarction, angina, heart failure and stroke [1]. While there is clear evidence
supporting genetic variation as an underlying cause of some cardiovascular disease risk
[2-4], only approximately 11% of all coronary artery disease cases are attributable to genetic
heritability [5]; therefore, the majority of research has focused on the role environmental
factors play in atherosclerotic disease progression. Within the last decade, the gut
microbiome has been recognized as an important endocrine organ that not only augments
our nutrient metabolism, but can contribute to host pathologies such as obesity [6] and more
recently cardiovascular disease. Clinical studies have demonstrated a striking correlation
between cardiovascular disease and circulating levels of trimethylamine N-oxide (TMAOQ)
[7-12], the production of which is dependent on microbiome and host synergism. First, gut
microbes produce the gas trimethylamine (TMA), a product of metabolic precursors choline
[10, 13, 14], L-carnitine [8], and betaine [7] which are derived from foods rich in
phosphatidylcholine including red meat, poultry, fish, and eggs [15]. TMA is then oxidized
by host hepatic flavin monooxygenase 3 (FMQ3) into the proatherogenic compound TMAO
[16]. Indeed, there is a positive correlation between FMO3 expression levels and TMAO
production among mouse strains prone to atherosclerosis [16], highlighting the importance
of FMO3 itself in the development of cardiovascular disease. While the biology of
atherosclerosis development and progression [17-20] and the relationship between gut
microbial environments and cardiovascular risk [21-24] have been highlighted in a number
of recent reviews, the purpose of this review is to focus on the latest developments on the
role of FMO3 in lipid metabolism and atherosclerosis.

Flavin Monooxygenases

The family of flavin monooxygenases (FMO) is made up of five major isoforms (FMO1-5)
capable of catalyzing the oxygenation of numerous nucleophilic sulfur- and nitrogen-
containing xenobiotics, including TMA, and endogenous substrates in the adult liver [25].
FMO family members contain a single FAD that undergoes a two-electron reduction by
NADPH in the first step of the catalytic cycle. Once reduced, the FMO enzyme reacts with
molecular O to form a peroxyflavin intermediate, which, in turn, transfers one atom of O,
to a nucleophilic substrate (such as TMA) and the other atom to water (Fig. 1). Of note, a
study in isolated microsomes demonstrates that in the presence of substrate, somewhere
between 30 and 50% of O, consumed by FMO1, FMO2, and FMO3 appears as H,O» [26],
suggesting that FMOs may play an important role in cellular redox.

FMO1 and FMO3 are the two major hepatic FMO isoforms that efficiently catalyze the
formation of TMAO from gut microbe-derived TMA. However, a recent report
demonstrates that, of the two, FMO3 exhibits a 10-fold higher specific activity towards
TMA [16]. The inability to oxidize TMA to TMAO presents in humans as trimethylaminuria
or “fish odor syndrome”, a rare metabolic disease in which excessive TMA accumulates and
is released into the patient's urine, sweat and breath producing a strong, fishy body odor.
Early studies demonstrate that primary trimethylaminuria occurs in patients with mutations
in the gene encoding FMO3, and is inherited following an autosomal recessive pattern
[27-29]. Genetic analysis of patients with inherited trimethylaminuria demonstrates that the
lack of FMO3 enzymatic activity often arises from mutations affecting the binding of
necessary cofactors FAD [30] or NADPH [31]. As a result, patients are encouraged to
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maintain a diet low in fat and choline to minimize TMA production [32]. However, future
therapeutics may include microbial intervention, such as the introduction of microorganisms
that metabolize and deplete TMA [33].

