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Targeted Inhibition of Gut Microbial Trimethylamine 
N-Oxide Production Reduces Renal 
Tubulointerstitial Fibrosis and Functional Impairment 
in a Murine Model of Chronic Kidney Disease
Nilaksh Gupta, Jennifer A. Buffa, Adam B. Roberts, Naseer Sangwan, Sarah M. Skye, Lin Li, Karen J. Ho, John Varga,  
Joseph A. DiDonato, W.H. Wilson Tang, Stanley L. Hazen

OBJECTIVE: Gut microbial metabolism of dietary choline, a nutrient abundant in a Western diet, produces trimethylamine (TMA) 
and the atherothrombosis- and fibrosis-promoting metabolite TMA-N-oxide (TMAO). Recent clinical and animal studies 
reveal that elevated TMAO levels are associated with heightened risks for both cardiovascular disease and incident chronic 
kidney disease development. Despite this, studies focusing on therapeutically targeting gut microbiota-dependent TMAO 
production and its impact on preserving renal function are limited.

APPROACH AND RESULTS: Herein we examined the impact of pharmacological inhibition of choline diet-induced gut microbiota-
dependent production of TMA, and consequently TMAO, on renal tubulointerstitial fibrosis and functional impairment 
in a model of chronic kidney disease. Initial studies with a gut microbial choline TMA-lyase mechanism-based inhibitor, 
iodomethylcholine, confirmed both marked suppression of TMA generation, and consequently TMAO levels, and selective 
targeting of the gut microbial compartment (ie, both accumulation of the drug in intestinal microbes and limited systemic 
exposure in the host). Dietary supplementation of either choline or TMAO significantly augmented multiple indices of renal 
functional impairment and fibrosis associated with chronic subcutaneous infusion of isoproterenol. However, the presence 
of the gut microbiota-targeting inhibitor iodomethylcholine blocked choline diet-induced elevation in TMAO, and both 
significantly improved decline in renal function, and significantly attenuated multiple indices of tubulointerstitial fibrosis. 
Iodomethylcholine treatment also reversed many choline diet-induced changes in cecal microbial community composition 
associated with TMAO and renal functional impairment.

CONCLUSIONS: Selective targeting of gut microbiota-dependent TMAO generation may prevent adverse renal structural and 
functional alterations in subjects at risk for chronic kidney disease.

VISUAL OVERVIEW: An online visual overview is available for this article.

Key Words: chronic kidney disease ◼ fibrosis ◼ gut microbiome ◼ isoproterenol ◼ trimethylamine N-oxide

It is becoming increasingly apparent that gut microbiota 
play a role in both the development of chronic kidney dis-
ease (CKD) and its progression to end-stage renal disease 

(ESRD).1–5 The gut microbiome contributes to the genera-
tion of metabolites that display uremic toxicity6–8 and that 
can potentially contribute directly to the pathophysiology of 

both CKD and ESRD. For example, gut microbiota-derived 
uremic toxins have been implicated in CKD progression 
through promotion of adverse pathophysiologic changes 
in the kidney, including fibrosis,9 loss of renal tubular func-
tion,10,11 and reduction in glomerular filtration rate (GFR).12 
Despite this growing appreciation, understanding of the 
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direct gut microbiota participants involved is limited, since 
neither the microbes nor the specific microbial enzymes 
and their nephrotoxic products are unambiguously defined. 
Consequently, therapeutic strategies that limit gut microbi-
ota-dependent contributions to the clinical progression of 
CKD are limited. Rather, many recent studies in this area 
have focused on preventing the accumulation of gut micro-
biome-derived uremic toxins in subjects for whom extensive 
renal functional decline has already occurred (ie, ESRD) 
by adjusting the length and types of dialysis in an effort 
to improve potential toxic metabolite elimination.13,14 Other 
recent studies have pursued the use of probiotics to alter 
microbial composition15,16 or the use of resins17 to intercept 
gut microbial metabolites that are made before systemic 
adsorption. Unfortunately, most of these treatments display 
inherent disadvantages, including adverse side effects, high 
cost, and notably, they often have sought to reduce levels 
after the renal functional decline and fibrosis have occurred 
(eg, in ESRD). Consequently, the targeting of a gut micro-
biota pathogenic process for the prevention or treatment of 
CKD has yet to become adopted into clinical practice.

