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ORIGINAL RESEARCH

Nonlethal Inhibition of Gut Microbial 
Trimethylamine N-oxide Production 
Improves Cardiac Function and Remodeling 
in a Murine Model of Heart Failure
Chelsea L. Organ, PhD*; Zhen Li, PhD*; Thomas E. Sharp, III, PhD; David J. Polhemus, PhD; Nilaksh Gupta, PhD; 
Traci T. Goodchild, PhD; W. H. Wilson Tang, MD; Stanley L. Hazen, MD, PhD; David J. Lefer, PhD

BACKGROUND: Patients at increased risk for coronary artery disease and adverse prognosis during heart failure exhibit in-
creased levels of circulating trimethylamine N-oxide (TMAO), a metabolite formed in the metabolism of dietary phosphatidyl-
choline. We investigated the efficacy of dietary withdrawal of TMAO as well as use of a gut microbe-targeted inhibitor of TMAO 
production, on cardiac function and structure during heart failure.

METHODS AND RESULTS: Male C57BLK/6J mice were fed either control diet, a diet containing TMAO (0.12% wt/wt), a diet 
containing choline (1% wt/wt), or a diet containing choline (1% wt/wt) plus a microbial choline trimethylamine lyase inhibitor, io-
domethylcholine (0.06% wt/wt), starting 3 weeks before transverse aortic constriction. At 6 weeks after transverse aortic con-
striction, a subset of animals in the TMAO group were switched to a control diet for the remainder of the study. Left ventricular 
structure and function were monitored at 3-week intervals. Withdrawal of TMAO from the diet attenuated adverse ventricular 
remodeling and improved cardiac function compared with the TMAO group. Similarly, inhibiting gut microbial conversion of 
choline to TMAO with a choline trimethylamine lyase inhibitor, iodomethylcholine, improved remodeling and cardiac function 
compared with the choline-fed group.

CONCLUSIONS: These experimental findings are clinically relevant, and they demonstrate that TMAO levels are modifiable fol-
lowing long-term exposure periods with either dietary withdrawal of TMAO or gut microbial blockade of TMAO generation. 
Furthermore, these therapeutic strategies to reduce circulating TMAO levels mitigate the negative effects of dietary choline 
and TMAO in heart failure.
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Heart failure (HF) remains a leading cause of death, 
afflicting >6.5 million people in the United States1. It 
is predicted that by 2030 the prevalence of HF will 

increase ≈50% and will have an economic burden that 
exceeds ≈$70 billion in the United States alone.1 With a 
limited number of effective drugs to treat HF, there is a 
necessity to focus on nutrition and lifestyle alterations in 
patients with HF. Currently, there is a limited set of dietary 
guidelines that have concentrated on limiting sodium 

and fluid consumption for HF patients.2 While this has 
been the primary focus, there is a paucity in outcomes 
data to support these alterations. The increasing prev-
alence of HF and mounting economic burden provide 
an impetus to discover novel therapeutic targets and 
lifestyle modifications to treat HF and the associated un-
derlying cardiovascular diseases (CVDs)/comorbidities.

A therapeutic target of great interest is the human 
microbiome. It is estimated that the number of 
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bacteria in the body is approximately equal to the 
number of human cells3 and that bacteria outnumber 
eukaryotes and archaea in the human microbiome by 
2 to 3 orders of magnitude.4,5 The microbiome has 
evolved concurrently over time with humans to per-
form vital functions in their host environments. The 
most significant portion of human commensals re-
side in the large intestine and serve numerous func-
tions that human enzymes are incapable of carrying 
out, such as deriving nutrients from indigestible plant 
materials. In addition to this essential function, the 
gut microbiome also interacts with and educates the 

host immune system, helping to protect against inva-
sive pathogens.6,7

The interplay among the gut microbiome, diet, and car-
diovascular health has recently emerged as an important 
interaction in many CVDs. Phosphatidylcholine is a dietary 
component found at high concentrations in food sources 
such as cheese, egg yolk, meat, and shellfish. It is con-
verted in the gut to choline, and subsequently to trime-
thylamine (TMA) via intestinal microbiota. TMA then enters 
the portal circulation and is converted to TMAO via flavin-
containing monooxygenases in the liver.8,9 Choline itself 
is an essential nutrient that plays several roles in human 
physiology. It is the precursor to the neurotransmitter ace-
tylcholine, and plays a critical role in neurological function 
and fetal development.10–12 However, it has been shown in 
humans that the metabolite choline, found in high concen-
trations in the Western diet and meat, is associated with 
HF and increased cardiovascular risk.13,14 Furthermore, 
studies in both mice and humans have elucidated the 
metabolic pathway of transforming choline into TMAO, re-
vealing TMAO as a terminal, deleterious end product.13–16 
Preclinical and human intervention studies have shown 
that dietary choline increases circulating levels of TMAO 
and consequently increases atherosclerotic plaque for-
mation, thrombosis, and inflammatory signaling, which all 
play a critical role in the pathogenesis of CVDs.16–27 Clinical 
studies have also positively correlated circulating TMAO 
levels with the development and severity of HF.13,28–31 
Multiple retrospective analyses of clinical trials corrob-
orate the prognostic value and association of increased 
TMAO levels and CVD burden.32,33 Our group has previ-
ously shown that dietary choline and TMAO exacerbate 
the progression of cardiac dysfunction in the setting of HF 
following transverse aortic constriction (TAC).34 At present, 
there are no US Food and Drug Administration–approved 
pharmacotherapies that alter the gut microbiome to pre-
vent or attenuate CVD progression and severity.

