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ABSTRACT

Background: Trimethylamine N-oxide (TMAOQ) is a diet- and microbiome-derived metabolite and a proposed biomarker of adverse
cardiometabolic outcomes. TMAO studies have mainly been conducted in individuals with cardiometabolic disease, and studies in
population-derived samples are limited.

Objective: We aimed to investigate the associations between plasma TMAO concentrations and its precursors [carnitine, choline, betaine, and
dimethylglycine (DMG)] with metabolic syndrome (MetS) scores, preclinical cardiovascular phenotypes, and inflammatory biomarkers (i.e.
high-sensitivity C-reactive protein and serum glycoprotein acetyls) in a population-derived cohort of children and their parents.

Methods: The concentrations of TMAO and its precursors were quantified using UHPLC coupled with tandem MS (UHPLC/MS-MS) in

1166 children (mean age 11y £ 0.5y, 51% female) and 1324 adults (44 y £+ 5.1y, 87% female) participating in The Growing Up in Australia’s Child
Health CheckPoint Study. We developed multivariable fractional polynomial models to analyze associations between TMAQO, its precursors, MetS
(adjusted for sex and age), and cardiovascular phenotypes (adjusted for sex, age, BMI, household income, and the urinary albumin to creatinine
ratio). Pearson’s correlations were computed to identify associations between TMAQ, its precursors, and inflammatory biomarkers.

Results: The concentrations of TMAO precursors, but not TMAO itself, were associated with MetS, cardiovascular phenotypes, and inflammatory
biomarkers in children and adults.

Conclusions: TMAO precursors, but not TMAO itself, were associated with adverse cardiometabolic and inflammatory phenotypes in children and
adults. TMAO precursor concentrations may better reflect cardiovascular health and inflammatory status within the wider population. Replication in
other population settings and mechanistic studies are warranted. ~ Curr Dev Nutr 2021;5:nzaa179.
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Introduction reverse cholesterol transport, increased foam cell formation, heightened

platelet aggregation, and an upregulation of proinflammatory path-
Trimethylamine N-oxide (TMAO) is a diet- and microbiome-derived =~ ways, all of which are known risk factors for the development and
metabolite suggested to be a predictive biomarker and functional me-  progression of atherosclerosis by favoring vascular plaque build-up and
diator in cardiovascular disease (CVD) (1). Several mechanisms have  inflammatory responses (1-4). Several animal intervention studies and
been proposed to explain the TMAO-CVD relation including decreased ~ human prospective and cross-sectional studies highlight that TMAO
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concentrations are associated with unfavorable metabolic and cardio-
vascular phenotypes, with some inconsistencies identified across studies
(2, 5-14). Nevertheless, associations between TMAO concentrations
and adverse cardiovascular outcomes are stronger in individuals with
CVD (11), compared with healthy populations (15), and are concentra-
tion dependent (3, 16).

TMAO studies are typically conducted in individuals with metabolic
disease or CVD, with a paucity in healthy populations or children (13,
15, 17, 18). Furthermore, cohort studies rarely include adults and chil-
dren from the same family, limiting the ability to identify intergener-
ational relations between TMAO concentrations and cardiometabolic
outcomes. Identifying TMAO-cardiometabolic outcome associations
across generations is important given that CVDs originate in early life
(19). Therefore, characterizing the concentrations of TMAO and that of
its precursors [e.g. choline, carnitine, dimethylglycine (DMG), and be-
taine] in a population-based sample of children and adults may identify
pathways for intervention and prevention of metabolic diseases across
2 different generations.

Metabolic syndrome (MetS) is an aggregate of anthropometric and
metabolic factors that increase the risk of CVD (20), 1 of the leading
causes of death worldwide (21). Therefore, identifying early cardiovas-
cular risk phenotypes, including MetS, is important for the preventa-
tive treatment and monitoring of individuals at increased risk. Preclini-
cal cardiovascular phenotypes are predictive of CVD in adults. Carotid
intima-media thickness (cIMT) and distensibility, measures of arterial
stiffness and blood pressure, and retinal microvascular structure are in-
creasingly used preclinical cardiovascular phenotypes (22). Identifying
novel associations between blood metabolites, risk factors, and preclin-
ical cardiovascular phenotypes in a population-derived cohort, beyond
those that are already established [e.g. glucose, blood lipids, and w-3
index (23, 24)], may further allow early risk stratification and inform
preventative and mechanistic investigations.

