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Abstract

Purpose: Some species of fish and seafood are high in trimethylamine N-oxide (TMAQ),

which accumulates in muscle where it protects against pressure and cold. Trimethylamine (TMA),
the metabolic precursor to TMAO, is formed in fish during bacterial spoilage. Fish intake is
promoted for its potential cardioprotective effects. However, numerous studies show TMAO has
pro-atherothrombotic properties. Here, we determined the effects of fish or seafood consumption
on circulating TMAQO levels in participants with normal renal function.

Methods: TMAO and omega-3 fatty acid content were quantified across multiple different fish
or seafood species by mass spectrometry. Healthy volunteers (n=50) were recruited for three

*Address for correspondence: Stanley L. Hazen, MD PhD, 9500 Euclid Avenue, Mail Code NC10, Cleveland Clinic, Lerner
Research Institute, Cleveland, OH 44195., Phone: 216 445 9763 / Fax: 216 444 9404; hazens@ccf.org.

Current address: Department of Otolaryngology — Head & Neck Surgery, Indiana University School of Medicine, Indianapolis, IN
46202, USA
Tcurrent address: Laboratory Corporation of America Holdings (Labcorp), Morrisville, NC 27560, USA

Author contributions
ZW, TO, EG, and EJJ collected data. ZW, TO, EG, EJJ, XSL, and XJ performed data analysis. ZW, WHWT, TLW, and SLH wrote the
manuscript, and all authors provided critical input to the manuscript. SLH provided supervision.

Conflicts of interest

Drs Hazen and Wang report being named as co-inventors on pending and issued patents held by the Cleveland Clinic relating

to cardiovascular diagnostics and therapeutics. Drs Hazen and Wang report having received royalty payments for inventions or
discoveries related to cardiovascular diagnostics or therapeutics from Cleveland Heart Lab, a fully owned subsidiary of Quest
Diagnostics, and Procter & Gamble. Dr. Hazen is a paid consultant for Zehna Therapeutics and Proctor & Gamble, and has received
research funds from Zehna Therapeutics, Proctor & Gamble, Pfizer Inc., and Roche Diagnostics. Dr. Garcia is a current employee of
Labcorp, and Drs Jeyarajah and O’Connell are former employees of LipoScience. Dr. Tang is a consultant for Sequana Medical A.G.,
Owkin Inc, Relypsa Inc, preCARDIA Inc, and Cardiol Therapeutics Inc, Genomics plc, and has received honorarium from Springer
Nature for authorship/editorship and American Board of Internal Medicine for exam writing committee participation - all unrelated to
the subject and contents of this paper. The remaining authors have nothing to disclose.

Code availability
All analyses were conducted using GraphPad-Prism software. No custom code or software were used.

Ethics approval:
All studies were approved by the Chesapeake Institutional Review Board (now Advarra, Columbia, MD).

Consent to participate:
Written informed consent was obtained from all individual participants included in the study.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al. Page 2

studies. Participants in the first study consented to 5 consecutive weekly blood draws and provided
dietary recall for the 24 hours preceding each draw. In the second study, TMAQO levels were
determined following defined low- and high-TMAO diets. Finally, participants consumed test
meals containing shrimp, tuna, fish sticks, salmon or cod. Blood TMAO levels were quantified by
mass spectrometry in blood collected before and after dietary challenge.

Results: TMAO+TMA content varied widely across fish and seafood species. Consumption of
fish sticks, cod, and to lesser extent, salmon, lead to significant increases in circulating TMAO
levels. Within one day, circulating TMAQO concentrations in all participants returned to baseline
levels.

Conclusions: We conclude that some fish and seafood contain high levels of TMAO, and may
induce a transient elevation in TMAQ levels in some individuals. Selection of low TMAO-content
fish is prudent for subjects with elevated TMAQO, or impaired renal function.