In the current study, we investigated the impact 
of lowering TMAO levels via withdrawing TMAO after 
chronic exposure to dietary TMAO following TAC to 
evaluate the reversibility of the pathological effects 
of TMAO in HF. Furthermore, we sought to investi-
gate the effects of inhibiting microbial production of 
TMAO using a novel TMA lyase inhibitor in the setting 
of HF in mice fed dietary choline. To test these di-
etary and pharmacologic modifications, we used a 
well-established murine model of pressure overload–
induced chronic HF.

METHODS
Experimental Animals
C57BL6/J male mice aged 10 to 12  weeks (Jackson 
Labs, Bar Harbor, ME) were used for these studies. 
All animals were housed and maintained in an on-site 

CLINICAL PERSPECTIVE

What Is New?
•	 Following development of heart failure in a pres-

sure overload heart failure mouse model, die-
tary modification from a high to low content of 
choline or trimethylamine N-oxide leads to lower 
circulating trimethylamine N-oxide levels and at-
tenuation of adverse cardiac remodeling.

•	 Similar anti–adverse ventricular remodeling 
effects are observed with direct nonlethal in-
hibition of gut microbiota-dependent trimeth-
ylamine N-oxide generation, providing proof of 
concept that dietary nutrient-mediated gut mi-
crobial metabolism is mechanistically linked to 
adverse cardiac remodeling.

What Are the Clinical Implications?
•	 Despite significant morbidity and mortality, di-

etary and lifestyle modification in the manage-
ment of heart failure have primarily focused on 
salt restriction and exercise.

•	 The present studies support a role of gut mi-
crobe-generated metabolites as contributors to 
cardio-renal disease progression.

•	 They also support further studies to target spe-
cific dietary nutrients or microbial enzymes to 
prevent disease progression in patients with 
heart failure.

Nonstandard Abbreviations and Acronyms

CVD	 cardiovascular disease
HF	 heart failure
LV	 left ventricular
PSR	 Picrosirius red
TAC	 transverse aortic constriction
TMA	 trimethylamine
TMAO	 trimethylamine N-oxide
WGA	 wheat germ agglutinin
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temperature-controlled animal facility adhering to a 12-
hour light/dark cycle and provided with water and ro-
dent chow ad libitum. All animals were humanely cared 
for in accordance with the Principles of Laboratory 
Animal Care dictated by the National Society of Medical 
Research and the Guide for the Care and Use of 
Laboratory Animals by the National Institutes of Health 
(Publication No. 85-23, Revised 1996). All animal pro-
cedures were approved by the Institutional Animal 
Care and Use Committee of both the Louisiana State 
University Health Sciences Center and the Cleveland 
Clinic. The data that support the findings of this study 
are available from the corresponding author upon rea-
sonable request.

Experimental Diets
Mice were maintained on either a chemically defined 
control “chow” diet (TD.130104) (n=26,TMAO study; 
n=19, iodomethylcholine study), chow supplemented 
with 0.12% (wt/wt) TMAO (TD.07865) (n=35, TMAO 
study), chow supplemented with 1% (wt/wt) cho-
line (TD.09041) (n=22), or chow containing 1% (wt/
wt) choline+0.06% (wt/wt) iodomethylcholine (choline 
TMA lyase inhibitor) (TD.150812) (n=19) from Envigo 
(Madison, WI). TD.07865, TD.09041, and TD.150812 
are the same background diet as TD.130104. In each 
protocol, the diet was initiated 3 weeks before TAC and 
maintained per study parameters. Those animals sub-
ject to diet withdrawal (n=16, TMAO study) were ran-
domized and allocation concealment was performed. 
All investigators were blinded to randomization until all 
data were fully analyzed.

TAC Protocol
Cardiac pressure overload and HF were induced 
using TAC surgery, as described previously.34–38 The 

experimental protocol for these studies is shown in 
Figure 1A.

Echocardiography Assessment
One week before the TAC procedure, a baseline tran-
sthoracic echocardiogram was performed; following 
the TAC procedure, echocardiography was performed 
for 15 to 17 weeks at 2- to 6-week intervals using a 30-
MHz probe on a Vevo 2100 (Visualsonics), as described 
previously.34,39 Briefly, while mice were under light anes-
thesia with isoflurane (0.25–0.50%) supplemented with 
100% O2, and a heart rate >400 bpm, a series of 5 M-
mode long-axis images were taken along the left ven-
tricle from base to apex to measure the thicknesses of 
interventricular septal wall, left ventricular (LV) posterior 
wall, and LV chamber diameters at systole or diastole 
(LVESD and LVEDD). The average of the five M-mode 
measurements were used to calculate LV chamber 
volume at systole or diastole, LV fractional shortening, 
LV ejection fraction, and LV mass with the following 
equations:

LV volume end diastolic volume (LVEDV)=

7.0∕(2.4+LVEDD)×LVEDD3

LV volume end systolic volume (LVESV)=

7.0∕(2.4+LVESD)×LVESD3

LV fractional shortening (LVFS)=

100× ((LVEDD-LVESD)∕LVEDD)

LV ejection fraction (LVEF)=

100× ((LVEDV-LVESV)∕LVEDV)

LV Mass=1.053× [(IVSd+LVEDD+LVPWd)3−LVEDD3]

Figure 1.  Experimental Protocol and Circulating TMAO.
(A), Experimental protocol for transverse aortic constriction (TAC) heart failure studies in control, trimethylamine N-oxide (TMAO) 
fed, and TMAO withdrawal study groups. Mice were fed experimental diets starting at 3 weeks before TAC surgery. In a subset of 
the TMAO group, dietary TMAO was withdrawn at 6 weeks following TAC. Left ventricular function and structure were evaluated via 
echocardiography at 3-week intervals following baseline echocardiography studies at 1 week before TAC surgery. (B), Circulating 
levels of TMAO in control, TMAO, and TMAO withdrawal groups. Data from plasma samples were collected at the 17-week time point. 
Results are shown as mean±SEM. Numbers in circles represent the total number analyzed per group.
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Measurements of Plasma B-type 
Natriuretic Peptide
B-type natriuretic peptide (BNP; BNP EIA kit, Phoenix 
Pharmaceuticals, Inc.) plasma levels were determined 
by ELISA at 17  weeks following TAC, as described 
previously.40