FMO3 gene expression is regulated by a complex network of genetic and dietary factors.
Interestingly, hepatic FMO3 expression patterns display robust sexual dimorphism in both
mice and humans, with both FMO3 expression and circulating TMAO levels being
significantly higher in females [16]. Additionally, a survey of 22 atherosclerosis-susceptible
mouse strains demonstrates that female mice developed larger atherosclerotic lesions than
their male genetic counterparts [34], providing a link between FMO3 gene expression and
proatherogenic TMAO production [16]. Comparing male mice with intact testes to male
mice that have been gonadectomized demonstrates that both hepatic FMO3 expression and
TMAO generation are repressed by testosterone, while parallel studies in female mice
demonstrate a positive correlation between estrogen and FMO3 gene expression.
Furthermore, an estrogen receptor a binding site has been identified in the promoter region
of FMO3 in both mouse and human samples [35]. Of note, the incidence of
trimethylaminuria reported is higher among females, with patients reporting a worsening of
symptoms occurring during menstruation [36].

FMO3 gene expression has also been shown to be transcriptionally regulated by farnesoid x
receptor (FXR) signaling [16]. The FMO3 gene has an FXR response element within its
promoter, and treatment of mice with either an FXR agonist or the bile acid cholic acid leads
to increases in FMO3 gene expression and concomitant elevations in plasma TMAO
concentrations [16]. Nonetheless, FMO3's production of TMAO is also highly dependent on
TMA delivery by the intestinal microbiota, which in turn is influenced by both host nutrient
consumption and intestinal bacterial diversity. In fact, dietary delivery of TMA precursors
carnitine and choline fail to elicit atherosclerotic lesion development in apolipoprotein E
(ApoE)”~ mice treated with poorly absorbed broad-spectrum oral antibiotics [8, 10]. Distinct
cecal microbial taxa have been identified whose proportions are associated with elevated
TMA or TMAO levels [8] and bioinformatics studies reveal the presence of choline
fermentation gene clusters (cut, which include choline TMA-lyase, cutC/D) across a range
of human gut bacteria populations [37]. Importantly, Gregory and colleagues recently
demonstrated that transplantation of gut microbes with enhanced ability to raise circulating
TMAO was sufficient to transmit susceptibility to atherosclerosis in ApoE”- mice [38].
Furthermore, quantitative trait loci analysis in mouse models with differing susceptibility to
atherosclerosis development identified several single nucleotide polymorphisms within the
FMO3 gene [39]. Collectively, the metaorganismal TMA/FMO3/TMAO pathway has
emerged as an attractive new target for CVD [21, 23, 40], but much additional work is
needed in order to identify points of therapeutic intervention.

FMO3 is A Modifier of Cholesterol Metabolism and Atherosclerosis

In a seminal study, Wang and colleagues utilized a metabolomic platform to identify
circulating small molecules that predicted risk of CVD development in humans [10]. This
study identified that choline, phosphatidylcholine, betaine, and TMAO were all shown to
predict risk of CVD in several independent large clinical cohorts [10]. Importantly, within
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the last year, several laboratories have independently uncovered the same TMA/FMO3/
TMAO pathway as driving chronic disease in genetically modified mouse models of altered
cholesterol metabolism and insulin resistance [40-42]. Much like the original study by Wang
and colleagues, these new studies have uncovered the importance of the gut microbe-driven
TMA/FMO3/TMAO pathway by using unbiased screening approaches to understand novel
disease mechanisms. Given the fact that this pathway has now been discovered in three
independent screens using distinct models of cardiometabolic disease, there is strong
rationale to target this pathway for atheroprotection.