We previously characterized parent-child concordance (N = 1324
parents and N = 1166 children), age, and sex-effects on plasma con-
centrations of TMAO and its precursors (i.e. carnitine, choline, betaine,
and DMG) (25). We also evaluated associations between concentra-
tions of TMAO and precursors and self-reported dietary intakes of an-
imal protein (i.e. red meat, meat products, chicken, fish, milk products,
and cheese) and fast-food meals (25). We reported strong family ef-
fects (i.e. 13-37% of variability explained), a positive association with
age, higher concentrations in males, and positive associations with re-
ported fish and red meat intakes (25). Building on these findings, in this
population-derived cohort of parents and children (aged 11-12 y), we
aimed to investigate how concentrations of TMAO and its precursors
are associated with: 1) MetS scores; 2) cardiovascular preclinical phe-
notypes; and 3) circulating inflammatory biomarkers.

Methods

Ethical approval, consent, and sample collection

The Royal Children’s Hospital (Melbourne, Australia) Human Research
Ethics Committee (33225D) and the Australian Institute of Family Stud-
ies Ethics Committee approved The Child Health CheckPoint study
(CheckPoint). The population sample included in the current analysis
consists of 1874 parent-child dyads who participated in the Growing Up

in Australia’s Child Health CheckPoint study. The Checkpoint study was
a biomedical assessment nested between 2 waves (5 and 6 ) of the Lon-
gitudinal Study of Australian Children (LSAC) (26, 27) (Supplemental
Figure 1). Parents or caregivers provided consent for themselves and
their child to participate in CheckPoint and for the collection and re-
search use of their blood samples (22).

Procedures

All cardiovascular and covariate measures were collected from study
participants during the CheckPoint biomedical assessment. Glycopro-
tein acetyls (GlycA) were previously measured by Checkpoint team
collaborators, and MetS was previously computed and published by
members of the Checkpoint team (28). The present study included
the UHPLC coupled with tandem MS (UHPLC/MS-MS) profiling of
TMAO and its precursors, the measure of high-sensitivity C-reactive
protein (hsCRP), as well as the statistical analysis of associations be-
tween TMAO and cardiometabolic outcomes.

Following an average 4-h fast, venous blood was collected from
adults and children and split into components including 6 plasma
aliquots and 6 serum aliquots processed within ~1 h, as previously
described (22). For the current study, a total of 2490 plasma samples
(1166 children and 1324 adults) were shipped, on dry ice in thermally
monitored boxes, to the Liggins Institute. Sample tubes were random-
ized onto 96-well FluidX plates, keeping parent-child pairs (1123 pairs)
on the same plate, then stored at —80°C prior to each assay, as previously
described (25).

Quantitation of TMAO and its precursors in plasma
Semifasted EDTA plasma TMAO, carnitine, choline, betaine, and DMG
concentrations were measured using 2 previously described analytical
assays (29). Briefly, sample preparation (i.e. protein precipitation, mix-
ing, and filtration) was conducted on an EpMotion 5075vt robot fit-
ted with a thermal mixer and vacuum manifold (Eppendorf). This was
followed by UHPLC/MS-MS, performed on a Vanquish UHPLC™ sys-
tem, coupled with a TSQ Quantiva triple quadrupole mass spectrometer
(Thermo Scientific).

MetS scores

MetS scores were previously derived (28) from concentrations of serum
HDL cholesterol, serum triglycerides, serum glucose, and systolic blood
pressure (SBP), standardized by sex in the children subgroup or by sex
and age (in decades) in the adults (30, 31). Principal component analy-
sis (PCA) of the standardized components was used to extract a factor
loading for each variable. Each component was multiplied by its loading
factor and all were summed to derive the continuous MetS score.

Cardiovascular phenotype measures

All measures were collected from participants during the CheckPoint
biomedical assessment. cIMT and carotid distensibility measures were
derived from carotid artery ultrasound measurements conducted at
end-diastole using a portable ultrasound (GE Healthcare Vivid i BT06
with 10 MHz linear array probe), as previously described (32). Pulse
wave velocity (PWV) was derived from measures of the time taken
for the arterial waveform to propagate from the carotid to the femoral
artery using a neck tonometer and blood pressure thigh cuff [Sphyg-
moCor XCEL (AtCor Medical)], as well as the carotid-femoral distance
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travelled measured using a tape measure, as previously detailed (33).
Systolic blood pressure and diastolic blood pressure (SBP and DBP) of
participants were measured using a SphygmoCor XCEL (AtCor Medi-
cal), in supine position after several minutes of rest, as previously de-
scribed (34). Retinal photographs were taken in a dark room using
a retinal camera (Canon CR-DGi) fitted with a digital single-lens re-
flex (SLR) camera (Canon EOS 60D), capturing the macula and op-
tic disc (34, 35). Central retinal artery equivalent (CRAE) and central
retinal vein equivalent (CRVE) were calculated using the Big 6 revised
Knudston-Parr formula, as previously described (34, 35). Mean con-
centrations of triplicate measurements of SBP, DBP, and PWV excluding
missing values were computed for each individual.

