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ABSTRACT

Background: Choline is a dietary precursor to the gut microbial generation of the pro-
thrombotic and pro-atherogenic metabolite trimethylamine-N-oxide (TMAQ). Eggs are
rich in choline, yet the impact of habitual egg consumption on TMAO levels and platelet
function in human subjects remains unclear.

Methods: Healthy volunteers (41% male, 81% Caucasian, median age 28) with normal
renal function (eGFR>60) were recruited and assigned to one of five daily interventions
for four weeks: (i) hardboiled eggs (N=18); (ii) choline bitartrate supplements (N=20);
(iii) hardboiled eggs + choline bitartrate supplements (N=16); (iv) egg whites + choline
bitartrate supplements (N=18); (v) phosphatidylcholine supplements (N=10). Fasting
blood and urine samples were collected for quantification of TMAO, its precursors, and
platelet aggregometry.

Results: Participant's plasma TMAO levels increased significantly in all three
intervention arms containing choline bitartrate (all P<0.0001), but daily ingestion of four
large eggs (P=0.28) or phosphatidylcholine supplements (P=0.27) failed to increase
plasma TMAO levels. Platelet reactivity also significantly increased in the three
intervention arms containing choline bitartrate (all P<0.01), but not with eggs (P=0.10)
or phosphatidylcholine supplements (P=0.79).

Conclusions: Despite high choline content in egg yolks, healthy participants
consuming four eggs daily showed no significant increase in TMAO or platelet reactivity.
However, choline bitartrate supplements providing comparable total choline raised both
TMAO and platelet reactivity, demonstrating that the form and source of dietary choline

differentially contributes to systemic TMAOQ levels and platelet responsiveness.
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Clinical Trial Registration: https://clinicaltrials.gov/ ldentifier: NCT03039023.
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INTRODUCTION

Recent studies have shown that circulating levels of trimethylamine N-oxide
(TMAO) are associated with atherosclerosis development and incident risk of major
adverse cardiovascular events like heart attack, stroke, and death.’3 Meta-analyses
have confirmed that heightened levels of circulating TMAO are associated with
significantly increased risk for both cardiovascular disease and mortality.4® TMAO
production requires interactions between environmental exposures (i.e. dietary intake),
the gut microbiota-dependent generation of trimethylamine (TMA), and the conversion
of TMA to TMAO by host hepatic flavin monooxygenases.3 72  TMAO generation has
been mechanistically linked to both pro-atherosclerotic and pro-thrombotic effects,
including alterations in platelet responsiveness and calcium signaling.2 3. 10

Choline, a common dietary supplement, contains a trimethylamine moiety and is
therefore a precursor to TMAO. Animal studies have shown that choline
supplementation increases circulating TMAO levels and in vivo thrombosis potential,
and that interventions blocking microbial production of TMAO attenuate platelet
hyperactivity and thrombosis potential in vivo.8. 1012 A recent epidemiological study also
reported a strong association between dietary intake of choline as phosphatidylcholine
and cardiovascular disease risk.'3

Consumption of choline is common in the Western world. Over-the-counter
choline-containing supplements and multivitamins are frequently used to promote brain
and heart health or prevent liver damage, and choline supplementation is often advised
during pregnancy to aid fetal neural development.'#16 Additionally, foods with high

choline content, like eggs, are regularly consumed in the Western diet.'”- 18 Eggs are of
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special interest because, despite an increasing number of studies investigating the risks
and benefits of the dietary consumption of eggs, mixed study results prohibit a
consensus recommendation.9-24

On the one hand, several studies have linked egg consumption with increased
cardiovascular disease risk. A recent study by Zhong, et al. suggested that consuming
an additional half egg per day increases incident cardiovascular disease and all-cause
mortality,2% while in prospective observational studies by Spence and colleagues, egg
consumption was strongly associated with carotid artery plague generation.2* On the
other hand, a recently updated meta-analysis of three large cohorts?? found that
consumption of one egg per day was not associated with cardiovascular disease risk
and another meta-analysis of 23 prospective studies?® found that increased egg
consumption was not associated with cardiovascular disease. There are similarly mixed
results on the specific relationship between egg/choline consumption and TMAO.
Previous studies by our group showed a 10-fold increase in plasma TMAO levels
following choline supplementation over a one month period with an accompanying
increase in platelet reactivity,2> and a randomized, dose-response study by Miller et al.
showed elevated TMAO concentrations 24 hours after ingesting two eggs.?® However,
other studies failed to find a similar increase in plasma TMAO after consumption of up
to three whole eggs per day over four weeks,?” and a recent study by Lemos et al. also
failed to see elevated plasma TMAO concentrations after four weeks of daily egg
consumption.2® In the present study, we investigated these observed discrepancies by
examining plasma and urinary levels of choline metabolites, including TMAO, and

platelet reactivity during a head-to-head comparison of daily supplementary dietary
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ingestion of a roughly equivalent mass of total choline in the form of hardboiled eggs,
choline bitartrate, or phosphatidylcholine.

