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Abstract

Elevated levels of circulating pro-atherogenic uremic solutes, particularly trimethylamine N-
oxide (TMAO), have been implicated in cardiovascular disease development in patients
with chronic kidney disease (CKD). TMAO is generated from trimethylamine (TMA) via
metabolism by hepatic flavin-containing monooxygenase isoform 3 (FMOS3). We deter-
mined the functional effects of three common FMOS variants at amino acids 158, 308, and
257 on TMAO concentrations in a prospective cohort study and evaluated associations of
polymorphisms with CKD progression and mortality. Each additional minor allele at amino
acid 158 was associated with a 0.38 ug/mL higher circulating TMAO (p = 0.01) and with
faster rates of annualized relative eGFR decline. Participants with 0, 1 and 2 variant alleles
averaged an eGFR loss of 8%, 12%, and 14% per year, respectively (p-for trend = 0.05).
Compared to participants with the homozygous reference allele, heterozygous and homo-
zygous variant participants had a 2.0-fold (95% CI: 0.85, 4.6) and 2.2-fold (95% CI: 0.89,
5.48) higher risk of mortality, respectively (p-for-trend = 0.04). No associations with clinical
outcomes were observed for allelic variants at amino acids 257 or 308. Understanding the
contribution of genetic variation of FMOS3 to disease progression and all-cause mortality can
guide recommendations for diet modification or pharmacotherapy in CKD patients at
increased risk of adverse outcomes.

Introduction

Chronic kidney disease (CKD) is associated with increased risks of cardiovascular events and a
shortened lifespan, independent of diabetes mellitus, hypertension, and other traditional risk
factors [1-3]. The metabolite trimethylamine N-oxide (TMAO), as well as TMAO precursors,
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choline, and betaine accumulate in CKD and are considered putative uremic toxins, based on
associations with coronary heart disease and mortality [4, 5]. Moreover, metabolomic studies
have identified TMAO as a cardiovascular risk factor among patients undergoing elective car-
diac evaluation [6].

Trimethylamine (TMA), TMAO, and choline are generated from dietary phosphatidylcho-
line, which is abundant in high-fat foods. Intestinal flora degrade phosphatidylcholine to cho-
line, most of which is subsequently oxidized to betaine aldehyde [7]. The remainder of dietary
choline is converted to TMA, which is rapidly metabolized primarily by hepatic flavin-contain-
ing monooxygenase isoform 3 (FMO3) to generate the oxidized product TMAO [8]. TMAO is
then excreted efficiently by healthy kidneys [9], with normal subjects excreting more than
18 pmol TMA/pmol creatinine daily with a urinary TMA:TMAOQ ratio of less than 1:20 [10,
11].

Genetic variation in the FMO3 enzyme modifies the production of TMAO, which may be
particularly consequential for CKD patients. Differences in TMAO concentrations or clinical
outcomes may not manifest in patients without moderate or severe kidney impairment due to
rapid elimination of metabolites. Rare FMO3 gene variants markedly diminish catalytic activity
and result in a phenotype known as symptomatic trimethylaminuria, or “fish odor syndrome”,
which is anecdotally associated with hypertension and affective disorders [12]. Non-dominant
variants of FMO3 are common, with as many as 50% of individuals in certain populations pos-
sessing a non-synonymous FMO3 allelic variant [13, 14]. The effect of the most common vari-
ant, FMO3 p.158 E>K is controversial, with reports of mildly decreased [15-17] or no effect
on activity in healthy subjects. We have reported that the recombinantly expressed FMO3
158K variant exhibits a 35% increase in catalytic efficiency (kcat/Km) compared with the wild-
type 158E variant for both amine and sulfide containing substrates [18]. Some of this inconsis-
tency may arise from modest linkage with FMO3 p.308 E>G, an allelic variant that confers
reduced enzyme activity both in vitro and in vivo. The less common FMO3 p.257V>M variant
has also been shown to have slightly reduced activity in vivo [13]. Differences in FMO3 activity
and subsequent TMAO production in healthy subjects may be masked by rapid and efficient
renal excretion; changes in FMO3 activity may be revealed in the setting of CKD due to
impaired TMAO excretion. Understanding the contribution of genetic variation of FMO3 to
disease progression and all-cause mortality can guide recommendations for diet modification
or pharmacotherapy in CKD patients at increased risk of adverse outcomes.