Inflammatory markers

Plasma C-reactive protein was measured by particle-enhanced im-
munological agglutination using the Roche Diagnostics hsCRP assay
on a Hitachi Cobas ¢311 analyzer (Hitachi High Technologies Cor-
poration). Serum GlycA were measured using the Nightingale NMR
metabolomics panel (Nightingale Health), as previously described (36).
GlycA was chosen given its increasingly promising utility as a novel
biomarker of systemic inflammation in pediatric and adult populations
(37, 38).

Covariate measures

Household income was previously calculated by adding self-reported
weekly incomes of both parents as well as those of other adults in the
household, as part of the economic information collected in the LSAC
(wave 6).

BMI in kg/m? was calculated from weight and height measurements.
Weight was measured once, wearing light clothing without shoes or
socks on 4-limb segmental (InBody230, Biospace) or 2-limb (Tanita
BC-351) body composition scales. Standing height was measured with-
out shoes or socks (2-3 times if the first 2 measures differed by >0.5 cm)
on a portable rigid stadiometer (Invicta, IP0955), as previously de-
scribed (22). BMI z-scores were derived from BMI measures for chil-
dren only using reference datasets (CDC and UK90), as previously de-
scribed (39).

The urinary albumin to creatinine ratio (UACR) was measured from
urine samples collected in a polypropylene sterile pot, stored at 4°C un-
til processing (~3-13-h processing time), then aliquoted and stored at
—80°C prior to UACR analysis. A Cobas Integra 400 plus analyzer was
used to measure UACR, albumin was measured using an immunoturbi-
metric assay, and creatinine using the enzymatic colorimetric method,
as previously described (40).

Statistical analysis

Statistical analyses were conducted in R programming environment ver-
sion 3.6.1 (41). All metabolites were adjusted for plate effects before nor-
mality checking and statistical modeling using the random effect func-
tion (RANEF) in Ime4 R package (42). Plate effects were removed for
each compound separately to eliminate any technical batch effects. To
ensure that the interaction of other random factors that may be different
across plates does not get erased by removing plate effects (e.g. more fe-
males on 1 plate compared to another by random chance), we developed
a mixed model that included generation x sex as an interaction of fixed
effects, as well as family (i.e. parent-child dyad) and plate as 2 random

TABLE 2 Multivariate fractional polynomial and linear regression model results with MetS scores in adults and children
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'Flexible nonlinear functions are computed for variables that do not exhibit a monotonic relation with the outcome of interest.

?Log transformed variables.
DMG, dimethylglycine; TMAQ, trimethylamine N-oxide.
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TABLE 3 Effect sizes of TMAO/precursor concentrations on MetS scores in adults and children

Metabolite or flexible

nonlinear functions from Effect size
Generation multivariate model’ SD of metabolite Estimate in model (SD x 1-unit change)
Adults Betaine 12.10 —0.03 —0.36
Choline 2.65 0.11 0.29
DMG? 0.35 0.44 0.15
Children Betaine 10.97 —0.01 -0.13

"Flexible nonlinear functions are computed for variables that do not exhibit a monotonic relation with the outcome of interest.

2Log transformed variables.
MetS, metabolic syndrome; TMAQ, trimethylamine N-oxide.

effects, and removed the random effect of the “plate” factor from each
model. The plate-adjusted variable was subsequently used in statistical
analyses. TMAO and DMG concentrations were positively skewed in
the population, and therefore were log-transformed. Carnitine, choline,
and betaine concentrations were normally distributed.

Associations between TMAO and its precursors with MetS scores
and cardiovascular phenotypes were identified using multivariable frac-
tional polynomial models in the mfp package in R (43, 44). Each gener-
ation (adults versus children) was modeled separately. The multivariate
model with MetS scores was adjusted for age and sex in each genera-
tion. To test associations with cardiovascular phenotypes (i.e. cIMT and
carotid distensibility, measures of arterial stiffness and blood pressure,
and retinal microvascular structure), 2 models were computed: I) ad-
justed for age, sex, and household income (Model 1); and 2) adjusted
for age, sex, the UACR ratio as a measure of kidney function, household
income, as well as BMI (Model 2). Models containing all metabolites

Metabolic syndrome scores in parents
o

(multimetabolite models) were initially computed followed by a step-
wise removal of metabolites that were not associated with the outcome
of interest within the model (P > 0.05). CooK’s distance plots were com-
puted for each model separately to identify and remove potential out-
liers that may be driving the model using a stringent Cook’s distance
cut-off of >0.5. Effect sizes were calculated as SDs of the metabolite mul-
tiplied by the estimate of the metabolite in the reduced version of the
fully adjusted model (Model 2). The reported R?in all statistical mod-
els were the adjusted R* accounting for the number of predictors in the
model.