The meta-organismal production of trimethylamine 
N-oxide (TMAO) has recently emerged as a gut microbi-
ota-dependent metabolite with both clinical and mecha-
nistic links to cardiovascular and metabolic diseases, 
including CKD.1,18 TMAO production begins with nutri-
ent precursors abundant in red meat and a Western diet, 
such as phospatidylcholine, choline, and carnitine. Gut 
microbes can use these nutrient precursors as a carbon 
fuel source, generating as a waste product trimethyl-
amine (TMA), which, following absorption into the portal 
blood, is converted with near first-pass kinetics within 
the liver to TMAO by a family of hepatic FMOs (flavin 
monooxygenases), particularly FMO3.

1,18 Clinical studies 
have demonstrated that systemic circulating TMAO lev-
els are associated with adverse CVD events (eg, heart 
attack, stroke, and death) within multiple cardiovascular 
and CKD cohorts.1,19,20 Moreover, numerous animal model 

studies indicate that microbiota-dependent TMAO gener-
ation can directly contribute to the pathogenesis of both 
atherosclerosis and thrombosis. In these animal studies, 
a diet supplemented with choline to levels consistent with 
those observed in omnivorous subjects on a Western diet 
results in elevation in TMAO to levels observed in humans, 
and after chronic exposure, was shown to foster both 
progressive renal functional impairment and enhanced 
fibrosis.1 Human subject intervention studies have simi-
larly shown that provision of oral supplementary cho-
line to healthy volunteers substantially increases TMAO 
levels, with concurrent increases in platelet reactivity to 
submaximal levels of agonists.21 In addition, community-
based clinical studies, such as the Framingham Heart 
Study (in subjects with normal renal function at baseline), 
have reported a strong association between high circulat-
ing TMAO and choline levels at baseline and incident risk 
for future development of CKD.22

Given the potential contribution of gut microbiota-
dependent generation of TMAO to both cardiovascular 
and metabolic diseases, substantial effort has recently 
been focused on developing approaches to selectively 
target the meta-organismal TMAO pathway. Toward that 
end, we have recently developed and characterized use 
of poorly adsorbed, nonlethal small molecule inhibitors of 
gut microbiota-dependent conversion of choline→TMA 
(ie, choline TMA-lyase activity inhibition) as an effective 
means of attenuating atherosclerosis23 and thrombosis.24 
To date, little is known about the potential for therapeuti-
cally targeting the TMAO pathway to prevent renal func-
tional impairment and fibrosis in animal models of CKD.

We have recently developed a family of mechanism-
based suicide substrate inhibitors designed to be mini-
mally absorbed into the host, but rather, to selectively 
accumulate within gut microbes, targeting production of 
TMA in a nonlethal fashion. Moreover, the new family of 

Nonstandard Abbreviations and Acronyms

ACR albumin-to-creatinine ratio
CKD chronic kidney disease
Col 1 a1 collagen type I-α1
ESRD end-stage renal disease
FMO flavin monooxygenase
GFR glomerular filtration rate
IMC iodomethylcholine
TGF-β transforming growth factor-β
TIMP1 tissue inhibitor of metalloproteinase 1
TMA trimethylamine
TMAO trimethylamine N-oxide
α-SMA α-smooth muscle actin

Highlights

• The suicide substrate inhibitor iodomethylcholine, 
which is nonlethal to gut microbes, selectively tar-
gets gut microbial choline trimethylamine-lyase 
activity and suppresses choline diet-induced tri-
methylamine, trimethylamine N-oxide, renal func-
tional impairment (glomerular filtration rate and 
Cystatin C) and injury (albumin to creatinine ratio).

• The gut microbial choline trimethylamine-lyase 
inhibitor, iodomethylcholine, suppresses cho-
line diet-induced renal tubulointerstitial fibrosis, and 
profibrotic gene expression.

• The present studies reveal a novel approach that 
targets the gut microbial trimethylamine N-oxide 
pathway and both prevents renal functional decline 
and tubulointerstitial fibrosis in vivo, while simulta-
neously limiting systemic exposure and potential for 
adverse side effects in the host.
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inhibitors (halomethylcholines) were shown to be over 
10 000-fold more potent (sub-nanomolar IC50) than prior 
reported microbial choline TMA-lyase inhibitors, and to 
both suppress microbial production of TMA and plasma 
TMAO levels in the host.24 Using several members of this 
family of mechanism-based inhibitors and animal models 
of thrombosis (carotid artery injury), we showed inhibition 
of diet-dependent enhancement in both platelet respon-
siveness and in vivo thrombosis potential, without enhanc-
ing bleeding risks.24 Use of these gut microbe–targeting 
inhibitors for suppression of renal functional decline and 
fibrosis in a model of CKD has yet to be reported. Herein 
we evaluate the impact of iodomethylcholine (IMC), a pro-
totypic mechanism-based gut microbial choline TMA-lyase 
inhibitor, on choline diet-induced adverse renal structural 
and functional changes in a chronic sympathetic-driven 
(isoproterenol infusion) model of CKD.