Methods

Chemicals and Reagents: Trimethylamine N-oxide dehydrate was obtained from SigmaAldrich
(St. Louis, MO, USA). Choline chloride and betaine monohydrate were obtained from Acros
Organics (NJ, USA). Deuterated internal standards (d9-TMAO and d9-choline) were obtained
from Cambridge Isotope Laboratories (Cambridge, MA, USA). Optima LC-MS grade water,
acetonitrile (ACN) and methanol (MeOH) were purchased from Fisher Scientific (Pittsburgh,
PA, USA). A pooled plasma sample from healthy male subjects (HS-422) was obtained from
SigmaAldrich (St. Louis, MO, USA). DC Mass Spect Gold (Cat #MSG- 4000), an ultra-low ana-
lyte human serum, was obtained from Golden West Biologicals (Temecula, CA, USA)

Study population: The Seattle Kidney Study (SKS) is an ongoing clinic-based cohort study
of individuals with CKD based in Seattle, WA [19-21]. The SKS began recruiting participants
in 2004 from outpatient nephrology clinics at Harborview Medical Center and the Veterans’
Affairs Puget Sound Health Care Center. Eligibility criteria are age > 18 years, eGFR < 90 ml/
min/1.73m? or a urinary protein to creatinine ratio of > 30 mg/g. Exclusions for entry into the
cohort include current dialysis, kidney transplantation or expectation of starting renal
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replacement therapy, or of leaving the area within 3 months. Pre-menopausal women were not
excluded from participation in the study. The University of Washington institutional review
board approved the study, and all participants provided informed consent.

Genotyping: Genotyping was performed on DNA extracted from whole blood samples that
were obtained from study subjects at baseline study enrollment. Genotyping was performed by the
Functional Genomics Laboratory of the NIEHS Center for Ecogenetics and Environmental Health
at the University of Washington, using commercially available TagMan Detection System-based
genotyping assays (Applied Biosystems, Inc., Hercules, CA). Subjects were evaluated for FMO3
g.15167G>A (FMO3 p.158 E>K), FMO3 g.18281G>A (EMO3 p.257V>>M), and FMO3
g21446A>G (FMO3 p.308E>QG): 152266782, 151736557, and 152266780, respectively. Details of
genotyping methods, including quality control procedures, have been previously described [22, 23].

Sample processing and analysis: Human plasma samples (30 ul) were subjected to protein
precipitation with acetonitrile (ACN) at an ACN: plasma ratio of 6:1 (v/v). The supernatant
was further diluted with 86% ACN (final plasma dilution 1/20), from which an aliquot (20 pl)
was injected onto the LC column with a CTC LEAP Technologies HTS PAL autosampler at
100°C. Anonymized patient samples were run as duplicates.

The analytical measurement of the products of phosphatidylcholine metabolism: choline
and TMAO in human plasma was performed by stable isotope assay dilution liquid chroma-
tography-mass spectrometry (LC-MS). Separation of the analytes and their respective deuter-
ated internal standards in a single run was accomplished by hydrophilic interaction
chromatography (HILIC) over an underivatized silica column (WATERS Atlantis: 2.1 x 100
mm, 3 um) using a Finnigan Surveyor HPLC pump with a flow rate set at 400 pl/min. Analytes
were eluted by increasing the aqueous composition of mobile phase under constant salt condi-
tions. The LC mobile phases were: (A) 100 mM NH,HCOO, 0.5% HCOOH pH 3.4 (B) ACN
and (C) H,0. Initial conditions were 5% A, 87.5% B, and 7.5% C. The percentage of (A)
remained constant over the entire run. After 2 minutes, the percentage of (C) was raised step-
wise to 15% and then in a gradient fashion from 15% to 35% from 2.01-7.5 min. The column
was washed for 2 minutes at 35% C, then re-equilibrated to initial conditions for 4.5 minutes.
During column re-equilibration, a second LC pump delivered a H,0:ACN (95:5 v/v) wash just
over the ionization needle at the mass spectrometer to flush salt.

A Thermo Finnigan TSQ Quantum Ultra triple quadrupole mass spectrometer was used to
detect analytes in positive ion mode with selected reaction monitoring. The following selected
ion transitions were monitored: 104.1 to 60.2 m/z and 104.1 to 58.2 (choline); 113.2 to 69.2
m/z (d-choline); 76.0 to 58.1 m/z (TMAQ); 85.2 to 66.2 m/z and 85.2 to 68.2 m/z (d-TMAOQO).
Vaporizer temperature was set at 400°C. Collision energies for choline and TMAO were 16 and
32, and 15 (arbitrary units for TSQ Quantum Ultra), respectively. Collision (Q2) gas pressure
was 1.5 mTorr. Signal output from the mass spectrometer was captured and processed with
ThermoFinnigan XCaliber software version 2.2.