When several metabolites were associated with the outcome of in-
terest, a correlation matrix was generated to identify whether these
metabolites were behaving as a profile of metabolites or as separate en-
tities. Pearson’s correlations and associated tests were generated using
the corr.test function in R, corrected for multiple testing using the de-
fault Holm method in R.

= 2 3 0 65 10 15 20 25

0 1
Log TMAO (uM) Choline (pm)

0 25 50 75 100 -1
Betaine (pM)

0 1 2 3
Log DMG (pM)

FIGURE 1 Hexagonal plots of TMAO (A) and precursors choline (B), betaine (C), and DMG (D) with metabolic syndrome scores in adults.
Plasma concentrations of choline, betaine, and DMG, but not those of TMAQ, are strongly associated with increased metabolic syndrome
scores in adults. Trendline of association in navy blue, 95% Cl in gray. DMG, dimethylglycine; TMAO, trimethylamine N-oxide.
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Metabolic syndrome scores in children
N

-1 0 2 3 0 25

1
Log TMAO (pm)

50 75 100 0 50 100 150
Betaine (uM)

Carnitine (uM)

FIGURE 2 Hexagonal plots of TMAO (A) and precursors betaine (B) and carnitine (C) with metabolic syndrome scores in children. Plasma
concentrations of betaine and carnitine, but not those of TMAQ, are associated with increased metabolic syndrome scores in children.
Trendline/curve of association in navy blue, 95% Cl in gray. TMAQO, trimethylamine N-oxide.

Results

Sample characteristics

The cohort (Table 1) consisted of 2490 individuals (1121 parent-child
pairs), 1166 children (mean age 11 y & 0.5y, 51% female) and 1324
parents (mean age 44 y &+ 5.1 y, 87% female). Median (lower; upper
quartile) BMI in adults was 26.5 (23.4; 31.0) and mean (SD) BMI z-score
(0.3 +0.9) in children. Over 78% of our sample scored in the middle to
least disadvantaged Socio-Economic Indexes for Areas (SEIFA) score
(quintiles 3-5).

Associations of TMAO and its precursors’ concentrations
with MetS scores

TMAO concentrations were not associated with MetS scores in either
adults or children (Tables 2 and 3, and Figures 1 and 2).

Adult plasma choline and DMG concentrations were positively as-
sociated with increasing MetS scores (Table 2), with effect sizes of +-0.29
and +0.15 (calculated as the SD of metabolite x metabolite estimate in
the model), respectively (P < 0.0001) (Table 3). By contrast, betaine was
negatively associated with increasing MetS scores (effect size: —0.36;
P < 0.0001).

Children’s betaine concentrations were negatively associated with
MetS (effect size: —0.13; P = 0.004) (Figure 2). The association for car-
nitine with MetS in children was nonmonotonic (Supplemental Fig-
ure 2), so the effect size for carnitine cannot be quantified in a single
number as it depends on the starting point on the curve of association.
Therefore, the fractional polynomial fitted uses a function of 2 differ-
ent transformations of carnitine to model this (Table 2). However, the

adjusted R* of the model (containing betaine, child age, and child sex)
with (R?= 0.03; P < 0.0001) and without the flexible nonlinear func-
tion of carnitine (R? = 0.005; P = 0.04) highlights that the inclusion of
carnitine improves the fit of the model with MetS in children. Children’s
choline and DMG concentrations were not associated with MetS.

When assessing correlations between compounds that were associ-
ated with MetS, the concentrations of betaine, choline, and DMG were
positively correlated with each other in adults (correlation coeflicient:
R >0.3; P < 0.0001) (Supplemental Table 1). However, the concen-
trations of betaine and carnitine function scores were not correlated in
children (R = 0.04, and P = 0.26; Supplemental Table 1).

Associations of TMAO and its precursors’ concentrations
with cIMT

In children, TMAO concentrations were negatively associated with
carotid far-wall cIMT after adjusting for age, sex, and household income
(Model 1) (Tables 4 and 5). However, there was no evidence of an asso-
ciation in the fully adjusted Model 2. Conversely, betaine concentrations
were positively associated with cIMT (effect size: +0.01; P = 0.001)
and DMG concentrations negatively associated with cIMT (effect size:
—0.01; P = 0.003), even after full covariate adjustment in children. In
adults, there was no evidence for an association for TMAO or any of its
precursors with cIMT in either model (Tables 4 and 5).