Keywords

trimethylamine A-oxide; gut microbiome; cardiovascular disease risk; thrombosis; fish
consumption

INTRODUCTION

Trimethylamine N-oxide (TMAO) has been mechanistically linked to the development and
progression of atherosclerotic cardiovascular disease (CVD) using both animal models and
human studies[1-5]. Further, numerous meta-analyses of clinical studies examining TMAO
support a dose-dependent association between circulating levels of TMAQO and CVD, stroke,
heart failure and mortality risks[6-8]. However, plasma TMAQO levels vary greatly among
individuals, and determinants of this heterogeneity are not well understood. One important
determinant seems to be the makeup of an individual’s intestinal microbiome [9,10]. Indeed,
gut microbes are typically obligatory participants in the meta-organismal TMAQ production
pathway, as germ-free mice and humans treated with an oral cocktail of poorly-absorbed
antibiotics are unable to convert the nutrient precursors for TMAO into TMAO itself[1-

3]. TMAQ production typically begins with dietary precursors like choline, carnitine and
phosphatidylcholine, which produce the intermediate metabolite trimethylamine (TMA)

in a gut microbiota-dependent fashion[1-3]. Following TMA absorption into the portal
circulatory system, it is oxidized into TMAQ in a reaction catalyzed by hepatic flavin
monooxygenases (FMOs), and excreted primarily in the kidneys[1,11]. Chronic dietary
exposure to nutrient precursors like choline or carnitine, as well as direct ingestion of
TMAO-containing foods, can significantly contribute to elevated levels of TMAO[12-14].

Some fish and seafood species are known to contain TMAO. High TMAO content in fish

is found primarily in the muscle tissue, especially in deep sea-dwelling species, where

it participates in energy metabolism and protects against pressure and cold[15]. On the
other hand, accumulation of TMA, the precursor to TMAQO, indicates bacterial spoilage in
seafood and is responsible for its characteristic and offensive “fishy” odor, even at very low
levels[16]. Eating fish that contain high levels of TMAO could raise an individual’s plasma
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TMAO level, but how frequently this occurs and the degree to which post-consumption
TMAO levels may vary among individuals has not yet been carefully studied.

Seafood consumption remains widely recommended for its potential health benefits. Indeed,
several large epidemiological studies have suggested an inverse correlation between fish
consumption and cardiovascular disease risk[17,18]. Dietary intake of some fish is also
reported to beneficially affect concentrations of urinary markers of kidney function,

and result in lower urinary loss of amino acids, lower serum postprandial glucose, and

lower fasting serum concentrations of non-esterified fatty acids[19]. In addition, some

fish contain long chain omega-3 polyunsaturated fatty acids (n-3 PUFAS), including
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which have been linked

to various cardioprotective effects, though randomized clinical trials of n-3 PUFAs have
shown mixed results[20,21]. A newly pooled analysis of 191,558 individuals across 4 cohort
studies on the association of fish consumption and CVD risk shows that while fish intake

of 175 g (approximately 2 servings) weekly is not associated with a lower risk of CVD and
mortality in general populations, the inverse association between fish consumption and CVD
risk is significant among patients with prior CVD[22].

We know that a subset of fish species contain high levels of TMAQ, and that circulating
fasting levels of TMAO are associated with adverse cardiovascular outcomes in humans[6—
8]. Furthermore, dietary changes causing acute elevation in circulating TMAQO are seen

to augment thrombosis potential both in humans and animal models[5,12]. Given these
findings, it is reasonable to wonder whether consuming fish species high in TMAO content
might in fact negatively impact cardiovascular health by elevating TMAO. Conversely, if
one assumes that all fish species confer health benefits, does this undermine the recognized
association between TMAO and CVD risks, and the mechanistic links implicating TMAO
as a contributor to CVD development and adverse events? Such concerns have been raised
since the link between TMAO and CVD risks was discovered. Indeed, animal model studies
using atherogenic mice showed that animals fed with proteins extracted from white turbot
(a deep-sea fish with high TMA/TMAO content) exhibited higher circulating TMAO levels
and more aortic atherosclerotic plaques than mice fed with an equivalent amount of an
alternative, non-meat source of protein[23].