Quantification of Plasma TMAO Levels
Stable isotope dilution liquid chromatography–mass 
spectrometry on a Shimadzu LCMS 8060 triple 
quadrupole mass spectrometer interfaced with a 
Nexera ultra-high-performance liquid chromatogra-
phy system was used for quantification of TMAO in 
plasma taken at the study end point, as previously 
described.16,41–43

Iodomethylcholine
Iodomethylcholine is a structural analog of choline that 
acts as a TMA lyase inhibitor, which was first developed 
and characterized in our previous work by Roberts et al.44 
Iodomethylcholine was designed as a suicide substrate 
inhibitor with several key features: (1) Iodomethylcholine 
is initially nonreactive and can be transported into the 
intact gut microbe; (2) iodomethylcholine is nonlethal 
to the microbe; and (3) iodomethylcholine possesses 
a structure that, when cleaved, generates a reactive 
species that can irreversibly inhibit choline TMA lyase. 
Iodomethylcholine is an irreversible TMA lyase inhibitor 
and does not affect commensal viability. It was devel-
oped as a tool drug and has previously been shown to 
be safe when screened in a battery of pharmacologi-
cal safety tests (ie, human Ether-à-go-go–related gene 
channel function, mitochondria safety test, Ames test-
ing, and human kidney-2 cell viability assay). While io-
domethylcholine is a tool drug and is not appropriate 
for use in humans at the present time, ongoing work is 
moving forward for first-in-human studies with a mem-
ber of this new class of gut microbiota-targeting inhibitor.

Histologic Staining and Quantitative 
Analysis
Heart tissue was fixed in 10% buffered formalin and 
processed into paraffin wax blocks. Sections (5 μm) 
were mounted onto glass slides and stained for 
Picrosirius red (PSR) to quantify total fibrosis or wheat 
germ agglutinin (WGA) for identification of extracellular 
matrix for myocyte cross-sectional area as previously 
described35 in all groups. A mean of >10 images was 
taken from each slide and quantified in a blinded man-
ner per animal per group. Image J was used to quan-
tify PSR positive tissue and myocyte cross-sectional 
area. Kidney tissue was fixed in 10% buffered forma-
lin and processed into paraffin wax blocks. Sections 
were mounted onto glass slides and stain for Masson’s 

Trichrome to quantify kidney fibrosis, as previously 
described.35

Quantitative Real-Time Polymerase Chain 
Reaction
Heart tissue was frozen in liquid N2 and stored at 
−80°C until RNA isolation was performed, as pre-
viously described.35 Gene expression for collagen 
1a1, collagen 3a1, fibronectin-1, transforming growth 
factor-β, interleukin-6, connective tissue growth factor, 
matrix metallopeptidase 2, metallopeptidase inhibitor 1 
and 2 were analyzed.

Blinding and Randomization
An alphanumeric code was assigned to each animal 
several times over the course of the study to ensure 
proper blinding and allocation concealment of treat-
ment groups. In the TMAO withdrawal study, animals 
were randomized after the 6-week echocardiographic 
data were collected. All experimental analyses were 
performed in a blinded manner, and all investigators 
were blinded as to treatment or diet until all data were 
analyzed and the study was completed.

Statistical Analysis
All data are presented as mean±SEM. Repeated-
measures ANOVA analyses with Tukey correction for 
multiple comparisons were performed using Prism 6 
(GraphPad Software). A P<0.05 was considered sta-
tistically significant.

RESULTS
Withdrawal of Dietary of TMAO Reduces 
Circulating TMAO Levels
We evaluated whether the withdrawal of dietary TMAO 
(0.12%) could modulate plasma TMAO levels following in-
itial exposure in mice (Figure 1A). Administration of dietary 
TMAO (0.12% wt/wt) for 17 weeks resulted in a significant 
(P<0.01) 8-fold increase in plasma TMAO to ≈25 μmol/L 
compared with the control diet (Figure 1B) with plasma 
TMAO levels of ≈3 μmol/L. Circulating TMAO levels meas-
ured at 17 weeks were significantly (P<0.01) reduced in 
the TMAO withdrawal group; however, TMAO levels re-
main elevated compared with control diet (P<0.01) follow-
ing removal of dietary TMAO at 6 weeks.

Withdrawal of Dietary TMAO Attenuates 
Adverse Remodeling and Cardiac 
Dysfunction in HF
To evaluate the effect of TMAO dietary withdrawal on car-
diac function, we fed either control chow or 0.12% (wt/
wt) supplemented TMAO chow and induced chronic HF 
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using a TAC procedure (Figure 1A). At 6 weeks following 
TAC, in a subset of the TMAO group, the 0.12% (wt/wt) 
TMAO diet was withdrawn and mice were maintained 
on control chow for the remainder of the study. Dietary 
TMAO significantly worsened cardiac function in com-
parison with control diet (Figure 2) (Table 1). In Table 1, 
at the 17-week time point, all measured end points are 
significantly different (P<0.01) compared with baseline, 
within group. At the 17-week time point, adverse cardiac 
remodeling was worsened in the TMAO group compared 
with control as seen by increased LV dilation (Figure 2A 
and 2B) (P<0.01). However, when TMAO was withdrawn 
from the diet, these negative effects were attenuated. 
Cardiac remodeling was inhibited when TMAO was with-
drawn from the diet following TAC, as evidenced by re-
duced cardiac dilation (P<0.01) in the TMAO withdrawal 
group compared with the TMAO group at 17  weeks 
(Figure  2A). Cardiac dysfunction was attenuated as 
early as 9 weeks following TMAO withdrawal (P<0.05) 
and LV fractional shortening was significantly improved 
compared with the TMAO group at 17 weeks (P<0.01) 
(Figure 2C). Furthermore, in the TMAO withdrawal group, 

