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We previously showed gut microbial production of trimethylamine N-oxide 
(TMAO) from dietary nutrients like choline, lecithin, and L-carnitine is linked 
to the development of cardiovascular diseases.1–3 We also recently reported 

that plasma TMAO levels are associated with incident thrombotic event risk in sub-
jects, and that TMAO both enhances platelet responsiveness to multiple agonists by 
augmenting stimulus-dependent Ca2+ signaling and heightens thrombosis potential 
in animal models.4 Specifically, a role for TMAO and gut microbiota in transmitting 
heightened thrombosis potential in vivo was supported by both direct TMAO infusion 
and microbial transplantation studies.4 A Western diet, rich in choline, is associated 
with heightened thrombosis risk; however, the effect of dietary choline on TMAO and 
platelet hyperresponsiveness in human subjects has not yet been reported.

We prospectively recruited healthy vegans/vegetarians (n=8) and omnivores 
(n=10) with no preceding (1-month) history of antibiotics or probiotics. This single-
center study was approved by the Cleveland Clinic Institutional Review Board. After 
informed consent, subjects (46±5 years of age, 40% male, nonsmokers without 
hypertension, diabetes mellitus, or cardiovascular disease) were given oral choline 
supplementation (choline bitartrate 500 mg twice daily, ≈450 mg total choline/day) 
for 2 months with monthly blood testing after overnight fast. Both vegan/vegetarian 
and omnivore alike showed significant >10-fold increases in plasma TMAO levels at 
both 1- and 2-month periods (P<0.01 each; Figure, A), with corresponding enhanced 
platelet aggregation responses to submaximal adenosine diphosphate (5µM) after 
choline supplementation (Figure, A). Moreover, a striking dose-dependent associa-
tion was observed between plasma TMAO levels and platelet function (Figure, B). 
Similarly, among all subjects in the study, a significant association was noted be-
tween change from baseline in TMAO level and change from baseline in platelet 
aggregation (Spearman rho=0.38, P=0.03).

We next tested whether platelet hyperresponsiveness associated with choline sup-
plementation and elevated TMAO was observed in the presence of aspirin. Omnivores 
previously examined in the absence of aspirin had a choline supplement-free washout 
period of at least 1 month and then were started on aspirin (81 mg each evening) for 
1 month before a baseline evaluation, followed by 2 months of choline supplementa-
tion. Compared with baseline, choline again increased both fasting plasma TMAO 
levels and adenosine diphosphate-dependent platelet aggregation responses at 1 
and 2 months of supplementation; however, both the degree of TMAO elevation and 
platelet hyperresponsiveness were attenuated by aspirin therapy (Figure, C).

These studies show for the first time a direct prothrombotic effect of dietary cho-
line and elevated levels of the gut microbial metabolite TMAO in humans. They also 
suggest the platelet hyperresponsiveness mediated by elevated TMAO can be at-
tenuated by a low dose of aspirin. It is important to note that they suggest elevated 
levels of the gut microbe-generated metabolite TMAO may overcome the antiplate-
let effects of low-dose aspirin—a hypothesis that warrants further investigation, 
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particularly in subjects at high cardiovascular risk. An 
unanticipated finding was that low-dose aspirin partially 
reduced choline supplement-dependent rise in TMAO. 
Although the mechanism for this result is unknown, as-
pirin has been reported to alter the composition of the 
gut microbial community.5 Finally, aspirin use in primary 
prevention subjects has recently been debated. The 
present studies, coupled with published studies linking 
heightened TMAO levels with thrombotic event risk,4 sug-
gest studies are warranted to explore if low-dose aspirin 
is beneficial among subjects with elevated TMAO and no 
clear contraindications to aspirin.
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Figure. Oral choline supplementation increases fasting trimethylamine N-oxide (TMAO) levels, enhances platelet 
aggregation, and attenuates the antiplatelet effect observed with aspirin.
A, Plasma TMAO levels and platelet aggregation in response to submaximal adenosine diphosphate (5µM) in vegan/vegetarian 
and omnivore groups. B, Correlation between plasma TMAO and platelet aggregation responses among the indicated groups. 
Spearman correlations and P values shown. C, Effect of choline supplementation on TMAO and platelet aggregation responses 
in omnivores in the absence versus presence of aspirin (ASA). All data shown are mean (±SEM) with the indicated number of 
subjects. Asterisks shown represent P<0.05 for comparison of aggregation responses off versus on ASA for the corresponding 
time point. P values were calculated with Wilcoxon rank sum test for two-group comparisons and Wilcoxon signed rank test for 
pairwise comparisons.
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FOOTNOTES
Circulation is available at http://circ.ahajournals.org.