Herein, we first performed a 5-week observational study to examine how dietary factors
affect circulating TMAO levels. We then performed direct quantification of TMA+TMAOQO
and EPA+DHA content in multiple common species of fish and seafood. Finally, we
examined how consuming low vs high TMAO-containing fish species affects circulating
levels of TMAQ in healthy volunteers with normal renal function.

METHODS

Study population and study design

Three prospective observational studies were performed between October 2012 and
November 2013 (see Supplemental Fig. 1 for overall study schematic). Subjects were
enrolled on the campus of LipoScience (now Labcorp, Raleigh, NC) in October of 2012.
All studies were approved by the Chesapeake Institutional Review Board (now Advarra,
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Columbia, MD), and all participants gave written informed consent. Supplemental Table 1
provides information on subject characteristics for all studies. All subjects enrolled were
apparently healthy volunteers who had no evidence of cardiovascular disease, coronary
artery disease, peripheral vascular disease, diabetes, or chronic kidney disease. Since there
was no available data reporting TMAQO levels in a dietary intervention study of a similar
type, we performed our pilot studies using a sample size of at least n=8 per group.

The first study examined the relationship between food intake and variability in serum
TMAQO levels. Twenty-four participants, all omnivores, were recruited for a five-week
observational study. Fasting blood samples were collected from each participant once per
week for five consecutive weeks; participants provided dietary recall for the 24-hour period
preceding each blood draw.

In a second study, ten participants were enrolled for a cod meal challenge. This study took
place over four days. On Day 1, participants were provided with a diet known to contain low
levels of TMAO (low TMAQ diet): for breakfast, they received a bagel with cream cheese,
fruit, and coffee, tea, or juice; for lunch, a turkey or chicken sandwich, fruit, and soda; and
for dinner, an 8-10 oz portion of baked white chicken, rice or potatoes, vegetable, soda, and
chocolate. On Day 2, fasting blood samples were collected prior to breakfast (pre-diet), and
participants were provided with a diet known to be higher in TMAO (high TMAO diet):

the dinner included an 8-10 oz portion of baked cod, rather than chicken; all other meal
elements remained the same. Fasting blood samples were also collected prior to breakfast on
Day 3 (diet), after which participants ate the same low TMAO meals consumed on Day 1. A
final blood sample was collected the morning of Day 4 (diet + 1 day).

The third study included a cohort of 16 healthy volunteers who were asked to avoid

eating fish and red meat on the evening prior to their baseline blood draw, and were then
provided with challenge meals containing fish/seafood with varying TMAQO levels. The
participants were divided into two groups; each consumed dinners with an equal mass of
fish/seafood, as well as equal amounts of carbohydrates, vegetables, and a dessert. One

fish dinner was consumed each week with a 7-day washout period in between. Group 1
participants consumed meals containing an 80z portion of shrimp in week 1 (4.33 mg
[TMA+TMAQ]/100 g), and an 8 oz portion of fish sticks (250 mg [TMA+TMAQ]/100 g)

in week 2. Group 2 participants consumed meals containing an 8 oz portion of canned tuna
(49.1 mg [TMA+TMAOQ]/100 g)in week 1, and an 8 oz portion of farm-raised salmon in
week 2 (144.4 mg[TMA+TMAQ]/100 g). Levels of total TMA+TMAO were quantified by
mass spectrometry as outlined below. A baseline (hon-fasting) blood draw occurred before
the fish dinner (pre-diet). Fasting blood was drawn the morning after the fish meal (diet) and
again after a further 24 hours to assess clearance (diet + 1 day). No baseline blood draw was
collected in the second week. Blood samples were collected via venepuncture, allowed to
clot for 30 minutes, and centrifuged for 15 minutes at 3000 rpm on a Drucker 618 tabletop
centrifuge. Serum was stored at —80°C until analyses.