Calibration curves were generated in MSG 4000 (low analyte human plasma), using known
final concentrations of analytes (0, 3.75, 7.5, 15, 30, 60, 120, 240, 480 ng/ml) and a fixed con-
centration (120 ng/ml) of each corresponding internal standard. Deuterated internal standards
(d9-TMAO, and d9-choline) were added to all samples before processing. Working stocks (1
mg/ml) of internal standards and analytes were made in ACN:MeOH (75:25 v/v) and kept at
-70°C. Chromatographic peak areas for a given analyte and its corresponding internal standard
were integrated and the data expressed as a peak area ratio of analyte/ internal standard vs
nominal dose from which quantification of the amount of analyte in plasma samples was
extrapolated. Retention times for choline and TMAO were 5.4, and 6.8 min, respectively. Peaks
were well separated and there was no interference from other compounds. Recovery of analyte
following protein precipitation was greater than 95%.
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Outcome ascertainment: Serum creatinine and cystatin C measurements were performed
annually in SKS as previously described [24]. We calculated estimated GFR annually using the
combined cystatin and creatinine-based CKD-EPI equation [25].

The primary renal outcome was the relative annualized change in kidney function, defined
by the exponentiated slope of log-transformed eGFR values [24].

In order to ascertain all-cause mortality, study coordinators identified death events from
proxies during surveillance calls, during scheduling calls for annual visits, by screening medical
records, and by linkage with the social security death index.

Measurement of Covariates: Serum, plasma, and urine were stored at -70°C until analysis.
Concentrations of low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL)
cholesterol and C-reactive protein (CRP) were measured in serum. Three seated blood pressure
measurements were recorded using an automated sphygmomanometer; the average of the last
two readings was retained for analysis. Smoking status was ascertained via baseline lifestyle
questionnaires.

Statistical Analyses: Baseline descriptive statistics on demographics, medical history and
clinical, laboratory and lifestyle characteristics were examined according to FMO3 p.158 E>K
variant and overall, and are presented as mean and standard deviation (SD) for continuous var-
iables and number are proportion for categorical variables.

Mean TMAO concentrations are presented by genotype as median (IQR). The association
of genotype with TMAO concentration was evaluated using linear regression, with TMAQO
concentration as the dependent variable, and genotype as predictors, under an additive genetic
model. Beta coefficients from these models can be interpreted as the difference in TMAO con-
centration associated with each additional copy of the minor allele, holding other model covari-
ates constant. Covariates in the first adjustment model were age, sex, race and estimated eGFR.
A second model additionally adjusted for circulating choline concentrations.

Generalized estimating equations (GEE), accounting for within-participant clustering
across time, were used to determine if the annualized relative or absolute change in eGFR dif-
fered across FMO3 variant or TMAO tertiles, after adjusting for potential confounding vari-
ables [26]. For the association of genotype with change in eGFR, we adjusted for age, race
(white, black, other) and sex. For the association of TMAO tertile with change in eGFR, we
adjusted for age, race and sex in a first model and additionally adjusted for systolic blood pres-
sure, low and high-density lipoprotein cholesterol concentrations, smoking status (never, for-
mer, current), and log-transformed CRP in a second model. For the mortality endpoint,
participants were considered at risk from the date of their baseline exam until the date of death
from any cause, loss to follow-up or end of data collection, defined as January 1*, 2012. We cal-
culated unadjusted incidence rates as the number of events divided by person-years at risk and
used Cox proportional hazards regression to estimate the relative hazard of death after adjust-
ment for potential confounding factors. For the association of genotype with mortality, we
adjusted for participant age, race, gender, and eGFR. For the association of TMAO tertile with
mortality, we adjusted for age, race and sex in a first model and additionally adjusted for sys-
tolic blood pressure, low and high-density lipoprotein cholesterol concentrations, smoking sta-
tus (never, former, current), log-transformed C-reactive protein, and baseline eGFR in a
second model.

Analyses were performed using STATA release 13.1 (StataCorp, College Station, TX).

Results

Baseline Characteristics and plasma TMAO concentrations: The prevalences of the E/E, E/K,
and K/K variants at amino acid position 158 in this CKD study population were 39%, 47%, and
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Table 1. Demographics of study subjects according to FMO3 p.158E>K genetic variant.