Associations of TMAO and its precursors’ concentrations
with carotid distensibility

Child betaine concentrations were positively associated with carotid
distensibility (effect size +0.32; P = 0.003) following covariate

CURRENT DEVELOPMENTS IN NUTRITION



TMAO and cardiometabolic phenotypes 7

(penunuo))
- - 060 €000~ - - auniuied
1000°0> ZLo— 1000 oLo— L000'0>  6L°0— aulelag
- - 620 L= - — ONa
100 430} 100 LED 1000°0> 080 auljoyd
L000'0>  levL LE0 - - 080 oLo— - - OVINL SHNPY
- - 780 00— - - auljoyd
— — 960 900 - - ¢ONd
- - LLO ¢-96 - - auniuied
- - 820 00— - — aulelag
ainssaud
— — — — - 8L'0 10— - - OVINL  uaip|iyD poojq 21jo1shs
— — 870 c—oF — — aueleg
- - 8.0 Pl - - auniuied
- - 190 ol - - auljoyd
100 144 €00 v¥°0 100 L7'0 zONA
L000'0>  €C'SE L10 - - L€0 z-98— - - OVINL SHNPY
- - 950 ¢-oF - - auniuied
- - 860 ¢-98 - — ZOWa
- - 6v°0 -°r - — auloyd
€000 z-9¢ c00 z-9¢ €000 z-9¢ aulelsg
1000 LLE <00 - - 750 z-98— - - OVINL  uaip|iyd Aujiqisusisip pnosed
- - €50 29— - — auljoyd
— — 110 2-ol— — — ZONa
- - 710 y-9C - - auniuied
- - LE0 y-°C - — aulerag
- - - - - 900 ¢-99 — — zOVINL SHNPY
- - 790 p=or— - - auljoyd
- - 650 9L — — auiuie)
€000 -9¢— 100 z-9¢— 10’0 z-°l- ZONa
1000 799 1000 799 1000 v-°S aulelsg
ssauPIYL
L000'0> L9V €00 - - L0 ¢-9€— S00 c-9r— cOVNL  uaip|iyd BIpSW-_WRUL ||em Jey
d 4 |opow |opow [epow [opow [epow d ajewnysy [lepow uonesausn awod31no
peonpai jo pesnpai pasnpai 1y s |apow pesnpai SieneAlRnw Jejnasenoipied

wouy suonouny
Jeaujjuou a|qIxa|}
1o ayjoqers |y

2 peisnlpy d sjewnsy d sjewnsy swodul pjoyasnoy

1IN PuUe YOV ‘ewodul pjoyasnoy ‘xas ‘abe 1oy paisnipe g |9pop pue ‘xas ‘abe oy
paisnlpe | [opoy

sadAjousyd |eoiupaid JejndseAolpied YiiM suolleIu8duOD Josindald/QVIA L JO S|opow Jeaul| pue a1eleAlNA ¥ 319VL

CURRENT DEVELOPMENTS IN NUTRITION



8 Andraos et al.

(penunuo))
- - €60 [AN0) - - ONd
— — €10 00— — — STHINES
10°0 010 £0°0 60°0 2000 110 sulereg
2-(0L/[Buoy)
:peonpaiuou
Z 19pon
,—(0L/[duljoyd])
:|opow paanpai
¢000°0 0S'S 1000 Syl L0000~ €L9 Z pue | |SpoN
1000°0>  €9°LL L0°0 - - £L8°0 600 - — OVIAL sinpy
— — S0 0 — — — 2O
- - 9v°0 €00— - - suleleg
- - 0] SL'0— - - auljoyd
700 S0°0 ¢00 900 - — auniuie)
(3vyD) 3usjeanbs
1000°0> V¥l L0°0 - - [AN0) [AN0) - - OVINL usIp|iyo Kiepie jeunas jenus)
— — Zv'0 Y — — ounuIe)
- - 910 SL'0— - - ZONa
€000°0 100— ¥00°0 96— L000'0>  ¢00— sulelag
- - 600 ¢00 10000~ S0°0 auloyp
L000'0>  ¢26'7S €20 - - 900 L00— - - OVINL SHNpPY
- - 080 €0000— - - auniuie)
- - 180 100— - - ZONa
- - 88°0 1000 — - auljoyd
10000~ 100~ 10000 100 — 10000~ 100~ suleleg
L000'0>  9/'S¢ €0 - - §6°0 1000 — - OVINL usIp|iyo Auoojen anem asing
- - G680 €000 — - - aunuie)
€00 <L~ €00 L — - - ZONa
€000°0 L0'0— €000 L00— L0000~ LL1'0— sulelsg
200 €20 200 <0 10000~ L0 auljoyd
L000'0>  0S°0¢€ JAN0) - - 9,0 60°0— — - ZOVINL SHNPY
- - 050 900 - - auloyp
— — 96°0 £0'0 — — O
¢00 €00 600 ¢00 ¢00 €00 suniuie)
10000~ L0°0- 10000 L00— 10000~ L0°0~ sulelsg
ainssaud
l0000>  68'8 500 — — S0 ze0— — — LOVINL  uaipjiyDd poojq dljoiselq
d 4 [opow |epow [epow |epow [epow d sjewnysgy JJlopow uonessuan aW053N0
peonpai jo pasnpadi pasnpai 1ns 1Ins |apow pesnpai SjeneAnw Jejnasenoipied
2 pasnipy d sjewnsy d sjewnsy awoouj pjoyashoy woJ4 suonsuny

