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Abstract: TMAO is elevated in individuals with cardiometabolic diseases, but it is unknown whether
the metabolite is a biomarker of concern in healthy individuals. We conducted a cross-sectional
study in metabolically healthy adults aged 18–66 years with BMI 18–44 kg/m2 and assessed the
relationship between TMAO and diet, the fecal microbiome, and cardiometabolic risk factors. TMAO
was measured in fasted plasma samples by liquid chromatography mass spectrometry. The fecal
microbiome was assessed by 16S ribosomal RNA sequencing and recent food intake was captured
by multiple ASA24 dietary recalls. Endothelial function was assessed via EndoPAT. Descriptive
statistics were computed by fasting plasma TMAO tertiles and evaluated by ANOVA and Tukey’s
post-hoc test. Multiple linear regression was used to assess the relationship between plasma TMAO
and dietary food intake and metabolic health parameters. TMAO concentrations were not associated
with average intake of animal protein foods, fruits, vegetables, dairy, or grains. TMAO was related
to the fecal microbiome and the genera Butyribrio, Roseburia, Coprobaciullus, and Catenibacterium
were enriched in individuals in the lowest versus the highest TMAO tertile. TMAO was positively
associated with α-diversity and compositional differences were identified between groups. TMAO
was not associated with classic cardiovascular risk factors in the healthy cohort. Similarly, endothelial
function was not related to fasting TMAO, whereas the inflammatory marker TNF-αwas significantly
associated. Fasting plasma TMAO may not be a metabolite of concern in generally healthy adults
unmedicated for chronic disease. Prospective studies in healthy individuals are necessary.

Keywords: trimethylamine n-oxide; TMAO; ASA24; microbiome; TNF-alpha; inflammation;
endoPAT; endothelial function

1. Introduction

Cardiovascular diseases (CVDs) are the leading causes of death worldwide and ac-
count for one in three deaths in the United States alone [1,2]. Classic CVD risk factors
include high blood pressure, hyperlipidemia, smoking, diabetes, obesity, and lack of phys-
ical activity; however, advances in multiomic technologies have offered unbiased and
unprecedented insights to the biological mechanisms of disease and have revealed new
CVD risk factors such as the plasma metabolite trimethylamine n-oxide (TMAO). TMAO
can be obtained in two ways including the direct consumption of TMAO containing foods
and the meta-organismal metabolism of quaternary amines [3]. In the latter method, un-
absorbed dietary nutrients including choline, carnitine, phosphatidylcholine, and betaine
are utilized by the gut microbiota to generate trimethylamine (TMA), which is absorbed
and oxidized in the liver by flavin-containing monooxygenase 3 (FMO3) to TMAO [4,5].
TMAO is robustly associated with CVD events and death in prospective studies conducted
in metabolically unhealthy individuals; however, it is unclear whether TMAO is a relevant
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risk factor in healthy individuals [6,7]. Furthermore, inter- and intra-variation in TMAO
concentrations have been reported suggesting the regulation of TMAO is complex [8,9]. For
example, the canonical TMAO pathway, defined by diet, the gut microbiome, hepatic oxi-
dation, and excretion contains modifiable (diet), non-modifiable (FMO3 genotype, kidney
function), and semi-modifiable factors (the gut microbiome), introducing multiple levels of
variability. It is unknown whether manipulating the diet, or the gut microbiome will alter
TMAO concentrations and if the responses are dependent on factors such as sex, age, BMI,
or health status.

Consuming eggs, meat, and the tissue of deep-sea fish are commonly associated
with plasma TMAO due to their levels of phosphatidylcholine, carnitine, and TMAO,
respectively [3,10,11]. Although feeding studies have clearly demonstrated a post-prandial
rise in TMAO after consumption of these foods or nutrients, the long-term effect on fasting
concentrations is unclear. It is probable that both the post-prandial and long-term effects
on TMAO concentrations are dependent, in part, on the metabolite and its form. Eggs
are a nutrient-dense food with yolks abundant in the lipid phosphatidylcholine and have
consistently demonstrated null effects on fasting TMAO concentrations. For instance, a
randomized-controlled feeding trial providing eggs or egg whites found no difference in
fasting TMAO concentrations after four weeks [12]. In a randomized controlled feeding
trial, which compared the effects of two eggs per day versus oatmeal, no significant
differences in TMAO concentrations by breakfast food were observed [13]. Red and white
meat contain choline and carnitine mechanistically linking them to TMAO. A randomized
two-arm cross-over design investigating the effect of red versus white meat observed effects
of red (choline, 572 mg/d; carnitine, 258 mg/d) but not white meat (choline, 498 mg/d;
carnitine, 56 mg/d) on TMAO after four weeks of consumption [10].

The effect of individual foods on TMAO concentrations may vary due to a person’s
overall diet pattern. Considering the fiber and carbohydrate content of the diet, a random-
ized two-arm cross-over feeding study providing low- or high-levels of resistant starch on
either a low- or high-carbohydrate background diet resulted in increased TMAO concentra-
tions with the high-resistant starch, low-carbohydrate diet confirming a nutrient by diet
pattern interaction [14]. Additionally, a Mediterranean diet pattern with 200 versus 500 g of
unprocessed lean red meat per week identified lower TMAO concentrations on the 200 but
not the 500 g diet, suggesting that reducing red meat is an effective strategy for lowering
TMAO [15]. Evidently, the nutrient form, the food matrix, and the diet pattern affect TMAO
but how these dynamics play out in a free-living cohort has not been well documented.

The relationships among nutrients, foods, diet patterns, and TMAO may be due to the
impact of each on the gut microbiome, which has been clearly implicated in the generation
of TMAO. This has been demonstrated in rodents and humans such that antibiotics negate
the effect of choline or carnitine feeding on postprandial TMAO concentrations and in
humans such that, individuals consuming a vegan diet produced a reduced postprandial
TMAO response after a carnitine meal challenge than matched omnivore controls [4,5,16].
Furthermore, metagenomic screenings have identified TMA-generating gene clusters,
which has led to the identification that, commonly, Firmicutes but not Bacteroidetes con-
tain the TMA-generating gene cluster choline utilizing C and glycyl radical activating
protein (CutC/D) [17,18]. Gene clusters that utilize carnitine or its degradation product
γ-butyrobetaine have also been characterized including a two-component Rieske-type
oxygenase/reductase (CntA/B) that is commonly observed in Proteobacteria [19,20]. Al-
though gene clusters have been identified, a metagenome analysis failed to predict TMAO
concentrations from TMA-generating genes in a cohort of 113 adults. This result suggests
that other TMA-generating genes have yet to be discovered, that TMAO-reducing genes
may be important, that the fecal microbiome provides a poor representation of TMAO
dynamics, or that the gut microbiome’s role in regulating fasting TMAO concentrations
is important but minor [21]. To better understand which mechanistic steps drive fasting
TMAO concentrations, studies need to consider diet, the gut microbiome, and host health
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in tandem. Additionally, it is unknown whether differences in the gut microbiomes of
generally healthy adults relate to TMAO concentrations.

The objectives of our study are to assess the biological role of TMAO in a generally
healthy cohort of adults living in the United States by characterizing the concentrations of
TMAO and relating these concentrations to recent diet intake, the fecal microbiome, and
cardiometabolic risk factors. Notably, our study utilizes data from a cross-sectional study
equally stratified by sex, age, and BMI, allowing us to probe how these characteristics affect
our outcomes.

2. Materials and Methods
2.1. Study Participants

The Nutritional Phenotyping Study was conducted at the USDA-Agriculture Research
Service, Western Human Nutrition Research Center (WHNRC) from June 2015 to July 2019.
Participants were recruited from Davis, CA, and the surrounding area. The study used a
binning approach to equally recruit participants by sex (male and female), age (18–33 years,
34–49 years, and 50–65 years), and BMI (18.5–24.99, 25–29.9, and 30–44 kg/m2), resulting in
equal stratification of 393 participants into 18 bins. Of these subjects, 361 participants had
complete plasma chemistry, 356 had at least two complete dietary recalls, and 355 had 16S
rRNA bacterial gene sequencing from the fecal microbiome (Supplemental Figure S1).

The inclusion and exclusion criteria and the study design have been previously de-
scribed [22]. Briefly, exclusion criteria included pregnancy, lactation, egg allergy, recent
minor surgery or major surgery within the last 16 weeks, recent antibiotic treatment, hospi-
talization within the past 4 weeks, systolic blood pressure over 140 mmHg, or taking daily
medication for a chronic disease including, but not limited to: diabetes mellitus, cardio-
vascular disease, cancer, gastrointestinal disorders, kidney disease, liver disease, bleeding
disorders, asthma, autoimmune disorders, hypertension, and osteoporosis, or use of pre-
scription medications at the time of the study that directly affected the primary study’s
endpoints (e.g., hyperlipidemia, glycemic control, steroids, statins, anti-inflammatory
agents, and over-the-counter weight loss aids). The strict exclusion criteria resulted in
recruiting generally healthy participants. Ethical approval for the study was received
from the University of California, Davis, Institutional Review Board (691654) and written
informed consent was obtained in compliance with the IRB guidelines for participation in
the study.