We also included an intervention of consuming egg whites with a source of
choline. Egg whites contain antimicrobial peptides called ovodefensins,2® the presence
of which could partially explain the discrepant outcomes observed in prior studies

examining whole eggs.

METHODS

Authentication of Biological Sources of Choline Content. To authenticate the

equivalency in supplemental total choline content provided by the different interventions
used in this study, their total choline content were independently quantified following
base hydrolysis by stable isotope dilution LC/MS/MS, as previously described.3: 30
Additional details are provided in the supplementary material online.

Study Population. Healthy men and women with normal renal function (eGFR >

60, normal serum creatinine, and no evidence of microalbuminuria) 18 years of age or
older were recruited from the Cleveland, Ohio area. Participants were excluded if they
had a known history of chronic illness, inflammatory bowel disease, or any bariatric
surgeries or procedures, or if they had taken any antibiotics or probiotic supplements in
the month prior to enrollment. This study received approval from the Cleveland Clinic
Institutional Review Board and all participants provided written informed consent before
enrollment.

Study Protocol. Participants were randomized to one of four arms and asked to

consume one of the following interventions daily for 28 days: four whole, large,
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hardboiled eggs; two 500 mg choline bitartrate tablets (choline tablets); four whole,
hardboiled eggs and two 500 mg choline tablets; or the whites of four hardboiled eggs
(discarding the yolks) and two 500 mg choline tablets. We later enrolled a fifth arm to
investigate if choline ingestion in the form of phosphatidylcholine, delivered as six 420
mg phosphatidylcholine capsules daily, more closely mirrored the effects of free choline
or whole eggs. Additional details of the randomization process are available in the
online supplement. Participants were instructed to ingest their assigned intervention as
a divided dose (2 in the AM and 'z in the PM) on top of their regular diet. The
hardboiled eggs and dietary supplements were obtained in bulk from a commercial
source and provided to participants on a weekly basis. A subset of study participants
(N=50) consented to larger volume blood collections, enabling platelet rich plasma
isolation and platelet reactivity monitoring via platelet aggregometry.2®

Sample Collection. Blood and spot urine samples were collected at weekly study

visits. Blood was obtained through venipuncture using standard procedures following
an 8+ hour fast and spot urine samples were collected in sterile containers. Three 24-
hour urine collections were also obtained during the study period in opaque jugs that
were kept chilled during the collection period.

Sample Analysis. All analyses were performed by investigators blinded from

study group assignments. Plasma TMAO, choline, betaine, carnitine, and creatinine
levels were determined by stable isotope dilution high-performance liquid
chromatography with online electrospray ionization tandem mass spectrometry on a
Shimadzu LCMS 8050 triple quadrupole mass spectrometer with UHPLC interface

(Shimadzu, Columbia, MD) using d9-(trimethyl)-labeled TMAO, choline, and betaine,
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and d3-(methyl)-labeled carnitine and creatinine as internal standards, respectively, as
described previously.3: 3'- 32 Fasting cholesterol panels, urine albumin/creatinine ratios,
and creatinine levels were analyzed on a Roche Cobas platform (Roche Diagnostics,
Indianapolis IN).

Platelet rich plasma was isolated for tracking platelet reactivity by aggregometry.
Platelets were counted using an Advia 120 Hematology System Analyzer (Siemens)
with concentrations adjusted to 2 x 108 cells/ml by dilution with platelet poor plasma, as
previously described.?® CCl2 and MgClz (both 1 mM final concentration) were added
immediately before platelet aggregation studies. Platelet aggregation in response to
submaximal (1 uM) ADP was assessed in triplicate at 37°C in a dual channel Type 500
VS aggregometer (Chrono-log Corporation, Havertown, PA) with stirring at 1000 rpm,
as previously described.10. 11.25

Statistical Analysis. Normality of all data was assessed with the Shapiro-Wilk

test. Comparisons between-arms were examined with the Kruskal Wallis test and
within-arm comparisons with the Wilcoxon Signed Rank test. Spearman correlations for
non-normally-distributed data were used to analyze associations between quantitative
variables. Statistical analyses were done with Graphpad Prism Version 7 (San Diego,

CA) and R version 3.4.4 (Vienna, Austria). A p-value <0.05 was considered significant.