1IN pue "Y4OvN ‘swodul pjoyssnoy

‘xos ‘abe 1o paisnlpe z |spoNl

pue ‘xas ‘abe oy
paisnipe | jopoy

Jeaujjuou a|qIxa|}
1o ayjoqers|p

(penuiuo)d) ¥ 319vL

CURRENT DEVELOPMENTS IN NUTRITION



TMAO and cardiometabolic phenotypes 9

adjustment (Tables 4 and 5). By contrast, only DMG concentrations
o were positively associated (effect size: +-0.15; P = 0.01) with carotid dis-
tensibility after covariate adjustment in adults.

w Associations of TMAO and its precursors with blood
s pressure and PWV
j'g Plasma TMAO was not associated with blood pressure or PWV in either
S & T generation (Tables 4 and 5). Betaine concentrations (effect size: —1.44;
5 E _§ ;g | P =0.002) were negatively and choline concentrations positively (effect
g _§_ E’ £ size: +0.84; P = 0.03) associated with SBP in adults but not in children.
0| © Consistent with this, the concentrations of betaine (effect size —0.84;
g P = 0.0003), and DMG (effect size: —0.60; P = 0.03) were negatively,
£ whereas choline was positively (effect size: +0.61; P = 0.02) associated
E T3 with DBP in adults even after covariate adjustment.
ALY _§ S 1111 In children, none of the metabolites were markedly associated
_§ o E with SBP. However, the concentrations of carnitine (effect size +0.45;
< P = 0.02) were positively and those of betaine (effect size: —0.73; P <
9{ 0.0001) negatively associated with DBP in children.
% ‘2 -?3 % In both children and adults, only betaine concentrations were neg-
§ % ‘qg, g l N atively associated with PWV (children: effect size: —0.11; P < 0.0001;
g - adults: effect size: —1.32; P = 0.0003).
2
5
T 3 Associations of TMAO and precursors with microvascular
NRF IR OSRN2RIRGIL|E parameters
-§ Bl Socscocosseo £ In children, carnitine concentrations were positively associated with
s kS CRAE (effect size: +0.78; P = 0.04) (Tables 4 and 5). Plasma con-
§ centrations of choline were negatively (effect size: 4+-1.54 for 1/choline;
% Tle oo mnd o % P =0.0002), and betaine positively associated with CRAE in adults (ef-
£ E Bl gwoo Smwoome=|e fect size: +1.23; P = 0.01). There were no identifiable associations be-
E £ ? | ? °° ? ? ? ? O“ % tween any of the metabolites and CRVE in either generation (P > 0.05
E S for all).
5 ° u_% § Plasma concentrations of metabolites associated with cIMT, carotid
g -% E % o | NN 8 é distensibility, blood pressure, and CRAE were correlated with each
% x £ g s § other (—0.26 <R <0.48; P < 0.01) (Supplemental Table 2).
i % Tle (5) 2
3 % @ -§ é | BEEEEERE £ £ Associations of TMAO and its precursors’ concentrations
S 53¢% 35 % with inflammatory markers in adults
< % > Plasma TMAO concentrations were not associated with hsCRP or
% 5 § GlycA concentrations in either children or adults (Supplemental Ta-
g é’ S % —§ e ble 3). By contrast, although weak, plasma betaine concentrations were
%‘ § E = “g 2 g negatively, and choline concentrations were positively associated with
24 .% E g N o 0 2y o %”3 8 hsCRP (R = —0.13; P < 0.0001 for betaine; R = 0.1; P < 0.001 for
g -g < :'c-’ 9( ERG) E’ % 9( %’ £ % g 5 choline) and GlycA concentrations (R = —0.09; P = 0.01 for betaine;
2+ E g g 85 E S g % N g {f:) R =0.2; P < 0.0001 for choline) in adults.
c 3 £
215 @ 32z
e E § g Discussion
§|O < o =
‘,’; © g g % In this population-derived cohort of Australian children and adults,
E o *é E ’; concentrations of TMAQO precursors (i.e. betaine, choline, carnitine, and
b % = 2 g 5 DMG), but not TMAO itself, were associated with MetS scores, cardio-
80 & T>\s S 83 :§ vascular phenotypes, and inflammatory markers in both children and
< g o -é ;% E ~§ § adults.
ul 3 g 5 2 o E £ We did not identify associations between TMAO plasma concen-
2 "% g ‘g 3 5 ) L§D trations and cIMT, carotid distensibility, PWV, SBP, DBP, microvascu-
= Voo L2370 lar structure, or inflammatory biomarkers. Our findings are at odds
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TABLE 5 Effect sizes of TMAO/precursor concentrations on cardiovascular preclinical phenotypes in adults and children