2.2. Study Design

The study consisted of two visits to the WHNRC approximately two weeks apart. In
the first visit, the participant’s sex-age-BMI bin was confirmed, and they were trained to
collect bio-samples and to complete a diet recall using the Automated Self-Administered
24-h Dietary Assessment Recall System (ASA24). Between visits, participants were ran-
domly prompted to complete two weekday and one weekend ASA24 diet recalls (ASA24,
versions 2014 and 2016) to capture recent dietary intake. The evening prior to their second
visit, participants consumed a standardized meal provided by the study and completed
a 12-h overnight fast. The food composition of the standardized meal is provided in Sup-
plemental Table S1 and the nutrient composition in Supplemental Table S2. The meal
contained 280.7 mg of choline and 2.4 mg of betaine. Participants were instructed to collect
a stool sample using provided collection supplies as close to their second visit as possible.
Stool samples were kept on ice packs and processed the day of transport. Notable to the
present study, upon the participant’s second visit, a fasted blood draw was collected, and
endothelial and arterial health was measured using the EndoPAT system following the
manufacturer’s instructions (Itamar Medical, Caesarea, Israel).

2.3. Dietary Assessment

The ASA24 recalls were rigorously quality checked by a registered dietitian following
National Cancer Institute (NCI) guidelines and only participants with at least two recalls
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were included [23,24]. The recalls of each participant were averaged to represent average
daily food intake. Due to individuals eating foods which contain nutrients, and due to
the relevance of fish, meat, and eggs to the TMAO pathway, we focused our study on
ASA24 variables that represent the total intake of food groups. Variables were assessed for
compliance to the normal distribution by the Shapiro–Wilk test W-statistic. Variables were
considered normal if their W-statistic was greater than 0.95. Variables with a W-statistic
less than 0.95 were first tested via natural log transformation and then square root. Food
groups with low consumption including seafood, soy, and yogurt were turned into binary
“does consume” or “does not consume”. Organ-meat food categories were ubiquitously
non-consumed and were removed. We also included three miscellaneous diet markers
including the Healthy Eating Index (HEI) total score, total choline intake, and total fiber
intake. The HEI is a measure of diet quality related to the Dietary Guidelines for Americans
and was calculated following the guidelines of the NCI [25]. Total choline and total fiber
are variables provided by the ASA24.

2.4. Quantification of TMAO and Select Amines

TMAO, choline, carnitine, and betaine were measured in plasma from 361 fasted
participants using liquid chromatography-high resolution mass spectrometry (LCMS)
using a method adapted from Wang and colleagues [4]. Briefly, 20 µL of plasma was
extracted and added to 80 µL of 10 µM surrogate standard consisting of deuterated analytes
in 1:1 acetonitrile:water (Sigma-Aldric, St. Louis, MO, USA). Samples were vortexed for
30 s and centrifuged at 18,000 g for 10 min at 4 ◦C. Standards ranging from 0 to 100 µM
of non-deuterated analytes in 1:1 acetonitrile:water in methanol were used to establish a
standard curve. Quantification of TMAO was performed by LCMS using a silica column
(4.6 by 250 mm, 5 µm Luna silica; Cat. No. 00G-4274-E0, Phenomenex, Torrance, CA, USA)
at a flow rate of 0.8 mL/min using a Waters Acquity UPLC (Waters, Milford, MA, USA).
A discontinuous gradient of solvent A (0.1% propionic acid in water) and solvent B (0.1%
acetic acid in methanol) beginning at 2% B linearly to 15% B over 10 min, then linearly
to 100% B over 2.5 min, held for 3 min, and returning to 2% B. Analytes were monitored
using electrospray ionization in positive-ion mode with multiple reaction monitoring of
precursor and characteristic production transitions. Precision and accuracy were assessed
by employing triplicates of two different human plasma sample controls in each batch of
approximately 45 samples. Analyst software (Sciex, version 1.6.2, Redwood City, CA, USA)
was used for the integration and quantification of the analytes.

2.5. Clinical Chemistry

Clinical chemistry was measured on the COBAS INTEGRA 400 Plus analyzer (Roche
Diagnostic Systems, Basel, Switzerland) following the manufacturer’s instructions. Human
blood was processed to plasma upon collection and was stored at −80 ◦C until analysis.

2.6. Inflammatory Markers

Fasting concentrations of the inflammatory markers tumor necrosis factor alpha
(TNF-α), interleukin 6 (IL-6), and c-reactive protein (CRP) were assayed in EDTA plasma
using an electrochemiluminescence-based detection platform with multiplexed immunoas-
says using the V-PLEX system according to the manufacturers specifications (Mesoscale
Discovery, LLC). CRP was measured using the V-PLEX Vascular Injury Panel 1 with sam-
ples diluted 1:1000. TNF-α and IL-6 were measured using the V-PLEX Custom Human
Biomarker Proinflammatory Panel 1 with samples diluted 1:2. Three levels of lyophilized
controls were used on each plate to assess plate to plate variation and mean concentrations
of duplicate wells were used for analysis.

2.7. Microbiota Assessment

Detailed methodology of the stool sample collection, bacterial DNA extraction, and
gene sequence analysis has been published [26]. Briefly, samples were collected using
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provided sanitary collection supplies and stored on ice in a hard-sided cooler for transport
to the research center between 1 and 24 h. Samples were homogenized, rolled to a uniform
thickness, scored into 1 cm ribbons, and stored at −80 ◦F [26]. Bacterial DNA was isolated
using the ZymoBiomics kit (ZYMO Research, Irvine, CA, USA) from homogenized stool
samples collected within 3 days of the participant’s second visit. Samples were sent to
Dalhousie University for the library preparation and sequencing [27]. Prior to sequencing,
the 16S rRNA V4-V5 hypervariable region sequences were amplified and barcoded using
the universal (515F (Parada) and 926R (Quince)) primers [28,29]. Amplicons were verified
via gel electrophoresis, cleaned, multiplexed, and sequenced via the Illumina MiSeq using
2 × 300 bp paired-end v3 chemistry (Illumina, San Diego, CA, USA).

The 16S sequencing data were processed using Qiime2 (v2019.10) [30]. Sequences were
demultiplexed and trimmed using Cutadapt [31]. Sequence variants were identified using
DADA2 and classified by the Naive Bayes classifier using the GreenGenes database (v13_8)
at the threshold of 99% pairwise identity. The Qiime2 output was imported to RStudio
using the packages qiime2R (v0.99.12), phyloseq (v1.26.1), and vegan (v2.5-6). Sequences
were retained if they were present in 5% of samples. Shannon, Pielou’s evenness, and
observed OTUs were used to describe sample alpha diversity. Dissimilarity matrices were
calculated using the phyloseq distance function and multivariate homogeneity of variances
was tested using the PERMDISP2 method via the betadisper function. Analysis of variance
using distance matrices was tested via adonis2 with 999 permutations and controlled for
sex, age, and BMI. The ordinate function was employed to conduct principal coordinate
analysis. Differentially abundant microbes were identified using the log likelihood test
comparing the full and null models with the covariates sex, age, and BMI via DESeq2
(v1.32.0) [32].

2.8. Endothelial Function with EndoPAT

Endothelial function was assessed using the EndoPAT system following the manufac-
turer’s instructions. Prior to the evaluation, participants lay in a supine position for 15 min
and were instructed to remain still. The occlusion was performed on the non-dominant arm
and lasted 5 min at 200 mmHg followed by 5 min post-occlusion. The reactive hyperemia
index (RHI) and augmentation index (AI) were used to assess endothelial function and
arterial stiffness, respectively. AI is described in Table 1; however, the augmentation index
normalized to a heart rate of 75 beats per minute (AI75) was used in the linear regression
analysis to comply to parametric assumptions.

Table 1. Participant characteristics by TMAO tertile.