RESULTS
Roughly similar total choline content was observed in four large, whole,
hardboiled eggs (467 mg total choline, virtually all esterified with negligible free choline),

two 500 mg choline bitartrate tablets (411 mg free choline), and six 420 mg
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phosphatidylcholine capsules (410 mg total choline, no free choline). The egg whites
from four large eggs contained only nominal total choline (2.80 + 0.23 mg).

Of the 89 participants consented, 82 (92%) completed the study (Figure 1).
Baseline characteristics of these participants are shown in Table 1. The median
concentrations of plasma and 24-hour urine TMAO did not vary significantly at baseline
among the five groups. All participants showed normal renal function.

After four weeks of intervention, plasma TMAO concentrations increased
significantly from baseline to end-of-study in participants given choline tablets alone (1.9
[1.4 - 3.4] vs. 11.1 [7.1 - 25.4] uM; P<0.0001), choline tablets plus whole eggs (2.3 [1.5 -
2.8] vs. 12.3 [5.1 - 26.5] uM ; P<0.0001), and choline tablets plus egg whites (2.6 [1.8 -
2.3] vs. 28.1 [9.2 - 44.1] uM ; P<0.0001, Figure 2). However, no significant difference
was observed in plasma TMAO concentration in participants given eggs alone (2.0 [1.4
- 3.5] vs. 2.3 [1.9 - 3.7] uM; P=0.20) or phosphatidylcholine capsules (2.8 [2.0 - 5.1] vs.
3.4 [2.6 - 7.1] uM; P=0.27). The results from the 24-hour urine collections (Figure 3A)
mirrored those observed in plasma, with significant increases noted only in participants
taking choline tablets (P<0.001 each arm) and not in those ingesting eggs alone
(P=0.28) or phosphatidylcholine capsules (P=0.11). These changes occurred quickly,
appearing after one week of intervention, and were maintained throughout the study
period (eFigure 1). TMAO levels in spot urine samples (Figure 3B) followed a similar
trend. Additionally, while no difference was observed in the baseline TMAO between
groups, a highly significant inter-group difference was observed after 28 days of

intervention (eFigure 2). The participants consuming choline tablets, with or without
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eggs, had significantly elevated TMAO levels when compared to those consuming
either eggs only or phosphatidylcholine capsules.

Importantly, examination of plasma choline levels showed significant and roughly
comparable increases in all arms across the study period (eggs only [P=0.005], choline
tablets only [P<0.001], choline tablets with whole eggs [P<0.001], choline tablets with
egg whites [P=0.009], and phosphatidylcholine capsules [P=0.04]), indicating
compliance with the study protocol (eTable 1, eFigure 3).

Because TMAO elevation has been mechanistically linked to platelet
hyperresponsiveness and thrombosis potential, we compared platelet reactivity across
the study period and between the study arms. Subjects in the three arms that involved
taking choline tablets showed increased platelet responsiveness, as measured by sub-
maximal agonist (ADP) induced aggregation (Figure 4A). The enhanced platelet
responsiveness was observed across the study period and paralleled the increase of
plasma TMAO in these groups. In contrast, no significant changes in platelet
responsiveness were seen when the intervention was either eggs only or
phosphatidylcholine capsules, again mirroring the results seen in plasma TMAO levels.
Consistent with prior studies showing a direct effect of TMAO on platelet calcium
signaling and function,” ! platelet responsiveness was strongly correlated with TMAO
levels in both plasma (r=0.51, P<0.0001, N=49) and 24-hour urine (r=0.53, P<0.0001,
N=49) across all study groups (Figure 4B,C).

Lipid panels, including total cholesterol, high-density lipoprotein (HDL)

cholesterol, low-density lipoprotein (LDL) cholesterol, non-HDL cholesterol, and
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triglycerides, were run at baseline and end-of-study visits and compared (eTable 2). No

significant differences were noted in any component of the lipid panel in any arm.

DISCUSSION

In this study of healthy volunteers, one month of daily egg consumption at a
considerable level (four large eggs daily) failed to significantly increase TMAOQ in fasting
plasma, spot urine, or 24-hour urine collections. However, significant increases in
plasma and urinary TMAO were observed when an equivalent mass of total
supplemental choline was consumed as free choline. We also examined the effects of a
comparable total choline content delivered in phosphatidylcholine capsules, since the
majority of choline found in eggs is glycerol bound as phosphatidylcholine within the egg
yolk. The results of this intervention mirrored the egg-only intervention: no observed
increase in plasma or urinary TMAO or in platelet responsiveness. Our findings
therefore emphasize that the form of choline intake (free choline vs choline moiety in
phosphatidylcholine) may differentially influence systemic TMAO levels and adverse
physiologic consequences.