Samples were shipped as blinded bar code-labelled vials to the Cleveland Clinic, where
serum TMAQO levels were quantified by stable isotope dilution liquid chromatography-
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tandem mass spectrometry (LC-MS/MS) as previously described[24]. Studies were
approved by the Cleveland Clinic Institutional Review Board.

Quantification of TMA/TMAO and omega-3 fatty acids in fish and seafood

Samples of fish and seafood from a local fresh fish market were tested on multiple

(at least three) occasions, unless otherwise noted. Samples were kept on ice during
transport and frozen within an hour after purchasing. Samples were then moved to a
—80°C freezer for storage until analyses. TMA+TMAQO were quantified using stable isotope
dilution LC/MS/MS analysis as previously described[24]. For omega-3 fatty acid content,
fish homogenate in phosphate buffered saline was aliquoted under argon atmosphere in

the presence of 1 mM butylated hydroxytoluene (BHT) and 1 mM diethylenetriamine
pentaacetate (DTPA), pH 7.0. d5-DHA internal standard was then added, and the aliquots
were saponified with 1 N NaOH (under argon), pH neutralized, and then extracted with
hexane as described [25]. Analytes were subjected to stable isotope dilution LC/MS/MS
analysis with transitions monitored mass-to-charge ratio (m/z): m/z 301.2—257.2 for EPA,;
m/z 327.3—287.3 for DHA; and m/z 332.3—288.2 for d5-DHA.

Statistical analysis

RESULTS

Statistical analyses were performed using Prism-GraphPad software. One-way ANOVA
(Friedman test), followed by post hoc Wilcoxon signed-rank test was used to compare
circulatory TMAQO after consumption of different meals. Intra- and inter-individual CVs for
TMAO levels were calculated as previously described [26]. A p-value of <0.05 was reported
as statistically significant.

See Supplemental Fig. 1 for an overall schematic of the studies, and Supplemental Table 1
for demographic characteristics for all subjects.

Biological variability of TMAO

Twenty-four volunteers consented to weekly blood draws for 5 consecutive weeks and
provided dietary recall for the 24 h prior to each blood collection. Serum TMAOQO was
measured using LC-MS/MS. Results are presented in Figure 1. We observed a large
variation in circulating TMAO levels among individuals, and in some cases among different
time-points within the same individual. Following red meat consumption, we saw an intra-
individual CV% of 63.5, and an inter-individual CV% of 68.5. Among the 24 participants
who reported consuming fish, only one participant reporting doing so twice, with an intra-
individual CV% of 32.1 between the two time points. The intra-individual CV% at different
time points among participants who ate neither red meat nor fish (n=8) was 67.8, and
inter-individual CV% was 85.6. There were 8 subjects who had not eaten fish or meat the
night before any of the sample collections during the 5 weeks. None of the subjects in the
study self-identified as being vegetarians or vegans. Using one-way (repeated measures)
ANOVA to compare circulating TMAQO levels among different subjects and different weeks,
we did not observe any significant difference (p=0.23 for subjects and p=0.85 for weeks).
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If we set a cut-off value of 6.4 uM for TMAO concentration based on the association with
risk for incident (3 year) major adverse cardiac event (MACE), only 12/24 = 50% of all
participants at a total probability of 15/120 = 12.5% had an elevated level of TMAO across
any of the five different visits. Among all subjects, 41.7% (10 of 24) had eaten fish the night
before at least one of their five blood draws. Similarly, 41.7% (10 of 24) had eaten red meat
the night before one of their blood draws. The likelihood of having an elevated (>6.4 uM)
TMAO level the morning after eating either fish or red meat was 45% or 20%, respectively.
Among participants that ate neither fish nor red meat the previous night, the likelihood of
elevated TMAO level at blood draw was 7.4%. In summary, the highest values of circulating
TMAQO were observed, in general, in participants who consumed a meal containing fish or
red meat during the preceding day. However, eating a fish-containing meal the evening prior
to blood draw did not always result in TMAQO elevation (Fig. 1).