Tertile 1 Tertile 2 Tertile 3 p Padj

TMAO range (µM) 0.44–2.77 2.78–3.9 3.91–22.50
Descriptive n 121 120 120

Age (yr) 36.96 (13.43) 39.89 (13.28) 44.04 (13.93) <0.001 0.002
Sex (% Female) 66 (54.5) 58 (48.3) 65 (54.2) 0.557 1.0
Ethnicity (%) 0.001 0.016

Caucasian 67 (55.8) 71 (59.7) 82 (68.9)
Hispanic 9 (7.5) 21 (17.6) 19 (16.0)

African American 5 (4.2) 6 (5.0) 5 (4.2)
Asian 29 (24.2) 8 (6.7) 7 (5.9)

Multiple Ethnicities 7 (5.8) 10 (8.4) 4 (3.4)
Other 3 (2.5) 3 (2.5) 2 (1.7)

Anthropometrics BMI (kg/m2) 26.63 (4.71) 27.02 (4.70) 28.12 (5.19) 0.05 0.135
Waist Circumference (cm) 83.10 (13.12) 84.67 (12.00) 87.58 (12.74) 0.023 0.074

Endothelial Systolic BP (mmHg) 118.26 (10.92) 120.94 (10.39) 119.60 (11.78) 0.177 0.337
Diastolic BP (mmHg) 68.07 (9.69) 69.54 (8.61) 67.40 (8.47) 0.169 0.337

Reactive Hyperemia Index 2.21 (0.55) 2.26 (0.56) 2.21 (0.55) 0.768 0.768
Augmentation Index 0.55 (21.09) 5.08 (23.92) 3.45 (21.80) 0.302 0.419
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Table 1. Cont.

Tertile 1 Tertile 2 Tertile 3 p Padj

Plasma
Chemistry HDL (mg/dL) 56.72 (16.72) 55.36 (16.81) 53.48 (14.81) 0.295 0.419

LDL (mg/dL) 106.08 (29.42) 109.56 (31.22) 114.69 (33.20) 0.101 0.2131
Cholesterol (mg/dL) 172.11 (32.89) 174.84 (35.18) 178.10 (36.26) 0.41 0.487

Triglycerides (mg/dL) 91.99 (47.41) 99.76 (54.33) 99.33 (40.12) 0.364 0.461
Glucose (mg/dL) 92.33 (7.61) 95.27 (22.36) 96.52 (10.76) 0.084 0.199

Insulin (ρM) 56.92 (36.91) 59.34 (38.17) 73.08 (75.17) 0.04 0.1210
Inflammatory TNF-α (ρg/mL) 1.97 (0.74) 2.06 (0.82) 2.46 (0.89) <0.001 0.000

IL-6 (ρg/mL) 0.90 (1.94) 0.66 (0.60) 0.82 (0.57) 0.309 0.419
CRP (mg/dL) 0.35 (0.54) 0.38 (0.84) 0.44 (0.71) 0.583 0.651

TMAO Cystatin C (µM) 0.83 (0.12) 0.85 (0.16) 0.89 (0.13) 0.001 0.005
TMAO (µM) 2.05 (0.55) 3.35 (0.32) 6.18 (3.11) <0.001 0.000
Choline (µM) 8.82 (2.05) 9.15 (2.08) 9.65 (1.93) 0.006 0.024
Betaine (µM) 44.70 (16.69) 44.02 (15.73) 45.81 (18.64) 0.715 0.755

Carnitine (µM) 34.80 (8.91) 35.85 (8.44) 36.77 (8.20) 0.198 0.343

Differences in the mean were tested by ANOVA and corrected for multiple testing using the Benjamini and
Hochberg method. Values are mean (standard deviation) or mean (%).

2.9. Statistical Analysis

All analyses were completed in R Studio (v 4.1.0, Boston, MA, USA). All diet variables
and metabolic health parameters were assessed for compliance to the normal distribution
by the Shapiro–Wilk test. Variables with a W-statistic greater than 0.95 were considered
normal. Non-compliant variables were first tested by the natural log transformation and
then square root. The participants were ranked by their TMAO concentration and cut into
three equal number groups creating TMAO tertiles. Descriptive statistics were computed
by fasting plasma TMAO tertiles and evaluated by ANOVA and Tukey’s post-hoc test.
Statistics are represented as mean ± standard deviation unless otherwise noted. Multiple
linear regression was used to assess the relationships between plasma TMAO and dietary
food intake and metabolic health parameters. Covariates were identified if they had a
significant relationship with fasting plasma TMAO and were supported by the literature.
Of the sex, age, and BMI criteria used in recruitment, a significant sex by age interaction
was identified (p = 0.026) and used as a covariate (Supplemental Figure S2). In the diet
analysis, TMAO was the response variable, and the models were adjusted for a sex by age
interaction, fasting plasma cystatin C—a validated marker of kidney function, and total
energy intake. In the metabolic health analysis, TMAO acted as an explanatory variable
and the models were adjusted for sex, age, and fasting plasma cystatin C. Analyses were
corrected for multiple testing via the Benjamini and Hochberg method and significance
was set at Padj < 0.05.

3. Results
3.1. Participant Characteristics

Female (n = 189) and male (n = 172) participants were recruited across the spectra of
ages and BMIs and ranged in age from 18 to 66 years and in BMI from 18 to 44 kg/m2.
Descriptive characteristics of the participants by TMAO tertile is provided in Table 1 and
demonstrate that the cohort was generally healthy with parameters within acceptable
clinical ranges. The multi-ethnic cohort was mostly represented by Caucasians followed
by Hispanics and Asians (Table 1). Fasting TMAO concentrations were significantly lower
in Asians compared to Hispanics and Caucasians, but no significant effect of ethnicity
on TMAO concentrations was identified after correcting for a sex by age interaction and
fasting plasma cystatin C.

Fasting plasma TMAO concentrations ranged from 0.44 to 22.5 µM with a median of
3.32 µM. TMAO was broken into three tertiles; the low tertile had a mean of 2.05 ± 0.55
(range 0.44 to 2.77 µM), the middle tertile had a mean of 3.35 ± 0.32 (range 2.78 to 3.9 µM),
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and the high tertile had a mean of 6.18 ± 3.11 (range 3.91 to 22.5 µM). The tertiles were
equally represented by sex and BMI, but increased in age (p = 0.002). Fasting plasma
choline concentrations but not betaine nor carnitine significantly increased with TMAO
tertile (p = 0.024).

3.2. TMAO and Recent Food Intake

To understand how diet may be contributing to TMAO concentrations, we described
the recent intake of foods and assessed the relationship between foods, nutrients, and HEI
total score to fasting TMAO. The participants averaged 1.63 ± 2.08 oz. equivalents of red
meat from beef, veal, pork, lamb, or game, 0.93 ± 1.36 oz. equivalents of processed or
cured meat from frankfurters, sausages, corned beef, or luncheon meat, and 1.80 ± 2.34 oz.
equivalents of poultry per day. The average intake of eggs was 0.71 ± 0.72 oz. equivalents,
which represents less than one egg per day. For both females and males, the average intake
of choline from foods and supplements was below the adequate intake (choline adequate
intake, 425 mg/day in females and 550 mg/day in males) at 332.70 ± 121.72 mg for females
and 461.1 ± 207.90 mg for males.

Overall, the intake of foods did not differ by TMAO tertile (Supplemental Table S3).
This included the intake of foods abundant in choline and carnitine such as animal protein
foods, as well as vegetables and grains. The HEI total score, which is a measure of diet
quality related to the Dietary Guidelines for Americans was not different by tertile and
averaged 61.87 out of 100 (range 22.47 to 94.33, standard deviation 13.15). When the
relationship between food and TMAO was evaluated while controlling for covariates (sex,
age, fasting plasma cystatin C, and average total calorie intake), no significant relationships
were identified (Table 2).

Table 2. Relationships between fasting plasma TMAO and recent dietary intake.

β p Padj

Protein Non-processed Meat 0.035 0.300 0.703
Processed Meat 0.041 0.331 0.703

Poultry 0.025 0.458 0.734
Seafood High inω-3 −0.011 0.851 0.928
Seafood Low inω-3 0.090 0.116 0.629

Eggs 0.035 0.582 0.764
Nuts 0.002 0.967 0.969

Legumes 0.021 0.631 0.764
Total Protein Foods 0.076 0.168 0.629

Vegetables Dark Green Vegetables −0.126 0.060 0.629
Red and Orange Vegetables −0.088 0.360 0.703

Starchy Vegetables 0.047 0.526 0.764
Other Vegetables −0.066 0.369 0.703
Total Vegetables −0.080 0.210 0.629

Grains Whole Grains −0.011 0.147 0.922
Refined Grains −0.063 0.180 0.629

Total Grains −0.016 0.807 0.629
Dairy Milk 0.033 0.637 0.764

Cheese −0.051 0.410 0.703
Yogurt 0.047 0.386 0.703

Total Dairy −0.038 0.575 0.764
Miscellaneous Total Choline 0.111 0.208 0.629

Total Fiber −0.087 0.185 0.629
HEI Total Score <0.001 0.969 0.969

Foods were transformed to comply to the normal distribution and tested by multiple linear regression. Models
were controlled for sex*age, fasting plasma Cystatin C, and total energy intake. Multiple testing was corrected via
the Benjamini and Hochberg method. β represents the strength and direction of the relationship between fasting
plasma TMAO and the food variable.
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3.3. Fecal Microbiome Relates to TMAO