Mean £ SD or n (%)
Age at enrollment (years)
BMI (kg/m?)
eGFR CKD-EPI (mL/min/1.73m?)
Gender (female)
Race
American Indian/Native Alaskan
Asian/Pacific Islander
Black
White
Other
Prevalent Diabetes
Prevalent Hypertension

doi:10.1371/journal.pone.0161074.t001

All subjects (n = 339) E/E (n=132) E/K (n=161) K/K (n = 46)
57.3+13.5 55.7+12.9 58.7+13.9 57.9+13.4
31.7+7.8 325+7.8 31.2+8.1 30.7+7.7
442 +23 47.4 +28.3 46.8 £26.2 42.7+22.3
107 (31) 43 (32.6) 46 (28.6) 14 (30.4)
7 (2.0) 2(1.5) 5(3.1) 0(0.0)
10 (2.9) 6 (4.6) 1(0.6) 3(6.5)
89 (25.5) 38 (28.8) 36 (22.4) 15 (32.6)
225 (64.5) 80 (60.6) 111 (68.9) 26 (56.5)
18 (5.2) 6 (4.6) 8(5.0) 2 (4.4)
170 (48.7) 70 (53.0) 75 (46.6) 22 (47.8)
328 (93.9) 127 (96.2) 149 (92.6) 43 (93.5)

14%, respectively (Table 1). For variants at position 257 and 308, the prevalences of the minor
allele were 5.8% and 15.5%, respectively. The mean (standard deviation) plasma TMAO con-
centration among the full cohort was 1.76 (1.94) pug/mL. Plasma concentrations of TMAO
were progressively higher with lower estimated GFRs, particularly for eGFRs less than 40 mL/
min/1.73m?> (Fig 1).

FMO3 genotype and circulating TMAO concentrations in CKD: A greater number of
minor alleles at amino acids 158 and 308 were associated with higher plasma TMAO concen-
trations (Table 2). At the 158 locus, each additional variant allele was associated with an esti-
mated 0.38 pug/mL greater circulating TMAO concentration (p = 0.01) after adjustment for age,
race, gender, and eGFR. Plasma TMAO concentrations were consistently higher among partic-
ipants who had the E/K or K/K variants at the 158 locus compared to those who had the E/E
variant across the distribution of eGFR, with divergence between individuals homozygous for
the reference allele and those heterozygous or homozygous for the variant allele below
eGFR = 40 mL/min/1.72m? (Fig 1). At the 308 locus each additional minor allele was associated
with an estimated 0.46 pg/mL greater circulating TMAO concentration (p = 0.03) after adjust-
ment. In contrast, additional minor alleles at the 257 locus tended towards lower TMAO con-
centrations; however, these differences were not statistically significant. Associations of genetic
variants with plasma TMAO concentrations were unaltered by further adjustment for concen-
trations of substrate choline.

FMO3 genotype, kidney disease progression, and mortality: During a median follow-up of
3.3 years (interquartile range, 1.9-4.6 years) the average relative decline in eGFR was 8.5% per
year (standard error = 0.015) and there were a total of 45 deaths. Participants who had 0, 1 and
2 variant alleles at the 158 locus averaged an eGFR loss of 8%, 12%, and 14% per year, respec-
tively (Table 3; p-for trend = 0.05). Compared to participants who were homozygous for the
reference allele (E/E), heterozygous participants (E/K) and homozygous variant participants
(K/K) had a 1.97-fold (95% CI: 0.85, 4.60) and 2.22-fold (95% CI: 0.89, 5.48) greater risk of
mortality (p-for-trend 0.04). In contrast, neither the 257 nor 308 genotypes were associated
with kidney disease progression or mortality. To investigate whether associations of variation
at amino acid 158 with study outcomes were mediated via effects on circulating TMAO and
choline concentrations, we conducted sensitivity analyses that added adjustment for these
metabolites.

Treating the FMO3 158 genotype as a continuous variable (for the p-for-trend estimation)
involves coding the genotype as 0, 1, 2 minor alleles (K alleles). With basic adjustment for age,
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Fig 1. Scatterplot of plasma TMAO concentration versus estimated GFR for subjects with FMO3 E/E (open square) and FMO3
E/K or K/K (closed circle) allelic variants. TMAO concentration increases as eGFR decreases, with greater rate of increase observed
with eGFR < 40 mL/min/1.73m?. Dashed line indicates the Lowess curve for reference allele homozygous subjects (158 E/E). Dotted
line indicates the Lowess curve for heterozygous or variant homozygous subjects (158 E/K or K/K).