Circulating TMAO changes after eating high TMAO content fish

Cod is reported to contain high levels of TMAO, and is among the most commonly
consumed fish species in the United States[27]. Accordingly, we next examined the
impact of cod consumption on circulating TMAO levels in 10 participants, using a strictly-
controlled diet rather than relying on dietary recall. When participants were tested the
morning following cod (8-10 ounce) consumption, we observed a significant increase in
serum TMAO from baseline in 8 of the 10 subjects (Figure 2). Notably, the magnitude

of increase showed significant variation, remaining less than 10 uM in two individuals,
but otherwise being considerably higher in the majority of subjects, and over 100 uM in
one subject. In all participants, serum TMAO concentrations returned to baseline after an
additional day (Figure 2).

TMA+TMAO and omega-3 fatty acid levels vary among species of fish and seafood

As previously reported, some fish are observed to contain omega-3 fatty acids (EPA+DHA),
which have been found to reduce triglyceride levels and possibly confer atheroprotective
effects. On the other hand, TMA or TMAO in fish may confer pro-atherogenic and pro-
thrombotic properties[1-5,28]. We therefore quantified the TMA+TMAQO and omega-3 fatty
acid (EPA+DHA) content in multiple fish and seafood species, as described in Methods. In
Figure 3, the different types of fish and seafood tested are arranged in increasing rank order
of observed TMA+TMAO content (combined, though in every case >95% in the samples
tested was in the form of TMAQO). The range of TMA+TMAQ content observed spans many
orders of magnitude; the total amount of TMA+TMAQ was extremely low in clams, walleye
and other fresh water fish, and canned tuna, while the amount was dramatically higher in
deep-sea fishes like orange roughy (Figure 3). Other deep-sea species commonly used to
make fish sticks, like cod and halibut, also had high TMA+TMAQO content. Notably, not

all deep-sea species were found to have high levels of TMAO. Levels of TMA+TMAO

in tuna, both fresh and canned, showed very low TMA+TMAQ levels — a finding aligned
with a previous report for yellowfin tuna[29]. We also noted that lobster contained 511.1

mg TMA+TMAQ per 100 g, which is higher than the molar equivalent of choline (a

TMAO precursor) in any kind of food[30]. As expected, an animal’s habitat may also
impact its TMA+TMAQO content. For example, wild-caught salmon on average had higher
TMA+TMAO content than farm-raised salmon, albeit all salmon tested showed significantly
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lower levels of TMA+TMAQ than the deep-sea fish species examined. Every freshwater fish
species tested showed extremely low TMA+TMAO levels.

We also measured EPA+DHA content by stable isotope dilution LC-MS/MS methods for the
majority of species with available residual specimens (Figure 3). We also used previously-
reported values for some species for which fresh samples were not available[31]. While
there is considerable variation in omega-3 fatty acid content across the different species
tested, we notice a relatively higher EPA+DHA content in fish and seafood possessing a
lower TMA+TMAO content. In other words, those species with the highest TMA+TMAO
levels also had relatively lower EPA+DHA content, and conversely, those with the highest
EPA+DHA content had relatively lower TMA+TMAO levels, though visual inspection
shows this relationship did not always hold.