We identified 2786 amplicon sequence variants (ASVs) in the cohort, which were
represented by seven phyla and 52 genera (Supplemental Table S4). Regardless of the
participant’s TMAO-tertile, Firmicutes and Bacteroides were the dominant phyla and
Lachnospiraceae, Ruminococcaceae, and Bacteroidaceae were the most abundant family
(Figure 1A and Supplemental Table S5). Similarly, the two most abundant genera, Blautia
and Faecalibacterium, were not impacted by TMAO classification. In the highest TMAO-
tertile, Ruminococcus was the third most abundant genus, whereas Bacteroides held this
position in the low and middle TMAO-tertiles (Supplemental Table S6). This finding
was corroborated by the differential abundance analysis which identified that the low-
est TMAO-tertile was enriched with the genera Roseburia, Butyrivibrio, Coprobacillus, and
Catenibacterium compared to the highest tertile (Figure 1B and Supplemental Table S7).
When the cohort was bisected by the median TMAO level of 3.32 µM, Coprobacillus and
Roseburia remained more abundant in the low group. At the family level, participants
in the highest tertile had elevated levels of Christensenellaceae, while participants in the
lowest tertile had increased levels of Bacteroidaceae and Peptostreptococcaceae (Supplemental
Figure S3 and Table S7), The Firmicutes to Bacteroidetes ratio increased from 3.48 to 4.43 to
4.76 per tertile.

Figure 1. Fecal microbiome relates to fasting plasma TMAO in a generally healthy cohort. (A) Relative
abundance of the top 10 most abundant families by TMAO tertile. (B) Genera that are differentially
abundant between the low (TMAO 0.44–2.77 µM) and high TMAO tertile (TMAO > 3.91 µM). Graph
is relative to the low group such that points to the right of 0 are more abundant in the low tertile.
(C) Alpha diversity is directly related to fasting plasma TMAO (Shannon diversity, β = 0.17, p < 0.001).
Point colors represent age bin and shape represents BMI bin. (D) Compositional differences are
identified between individuals with TMAO less than and greater than 3.32 µM (Unweighted UniFrac,
p = 0.001).

Across measures of richness and/or evenness, alpha diversity was consistently as-
sociated with increased TMAO (Figure 1C). Assessed metrics include Shannon diversity
(β = 0.17, p < 0.001), Faith’s phylogenetic diversity (β = 0.065, p < 0.001), Pielou’s evenness
(β = 1.17, p = 0.01), and observed OTUs (β = 0.003, p < 0.001), suggesting the differences
were due to which taxonomies were present and how many. Differences in the cohort’s
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overall composition were identified; unweighted UniFrac (p = 0.001), and Bray Curtis statis-
tics (p = 0.017) were significantly different in participants with TMAO less than 3.32 µM
versus participants with TMAO above that level (Figure 1D). Weighted UniFrac did not
achieve statistical significance (p = 0.061).

3.4. Cardiometabolic Markers and TMAO

We assessed the relationship between fasting plasma TMAO and cardiometabolic
risk factors including anthropometric, clinical chemistry, and systemic inflammation mark-
ers. TMAO was not related to BMI nor waist circumference (Table 3). Although TMAO
has been mechanistically linked with atherosclerosis, we were unable to identify a rela-
tionship between fasting plasma TMAO concentrations and endothelial function by En-
doPAT. Specifically, the reactive hyperemia index (RHI) showed no relationship to TMAO
(β = −0.007, Padj = 0.963), nor was the augmentation index (AI) associated with circulating
concentrations of fasting TMAO (β = −1.2, Padj = 0.630). Additionally, the classical blood
cardiometabolic risk factor of glucose, insulin, or lipid levels were not associated with
TMAO (Table 3).

Table 3. Relationships between cardiometabolic risk factors and fasting plasma TMAO.

β p Padj

TMAO Betaine (µM) −1.376 0.422 0.630
Carnitine (µM) 1.444 0.081 0.331
Choline (µM) 0.234 0.249 0.543

Anthropometrics Waist circumference (cm) 1.965 0.117 0.331
BMI (kg/m2) 0.829 0.100 0.331

Endothelial Systolic BP (mmHg) −0.233 0.838 0.950
Diastolic BP (mmHg) −1.756 0.054 0.305

Reactive Hyperemia Index −0.007 0.906 0.963
Augmentation Index 75 −1.200 0.481 0.630

Clinical Chemistry HDL (mg/dL) −1.683 0.287 0.543
LDL (mg/dL) 2.225 0.467 0.630

Cholesterol (mg/dL) −0.039 0.991 0.991
Glucose (mg/dL) 0.022 0.052 0.305
Insulin (mg/dL) 0.069 0.272 0.517

Triglycerides (mg/dL) 0.010 0.825 0.950
Inflammatory CRP (mg/dL) 0.129 0.326 0.554

TNF-α (ρg/mL) 0.112 0.001 0.024
IL-6 (ρg/mL) 0.072 0.283 0.543

Risk factor variables were transformed to comply to the normal distribution and tested by multiple linear
regression. Models were controlled for sex, age, and fasting plasma cystatin C. Multiple testing was corrected via
the Benjamini and Hochberg method. β represents the strength and direction of the relationship between fasting
plasma TMAO and the cardiometabolic risk factor.

TMAO was significantly correlated with TNF-α levels (β = 0.11, Padj = 0.024). We
investigated whether the relationship between TMAO and TNF-α was driven by the
gut microbiome; however, when the four differentially abundant taxa were included
as covariates the relationship was unaffected (β = 0.11, Padj = 0.048). Furthermore, no
relationships between the differentially abundant taxa and TNF-αwere identified. Other
markers of systemic inflammation, interleukin-6 (IL-6) and c-reactive protein (CRP) were
not related to TMAO.

4. Discussion

TMAO has been associated with cardiovascular disease (CVD) in several studies, but
studies of younger and generally healthy individuals have not always confirmed this asso-
ciation [4,5,33,34]. For example, TMAO was not associated with atherosclerosis measures
in healthy early-middle-aged adults enrolled in the Coronary Artery Risk Development
in Young Adults (CARDIA) study [34]. Furthermore, in a cohort of parents and children,
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TMAO was not related to metabolic syndrome nor markers of cardiovascular risk in either
generation [35]. Thus, determining the relationships between TMAO and risk factors of
CVD remain an important area of research prior to adopting dietary modifications to reduce
TMAO concentrations. We sought to address this gap and to assess the drivers of TMAO
variation by studying diet, the fecal microbiome, and cardiometabolic markers—known
cornerstones of the TMAO pathway, in a generally healthy cohort of adults.

Plasma TMAO is primarily derived from the microbial metabolism of choline, phos-
phatidylcholine, and carnitine which are abundant in red and white meat, and eggs and
are commonly consumed in the typical American diet. Feeding studies demonstrate that
consuming foods abundant in the TMAO precursors will lead to a transient post-prandial
rise in TMAO concentrations, but studies assessing fasting TMAO concentrations report
mixed results [3,11,36,37]. To account for the intake of TMAO precursors as well as other
dietary factors that may influence TMAO production, we assessed the relationship between
recent dietary intake of animal-sourced foods, as well as vegetable, fruit, grain, and dairy
food groups. We found no dietary associations between recent food intake and fasting
metabolite concentrations in our healthy cohort. Although we did not observe a rela-
tionship between TMAO and meat intake, the cohort’s average intake of meat resembled
national averages suggesting this was not due to reduced intake. For example, our cohort
averaged 5.30 ± 4.18 oz. equivalent per day of animal sourced foods defined as the total
of red and white meat, organ meat, seafood, and eggs, (males, 5.56 ± 4.96 oz. equivalent;
females, 3.48 ± 2.85 oz. equivalent) compared to 2009–2010 What We Eat in America results
showing males averaged 6.28 ± 0.13 oz. equivalent and females averaged 3.79 ± 0.099 oz.
equivalent [38]. Considering habitual diet, the average HEI score for our cohort was 62
(0–100 point scale, higher scores reflect compliance to the Dietary Guidelines for Americans)
compared to national averages of 56 for adults 19–30 years and 59 for adults 31–59 years
(Supplemental Table S3) [39]. While consumption of meat was comparable to national
averages, overall diet quality was more aligned to the Dietary Guidelines. This may have
been driven by intakes of food groups such as whole grains, fruits, and vegetables, which
may reduce TMAO concentrations. As such, it is possible that other dietary factors includ-
ing the food matrix, or the timing of the meal play critical roles in the ability to generate
TMAO from dietary constituents. Dietary patterns may shape the gut microbiome and
TMAO concentrations, but we were unable to discern interpretable diet factors (dietary
factor analysis data not shown). Overall, our findings support that recent food intake is not
associated with TMAO concentrations in generally healthy individuals.