the interventricular septum did not exhibit the same ex-
tent of pathological remodeling as observed in the con-
trol and TMAO groups (Figure 2D) (P<0.01 at 17 weeks). 
At 17 weeks, there was no significant difference in the LV 
posterior wall thickness in any of the treatment groups 
(Figure 2E). B-type natriuretic peptide (BNP) was meas-
ured in the plasma at 17 weeks following TAC to further 
evaluate HF severity. The TMAO group had significantly 
(P<0.05) increased circulating BNP levels compared with 
control (Figure  2F). Interestingly, the TMAO withdrawal 
group had significantly reduced (P<0.05) circulating BNP 
levels compared with TMAO at 17 weeks following TAC. 
This finding substantiates our echocardiographic find-
ings of LV function, which demonstrate that TMAO with-
drawal attenuates LV dilatation in HF as compared with 
chronic TMAO feeding. Representative photographs 
(Figure 3A) demonstrate the extent of cardiac enlarge-
ment in the chronic TMAO and TMAO withdrawal study 
groups compared with the control groups at 17 weeks 
following TAC-induced HF. However, TMAO withdrawal 
did not significantly reduce heart weight:body weight 
(Figure 3B) or heart weight:tibia length compared with 

Figure 2.  Withdrawing trimethylamine N-oxide (TMAO) improves cardiac function and remodeling.
(A), left ventricular (LV) end-systolic diameter (LVESD), (B) LV end-diastolic diameter (LVEDD), (C) LV fractional shortening (LVFS), and 
(D) interventricular septal wall thickness (IVSd) and (E) LV posterior wall thickness at diastole (LVPWd) following transverse aortic 
constriction (TAC) in control, TMAO, and TMAO withdrawal groups. (F), Plasma B-type natriuretic peptide (BNP) levels at 17 weeks 
following TAC. All results are shown as mean±SEM. P=NS (not significant), *P<0.05 vs control, **P<0.01 vs control. Numbers in circles 
represent the total number analyzed per group.
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the TMAO group (Figure 3C). Furthermore, we investi-
gated the potential of pulmonary edema in this HF model 
and observed no change in lung weight:tibia length (data 
not shown). At 17 weeks, there was a significant (P<0.05) 
increase in the left atrial weight:tibia length in the TMAO 
group, and while not significant, there was a trend in re-
duction of left atrial weight:tibia length in the TMAO with-
drawal group (Figure  3D). LV tissue sections obtained 
from animals at 17 weeks after TAC were stained with 
WGA and myocyte cross-sectional area was quanti-
fied. There was no significant difference in myocyte 
cross-sectional area between all groups, as detailed in 
Figure 3E and 3F.

Withdrawal of Dietary TMAO Did Not 
Influence Cardiac or Renal Fibrosis 
but Significantly Reduced the Fibrotic 
Response
At 17 weeks after TAC, hearts were collected and pro-
cessed for histologic analysis. PSR staining was per-
formed on cross sections of hearts from control, TMAO, 
and TMAO withdrawal groups. Representative photo-
micrographs (Figure  4A) demonstrate the level of LV 
fibrosis. PSR-positive areas were quantified as a per-
centage of total tissue area. TMAO diet did not increase 
the total cardiac fibrotic area compared with control, 
and withdrawal at 6  weeks after TAC did not signifi-
cantly reduce cardiac fibrosis compared with control or 
TMAO (Figure 4B). Furthermore, we performed quanti-
tative real-time polymerase chain reaction to elucidate 
the levels of expression of profibrotic genes in the heart. 
There was a significant increase in transforming growth 
factor-β in the TMAO group (P<0.01) that was attenuated 

in the TMAO withdrawal group (Figure  4C) (P<0.01). 
Furthermore, collagen 1a1 and metallopeptidase in-
hibitor 2 were significantly reduced in the TMAO with-
drawal group compared with TMAO group (Figure 4C, 
P<0.05 and P<0.01, respectively). We investigated the 
effect that TMAO diet withdrawal on kidney fibrosis. 
Representative photomicrographs (Figure  4D) dem-
onstrate kidney fibrosis in control, TMAO, and TMAO 
withdrawal groups. At 17 weeks after TAC, there was a 
significant increase in total kidney fibrosis in the TMAO 
group compared with control (P<0.05) (Figure 4E). After 
withdrawal of the TMAO diet, there was no significant 
difference from the TMAO group (Figure 4E).

TMAO Production Is Attenuated by a 
Novel TMA Lyase Inhibitor in the Setting 
of a Choline Diet and TAC
In additional experimental studies, we investigated 
a novel gut microbial-targeting TMA lyase inhibi-
tor (iodomethylcholine)44 in mice fed a high-choline 
diet and subjected to TAC-mediated HF (Figure 5A). 
Microbial choline TMA lyase inhibition provides a 
novel mechanism to inhibit gut microbe conver-
sion of choline to TMA, the immediate precursor to 
TMAO.44 Mass spectrometry analyses revealed that 
iodomethylcholine levels were detectable only at 
negligible levels in plasma (submicromolar; data not 
shown), but in high levels within the cecal contents 
in the choline+iodomethylcholine group (Figure 5B). 
To evaluate the effectiveness of the inhibitor, we 
measured circulating TMAO levels at 15  weeks fol-
lowing TAC. In animals fed a 1% (wt/wt) choline 
diet, circulating plasma levels of TMAO were sig-
nificantly (P<0.01) increased (>15-fold) compared 
with mice fed a control diet, while TMAO levels in 
the choline+iodomethylcholine group were at con-
trol levels (Figure 5C). These data display that cho-
line is effectively converted into TMAO and that the 
microbe-targeting choline TMA lyase inhibitor, io-
domethylcholine, given orally, effectively blocks the 
conversion of choline into TMA and ultimately TMAO.