Fish/seafood consumption can lead to transient increases in circulating TMAO levels, with
inter-individual variability

A final study was designed to investigate the impact of consuming equal amounts of
different TMAO-containing fish/seafood at dinner on fasting circulating TMAQO levels.
Results are presented in Figure 4. With the exception of the tuna meal, consumption of

all other fish/seafood meals significantly altered circulating TMAO (Friedman test, p<0.05).
Participants assigned to the meal containing fish sticks (having the highest TMA+TMAO
content of the diets tested) showed the greatest increase in circulating TMAO levels

the morning after the fish/seafood meal (p=0.008, Wilcoxon signed rank test). But by

the following morning, plasma levels of TMAQO had significantly decreased (p=0.008,
Wilcoxon signed rank test) and returned to baseline levels in all participants, showing no
difference when compared to pre-diet levels (p=0.38; Figure 4). Moreover, the degree of
TMAQO increase the morning following ingestion of fish sticks at dinner showed remarkable
variation amongst the different participants despite the equal portion sizes provided (Figure
4). For the wild salmon meal (second highest TMA+TMAQO content), significant (albeit
variable) increases (p=0.008) in serum levels of TMAQO the morning after consumption
were also observed, with serum TMAQ levels again returning to baseline one day later
(p=0.55 compared to baseline). Overall, TMAO elevation (compared to baseline) was only
observed in approximately half of the participants the morning following the fish/seafood
meal, with 40% maintaining TMAO levels <10 uM at all time points examined. Notably,
following ingestion of low TMAQ content fish or seafood, such as shrimp or canned tuna,
circulating levels of TMAQ in participants remained low (well below 10 pM) at all time
points examined.

DISCUSSION

There are several key findings in our study. First, we observed that circulating levels of
TMAO varied widely across individuals, and that all values >10 UM were preceded by
fish/seafood or red meat consumption. However, these increases in circulating TMAQ levels
were largely transient, and in a majority of cases quickly returned to pre-consumption
levels. Second, we found both TMAO and omega-3 content (measured per 100g) are

highly variable across different species, with the highest TMAQO content found in deep
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sea fish and certain crustaceans. This was confirmed when circulating TMAQO levels were
significantly increased in some individuals after consuming fish sticks (often made with
high TMAO content fish like halibut, cod, and haddock), even though the degree of increase
following a standardized amount differed significantly across individuals. Finally, low levels
of TMA+TMAO were observed in a significant proportion of fish species, including all
fresh water varieties and all forms of tuna tested. Likewise, no change in TMAO levels

was observed in subjects following a large portion dinner meal (8—10 ounces) with these
varieties. These findings highlight the heterogeneity of TMAO content in fish/seafood
species, the heterogeneity of the human host responses following their ingestion, and

the largely transient increases in circulating TMAQ levels observed in apparently healthy
subjects with normal renal function.

Previous studies have demonstrated that TMAQ from dietary sources can impact circulating
TMAO levels in humans[32]. Indeed, we demonstrated a transient increase in serum

TMAO levels among some, but not all, participants who had eaten a high TMA/TMAO-
containing species of seafood the night prior. In other words, people responded differently
to consuming TMAO-rich seafood — some showed elevated levels of serum TMAQ and
others did not. Several species tested, namely those found to be low in TMAO content, did
not significantly increase circulating TMAQ levels in any participants. In all cases, TMAO
levels returned to baseline within 24 hours of eating the high TMAO content fish or seafood.

Most of this heterogeneity in TMAO levels can likely be attributed to individual differences
in how the body processes TMAQO. For one, individuals may show differences in their rate of
renal TMAO excretion. In recent dietary intervention studies, we observed that differences in
chronic dietary protein source differentially impacted a subject’s fractional renal excretion of
TMAO[14]. We can also look to recent studies showing that gut microbiota composition

can influence various metabolic processes, including glycaemic control. Gut microbial
communities may likewise impact systemic TMAO levels following TMA/TMAQ ingestion.
There are at least two obvious routes by which seafood-contained TMAO can elevate human
TMAO levels: it can be either absorbed directly by the small intestine, or first reduced to
TMA in the gut by TorA[33], and then re-oxidized into TMAO in the host liver. In some
individuals, TMAO is first reduced to TMA and then further demethylated by gut bacteria,
rather than re-oxidized into TMAQ. This would also provide another avenue for differences
in gut microbiota composition to influence systemic TMAO levels following its ingestion.