The gut microbiome plays an indispensable role in the metabolism of choline and
carnitine to TMAO [4,5]. Therefore, we hypothesized that compositional differences would
be identified between individuals with varying concentrations of TMAO. Measures of
evenness and richness consistently revealed a direct relationship between α-diversity and
TMAO. Alpha-diversity is commonly associated with healthy biological states making the
direct relationship puzzling; however, accounts of TMAO concentrations increasing on
healthy diets have been observed [40]. Further, fiber introduces complex oligosaccharides
to support a diverse gut microbiome, yet total fiber intake did not differ between the TMAO
tertiles suggesting other factors may drive the observed α-diversity relationship.

When subjects were classified as high or low responders of TMAO concentrations
(i.e., below or above the median of 3.32 µM), compositional differences were identified.
Additionally, we identified several differentially abundant taxonomies between the lowest
(<2.18 µM) and highest TMAO tertile (>3.9 µM). The genus Butyrivibrio (Phylum Firmicutes,
class Clostridia, order Clostridiales) is involved in butyrate production via the breakdown
of plant polysaccharides and was more abundant in the low TMAO tertile. Although
total fiber was not statistically different between the tertiles, diets of individuals in the
first tertile may have been enriched in specific plant foods that promoted Butyrivibrio [41].
Roseburia (Phylum Firmicutes, class Clostridia, order Lachnospiraceae) is also a butyrate
producer and was enriched in participants in the lowest tertile. In numerous strains
of mice, Roseburia was negatively associated with atherosclerotic plaque size. Follow
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up fecal transfer experiments providing a core community with or without the strain
Roseburia intestinalis demonstrated that mice given Roseburia had reduced levels of TNF-α
and vascular cell adhesion molecule 1 [42]. Of the differentially abundant taxa, only the
family Christensenellaceae (Phylum Firmicutes, class Clostridia, order Clostridiales) was
more abundant in the highest tertile. Christensenellaceae has been reported to be highly
heritable and widely associated with positive health states such as reduced adiposity [43].
Interestingly, Christensenellaceae had a strong inverse relationship to BMI (β = −3.8,
p = 0.015); TMAO was not related to BMI (β = 0.829, Padj = 0.331). Relative to TMAO, we
identified a stepwise increase in the Firmicute to Bacteroidetes ratio, a simplified marker
generally associated with positive health states. We note that our resolution is limited to
the genus level and that species within a genus may have different physiological effects.

Prospective cohort studies demonstrate that individuals with high baseline TMAO
concentrations experience increased incidences of adverse cardiovascular events including
heart attack and stroke [44]. Mechanistically, TMAO has been shown to increase platelet re-
activity and thrombosis and has been linked to many inflammatory pathways including the
NF-κβ cascade and increased expression of inflammatory cytokines and chemokines [45].
TNF-α is important in the activation of NF-κβ, which has been mechanistically linked with
TMAO in mice, human aortic endothelial cells, and vascular smooth muscle cells. Addi-
tionally, TMAO may be linked to dysregulated glucose metabolism and altered cholesterol
transport [46–49]. We assessed the relationship between TMAO and cardiometabolic mark-
ers in a healthy population and identified that TMAO was strongly associated with tumor
necrosis factor-alpha (TNF-α). This observation replicates the finding of Rohrmann et al.,
who observed few relationships between diet and fasting TMAO but did observe a rela-
tionship between TMAO and inflammation [37]. Extending this finding, the significant
relationship was unaffected when the abundances of the differentially abundant taxa were
included as covariates suggesting that the inflammatory association was independent of the
components of the gut microbiome related to TMAO. We tested whether we would be able
to detect associations between TMAO and CVD risk factors within the clinically healthy
range. We did not find associations between TMAO and the risk factors; however, CVD
is an inflammatory disease that takes decades to develop, therefore, our TNF-α finding
warrants further investigation.

Many reports including our own demonstrate that TMAO concentrations increase with
age. Many CVD risk factors, and metabolic diseases increase with age making it difficult
to ascertain the effect of age. Our study overcame this common limitation by including
an equal stratification of young, middle, and older adults. Therefore, our observation
that TMAO increases with age but is not related to cardiometabolic risk suggests that the
effects of elevated TMAO may be difficult to detect in healthy populations or in early
stages of cardiometabolic disease. Categorizing participants by quartiles or tertiles is
commonplace in the epidemiological TMAO literature and adverse CVD outcomes are
frequently reported in the highest group whose TMAO concentrations are above 5.67 [50],
6.18 [16], or 9.26 [51] µM. The fasting values observed in our cohort were much lower
such that the median concentration was 3.32 µM and the threshold for the highest TMAO-
tertile was 3.91 µM with a mean of 6.18 µM. Potentially, elevated TMAO concentrations
coupled with an underlying cardiometabolic disease (e.g., obesity, systemic inflammation,
decreased kidney function, gut microbiome dysbiosis) may dictate the physiological effect
of TMAO. Furthermore, our finding that TMAO increases with age in females, but not males,
supports the epidemiological observation that cardiovascular risk increases in females after
menopause [52,53]. The FMO3 gene has an estrogen response element in its promoter and
may influence this finding [49,54]. Future work should investigate the effects of common
FMO3 single nucleotide polymorphisms in the context of pre- and post-menopause, TMAO,
and CVD risk.

Our study has several limitations. Due to the study’s cross-sectional nature, we were
limited to describing associations amongst the diet, microbiome, CVD risk factors, and
fasting plasma TMAO. Future studies should consider a prospective design, which allow
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the researcher to investigate TMAO’s role in the progression from health to disease. Our
study used strict exclusion criteria to enroll generally healthy individuals. However, we
were unable to confirm normal blood parameters prior to enrollment, which resulted in a
small number of participants with undiagnosed hyperglycemia and/or hyperlipidemia.
Additionally, our food analysis was confined by the food groups categorized by the ASA24.
For example, when investigating the effect of non-processed meat (defined by the ASA24
as “total of beef, veal, pork, lamb, and game meat; excludes organ meat and cured meat”),
we were unable to parse the intake of one food source from the other non-processed meats.
Carnitine intake is a TMAO precursor, but the nutrient has not been well characterized in
foods and is not quantified by the ASA24. Furthermore, by utilizing 16s rRNA microbial
sequencing, we were unable to look at the strain phylogenetic level nor were we able to
draw conclusions regarding the presence of TMA generating genes.

5. Conclusions

Determining whether TMAO is a biomarker of concern in generally healthy individ-
uals is an important step to discerning the clinical importance of the metabolite and to
informing dietary guidelines. We report that diet components were not related to fasting
plasma TMAO, that the gut microbiome has a discernable impact on TMAO, and that
TMAO was not related to CVD risk factors, but was related to TNF-α in our metabolically
healthy cohort of male and female adults of mixed age and BMI.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nu14071376/s1: Figure S1, Flow diagram of the participants
in the study; Figure S2, Line plot demonstrating the sex by age interaction with respect to fasting
plasma TMAO concentrations; Figure S3, Differential abundance results at the family and genus level;
Table S1, Composition of standard evening meal; Table S2, Select nutrient profile of standardized
evening meal; Table S3, Intake of foods by TMAO tertile; Table S4, Complete taxonomy table of the
ASVs identified in the cohort; Table S5, Top ten abundant family by TMAO tertile; Table S6, Top ten
abundant genera by TMAO tertile; and Table S7, Differential abundance results at the family and
genus level.

Author Contributions: Conceptualization, K.L.J. and B.J.B.; data curation, K.L.J., E.C., E.L.B. and
M.E.K.; formal analysis, K.L.J.; funding acquisition C.B.S. and B.J.B.; investigation, K.L.J. and E.R.G.;
project administration C.B.S., B.J.B., E.C. and E.L.B.; visualization, K.L.J.; writing—original draft,
K.L.J.; writing—review and editing, K.L.J., B.J.B., M.E.K. and C.B.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded in part by the Beef Checkoff (58-2032-8-035), the USDA, Agricul-
tural Research Service (2032-51530-025-00D), and the National Institute of Health (RO1HL148110).

Institutional Review Board Statement: Ethical approval for the study was received from the Uni-
versity of California, Davis, Institutional Review Board (691654) and written informed consent was
obtained in compliance with the IRB guidelines for participation in the study.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Requests for data from the USDA-ARS WHNRC Nutritional Phe-
notyping Study used in this analysis should be made via an email to the senior WHNRC au-
thor on the publication of interest. Requests will be reviewed quarterly by a committee consist-
ing of the study investigators. Scripts used in statistical analysis are available at GitHub (https:
//github.com/bytesizesci/FL100_TMAO, accessed on 1 February 2022).