Microbial Choline TMA Lyase Inhibition 
Attenuates Choline Diet-Induced Cardiac 
Dysfunction in HF
We performed TAC surgery to induce LV hypertro-
phy and HF and followed the animals for a period of 
15 weeks, while they were maintained on their respec-
tive diets. We found that the choline-alone group had 
worse cardiac remodeling and dysfunction compared 
with the control groups at 15 weeks after TAC (Figure 6, 
Table 2). In Table 2, at the 15-week time point, all meas-
ured end points are significantly different (P<0.05 or 
P<0.01, respectively) compared with baseline, within 

Table 1.  TMAO Withdrawal Study Echocardiographic 
Measurements

Control TMAO
TMAO 

Withdrawal

Baseline

LV end-systolic volume, μL 15.8±1.53 22.0±1.63 16.9±2.49

LV end-diastolic volume, μL 37.0±2.72 44.5±2.36 34.7±3.52

LV ejection fraction, % 67.2±1.29 66.4±2.45 67.8±1.06

LV mass, mg 90.6±1.90 106±7.52 87.46±3.16

17 weeks after TAC

LV end-systolic volume, μL 40.0±4.37 57.0±5.04* 43.9±6.88†

LV end-diastolic volume, μL 60.2±5.23 74.3±5.23 69.0±7.98

LV ejection fraction, % 36.3±2.05 24.4±1.36* 45.8±4.43‡,§

LV mass, mg 128±7.83 151±9.70 160±9.65‡

Data shown as the mean±SEM. LV indicates left ventricular; TAC, 
transverse aortic constriction; and TMAO, trimethylamine N-oxide.

*P<0.01 compared with control group at that time point.
†P<0.05 compared with TMAO group at that time point.
‡P<0.05 compared with control group at that time point.
§P<0.01 compared with TMAO group at that time point.
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group. The left ventricular end-systolic dimension 
was significantly (P<0.05) increased in the choline-
fed group compared with choline+iodomethylcholine 
(Figure  6A). However, no changes were observed in 
the LV end-diastolic diameter (Figure 6B). There was 
also a significant (P<0.01) reduction in the LV fractional 
shortening in the choline diet group at 15-weeks after 
TAC compared with control (Figure  6C). Importantly, 
we found that there were no significant differences in 
cardiac structure or function following TAC HF between 
the control group and the choline+iodomethylcholine 
group at any time point in the study. Further, LV frac-
tional shortening significantly (P<0.05) improved with 
iodomethylcholine at 15  weeks after TAC compared 
with the choline diet group (Figure  6C). These data 
suggest that the inhibition of gut microbial TMA lyase 
attenuates the pathological actions of dietary cho-
line on cardiac structure and function in the setting 
of pressure overload–induced HF. The pathological 

remodeling and cardiac myocyte loss were largely 
abrogated in the choline+iodomethylcholine group 
compared with the choline-fed group in the intraven-
tricular septum (Figure 6D). We observed no significant 
changes in the LV posterior wall thickness (Figure 6E). 
At 15 weeks, we observed an ≈3-fold increase in cir-
culating BNP levels in the choline group compared 
with control and a significant (P<0.01) reduction in 
BNP levels in the choline+iodomethylcholine group 
compared with choline (Figure  6F). Representative 
photographs of hearts from control, choline diet, and 
choline diet+iodomethylcholine groups are shown 
in Figure  7A. There were no significant changes in 
heart weight:body weight or tibia length at 15 weeks 
following TAC among groups (Figure 7B and 7C). At 
15  weeks, there was no significant difference in the 
left atrial weight:tibia length in groups (Figure 7D). At 
15 weeks, LV sections were stained for WGA and my-
ocyte cross-sectional area was quantified. There was 

Figure 3.  Hypertrophic Remodeling following TMAO withdrawal.
(A), Representative images of hearts taken at 17 weeks. (B), Heart weight (HW) to body weight (BW) of control, trimethylamine N-oxide 
(TMAO) and TMAO withdrawal groups. (C), Heart weight to tibia length of control, TMAO, and TMAO withdrawal groups. (D), left atrial 
(LA) weight to tibia length. (E), Representative photomicrographs (×40) of WGA staining for myocyte cross sectional area (CSA) (scale 
bar=20 μm) and (F) quantification in all 3 groups. Results are shown as mean±SEM. P=NS (not significant).
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no significant difference in myocyte cross-sectional 
area among groups (Figure 7E and 7F). Taken together, 
these data suggest that dietary choline via TMAO gen-
eration has detrimental effects on cardiac function and 
remodeling during HF. Moreover, blocking the gut mi-
crobial metabolic pathway of choline transformation 
into TMAO can, in large part, blunt these effects.