The strong association between TMAO levels and platelet reactivity observed
across all study groups corroborates the previously reported strong association between
TMAQO levels and incident thrombotic event risks.'0 It is also informative to the finding in
meta-analysis that each 10umol/L increase in TMAO levels corresponded to a 7.6%
increase in mortality over the average study period (4.3 + 1.5 yrs).®

The essential role of the intestinal microbiome in the metabolism of choline and

subsequent TMAO production has been previously demonstrated in extensive animal
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and human studies.- 3 Our current findings suggest that the form of choline consumed
may affect its bioavailability for gut TMA generation, with phosphatidylcholine, either as
a supplement or within eggs, being less bioavailable than free choline. Therefore, an
important distinction must be made between the amount of dietary choline consumed
and the form of that dietary choline, with the latter playing a larger role in determining
downstream TMAO generation. So while choline is considered important for early
neurologic development and may help protect against neural and liver damage,5: 16. 33,
34 our observations caution against presumptive generalized associations between
dietary nutrients and clinical outcomes in the absence of reliable objective
assessments.3> We caution any generalization of dietary nutritional intake as beneficial
or harmful when dietary supplements may have differential or unanticipated interactions
with our gut microbiota.

To our knowledge, this is the first published prospective randomized controlled
trial comparing the effects of various formats of dietary choline on circulating TMAO
levels and the potential physiological effects of platelet responsiveness. Our present
results corroborate the findings of DiMarco et al. that, in healthy participants, increased
choline consumption from a naturally occurring source like eggs may not substantially
raise plasma TMAO concentration. After four weeks of consuming four hardboiled eggs
per day, no significant differences in TMAO levels between baseline and end-of-study
were observed. However, the equivalent total choline dose delivered through
supplement tablets greatly increased the concentration of TMAO in both plasma and
urine. This increase was independent of whether or not the choline tablets were

ingested with whole eggs, egg whites, or without eggs. And consuming eggs (whole or
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egg white alone) with the choline tablets did not increase the degree to which plasma
TMAO levels increased, implying that the choline contained within the egg did not play a
large role in determining the final blood concentration of TMAQO. Further, any potential
impact of egg white anti-microbial peptides on ingested choline or phosphatidylcholine
dependent TMAO levels was not significant.

Since TMAO is almost exclusively cleared from the blood through renal
excretion,36-38  the TMAO concentration in spot urine collections and the total urinary
TMAO excreted over a 24-hour period provide complementary insights into systemic
TMAO beyond what can be captured in a single blood draw. The similar patterns
observed in plasma and 24-hour urine samples across measured metabolites offers
strong evidence that the observed increases are real and not dependent on possible
confounding variables like the length of time since last ingesting choline.

Despite prospective intervention assignment and blinded, objective endpoint
assessments, our studies are not without limitations. Even with prospective
randomization, the relatively small sample sizes within each group created uneven
distributions of some baseline characteristics (e.g. Arm 3 was 94% female).
Additionally, participants’ dietary intake beyond the assigned interventions was not
controlled during the study period. We also do not know if the significant differences in
TMAO levels seen after four weeks would continue with longer-term dietary exposure,
but other studies suggest that the pattern would have continued.32 3% Perhaps the most
important limitation of these studies is that all participants showed no evidence of renal
disease. Estimated glomerular function and urine albumin-to-creatinine ratio were

shown to be within the normal range in all participants. Thus the translatability of the
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results to other patient populations, like those with impaired renal function, is unclear.
We therefore advise caution in recommending choline supplementation for patients with
impaired renal function or cardiovascular disease, and even for healthy subjects with
normal renal function. Choline is a common and widely available supplement, frequently
included in multi-vitamins.' Further, many prepared foods and protein supplements
contain phosphatidylcholine as an additive, providing another source of dietary choline
and further obviating the need for choline supplementation beyond dietary sources. If
choline deficiency is suspected, it may be more prudent to recommend natural sources

of choline, like eggs, over supplements.

CONCLUSION

Despite their high choline content, daily consumption of four eggs over four weeks did
not substantially raise fasting concentrations of TMAO or impact platelet reactivity as
monitored by aggregometry amongst healthy participants with normal renal function.
Similar results were observed when an equivalent amount of total choline was
consumed as phosphatidylcholine capsules. In contrast, an equivalent amount of total
choline delivered in choline bitartrate tablets substantially raised plasma and urine
TMAO levels and increased platelet aggregation responsiveness. These findings imply
that the form of choline ingested may differentially influence gut-microbiota dependent
TMAO generation. More importantly, these observations strongly caution the overall
generalization of health benefits or risks of dietary supplements based solely on their
chemical compositions without directly measuring plasma levels of metabolites or

demonstrating their biological consequences.
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FIGURE LEGENDS

Figure 1: Study Design. Participants were randomly assigned to one of five different
intervention arms. All interventions provided a roughly equivalent dose of choline with
the exception of Arm 3, which, as a combination of Arms 1 and 2, provided

approximately twice as much choline as the other four arms.