There are several limitations in this study worth noting. First, we did not confirm the
species of the fish/seafood by genomic sequencing. In addition, we only examined the
effects of acute (up to 2 days), and not long-term ingestion of high TMAQO-containing
foods. Past research has shown that prolonged exposure to choline and particularly
carnitine — both TMA-containing compounds — can lead to long-term increases in host
TMAO levels[3,13,14]. Meanwhile, it is possible that enterohepatic recycling of choline
(an abundant component of bile) may buffer the shift in amounts of nutrient substrates
for TMA/TMAQ production, yet transient rises in circulating TMAO levels can still be
demonstrated under a controlled feeding environment. Further work might address whether
long-term exposure to high TMAO-containing fish affects human TMAQ levels in the
same way. It also is important to note that all studies were performed in subjects with
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normal renal function. It remains unclear how our findings would translate to populations
with impaired renal function. In every subject (all with normal renal function), following
every high content TMAQO meal examined, plasma TMAO levels returned to baseline one
day later. It is probable that individuals with renal functional impairments, with reduced
excretion of TMAO, would be more apt to show persistently elevated TMAO levels
following consumption of high TMAQ content fish or seafood. It has been reported that
even modest impairment in renal function is associated with significantly higher plasma
levels of harmful microbe-derived metabolites including TMAO[34]. Indeed, given the
documented effect of elevated TMAO levels acutely on platelet reactivity and /n vivo
thrombosis potential[5,12], the present results suggest studies exploring the dietary impact
of fish and seafood in subjects with chronic kidney disease and end-stage renal disease have
heightened importance.

While previous studies have suggested that urinary levels of TMA+ TMAO may increase
following consumption of fish or seafood[35], many did not account for differing levels of
TMA+TMAO among species. In fact, not all fish have significant TMA+TMAO content,
just as concentrations of omega-3 fatty acids were observed to vary widely by species. Our
findings corroborate the idea that deep sea fish contain more TMAO than species that live in
warmer, shallower (and/or fresh) waters. Our results indicate that consuming certain species
of fish can transiently increase circulating levels of TMAO, a compound shown to rapidly
(within minutes) impact platelet function and reactivity[5]. Yet several large epidemiological
studies have linked increased fish consumption to lower rates of CVD. We found that some
species of fish and seafood contain high levels of TMA and TMAO while others do not.
According to our data, even those species of fish and seafood high in TMAO had only a
transient effect on circulating TMAQ levels of people who ate them, and not everyone who
ate high TMAO-content fish showed a significant increase in their TMAO levels. In other
words, not all fish are created equal. And not all subjects respond equally to consumption of
high TMAO content fish.
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Figure 1. Inter- and intra-individual variation in serum TMAO concentration following
consumption of red meat or fish.

Serum TMAQO concentrations in the 24 participants, 5 week biological and temporal
variability study. Participants reported whether they had eaten red meat or fish as part of
their dinner the previous evening.
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Figure 2. Serum TMAO levelsaretransiently elevated following cod consumption.
Serum TMAQ concentrations in participants before cod meal, after cod meal, and after an

additional 24 hours. Data were presented as mean+SD from three measurements.
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Figure3. TMA+TMAO and EPA+DHA content in fish and seafood.
Fish and seafood was homogenized in water and the supernatant after ultra-centrifugation

was quantified for TMAO and TMA. The EPA+DHA data was quantified by LC/MS/MS
and several of them, cat fish, white bass, sole, walleye, ocean perch, Tuna and wild snow
crab were collected from the references[31]. Data were shown as mean+SD from 3-5
independent replicates.
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Figure 4. Changesin serum TMAOQ after seafood consumption.
Blood was withdrawn in individual human subject previous to eating sea food (“pre™), after

eating sea food (“diet”) and 1 day later after sea food (“+1d”). P values were calculated by
Friedman test, followed by post hoc Wilcoxon signed-rank test.
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