A powerful new example of how the TMA/FMO3/TMAO pathway links to CVD comes
from studies in mice with hepatic insulin resistance [40]. It has long been know that type 11
diabetes is a major risk factor for developing CVD. Given this link, Miao and colleagues
recently used metabolomic profiling to identify novel hepatic targets of insulin action
relevant to the development of CVD [40]. Using mice lacking hepatic insulin receptors
(liver insulin receptor knockout mice, “LIRKO”) as a model of selective insulin resistance,
they observed a 2.5-fold increase in plasma TMAO concentrations which was accompanied
by a >1000 fold increase in hepatic FMO3 mRNA levels and robust expression of FMO3
protein in male mice [40]. Furthermore, studies in primary hepatocytes confirm that insulin
represses and glucagon elevates FMO3 gene expression [40]. Antisense oligonucleotide
(ASO)-mediated knockdown of FMO3 in LIRKO mice significantly improves glucose
tolerance and promotes reductions in the expression of several gluconeogenic genes, all of
which are targets of transcription factor Foxol. In fact, Foxol protein levels are significantly
reduced in LIRKO mice following FMO3 knockdown [40]. The authors propose a
mechanistic link between FMO3 and Foxol expression via SREBP-2, the levels of which
are significantly reduced in LIRKO livers, but normalized following FMO3 knockdown
[40]. 1t was recently shown that SREBP-2 activates a microRNA (miRNA) locus that
encodes miR-182 [43], which has been shown to suppress FoxO1 gene expression [43-45].
In line with this, Miao and colleagues demonstrate that overexpression of SREBP-2 in
primary hepatocytes was sufficient to both overexpress miR-182 and suppress Foxol
protein. In contrast, studies in streptozotocin-treated liver specific Foxol knockout mice
demonstrate that Srebp-2 gene expression, as well as expression of several cholesterol
biosynthesis genes that are known SREBP-2 targets, are significantly upregulated [44],
suggesting that the regulatory effects of SREBP-2 on Foxol may not be unidirectional.
Nonetheless, LIRKO mice, which have been shown to be susceptible to atherosclerosis
when maintained on an atherogenic diet [46], are completely protected from atherogenesis
when FMO3 is knocked down [40]. These FMO3 ASO-treated LIRKO mice had
significantly decreased levels of circulating VLDL and LDL-associated cholesterol as well
as an increase in the LDL receptor [40], which collectively likely play a predominant role in
the atheroprotection seen. Taken together, these recent data demonstrate an important role
for FMO3 in the development of both insulin resistance and atherosclerosis, possibly
through the regulation of Foxol signaling. However, additional work is needed to fully
understand mechanisms by which FMO3 enzymatic activity regulates Foxol expression in
the liver.

In agreement with these studies, Shih and colleagues recently reported that ASO-mediated
knockdown of hepatic FMO3 attenuates atherosclerosis development in LDL receptor
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knockout (LdIr”) mice [42]. Despite lesion macrophage content commensurate with control
ASO-treated LdIr’- mice, atherosclerotic lesion area is significantly reduced in FMO3 ASO-
treated LdIr- maintained on a high cholesterol diet. As seen in the study by Miao and
colleagues [40], FMO3 knockdown significantly reduces the levels of VLDL and LDL
cholesterol in LDLr”- mice, which is likely the driving force of atheroprotection in this
model. Interestingly, hepatic knockdown of FMO3 also corresponded with significantly
decreased expression of genes involved in gluconeogenesis and lipogenesis [42]. Because
dietary supplementation of FMO3 product TMAO did not significantly affect plasma
glucose or lipid levels of ApoE™~ mice [8, 10], the authors propose the possibility of a yet
unknown physiological FMO3 substrate that influences hepatic lipid and glucose
metabolism.