Figure 2: TMAO Concentration across Study Arms. Comparing plasma TMAO
concentration (uM) across all arms between the baseline (no intervention) visit and the
final (intervention) visit, TMAOQ increased in the three arms involving the ingestion of a
choline bitartrate tablet, but failed to show a significant increase when participants
consumed only eggs or only phosphatidylcholine capsules (the two groups of
participants that did not consume the choline bitartrate tablets). In this graph, the box
indicates the 25t — 75t percentiles, with the solid line inside the box at the median.
Each open circle represents an individual TMAO value. BL = Baseline, D28 = Day 28
(final study visit). P values were calculated with the Wilcoxon signed rank test, with

values less than 0.05 deemed significant.

Figure 3: TMAO Production across Study Arms. A. Comparing the baseline visit
and the final (Day 28) visit, 24-hour urine TMAOQ increased when participants consumed
oral choline bitartrate tablets (either alone or in combination with eggs), but did not
increase in the two arms where participants did not consume oral choline bitartrate
tablets. B. A similar pattern was observed in spot urine. In this graph, the box indicates

the 25t — 75t percentiles, with the solid line inside the box at the median. Each open



circle represents an individual TMAO value. BL = Baseline, D28 = Day 28 (final study
visit). P values were calculated with the Wilcoxon signed rank test, with values less than

0.05 deemed significant.

Figure 4: Platelet Aggregation across Study Arms. A. Comparison of platelet
aggregation in 10 subjects between the baseline visit and the final (Day 28) visit, shown
as measured aggregation in response to submaximal (1uM) ADP across all study arms
in plasma. The box indicates the 25" — 75! percentiles, with the solid line inside the box
at the median. B. Correlation between platelet responsiveness (as monitored by platelet
aggregometry elicited by 1uM ADP as agonist) and plasma TMAO concentration. C.
Correlation between platelet responsiveness (as monitored by platelet aggregometry
elicited by 1uM ADP as agonist) and 24-hour urine TMAO levels. Spearman rank

correlation and p values are also shown. BL = Baseline, D28 = Day 28 (final study visit).
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Figure 2:

Plasma TMAO (all subjects) Day 1 vs Day 28
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Figure 3:

A. 24-hr Urine TMAO (all subjects) Day 1 vs 28
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Figure 4:

A. Averaged 1uM ADP bars
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Table 1: Baseline Subject Characteristics

Arm 2 Arm 3 Arm 4 Arm 5
All Arm 1 Choline Whole Eggs | Egg Whites PC
Participants | Whole Eggs + Choline + Choline
Tablets Capsules
Tablets Tablets
Number of Participants | 82 18 20 16 18 10
Ade 28.0 25.5 27.0 37.0 30.0 315
g (24.0-38.8) | (23.3-28.8) | (23.0-37.0) | (24.0-50.3) | (25.0-35.8) | (25.8-47.3)
Gender (% male) 39.0% 55.6% 55% 6.3% 44.4% 40%
Race (% white) 81.7% 72.2% 75% 100% 88.9% 70%
BMI 26.9 26.3 257 25.9 31.0 29.4
(22.8-31.9) | (22.8-31.1) | (22.5-27.8) | (22.3-30.0) | (26.9-335) | (24.5-31.6)
GER 99.8 109.4 101.1 88.3 86.1 100.8
(82.6-115.6) | (99.0-125.0) | (89.9-117.4) | (82.4-110.8) | (80.9-102.8) | (76.6-104.5)
: - L | 7.2 6.2 6.1 8.2 7.8 7.1
Microalbumin:Creatinine | /' 115 | (47.78) (45114) | (66-128) | (4811.1) | (5.2-99)
23 2.0 1.9 2.3 26 2.8
Plasma TMAO (uM) (1.5-3.5) (1.4-3.5) (1.4-3.4) (1.5-2.8) (1.8-5.3) (2.0-5.1)

Unless otherwise noted, values are reported as median (Q1-Q3). BMI = body mass

index; eGFR = estimated glomerular filtration rate; PC = phosphatidylcholine; TMAO =

trimethylamine-N-oxide