Inhibition of TMA Lyase Reduced the 
Fibrotic Response to TAC and  
Choline-Enriched Diet
PSR staining was performed on cross sections of hearts 
from control, choline, and choline+iodomethylcholine 
groups. Representative photomicrographs (Figure 8A) 
of whole heart section demonstrate the level of fi-
brosis. The PSR-positive area was quantified as a 

percentage of total tissue area. Choline-fed animals 
had a significant increase in the cardiac fibrotic re-
sponse at 15 weeks (P<0.05) compared with control 
(Figure  8B). Choline+iodomethylcholine significantly 
inhibited the fibrosis generated by TAC and cho-
line (P<0.05) and was not significantly different than 
control. Furthermore, we looked at profibrotic gene 
expression in the left ventricles of animals in con-
trol, choline, and choline+iodomethylcholine groups 
(Figure 8C). We observed an overall increase in gene 
expression within the choline-fed group. transform-
ing growth factor-β and matrix metallopeptidase 
2 were significantly increased in the choline-fed 
group compared with control (P<0.05). Additionally, 
choline+iodomethylcholine significantly reduced col-
lagen 1a1, collagen 3a1, fibronectin-1, transforming 
growth factor-β, connective tissue growth factor-1, 

Figure 4.  Fibrotic response following TMAO withdrawal. 
(A), Representative photomicrographs (×40) of Picrosirius red staining in control, trimethylamine N-oxide (TMAO), and TMAO withdrawal 
groups. (B), Quantification of fibrosis as a percentage of total tissue area. (C), Gene expression levels of fibrotic markers in control, 
TMAO, and TMAO withdrawal groups. Interleukin-6 (IL6): control (n=5), TMAO (n=6) and TMAO withdrawal (n=7). Metallopeptidase 
inhibitor 1 (TIMP1): TMAO withdrawal (n=7). Metallopeptidase inhibitor 2 (TIMP2): control (n=7). (D), Representative photomicrographs 
(×40) of renal Masson’s trichrome staining in control, TMAO and TMAO withdrawal groups. (E), Quantification of kidney fibrosis 
as a percentage of total tissue area. Scale bar=20 μm. Results are shown as mean±SEM. P=NS (not significant). Col1A1 indicates 
collagen 1A1; Col3A1, collagen 3A1; CTGF, connective tissue growth factor; FN1, fibronectin 1; MMP2, matrix metalloprotease 2; TGFβ, 
transforming growth factor β; and TIMP, metallopeptidase inhibitor.
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matrix metallopeptidase 2, and metallopeptidase in-
hibitor 2 compared with the choline-fed group 
(Figure  8C). These data suggest that the gut micro-
bial choline TMA lyase inhibitor iodomethylcholine has  
the capacity to inhibit the exacerbated fibrotic re-
sponse to a choline-rich diet in the presence of TAC-
induced HF.
Masson’s trichrome staining of the kidney was per-
formed to investigate if TMA lyase inhibition would 
mitigate the adverse kidney fibrosis observed in a 
TAC-induced HF model ± choline diet. Figure  8D 
shows representative photomicrographs of kidney 
fibrosis. Quantification of fibrotic area in control, 
choline-fed, and choline+iodomethylcholine groups 
demonstrated that a choline-rich diet significantly 
(P<0.05) increased kidney fibrosis compared with 
control. The total fibrotic area was reduced within 
the choline+iodomethylcholine group compared with 
a choline diet; however, this did not reach statistical 
significance (Figure 8E).

DISCUSSION
Lifestyle decisions, specifically dietary choices, have 
an impact on the development of cardiovascular 

comorbidities, such as diabetes mellitus and obesity. 
These 2 comorbidities alone have a profound influ-
ence on the development and progression of HF.45 
Examining the effect of withdrawing dietary TMAO 
following chronic exposure has allowed us to evalu-
ate the pathological effects of TMAO in the setting of 
HF. In this study, we extend our earlier findings of the 
detrimental role of TMAO in HF independent from the 
progression of atherosclerosis. Our studies herein re-
veal that removing dietary TMAO during HF has ben-
eficial effects on the myocardium. This is evidenced 
by improvements in LV structure and function and re-
ductions in circulating levels of both BNP and TMAO 
following withdrawal of dietary TMAO. The ability to 
modify circulating TMAO levels after an initial long-
term exposure period is an important finding for the 
treatment of HF. This finding supports the idea that 
further dietary modifications and new guidelines are 
necessary, notwithstanding changes to sodium and 
fluid restriction.2 Our study also shows that the ef-
fects of TMAO on the myocardium are modifiable 
and that myocardium can recover in terms of struc-
ture and function following withdrawal of TMAO in the 
setting of HF. These data lend credence to the notion 
that more developed and well-established guidelines 
are necessary with respect to nutrition and dietary 
alterations for patients suffering from HF.

The gut microbiome is an active area of research 
for regulating pathological dietary metabolites of 
cardiovascular disease, specifically targeting the 
production of TMAO. Studies in apolipoprotein E 
−/− mice have shown that treatment with broad-
spectrum bactericidal antibiotics effectively reduces 
circulating TMAO levels and reduces the number 
of atherosclerotic lesions.16 However, when treated 
with antibiotics, the reduction in TMAO levels is only 
temporary. The transient suppression of circulat-
ing TMAO is attributable to repopulation of the in-
testines by antibiotic-resistant bacteria. In addition, 
antibiotics also can cause adverse gastrointestinal 
complications with long-term use, such as nausea, 
diarrhea, and colitis. Despite the limitations of anti-
biotics as an effective therapeutic for modulating the 
gut microbiome in HF, these experiments confirmed 
that blocking TMAO production with the novel nonle-
thal TMA lyase inhibitor iodomethylcholine improves 
cardiac function in the setting of HF.