REFERENCES
 1. Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, 

Feldstein AE, Britt EB, Fu X, Chung YM, Wu Y, Schauer P, Smith 
JD, Allayee H, Tang WH, DiDonato JA, Lusis AJ, Hazen SL. Gut 
flora metabolism of phosphatidylcholine promotes cardiovascular 
disease. Nature. 2011;472:57–63. doi: 10.1038/nature09922.

 2. Tang WH, Wang Z, Levison BS, Koeth RA, Britt EB, Fu X, Wu Y, 
Hazen SL. Intestinal microbial metabolism of phosphatidylcholine 

and cardiovascular risk. N Engl J Med. 2013;368:1575–1584. 
doi: 10.1056/NEJMoa1109400.

 3. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, Britt 
EB, Fu X, Wu Y, Li L, Smith JD, DiDonato JA, Chen J, Li H, Wu GD, 
Lewis JD, Warrier M, Brown JM, Krauss RM, Tang WH, Bushman 
FD, Lusis AJ, Hazen SL. Intestinal microbiota metabolism of L-
carnitine, a nutrient in red meat, promotes atherosclerosis. Nat 
Med. 2013;19:576–585. doi: 10.1038/nm.3145.

 4. Zhu W, Gregory JC, Org E, Buffa JA, Gupta N, Wang Z, Li L, Fu 
X, Wu Y, Mehrabian M, Sartor RB, McIntyre TM, Silverstein RL, 
Tang WH, DiDonato JA, Brown JM, Lusis AJ, Hazen SL. Gut mi-
crobial metabolite TMAO enhances platelet hyperreactivity and 
thrombosis risk. Cell. 2016;165:111–124. doi: 10.1016/j.
cell.2016.02.011.

 5. Rogers MA, Aronoff DM. The influence of non-steroidal anti-in-
flammatory drugs on the gut microbiome. Clin Microbiol Infect. 
2016;22:178.e1–178.e9. doi: 10.1016/j.cmi.2015.10.003.

 by JU
L

E
S L

E
V

IN
 on A

pril 29, 2017
http://circ.ahajournals.org/

D
ow

nloaded from
 

http://circ.ahajournals.org/


Weifei Zhu, Zeneng Wang, W. H. Wilson Tang and Stanley L. Hazen
in Subjects

-Oxide From Dietary Choline Is ProthromboticNGut Microbe-Generated Trimethylamine 

Print ISSN: 0009-7322. Online ISSN: 1524-4539 
Copyright © 2017 American Heart Association, Inc. All rights reserved.

is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231Circulation 
doi: 10.1161/CIRCULATIONAHA.116.025338

2017;135:1671-1673Circulation. 

 http://circ.ahajournals.org/content/135/17/1671
World Wide Web at: 

The online version of this article, along with updated information and services, is located on the

  
 http://circ.ahajournals.org//subscriptions/

is online at: Circulation  Information about subscribing to Subscriptions:
  

 http://www.lww.com/reprints
 Information about reprints can be found online at: Reprints:

  
document. Permissions and Rights Question and Answer this process is available in the

click Request Permissions in the middle column of the Web page under Services. Further information about
Office. Once the online version of the published article for which permission is being requested is located, 

 can be obtained via RightsLink, a service of the Copyright Clearance Center, not the EditorialCirculationin
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:

 by JU
L

E
S L

E
V

IN
 on A

pril 29, 2017
http://circ.ahajournals.org/

D
ow

nloaded from
 

http://circ.ahajournals.org/content/135/17/1671
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circ.ahajournals.org//subscriptions/
http://circ.ahajournals.org/