MATERIALS AND METHODS
The authors declare that all supporting data are available within 
the article and its in the Data Supplement.

Experiment Design
To avoid the potential nephroprotective effects of estrogen,25–28 
only male C57BL/6J mice were used (The Jackson Laboratory, 
Bar Harbor, ME). Mice were kept on a 12:12 hour light-dark 
cycle with free access to diet and water. Mice were bred and 
maintained on Teklad (Envigo) diet 2918 (an irradiated global 
18% protein rodent diet). Upon enrollment in studies, mice 
were initially placed on the indicated diets/groups: (1) Control 
diet: Teklad (Envigo) 2018 (a global 18% protein rodent diet), a 
standard normal rodent diet without added choline that in mass 
spectrometry studies we confirmed contains 0.08 g% total cho-
line content; (2) TMAO diet: the Control diet supplemented with 
an additional 0.3 g% TMAO; (3) Choline diet: the Control diet 
supplemented with an additional 1 g% choline (ie, 1.08 g% total 
choline); and (4) Choline+IMC diet: the Control diet supple-
mented with an additional 1 g% choline+0.06 g% IMC. After 1 
week of diet alone, isoproterenol was subcutaneously infused 
via mini-osmotic pump (Alzet, Catalog No. 1004, Colorado City, 
CO) at a concentration of 30 mg/kg per day for 28 days, along 
with continued administration of the indicated diet/intervention 
arms. All animal model studies were approved by the Institutional 
Animal Care and Use Committee at the Cleveland Clinic.

To examine intestinal luminal content, animals were humanely 
euthanized by anesthesia overdose (>300 mg/kg ket-
amine+30 mg/kg xylazine), and the small intestine, cecum, and 
colon were collected. Luminal content was removed, and levels of 
metabolites were quantified as previously described.24 LC–MS/
MS (liquid chromatography-tandem mass spectrometry) was used 
to quantify plasma levels of TMAO, TMA, choline, betaine, IMC, 
and iodomethylbetaine and urinary levels of creatinine, as previ-
ously described.18,23,24,28 Their isotope (d9)-labeled analogs were 
used as internal standards. d2-IMC was synthesized and used as 
an internal standard for IMC quantification, and d9-betaine was 
used as an internal standard for iodomethylbetaine quantification, 
as previously described.24 LC–MS/MS analyses were performed 
on a Shimadzu 8050 triple quadrupole mass spectrometer.

Renal Function Assessment
Transdermal FITC (fluorescein isothiocyanate)-sinistrin clear-
ance was performed to measure GFR in conscious mice, as 
previously described.30–32 The FITC-sinistrin half-life was cal-
culated using a 3-compartment model with linear fit using 
MPD Studio software (MediBeacon, Mannheim, Germany). 
Cystatin C was measured 4 weeks after isoproterenol expo-
sure using a commercially available mouse ELISA (R&D sys-
tems, Minneapolis, MN), as previously described.1 Urinary 
albumin was measured with a murine microalbuminuria ELISA 
kit (Ethos Biosciences, Catalog No. 1011, Philadelphia, PA) in 
accordance with manufacturer’s protocol.