Because of the many beneficial components of 
the gut microbiome, complete eradication is not a 
desirable therapeutic approach. However, target-
ing 1 noncritical functional component safeguards 
essential functions. Deciding where to intercept the 
choline metabolic pathway is critical, since cho-
line is a vital nutrient. Thus, blocking choline ad-
sorption would lead to its deficiency and adverse 

Figure  5.  Experimental Protocol and Cecum IMC and 
Circulating TMAO Level.
(A), Experimental protocol for transverse aortic constriction 
(TAC) heart failure studies in control, choline, and 
choline+iodomethylcholine study groups. Mice were fed 
experimental diets starting at 3  weeks prior to TAC surgery. 
Left ventricular (LV) function and structure were evaluated 
via echocardiography at 3-week intervals following baseline 
echocardiography studies at 1  week before TAC surgery. (B), 
Cecum levels of iodomethylcholine were measured in all 3 groups at 
15 weeks. (C), Circulating levels of trimethylamine N-oxide (TMAO) 
in control, choline, and choline+iodomethylcholine groups at 
15 weeks. Results are shown as mean±SEM. P=NS (not significant).
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neurological effects. Moreover, blocking the path-
way too far downstream, for instance, at the liver, 
by inhibiting flavin-containing monooxygenase 3 

(blocking the conversion of TMA to TMAO) results 
in trimethylaminuria or “fish odor syndrome.” Flavin-
containing monooxygenase 3 is also involved in the 
metabolism and inactivation of several compounds, 
for example, multiple drug classes, rendering flavin-
containing monooxygenase 3 an even less appeal-
ing target. A more desirable step to target in the 
choline metabolic pathway is the gut microbial con-
version of choline to TMA. The enzyme responsible 
for the conversion of choline to the volatile metabo-
lite TMA is choline TMA lyase, and this conversion is 
gut microbe dependent.16,46,47 Choline TMA lyase is 
a widely distributed microbial enzyme found in the 
human gut.48 In vitro experiments have shown that 
choline TMA lyase has specificity for choline and 
suggest its main role in physiology is the conversion 
of choline to TMA within a subset of gut microbial 
community members.

The present studies suggest that beyond reduc-
tion in atherosclerosis and thrombosis potential,24,44 
targeting the gut microbial TMA/TMAO pathway can 
prove beneficial in helping to prevent the development 
or progression of HF. Iodomethylcholine is a recently 
developed mechanism-based suicide substrate in-
hibitor of microbial choline TMA-lyase activity.44 In our 
model, iodomethylcholine successfully attenuated the 
negative effects of dietary choline on cardiac function. 
We found that mice receiving both dietary choline and 

Figure  6.  The trimethylamine lyase inhibitor iodomethylcholine inhibited choline-induced 
exacerbation of cardiac dysfunction and adverse remodeling following transverse aortic constriction.
(A), left ventricular (LV) end-systolic diameter (LVESD), (B) LV end-diastolic diameter (LVEDD), (C) LV fractional 
shortening (LVFS), and (D) interventricular septal wall thickness (IVSd) and (E) LV posterior wall thickness at 
diastole (LVPWd) following transverse aortic constriction (TAC) in control, trimethylamine N-oxide (TMAO), and 
TMAO withdrawal groups. (F), plasma B-type natriuretic peptide (BNP) levels at 15 weeks following TAC. All 
results are shown as mean±SEM. P=NS (not significant), *P<0.05 vs control, **P<0.01 vs control.

Table 2.  Choline+Iodomethylcholine Study 
Echocardiographic Measurements

Control Choline
Choline+ 

Iodomethylcholine

Baseline

LV end-systolic 
volume, μL

23.3±1.70 23.4±1.50 20.8±1.58

LV end-diastolic 
volume, μL

65.0±2.33 67.7±1.64 60.3±1.71

LV ejection 
fraction, %

64.4±1.63 65.9±1.72 66.0±1.96

LV mass, mg 104±3.25 99.8±2.85 86.5±2.80

15 wks after TAC

LV end-systolic 
volume, μL

53.4±5.00 73.8±9.24* 51.9±5.42†

LV end-diastolic 
volume, μL

90.8±6.24 100±8.79 84.4±5.25

LV ejection 
fraction, %

43.6±2.69 30.3±2.45‡ 41.4±3.23†

LV mass, mg 155±9.29 169±12.5 161±10.0

Data shown as the mean±SEM. LV indicates left ventricular; and TAC, 
transverse aortic constriction.

*P<0.05 compared with control at that time point.
†P<0.05 compared with the choline group at that time point.
‡P<0.01 compared with control at that time point.
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the inhibitor (choline+iodomethylcholine) had plasma 
TMAO levels nearly identical to controls. This suggests 
that iodomethylcholine is effectively inhibiting the gut 
microbial enzymatic conversion of choline to TMA, 
the rate-limiting step in TMAO production. Dietary 
choline worsened cardiac dysfunction in the setting 
of HF compared with control, evidenced by signifi-
cant reductions in LV fractional shortening compared 
with control diet, while iodomethylcholine attenuated 
this effect. The choline+iodomethylcholine group had 
a significantly higher LV ejection fraction than choline 
alone, which was preserved to the same degree as the 
control diet group.

The present study corroborates and extends 
our previous findings that dietary choline and its gut 
microbe-dependent metabolite, TMAO, can exacer-
bate the development of adverse ventricular remodeling 
and the fibrotic response during pressure overload.34 
In using the TMA lyase inhibitor, iodomethylcholine, we 

demonstrate the effective inhibition of circulating TMAO 
levels, which led to an attenuation of adverse cardiac 
remodeling and fibrosis in the setting of HF. We did not 
see any change in the cardiac fibrotic response to a 
TMAO-enriched diet or its withdrawal, despite signifi-
cant alterations in cardiac structure and function. This 
does not preclude such effects from being detectable 
when followed over longer periods of time, but confirm 
that preventative strategies to attenuate the onset of 
fibrosis are far more effective than reversal after devel-
opment. This functional change in response to TMAO 
withdrawal, despite no significant change in fibrosis, 
may also be due to submaximal levels of circulating 
TMAO when mice were fed a 0.12% (wt/wt) TMAO diet. 
Previous in vitro work by Savi et al49 demonstrated that 
a similar level of TMAO (20 μmol/L TMAO) can affect 
myocyte energetics, contractility, and calcium dynam-
ics. Of importance, the TMAO levels achieved in the 
present study with TMAO and choline diets (reaching 

Figure 7.  Hypertrophic Remodeling following IMC Administration.
(A), Representative images of hearts taken at 15 weeks. (B), Heart weight (HW) to body weight (BW) of control, trimethylamine 
N-oxide (TMAO) and TMAO withdrawal groups. (C), Heart weight to tibia length of control, TMAO, and TMAO withdrawal groups. 
(D), left atrial (LA) weight to tibia length. (E), Representative photomicrographs (×40) of wheat germ agglutinin staining for myocyte 
cross sectional area (CSA) (scale bar=20 μm) and (F) quantification in all three groups. Results are shown as mean±SEM. P=NS (not 
significant).
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≈25–60 μmol/L) are similar to the elevated levels ob-
served in clinical studies.13,14,43 This previous work and 
our current study would suggest that clinically ob-
served levels of circulating TMAO have the capacity to 
alter myocyte function before eliciting major changes to 
the fibrotic response.