Acknowledgments: The authors would like to acknowledge the work of several individuals who
significantly contributed to parts of the study. The Nutritional Phenotyping Study Coordination team
including Yasmine Bouzid and Lacey Baldiviez; the ASA24 Quality Control team including Joanne
Arsenault, Yasmine Bouzid, Diane Han, and Annie Kan; the Blood Processing team including Joe
Domek, Leslie Woodhouse, Debra Standridge, and Connor Osato; the Microbiome team including
David Storms; the Inflammatory Markers team including Tammy Freytag, Xiaowen Jiang, Niknaz

https://www.mdpi.com/article/10.3390/nu14071376/s1
https://www.mdpi.com/article/10.3390/nu14071376/s1
https://github.com/bytesizesci/FL100_TMAO
https://github.com/bytesizesci/FL100_TMAO


Nutrients 2022, 14, 1376 13 of 15

Riazati, and Yuriko Adkins; and the Metabolic Kitchen and Human Feeding Lab led by Dustin
Burnett. The graphical abstract was created using BioRender.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Center for Disease Control and Prevention. Heart Disease and Stroke. 2020. Available online: https://www.cdc.gov/

chronicdisease/pdf/factsheets/Heart-Disease-Stroke-factsheet-H.pdf (accessed on 8 December 2021).
2. The Top 10 Causes of Death. 2020. Available online: https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-

death (accessed on 8 December 2021).
3. Cho, C.E.; Taesuwan, S.; Malysheva, O.V.; Bender, E.; Tulchinsky, N.F.; Yan, J.; Sutter, J.L.; Caudill, M.A. Trimethylamine-N-oxide

(TMAO) response to animal source foods varies among healthy young men and is influenced by their gut microbiota composition:
A randomized controlled trial. Mol. Nutr. Food Res. 2017, 61, 1600324. [CrossRef] [PubMed]

4. Wang, Z.; Klipfell, E.; Bennett, B.J.; Koeth, R.; Levison, B.S.; DuGar, B.; Feldstein, A.E.; Britt, E.B.; Fu, X.; Chung, Y.-M.; et al. Gut
flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature 2011, 472, 57–63. [CrossRef]

5. Koeth, R.A.; Wang, Z.; Levison, B.S.; Buffa, J.A.; Org, E.; Sheehy, B.T.; Britt, E.B.; Fu, X.; Wu, Y.; Li, L.; et al. Intestinal microbiota
metabolism of l-carnitine, a nutrient in red meat, promotes atherosclerosis. Nat. Med. 2013, 19, 576–585. [CrossRef]

6. Ge, X.; Zheng, L.; Zhuang, R.; Yu, P.; Xu, Z.; Liu, G.; Xi, X.; Zhou, X.; Fan, H. The Gut Microbial Metabolite Trimethylamine
N-Oxide and Hypertension Risk: A Systematic Review and Dose–Response Meta-analysis. Adv. Nutr. 2020, 11, 66–76. [CrossRef]
[PubMed]

7. Schiattarella, G.G.; Zheng, L.; Zhuang, R.; Yu, P.; Xu, Z.; Liu, G.; Xi, X.; Zhou, X.; Fan, H. Gut microbe-generated metabolite
trimethylamine-N-oxide as cardiovascular risk biomarker: A systematic review and dose-response meta-analysis. Eur. Heart J.
2017, 38, 2948–2956. [CrossRef] [PubMed]

8. Kühn, T.; Rohrmann, S.; Sookthai, D.; Johnson, T.; Katzke, V.; Kaaks, R.; von Eckardstein, A.; Müller, D. Intra-individual variation
of plasma trimethylamine-N-oxide (TMAO), betaine and choline over 1 year. Clin. Chem. Lab. Med. CCLM 2017, 55. [CrossRef]
[PubMed]

9. McEntyre, C.J.; Lever, M.; Chambers, S.T.; George, P.M.; Slow, S.; Elmslie, J.L.; Florkowski, C.M.; Lunt, H.; Krebs, J.D. Variation of
betaine, N,N-dimethylglycine, choline, glycerophosphorylcholine, taurine and trimethylamine-N-oxide in the plasma and urine
of overweight people with type 2 diabetes over a two-year period. Ann. Clin. Biochem. 2015, 52, 352–360. [CrossRef] [PubMed]

10. Wang, Z.; Bergeron, N.; Levison, B.S.; Li, X.S.; Chiu, S.; Jia, X.; Koeth, R.A.; Li, L.; Wu, Y.; Tang, W.H.W.; et al. Impact of chronic
dietary red meat, white meat, or non-meat protein on trimethylamine N-oxide metabolism and renal excretion in healthy men
and women. Eur. Heart J. 2019, 40, 583–594. [CrossRef] [PubMed]

11. Miller, C.A.; Corbin, K.D.; da Costa, K.-A.; Zhang, S.; Zhao, X.; Galanko, J.A.; Blevins, T.; Bennett, B.J.; O’Connor, A.; Zeisel, S.H.
Effect of egg ingestion on trimethylamine-N-oxide production in humans: A randomized, controlled, dose-response study1234.
Am. J. Clin. Nutr. 2014, 100, 778–786. [CrossRef]

12. Zhu, C.; Sawrey-Kubicek, L.; Bardagjy, A.S.; Houts, H.; Tang, X.; Sacchi, R.; Randolph, J.M.; Steinberg, F.M.; Zivkovic, A.M.
Whole egg consumption increases plasma choline and betaine without affecting TMAO levels or gut microbiome in overweight
postmenopausal women. Nutr. Res. 2020, 78, 36–41. [CrossRef] [PubMed]

13. Missimer, A.; Fernandez, M.L.; DiMarco, D.M.; Norris, G.H.; Blesso, C.N.; Murillo, A.G.; Vergara-Jimenez, M.; Lemos, B.S.;
Medina-Vera, I.; Malysheva, O.V.; et al. Compared to an Oatmeal Breakfast, Two Eggs/Day Increased Plasma Carotenoids and
Choline without Increasing Trimethyl Amine N -Oxide Concentrations. J. Am. Coll. Nutr. 2018, 37, 140–148. [CrossRef]

14. Bergeron, N.; Williams, P.T.; Lamendella, R.; Faghihnia, N.; Grube, A.; Li, X.; Wang, Z.; Knight, R.; Jansson, J.K.; Hazen, S.L.; et al.
Diets high in resistant starch increase plasma levels of trimethylamine-N-oxide, a gut microbiome metabolite associated with
CVD risk. Br. J. Nutr. 2016, 116, 2020–2029. [CrossRef]

15. Krishnan, S.; O’Connor, L.E.; Wang, Y.; Gertz, E.R.; Campbell, W.W.; Bennett, B.J. Adopting a Mediterranean-style eating pattern
with low, but not moderate, unprocessed, lean red meat intake reduces fasting serum trimethylamine N-oxide (TMAO) in adults
who are overweight or obese. Br. J. Nutr. 2021, 2021, 1–21. [CrossRef] [PubMed]

16. Tang, W.H.W.; Wang, Z.; Levison, B.S.; Koeth, R.A.; Britt, E.B.; Fu, X.; Wu, Y.; Hazen, S.L. Intestinal Microbial Metabolism of
Phosphatidylcholine and Cardiovascular Risk. N. Engl. J. Med. 2013, 368, 1575–1584. [CrossRef] [PubMed]

17. Rath, S.; Heidrich, B.; Pieper, D.H.; Vital, M. Uncovering the trimethylamine-producing bacteria of the human gut microbiota.
Microbiome 2017, 5, 54. [CrossRef] [PubMed]

18. Craciun, S.; Balskus, E.P. Microbial conversion of choline to trimethylamine requires a glycyl radical enzyme. Proc. Natl. Acad. Sci.
USA 2012, 109, 21307–21312. [CrossRef] [PubMed]

19. Zhu, Y.; Jameson, E.; Crosatti, M.; Schafer, H.; Rajakumar, K.; Bugg, T.D.H.; Chen, Y. Carnitine metabolism to trimethylamine by
an unusual Rieske-type oxygenase from human microbiota. Proc. Natl. Acad. Sci. USA 2014, 111, 4268–4273. [CrossRef] [PubMed]

https://www.cdc.gov/chronicdisease/pdf/factsheets/Heart-Disease-Stroke-factsheet-H.pdf
https://www.cdc.gov/chronicdisease/pdf/factsheets/Heart-Disease-Stroke-factsheet-H.pdf
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://doi.org/10.1002/mnfr.201600324
http://www.ncbi.nlm.nih.gov/pubmed/27377678
http://doi.org/10.1038/nature09922
http://doi.org/10.1038/nm.3145
http://doi.org/10.1093/advances/nmz064
http://www.ncbi.nlm.nih.gov/pubmed/31269204
http://doi.org/10.1093/eurheartj/ehx342
http://www.ncbi.nlm.nih.gov/pubmed/29020409
http://doi.org/10.1515/cclm-2016-0374
http://www.ncbi.nlm.nih.gov/pubmed/27447240
http://doi.org/10.1177/0004563214545346
http://www.ncbi.nlm.nih.gov/pubmed/25013088
http://doi.org/10.1093/eurheartj/ehy799
http://www.ncbi.nlm.nih.gov/pubmed/30535398
http://doi.org/10.3945/ajcn.114.087692
http://doi.org/10.1016/j.nutres.2020.04.002
http://www.ncbi.nlm.nih.gov/pubmed/32464420
http://doi.org/10.1080/07315724.2017.1365026
http://doi.org/10.1017/S0007114516004165
http://doi.org/10.1017/S0007114521004694
http://www.ncbi.nlm.nih.gov/pubmed/34823615
http://doi.org/10.1056/NEJMoa1109400
http://www.ncbi.nlm.nih.gov/pubmed/23614584
http://doi.org/10.1186/s40168-017-0271-9
http://www.ncbi.nlm.nih.gov/pubmed/28506279
http://doi.org/10.1073/pnas.1215689109
http://www.ncbi.nlm.nih.gov/pubmed/23151509
http://doi.org/10.1073/pnas.1316569111
http://www.ncbi.nlm.nih.gov/pubmed/24591617