doi:10.1371/journal.pone.0161074.g001

race, and gender, each additional minor allele at 158 was associated with a 2.3% lower differ-
ence in annualized relative GFR change (95% CI 0% lower,4.7% lower) and a 1.94 hazard ratio
of mortality (95% CI: 0.88, 4.27). After additional adjustment for plasma TMAO and choline
concentrations each minor allele was associated with a 2.1% mean difference in annualized
GFR change (95% CI 4.5% lower, 0.5% higher, p = 0.085) and a 1.48 hazard ratio of death (95%
CI0.98,2.22, p = 0.062). The test for trend is the more powerful test for a linear change in effect
estimates, and is commonly used as a summary measure of statistical significance for ordered
categorical variables. The association of each category of the exposure with the outcome does
not have to be significant in order for the trend to be statistically significant.

Plasma TMAO concentrations were not significantly associated with kidney disease pro-
gression or all-cause mortality, after adjustment for potential confounders (S1 Table).

Discussion

In this clinic-based cohort study of participants with moderate-to-severe CKD, we demonstrate
for the first time, that FMO3 genotype at amino acid 158, but not 257 or 308, is associated with
plasma TMAO concentrations, kidney function decline, and all cause-mortality. However,
plasma TMAO itself is not significantly associated with clinical outcomes after adjustment for
potential confounders.
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Table 2. FMO3 allelic variants vs plasma TMAO concentration.

TMAO concentration (ug/mL)

FMO3 variant n Median IQR (25%, 75%)
158
E/E 131 1.14 0.59, 1.91
E/K 161 1.34 0.72,2.22
K/K 46 1.29 0.73,2.39

Adjusted* B (SE) per minor allele, p for trend
Adjusted** 3 (SE) per minor allele, p for trend

0.38 (0.15); p = 0.01
0.38 (0.15); p = 0.01

257
VIV 300 1.27 0.70,2.14
V/IM 35 1.05 0.80, 1.89
M/M 2 0.97 (mean) 0.18 (SD)

Adjusted* B (SE) per minor allele, p for trend
Adjusted** 3 (SE) per minor allele, p for trend trend

-0.50 (0.31); p=0.10
-0.49 (0.31); p=0.11

308
E/E 240 1.19 0.74, 2.01
E/G 90 1.36 0.73,2.14
G/G 8 2.05 0.81,3.16

Adjusted* B (SE) per minor allele, p for trend
Adjusted** B (SE) per minor allele, p for trend trend

0.46 (0.22); p = 0.03
0.46 (0.22); p = 0.04

*Adjusted for age, race, sex, eGFR
**Additionally adjusted for choline

doi:10.1371/journal.pone.0161074.t002

Because genetic information is allocated randomly, genetic variation can be used as an effec-
tive tool to distinguish potentially causal from non-causal biomarkers through an approach
known as Mendelian randomization. Unlike most instances in observational study settings, the
described association between FMO genotype and events should not be subject to reverse cau-
sality bias, regression dilution bias, or to confounding by other risk factors related to TMAO.
Our findings, in conjunction with known associations of TMAO and clinical outcomes, suggest
a connection between TMAO in CKD progression and related complications, however, the
TMAO concentration may instead be a surrogate measure of variability in FMO3 activity.

The pathophysiologic mechanisms by which TMAO might contribute to cardiovascular dis-
ease and decreased GFR remain unclear. To date, TMAO has been considered to be a beneficial
and protective osmolyte, that acts as a chemical chaperone to facilitate intracellular protein
folding and buffer mutational variation [27]. An indirect pathophysiologic effect of TMAO is
evidenced by studies in mice overexpressing FMO3 that showed increases in lipogenesis and
gluconeogenesis due to perturbation of PPARo and Kruppel-like factor 15 pathways, with a
corresponding protective effect in FMO3 knockout mice [28]. Global microarray studies sug-
gested that these effects were mediated by an FMO3-dependent modulation of adiposity rather
than a direct effect of TMAO. Indeed, TMAO may simply be a marker for FMO3 function, and
not the causative agent for the observed clinical effects as FMO3 has been reported to be a cen-
tral regulator of cholesterol balance [29] and may also play a role in regulation of blood pres-
sure. This is supported by a large study (n = 2995) that recently showed an association between
the FMO3 p.158E>>K variant and essential hypertension, but did not control for renal function
or measure plasma concentrations of TMAOQ in the cohort [30].

The FMO3 gene likely plays a role in normal physiology, and has been under positive evolu-
tionary selection since human populations migrated out of Africa [31]. The substrate specificity
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Table 3. Association of Genotype and Kidney Disease Progression and all-cause mortality.