Metabolite or

flexible nonlinear Estimate Effect size
functions from Metabolite reduced (SD x 1-unit

Cardiovascular outcome Generation reduced Model 2" SD? model 2 change)
Carotid intima-media thickness Children Betaine 10.97 be™* 0.01
DMG? 0.32 —2e7? -0.01

Carotid distensibility Children Betaine 10.97 3e? 0.32
Adults DMG3 0.35 0.44 0.15

Systolic blood pressure Adults Betaine 12.04 —0.12 —1.44
Choline 2.62 0.32 0.84

Diastolic blood pressure Children Betaine 10.97 —0.07 -0.73
Carnitine 15.54 0.03 0.45

Adults Betaine 12.10 -0.07 -0.84

Choline 2.65 0.23 0.61

DMG3 0.35 —-1.72 -0.60

Pulse wave velocity (PWV) Children Betaine 10.97 —0.01 —0.11
Adults Betaine 12.04 —0.01 —-1.32

Central retinal artery equivalents Children Carnitine 15.55 0.05 0.78

(CRAE)

Adults Choline' 0.28 5.50 1.54

Betaine 12.04 0.10 1.23

'Flexible nonlinear functions are computed for variables that do not exhibit a monotonic relation with the outcome of interest: e.g. choline = 1/choline.
2Calculated following Cook's plot outlier (Cook’s distance >0.5) removal from each model.

3Log transformed variables.
DMG, dimethylglycine; TMAQO, trimethylamine N-oxide.

with previous data reporting positive associations between TMAO con-
centrations and adverse cardiovascular outcomes (11, 13, 45-47), al-
though previous findings have been inconsistent (15, 48, 49). However,
it is possible that TMAO concentrations are exclusively associated with
cardiovascular markers at: I) later stages of CVD and/or in metabol-
ically unhealthy individuals (5, 45, 50); 2) at higher baseline TMAO
concentrations (3, 51); or 3) with other cardiovascular and inflamma-
tory markers (4, 47, 52). The majority of studies analyzing the TMAO-
CVD relation target individuals with CVD (7, 10, 11) and largely have
not identified strong associations between TMAO concentrations and
adverse cardiovascular outcomes in population settings (15). Therefore,
prospective studies are required to characterize TMAO concentrations
in healthy individuals and determine the relation between TMAO con-
centrations and cardiometabolic risk.

It is possible that TMAO concentrations reflect, rather than cause,
increased cardiovascular risk (53). For example, TMAO concentrations
are dependent upon rates of excretion by the kidneys and kidney func-
tion (50, 54), and renal dysfunction increases cardiovascular risk (55).
Inclusion of UACR, a proxy of kidney function, as a covariate in our
models decreased the strength of association of TMAO with cIMT in
children. Therefore, associations between TMAQO and CVD outcomes
may reflect unmeasured confounding (50). It is thus important to con-
sider the contributory roles of covariates (e.g. kidney function) when
analyzing and interpreting associations between TMAO concentrations
and cardiovascular outcomes.

Betaine, choline, DMG, and carnitine concentrations were all asso-
ciated with >2 of the cardiometabolic outcome measures in our study.
Consistent with our findings, several studies report associations be-
tween TMAO precursors and adverse cardiometabolic outcomes (5,
13, 56-58). For example, choline has positive, and betaine negative,

associations with MetS risk factors (i.e. blood lipids, BMI, body fat per-
centage, waist circumference, glucose, and blood pressure) in middle-
aged and elderly women and men (56). Carnitine, choline, and be-
taine concentrations strongly predict increased major cardiovascular
events in patients with pre-existing cardiovascular risk (13). Plasma
DMG concentrations have been robustly associated with acute myocar-
dial infarction; improved prediction of acute myocardial infarction in
models that included common cardiovascular risk factors; and were as-
sociated with mortality from acute myocardial infarction (57, 58). Pos-
itive associations have also been reported for carnitine concentrations
with MetS, although no significant link was found with blood pressure
(5).