Nutrients 2022, 14, 1376 14 of 15

20. Koeth, R.A.; Levison, B.S.; Culley, M.K.; Buffa, J.A.; Wang, Z.; Gregory, J.C.; Org, E.; Wu, Y.; Li, L.; Smith, J.D.; et al. γ–
Butyrobetaine is a pro-atherogenic intermediate in gut microbial metabolism of L-carnitine to TMAO. Cell Metab. 2014, 20,
799–812. [CrossRef] [PubMed]

21. Ferrell, M.; Bazeley, P.; Wang, Z.; Levison, B.S.; Li, X.S.; Jia, X.; Krauss, R.M.; Knight, R.; Lusis, A.J.; Garcia-Garcia, J.C.; et al. Fecal
Microbiome Composition Does Not Predict Diet-Induced TMAO Production in Healthy Adults. J. Am. Heart Assoc. Cardiovasc.
Cerebrovasc. Dis. 2021, 10, e021934. [CrossRef]

22. Baldiviez, L.M.; Keim, N.L.; Laugero, K.D.; Hwang, D.H.; Huang, L.; Woodhouse, L.R.; Burnett, D.J.; Zerofsky, M.S.; Bonnel, E.L.;
Allen, L.H.; et al. Design and implementation of a cross-sectional nutritional phenotyping study in healthy US adults. BMC Nutr.
2017, 3, 79. [CrossRef] [PubMed]

23. National Cancer Institute. Reviewing & Cleaning ASA24 Data. 2021. Available online: https://epi.grants.cancer.gov/asa24/
resources/cleaning.html (accessed on 8 February 2022).

24. Bouzid, Y.Y.; Arsenault, J.E.; Bonnel, E.L.; Cervantes, E.; Kan, A.; Keim, N.L.; Lemay, D.G.; Stephensen, C.B. Effect of Manual Data
Cleaning on Nutrient Intakes Using the Automated Self-Administered 24-Hour Dietary Assessment Tool (ASA24). Curr. Dev.
Nutr. 2021, 5, nzab005. [CrossRef] [PubMed]

25. National Cancer Institute. Basic Steps in Calculating HEI Scores. 2021. Available online: https://epi.grants.cancer.gov/hei/
calculating-hei-scores.html (accessed on 8 February 2022).

26. Kable, M.E.; Chin, E.L.; Storms, D.; Lemay, D.G.; Stephensen, C.B. Tree-based Analysis of Dietary Diversity Captures Associations
between Fiber Intake and Gut Microbiota Composition in a Healthy U.S. Adult Cohort. J. Nutr. 2021, 152, 779–788. [CrossRef]
[PubMed]

27. Comeau, A.M.; Douglas, G.M.; Langille, M.G.I. Microbiome Helper: A Custom and Streamlined Workflow for Microbiome
Research. mSystems 2017, 2, e00127-16. [CrossRef]

28. Apprill, A.; McNally, S.; Parsons, R.; Weber, L. Minor revision to V4 region SSU rRNA 806R gene primer greatly increases
detection of SAR11 bacterioplankton. Aquat. Microb. Ecol. 2015, 75, 129–137. [CrossRef]

29. Quince, C.; Lanzen, A.; Davenport, R.J.; Turnbaugh, P.J. Removing Noise from Pyrosequenced Amplicons. BMC Bioinform. 2011,
12, 38. [CrossRef]

30. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852–857. [CrossRef]

31. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet 2011, 17, 3. [CrossRef]
32. Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome

Biol. 2014, 15, 550. [CrossRef] [PubMed]
33. Li, X.S.; Obeid, S.; Klingenberg, R.; Gencer, B.; Mach, F.; Räber, L.; Windecker, S.; Rodondi, N.; Nanchen, D.; Muller, O.; et al. Gut

microbiota-dependent trimethylamine N-oxide in acute coronary syndromes: A prognostic marker for incident cardiovascular
events beyond traditional risk factors. Eur. Heart J. 2017, 38, 814–824. [CrossRef] [PubMed]

34. Meyer, K.A.; Benton, T.Z.; Bennett, B.J.; Jacobs, D.R.; Lloyd-Jones, D.M.; Gross, M.D.; Carr, J.J.; Gordon-Larsen, P.; Zeisel,
S.H. Microbiota-Dependent Metabolite Trimethylamine N-Oxide and Coronary Artery Calcium in the Coronary Artery Risk
Development in Young Adults Study (CARDIA). J. Am. Heart Assoc. Cardiovasc. Cerebrovasc. Dis. 2016, 5, e003970. [CrossRef]
[PubMed]

35. Andraos, S.; Jones, B.; Lange, K.; Clifford, S.A.; Thorstensen, E.B.; Kerr, J.A.; Wake, M.; Saffery, R.; Burgner, D.P.; O’Sullivan, J.M.
Trimethylamine N-oxide (TMAO) Is not Associated with Cardiometabolic Phenotypes and Inflammatory Markers in Children
and Adults. Curr. Dev. Nutr. 2021, 5, nzaa179. [CrossRef] [PubMed]

36. Fu, B.C.; Hullar, M.A.J.; Randolph, T.W.; Franke, A.A.; Monroe, K.R.; Cheng, I.; Wilkens, L.R.; Shepherd, J.A.; Madeleine, M.M.;
Le Marchand, L.; et al. Associations of plasma trimethylamine N-oxide, choline, carnitine, and betaine with inflammatory and
cardiometabolic risk biomarkers and the fecal microbiome in the Multiethnic Cohort Adiposity Phenotype Study. Am. J. Clin.
Nutr. 2020, 111, 1226–1234. [CrossRef] [PubMed]

37. Rohrmann, S.; Linseisen, J.; Allenspach, M.; von Eckardstein, A.; Müller, D. Plasma Concentrations of Trimethylamine-N-oxide
Are Directly Associated with Dairy Food Consumption and Low-Grade Inflammation in a German Adult Population. J. Nutr.
2016, 146, 283–289. [CrossRef] [PubMed]

38. U.S. Department of Agriculture. Food Patterns Equivalents Intakes from Food: Mean Amounts Consumed per Individual by
Gender and Age, What We Eat in America, NHANES, 2009–2010. Available online: https://www.ars.usda.gov/ARSUserFiles/
80400530/pdf/fped/table_1_fped_gen_0910.pdf (accessed on 4 January 2022).

39. U.S. Department of Agriculture. Dietary Guidelines for Americans, 2020–2025; U.S. Department of Agriculture: Washington, DC,
USA, 2020.