FMO3 Variant

158

E/E

E/K

K/K

p-for-trend
257

VIV

VIM

M/M

p-for-trend
308

E/E

E/G

G/G

p-for-trend

Adjusted” mean % change in
eGFR per year (95% Cl)

-8.40 (-10.8, -6.00)
-11.8 (-24.3, +0.75)
-14.1 (-32.2, +3.96)

-7.07 (-8.80, -2.33)
-9.70 (-28.5, +9.11)
-12.45 (-79.8, +54.9)

-6.68 (-8.66, -4.70)
-13.65 (-26.7, -0.06)

Adjusted’ mean absolute decline per Number of | Incidence Rate, per | Adjusted* HR
year, in mL/min/1.73m?/yr (95% CI) deaths 1000 p-y (95% CI)
-1.70 (-2.62, -0.79) 10 26.1 1.0 (ref.)
-1.57 (-8.14, 5.83) 26 54.4 1.97 (0.85, 4.60)
-4.75 (-11.74,2.24) 8 62.2 2.22(0.89, 5.48)
0.05 0.05 0.040
-1.35(-2.00, 0.70) 43 49.3 -
-1.15(-6.34, 3.21) 1 9.34 -
-6.91 (-33.72, 19.89) 0 - -
0.07 0.07
-1.46 (-2.22, -0.74) 26 37.5 1.0 (ref.)
-3.09 (-8.15, 1.96) 16 60.3 1.56 (0.76, 3.23)
-11.91 (-26.63, 2.81) 2 73.6 1.87 (0.59, 5.95)

-27.93 (-58.54, +0.03)

0.96

T Adjusted for age, race and sex.

*Adjusted for age, race, sex and eGFR

doi:10.1371/journal.pone.0161074.t003

0.963

0.143

of FMO3 is broad, known substrates include very small (e.g. TMA, MW = 59 Da) and moder-
ately sized substrates (e.g. ketoconazole, MW = 531 Da) containing nucleophilic nitrogen, sul-
fur, or phosphorus atoms. While FMO3 is sometimes considered to be a drug metabolizing
enzyme, the primary role of FMO3 appears to be the bioconversion of endogenous substrates,
namely TMA, but possibly endogenous regulators of cardiovascular function. FMO3 catalyzes
the oxidation of catecholamine or catecholamine-releasing vasopressors, including tyramine,
phenylethylamine, adrenaline, and noradrenaline [32, 33]. It is also possible that FMO3 is
involved in the bioactivation or catabolism of as yet unidentified cell signaling mediators that
play a role in cholesterol balance [29], leading to an increased incidence of cardiovascular dis-

ease and mortality.

This study is limited primarily by the small sample size and the limited number of mortality
events which prevented the separation of adjudicated cardiovascular deaths from all-cause mor-
tality. All-cause mortality was considered a secondary outcome, and is very preliminary given the
small number of events; future studies in a larger cohort with adjudicated cardiovascular deaths
will be required to validate these findings. We have only evaluated three loci in the FMO3 gene,
and not comprehensively evaluated variation in FMO3 or the effects of multiple simultaneous
variants, limiting the interpretation of the study. The results of this study may not be generaliz-
able to healthy subjects who are able to efficiently excrete TMAO, and to subjects receiving
hemodialysis. No association between TMAO concentration and all-cause mortality, cardiovas-
cular death or hospitalization was observed in 235 patients receiving hemodialysis [34]; in the
HD population, the number of events due to TMAO is likely overwhelmed by the high back-
ground levels of mortality and hospitalization. This study is also limited by the lack of assessment
of the content and timing of dietary intake by the participants. As TMA, the TMAO precursor, is
derived largely from sources of animal protein (meat, fish, eggs), intake of these food products
prior to sampling could lead to transient increases in TMA and TMAO.

Finally, understanding the contribution of genetic variation of FMO3 to the risk of disease
progression and all-cause mortality in CKD patients can guide personalized recommendations
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for diet modification (eg., reduction of phosphatidylcholine) or pharmacologic intervention to
reduce of TMAO production in patients at increased risk of adverse outcomes. Methimazole, a
clinically used antithyroid agent, is known to be an inhibitor of FMO3 [35], and may play a
role in the prevention of FMO3 mediated cardiovascular damage. A larger study, with a sample
size sufficient to conduct a full Mendelian randomization studies, is required in order to fully
evaluate the association between FMO3 activity, TMAO, and mortality.
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