TMAO precursor concentrations were strongly associated with
metabolic outcomes in our study, despite no evidence of association
with TMAO per se. We suggest that TMAO precursors may exhibit
some of their effects via metabolic pathways that do not involve TMAO
and that precursor concentrations may be better markers of cardiovas-
cular health within the wider population. Choline, betaine, DMG, and
carnitine are central to metabolic pathways involved in vital physiolog-
ical functions, such as lipid metabolism, that do not involve TMAO,
for example 1-C metabolism and fatty acid B-oxidation (57, 59, 60).
In our study, choline, betaine, and DMG were strongly correlated with
each other, suggesting that they function as a profile of metabolites.
Strong associations between these precursors and cardiometabolic out-
comes may reflect alterations in the 1-C metabolic pathway, as pre-
viously proposed (56). Choline, betaine, and DMG can directly and
indirectly form phosphatidylcholine, the main constituent of lipopro-
teins (e.g. VLDL and LDL), which are key shuttles for lipid expor-
tation from the liver (57, 60). Moreover, carnitine is a rate-limiting
step in long-chain fatty acid S-oxidation (59). Therefore, associations
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of these metabolites with health outcomes may potentially be medi-
ated by pathways involved in lipid metabolism independently of TMAO
concentrations.

Previous studies have demonstrated that the association of TMAO
precursors with cardiovascular outcomes is weaker when TMAO con-
centrations are low (2, 9). Moreover, increased metabolic risk is ob-
served in situations where concentrations of precursors and TMAO
were concomitantly elevated (61). The observation that TMAO concen-
trations strengthen the association between precursors and cardiovas-
cular outcomes indicates a possible synergistic effect between TMAO
and its precursors. This could be explained by a potential interplay be-
tween TMAO synthesis and the 1-C metabolic pathway. Previous stud-
ies have highlighted marked correlations between plasma TMAO and
homocysteine concentrations (62). TMAO concentrations were also
reported to be negatively correlated with the S-adenosylmethionine
(SAM)/S-adenosylhomocysteine (SAH) ratio (61). This is consistent
with the possibility that a downregulation of 1-C metabolism, frees up
common precursors that are subsequently converted into TMAO (61).
SAM concentrations were also profiled in our study (data not shown).
TMAO and SAM concentrations were weakly correlated [R = 0.07;
CI (0.03; 0.11); P < 0.001], recognizing the limitation that these cor-
relations are based on single semifasted plasma measurements. Addi-
tional supporting evidence has also been reported in an intervention
study where combined vitamin B and D supplementation lowered both
plasma homocysteine and TMAO concentrations (63). As such, it is
likely that an individual’s baseline health status determines the “bal-
ance” in precursor utilization between 1-C metabolism and TMAO
synthesis.

Limitations

This study was conducted in a relatively large Australian cohort of
children and adults (total N = 2490), included TMAO as well as its
main precursors, and adjusted for common cardiovascular covariates
(i.e. age, sex, BMI, household income, and renal function). Despite
these strengths, TMAO concentrations exhibit intraindividual variabil-
ity, therefore 1 measurement in a cross-sectional study is insufficient to
draw conclusive results of associations with cardiometabolic outcomes
(64). Moreover, low semifasting plasma TMAO concentrations do not
necessarily equate to a low-TMAO production capacity in individuals,
which may be a more robust indicator of TMAO-health associations
(65). Additionally, trimethylamine (TMA), the reduced form of TMAO
was not profiled in our study although proposed as the potentially over-
looked culprit of adverse cardiometabolic outcomes (66, 67). TMA was
not quantitated as it typically requires an ethyl bromoacetate derivatiza-
tion prior to LC/MS analysis, which would have interfered with the de-
tection of other compounds profiled in our analytical panel (e.g. amino
acids) (68). The adult subgroup consisted mainly of females with an un-
balanced 1:10 male to female ratio compared with a 1:1 ratio in children.
The CheckPoint cohort was predominantly European Caucasian and is
relatively more advantaged than the wider Australian population (over
78% of our population scored in the middle-least disadvantaged SEIFA
score compared with around 62% in the general Australian population)
(69, 70). Finally, this study did not include analysis of the stool micro-
biome (71).
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Conclusion

In our study of Australian children and adults, we did not find evi-
dence of associations between TMAO concentrations and adverse car-
diometabolic phenotypes nor inflammatory markers. However, choline,
betaine, DMG, and carnitine concentrations were all strongly associ-
ated with several cardiometabolic outcome measures as well as inflam-
matory markers in both generations. We propose that the impact of
TMAO concentrations on metabolic outcomes is likely to depend on
baseline health status. Interventions aiming to target TMAO concentra-
tions should therefore assess the effects of changes in TMAO concentra-
tions on several factors that may affect different “layers” of an individ-
ual’s health. We also speculate that the balance between the involvement
of precursors in 1-C metabolism and TMAO formation may become
dysregulated in disease states as a compensatory mechanism in response
to metabolic damage. Given the disparity in results between healthy
and unhealthy populations, and given how understudied the profiles of
TMAO/precursors are in healthy population settings and across differ-
ent generations, researchers should refrain from extrapolating associa-
tions between TMAO and CVD in individuals with CVD to the general
population (65).
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