40. Wu, W.-K.; Chen, C.-C.; Liu, P.-Y.; Panyod, S.; Liao, B.-Y.; Chen, P.-C.; Kao, H.-L.; Kuo, H.-C.; Kuo, C.-H.; Chiu, T.H.T.; et al.
Identification of TMAO-producer phenotype and host–diet–gut dysbiosis by carnitine challenge test in human and germ-free
mice. Gut 2019, 68, 1439–1449. [CrossRef]

41. Pidcock, S.E.; Skvortsov, T.; Santos, F.G.; Courtney, S.J.; Sui-Ting, K.; Creevey, C.J.; Huws, S.A. Phylogenetic systematics
of Butyrivibrio and Pseudobutyrivibrio genomes illustrate vast taxonomic diversity, open genomes and an abundance of
carbohydrate-active enzyme family isoforms. Microb. Genom. 2021, 7, 638. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cmet.2014.10.006
http://www.ncbi.nlm.nih.gov/pubmed/25440057
http://doi.org/10.1161/JAHA.121.021934
http://doi.org/10.1186/s40795-017-0197-4
http://www.ncbi.nlm.nih.gov/pubmed/32153856
https://epi.grants.cancer.gov/asa24/resources/cleaning.html
https://epi.grants.cancer.gov/asa24/resources/cleaning.html
http://doi.org/10.1093/cdn/nzab005
http://www.ncbi.nlm.nih.gov/pubmed/33763626
https://epi.grants.cancer.gov/hei/calculating-hei-scores.html
https://epi.grants.cancer.gov/hei/calculating-hei-scores.html
http://doi.org/10.1093/jn/nxab430
http://www.ncbi.nlm.nih.gov/pubmed/34958387
http://doi.org/10.1128/mSystems.00127-16
http://doi.org/10.3354/ame01753
http://doi.org/10.1186/1471-2105-12-38
http://doi.org/10.1038/s41587-019-0209-9
http://doi.org/10.14806/ej.17.1.200
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1093/eurheartj/ehw582
http://www.ncbi.nlm.nih.gov/pubmed/28077467
http://doi.org/10.1161/JAHA.116.003970
http://www.ncbi.nlm.nih.gov/pubmed/27792658
http://doi.org/10.1093/cdn/nzaa179
http://www.ncbi.nlm.nih.gov/pubmed/33501405
http://doi.org/10.1093/ajcn/nqaa015
http://www.ncbi.nlm.nih.gov/pubmed/32055828
http://doi.org/10.3945/jn.115.220103
http://www.ncbi.nlm.nih.gov/pubmed/26674761
https://www.ars.usda.gov/ARSUserFiles/80400530/pdf/fped/table_1_fped_gen_0910.pdf
https://www.ars.usda.gov/ARSUserFiles/80400530/pdf/fped/table_1_fped_gen_0910.pdf
http://doi.org/10.1136/gutjnl-2018-317155
http://doi.org/10.1099/mgen.0.000638
http://www.ncbi.nlm.nih.gov/pubmed/34605764


Nutrients 2022, 14, 1376 15 of 15

42. Kasahara, K.; Krautkramer, K.A.; Org, E.; Romano, K.A.; Kerby, R.L.; Vivas, E.I.; Mehrabian, M.; Denu, J.M.; Bäckhed, F.;
Lusis, A.J.; et al. Interactions between Roseburia intestinalis and diet modulate atherogenesis in a murine model. Nat. Microbiol.
2018, 3, 1461–1471. [CrossRef] [PubMed]

43. Waters, J.L.; Ley, R.E. The human gut bacteria Christensenellaceae are widespread, heritable, and associated with health. BMC
Biol. 2019, 17, 83. [CrossRef]

44. Tang, W.H.W.; Wang, Z.; Kennedy, D.J.; Wu, Y.; Buffa, J.A.; Agatisa-Boyle, B.; Li, X.S.; Levison, B.S.; Hazen, S.L. Gut Microbiota-
Dependent Trimethylamine N-Oxide (TMAO) Pathway Contributes to Both Development of Renal Insufficiency and Mortality
Risk in Chronic Kidney Disease. Circ. Res. 2015, 116, 448–455. [CrossRef]

45. Seldin, M.M.; Meng, Y.; Qi, H.; Zhu, W.; Wang, Z.; Hazen, S.L.; Lusis, A.J.; Shih, D.M. Trimethylamine N-Oxide Promotes Vascular
Inflammation Through Signaling of Mitogen-Activated Protein Kinase and Nuclear Factor-κB. J. Am. Heart Assoc. Cardiovasc.
Cerebrovasc. Dis. 2016, 5, e002767. [CrossRef] [PubMed]

46. Schugar, R.C.; Shih, D.M.; Warrier, M.; Helsley, R.N.; Burrows, A.; Ferguson, D.; Brown, A.L.; Gromovsky, A.D.; Heine, M.;
Chatterjee, A.; et al. The TMAO-Producing Enzyme Flavin-Containing Monooxygenase 3 (FMO3) Regulates Obesity and the
Beiging of White Adipose Tissue. Cell Rep. 2017, 19, 2451–2461. [CrossRef] [PubMed]

47. Chen, S.; Henderson, A.; Petriello, M.C.; Romano, K.A.; Gearing, M.; Miao, J.; Schell, M.; Sandoval-Espinola, W.J.; Tao, J.;
Sha, B.; et al. Trimethylamine N-Oxide Binds and Activates PERK to Promote Metabolic Dysfunction. Cell Metab. 2019, 30,
1141–1151. [CrossRef] [PubMed]

48. Svingen, G.F.T.; Schartum-Hansen, H.; Pedersen, E.R.; Ueland, P.M.; Tell, G.S.; Mellgren, G.; Njølstad, P.R.; Seifert, R.; Strand, E.;
Karlsson, T.; et al. Prospective Associations of Systemic and Urinary Choline Metabolites with Incident Type 2 Diabetes. Clin.
Chem. 2016, 62, 755–765. [CrossRef] [PubMed]

49. Bennett, B.J.; de Aguiar Vallim, T.Q.; Wang, Z.; Shih, D.M.; Meng, Y.; Gregory, J.; Allayee, H.; Lee, R.; Graham, M.; Crooke, R.; et al.
Trimethylamine-N-Oxide, a Metabolite Associated with Atherosclerosis, Exhibits Complex Genetic and Dietary Regulation. Cell
Metab. 2013, 17, 49–60. [CrossRef]

50. Tang, W.H.W.; Li, X.S.; Wu, Y.; Wang, Z.; Khaw, K.-T.; Wareham, N.J.; Nieuwdorp, M.; Boekholdt, S.M.; Hazen, S.L. Plasma
trimethylamine N-oxide (TMAO) levels predict future risk of coronary artery disease in apparently healthy individuals in the
EPIC-Norfolk prospective population study. Am. Heart J. 2021, 236, 80–86. [CrossRef]

51. Stubbs, J.R.; House, J.A.; Ocque, A.J.; Zhang, S.; Johnson, C.; Kimber, C.; Schmidt, K.; Gupta, A.; Wetmore, J.B.; Nolin, T.D.; et al.
Serum Trimethylamine-N-Oxide is Elevated in CKD and Correlates with Coronary Atherosclerosis Burden. J. Am. Soc. Nephrol.
2016, 27, 305–313. [CrossRef] [PubMed]

52. Vakhtangadze, T.; Tak, R.S.; Singh, U.; Baig, M.S.; Bezsonov, E. Gender Differences in Atherosclerotic Vascular Disease: From
Lipids to Clinical Outcomes. Front. Cardiovasc. Med. 2021, 8, 707889. [CrossRef] [PubMed]

53. Joakimsen, O.; Bønaa, K.H.; Stensland-Bugge, E.; Jacobsen, B.K. Age and Sex Differences in the Distribution and Ultrasound
Morphology of Carotid Atherosclerosis: The Tromsø Study. Arterioscler. Thromb. Vasc. Biol. 1999, 19, 3007–3013. [CrossRef]

54. Esposito, T.; Varriale, B.; D’Angelo, R.; Amato, A.; Sidoti, A. Regulation of flavin-containing mono-oxygenase (Fmo3) gene
expression by steroids in mice and humans. Horm. Mol. Biol. Clin. Investig. 2014, 20. [CrossRef]

http://doi.org/10.1038/s41564-018-0272-x
http://www.ncbi.nlm.nih.gov/pubmed/30397344
http://doi.org/10.1186/s12915-019-0699-4
http://doi.org/10.1161/CIRCRESAHA.116.305360
http://doi.org/10.1161/JAHA.115.002767
http://www.ncbi.nlm.nih.gov/pubmed/26903003
http://doi.org/10.1016/j.celrep.2017.05.077
http://www.ncbi.nlm.nih.gov/pubmed/28636934
http://doi.org/10.1016/j.cmet.2019.08.021
http://www.ncbi.nlm.nih.gov/pubmed/31543404
http://doi.org/10.1373/clinchem.2015.250761
http://www.ncbi.nlm.nih.gov/pubmed/26980210
http://doi.org/10.1016/j.cmet.2012.12.011
http://doi.org/10.1016/j.ahj.2021.01.020
http://doi.org/10.1681/ASN.2014111063
http://www.ncbi.nlm.nih.gov/pubmed/26229137
http://doi.org/10.3389/fcvm.2021.707889
http://www.ncbi.nlm.nih.gov/pubmed/34262956
http://doi.org/10.1161/01.ATV.19.12.3007
http://doi.org/10.1515/hmbci-2014-0012

	Introduction 
	Materials and Methods 
	Study Participants 
	Study Design 
	Dietary Assessment 
	Quantification of TMAO and Select Amines 
	Clinical Chemistry 
	Inflammatory Markers 
	Microbiota Assessment 
	Endothelial Function with EndoPAT 
	Statistical Analysis 

	Results 
	Participant Characteristics 
	TMAO and Recent Food Intake 
	Fecal Microbiome Relates to TMAO 
	Cardiometabolic Markers and TMAO 

	Discussion 
	Conclusions 
	References