Our previous work15 and others50 have demon-
strated that increased TMAO levels have been linked to 
renal fibrosis and dysfunction, and is elevated in sub-
jects with advanced chronic kidney disease. The data 
herein corroborate these findings; we demonstrate that 
with a TMAO- or choline-rich diet, there is a significant 
increase in circulating TMAO levels, which exacerbates 
kidney fibrosis when compared with the control groups. 
Withdrawal of TMAO had no significant effect on kid-
ney fibrosis when compared with the TMAO group. 
This may be attributable to the time of TMAO diet with-
drawal. When the choline TMA lyase inhibitor iodometh-
ylcholine was administered, there was a reduction in 

kidney fibrosis toward levels observed in control group. 
However, these data did not reach statistical signifi-
cance when compared with the choline-rich diet group.

Limitations of the present study are worth noting. 
The murine model is not fully comparable to the pa-
thology of HF in patients and does not reproduce the 
pathophysiology of HF induced by myocardial infarc-
tion and myocardial cell death. In the present study, we 
used the TAC protocol that induces a pressure over-
load model of HF, which is a well-established preclinical 
model35–38,51 but does not represent the full spectrum 
of human disease. Additionally, there are modest differ-
ences among the LV function data, HF biomarkers, and 
cardiac fibrosis data following TAC heart failure pre-
sented herein and our previous work.34 Of importance 
is that we did observe significant reductions in LV func-
tion, cardiac fibrosis, and severe HF, as well as powerful 
beneficial effects of TMAO withdrawal and gut micro-
bial choline TMA lyase inhibition. Another limitation of 

Figure 8.  Iodomethylcholine attenuates the fibrotic response induced via choline enriched diet.
(A), Representative photomicrographs (×40) of Picrosirius red staining in control, choline, and choline+iodomethylcholine groups. (B), 
Quantification of fibrosis as a percentage of total tissue area. (C), Gene expression levels of fibrotic markers in control, trimethylamine 
N-oxide (TMAO), and TMAO withdrawal groups. (D), Representative photomicrographs (×40) of renal Masson’s trichrome staining in 
control, choline and choline+iodomethylcholine groups. (E), Quantification of kidney fibrosis as a percentage of total tissue area. Scale 
bar=20 μm. Results are shown as mean±SEM. P=NS (not significant). Col1A1 indicates collagen 1A1; Col3A1, collagen 3A1; CTGF, 
connective tissue growth factor; FN1, fibronectin 1; MMP2, matrix metalloprotease 2; TGFβ, transforming growth factor β; and TIMP, 
metallopeptidase inhibitor.
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the present study is that beyond induction of multiple 
profibrotic gene expression changes, we have not fully 
elucidated the molecular mechanisms by which TMAO 
exerts its adverse effects on cardiac remodeling and 
function. Notably, a recent study by Chen and col-
leagues52 reported the discovery of the endoplasmic 
reticulum stress kinase PERK (EIF2AK3) as a TMAO re-
ceptor for glucose-related metabolic effects associated 
with the metabolite. It remains unknown if PERK, an 
alternative as of yet unidentified TMAO receptors, or 
TMAO itself (acting solely via other proposed actions 
on protein conformation and stability) participate in the 
physiological effects observed herein.21,53

As our understanding of the gut microbiome and its 
interaction with host physiology expands, it is important 
that we understand how dietary components are me-
tabolized. Our data suggest that TMAO is not merely a 
by-product that is increased in subjects with HF but that 
it can directly play a causative role in the pathogenesis 
of HF. This study is of significance because it shows that 
circulating TMAO levels are modifiable after long-term 
exposure periods, and TMAO is available as an in vitro 
clinical diagnostic test. We also have shown that the 
heart is able to recover from long-term exposure to high 
circulating levels of TMAO and choline via improvements 
in cardiac function. Moreover, blocking the conversion 
of choline to TMAO at the level of the gut microbiota via 
the microbial enzyme choline TMA lyase is an effective 
mechanism to attenuate the negative effects of dietary 
choline on the cardiovascular system. The choline TMA 
lyase inhibitor iodomethylcholine, when given in conjunc-
tion with choline, successfully blocked choline’s conver-
sion to TMAO and significantly lowered circulating TMAO 
levels and attenuated cardiac dysfunction. Further stud-
ies aimed at manipulating this pathway and monitor-
ing HF risks seem warranted to better understand the 
role of TMAO in human physiology. It is remarkable to 
note that in a recent dietary intervention study involving 
chronic exposure to 3 different isocaloric diets, selection 
of protein source (red meat versus white meat versus 
nonmeat) had a profound impact on circulating TMAO 
levels among healthy volunteers—with TMAO levels ob-
served on the chronic red meat diet well within the range 
of values observed in the present study.54 Together, we 
believe that choline/TMAO-enriched diets lead to exac-
erbation of adverse remodeling and cardiac dysfunction, 
and that pharmacological targeting of TMA lyase and 
dietary modification both represent viable strategies for 
mitigating HF manifestation and progression.
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