In parallel to these atherosclerosis studies, our group independently identified the TMA/
FMO3/TMAO pathway as a key regulator of reverse cholesterol transport (RCT) [41]. To
identify novel regulators of the non-biliary branch of RCT, we performed a transcriptional
profiling screen in mouse models where the non-biliary pathway was selectively enhanced.
Results from this screen identified FMO3 as being coordinately down-regulated in both
acute [47] and chronic [48] mouse models of stimulated non-biliary RCT. Interestingly,
knockdown of FMO3 significantly altered multiple aspects of cholesterol balance including
intestinal cholesterol absorption, hepatic cholesterol ester storage, and macrophage RCT in a
dietary cholesterol-dependent fashion [41]. Importantly, FMO3 knockdown potently
stimulated both basal and liver X receptor (LXR)-stimulated macrophage RCT, which likely
contributes to the atheroprotection seen with FMO3 ASO treatment in other recent studies
[40, 42]. However, inhibition of hepatic FMO3 also causes unwanted recruitment of
macrophages into the liver resulting in severe hepatic inflammation and endoplasmic
reticulum (ER) stress [41]. This unexpected deleterious effect of FMO3 inhibition likely
involves diminished hepatic LXR signaling, given that oxysterol ligand abundance is
severely diminished in FMO3 ASO treated mice, and the fact that provision of endogenous
(dietary cholesterol) or exogenous (T0901317) LXR agonists blunts FMO3 ASO-driven
hepatic inflammation [41]. To determine the involvement of gut microbial metabolites TMA
and TMAO in the ability of FMO3 ASOs to reorganize cholesterol balance and hepatic
inflammation, we suppressed gut microbial communities using a poorly absorbed cocktail of
antibiotics or provided exogenous TMAO in the diet. Importantly, the administration of
antibiotics to suppress any gut microbial generation of FMO3 substrate TMA normalizes
intestinal cholesterol absorption and fecal neutral sterol loss in FMO3 ASO-treated mice, but
does not diminish hepatic inflammation. On the other hand, dietary supplementation with
TMAO fails to normalize cholesterol balance or hepatic inflammation in FMO3 ASO-
treated mice. These results suggest that, although chronic elevation of TMAQO can be
proatherogenic in mice, TMAO is likely not involved in the ability of FMO3 inhibition to
reorganize cholesterol balance and hepatic inflammation. Therefore, through mechanisms
independent of its enzymatic product TMAO, FMO3 appears to act as an important
regulatory switch integrating cholesterol balance and hepatic inflammatory responses.
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Conclusion

The recent discovery linking the meta-organismal TMA/FMO3/TMAOQ pathway to CVD
risk in humans has broad implications in the field of cardiovascular medicine. Furthermore,
recent studies showing that inhibition of FMO3 reorganizes hepatic insulin resistance and
cholesterol metabolism strengthen the rationale to target this pathway for therapeutic
intervention. While the ability of TMAO to promote atherosclerosis has been shown in
numerous studies [7-12], it remains possible that TMAQ's proatherogenic potential may be
mutually exclusive from the ability of FMO3 inhibitors to reorganize cholesterol balance
and hepatic inflammation [41]. Therefore, it will become increasingly important to identify
the repertoire of substrates that can be utilized by FMO3, and to explore the possibility that
FMO3 may have regulatory functions distinct from its enzymatic activity. Given that FMO3
inhibition and gain of function reciprocally reorganize cholesterol balance, inflammation,
and ER stress [41] FMO3 is uniquely positioned among the FMO family of enzymes to
impact human disease. However, further studies are warranted to determine whether this
pathway can be exploited pharmacologically in lipid- or inflammatory-driven diseases. Of
particular relevance to novel therapeutic interventions for atherosclerosis, the identification
of FMO3 substrates and products that play a primary role in promoting non-biliary
macrophage RCT, without increasing hepatic inflammation, would be an attractive strategy
for novel cholesterol lowering drugs in the post statin era. Advancement in our
understanding of the enzymology of FMO3 is thus predicted to not only be informative in
xenobiotic toxicology studies, but also may provide insights into novel therapeutic strategies
for the treatment or prevention of atherosclerotic CVD.
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Key Points

e Hepatic expression of the enzyme flavin monooxygenase 3 (FMO3) is altered in
mouse models of stimulated non-biliary reverse cholesterol transport and
hepatic insulin resistance.

e The FMO3 enzymatic product trimethylamine-N-oxide has been linked to
cardiovascular disease risk in humans.

» Inhibition of FMO3 promotes non-biliary reverse cholesterol transport and
protects mice against atherosclerosis.

e Therapies targeting gut microbe-driven TMA/FMO3/TMAQO pathway hold
promise for prevention or treatment of cardiovascular disease.
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Figure 1.

The trimethylamine-N-oxide (TMAQ) generating enzyme flavin monooxygenase 3 (FMO3)
regulates hepatic drug metabolism, diabetes and insulin signaling, cholesterol balance, and
atherosclerosis development.
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