Renal Histology
At time of euthanization, kidneys were collected, fixed in forma-
lin, and embedded in paraffin. For Picrosirius red staining, depa-
rafinized 5 μm serial kidney sections were stained with Picrosirius 
red staining solution (0.5 g direct red [Sigma-Aldrich] dissolved 
in 500 mL picric acid [Sigma-Aldrich]). The kidney sections were 
mounted under a Leica DM 2500 microscope and digitized with a 
QImaging MicroPublisher 5.0 RTV camera for wide-field micros-
copy. Quantitative morphometric analysis was performed as pre-
viously described.1 Briefly, collagen volume was determined on 
cortical fields (at least 10 from each animal) lacking major blood 
vessels using automated (for batch analysis) and customized 
algorithms/scripts (ImageIQ Inc, Cleveland, OH) written for Image 
Pro Plus 7.0. Briefly, a set of representative images was chosen 
that demonstrated a wide range of staining intensities and preva-
lence. In an automated script, these training images were loaded 
one after another prompting the user to delineate red pixels 
representing positive collagen staining using an interactive color 
picking tool. An iterative color profile or classifier was gener-
ated and subsequently applied to all images in a given directory 
using a fully automated algorithm. Positive pixels, as defined by 
the color profile, were segmented and summed to provide posi-
tive staining area. Total tissue area was determined by extracting 
the saturation channel, applying a lo-pass filter, and thresholding 
the result. Any area within the general tissue boundary that was 
empty (ie, white) was removed by converting the original image 
to grayscale and applying a fixed threshold for nonbackground 
pixels on adequately white-balanced images. Finally, total tissue 
area and total stained area were exported to Excel. For postpro-
cessing verification, segmented regions were superimposed onto 
the original image (green outlines) and saved for each image ana-
lyzed. For Masson trichrome staining, slides were deparaffinized, 
rehydrated, and stained using a commercially available kit for 
Masson trichrome staining (Sigma-Aldrich). Five to 10 nonover-
lapping high-powered fields from the cortical area of each mouse 
kidney were graded for fibrotic changes on a scale of 0 to 3 by 2 
investigators blind to the treatment group.

Immunohistochemistry Analysis
Slides were deparaffinized and rehydrated. Antigen retrieval was 
performed in sodium citrate buffer (pH 6) in a pressurized decloak-
ing chamber at 110°C for 5 minutes. Slides were incubated with 
the anti-α-SMA (α-smooth muscle actin) primary antibody (rab-
bit polyclonal antibody, Abcam No. ab5694) at a 1:500 (0.4 μg/
mL) dilution overnight. The biotin-conjugated donkey anti-rabbit 
secondary antibody (Jackson Immuno No. 711-065-152) was 
used at a 1:250 dilution for 1 hour. Staining was developed using 
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an avidin-biotin complex conjugated to HRP (horseradish peroxi-
dase) and DAB (3,3'-diaminobenzidine) substrate with a reaction 
time of ≈10 minutes. Five nonoverlapping high-powered fields 
from the cortical area of each kidney were graded for prevalence 
of staining on a scale of 0 to 2 by 2 investigators blind to the treat-
ment group.

RNA Extraction, Reverse Transcription, and 
Quantitative Polymerase Chain Reaction
Explanted kidneys were homogenized in RLT buffer comple-
mented with β-mercaptoethanol using TissueLyser II (Qiagen) at 
25 m/s for 2 minutes (2 rounds). Total mRNA from kidney was 
extracted with RNA fibrous mini kit (Qiagen) according to the 
manufacturer’s protocol. DNAse digestion was performed using 
the RNase-free DNAse Set (Qiagen). Total RNA extractions were 
analyzed for purity and concentration using the NanoDrop 1000 
spectrophotometer (Thermo Fisher). RNA samples were diluted 
to a final concentration of 100 ng/μL, and cDNA was prepared 
using high-capacity cDNA reverse transcription kit (Applied 
Biosystems). Normalization was to GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) gene. Real-time polymerase chain 
reaction with an ABI Prism 7000 sequence detection system 
(Applied Biosystems), based on TaqMan fluorescence method-
ology, was used for mRNA quantification. TaqMan probe and 
primers were purchased as TaqMan gene expression assays-on-
demand from Applied Biosystems for GAPDH (Mm99999915_
g1), TGF-β (transforming growth factor-β; Mm01227699_m1), 
Col 1 a1 (collagen type I-α1; Mm00801666_g1), TIMP1 (tis-
sue inhibitor of metalloproteinase 1; Mm01341361_m1), and 
α-SMA (α-smooth muscle actin); Mm00725412_s1). Expression 
level of each tested gene was analyzed in duplicate for each sam-
ple and normalized to the expression of the housekeeping refer-
ence gene GAPDH. Gene expression was calculated by using the 
comparative Ct method, using kidney samples of control-treated 
mice as calibrator samples.

Cecal Microbiota Composition Analyses
16S rRNA gene sequencing methods were adapted from the 
methods developed for the National Institutes of Health-Human 
Microbiome Project.33 Briefly, genomic DNA was extracted 
from mouse ceca using a MoBio Power Soil DNA extraction kit 
(Omega, Norcross, GA). The 16S rRNA V4 region was amplified 
and sequenced. Raw 16S amplicon sequence and metadata were 
demultiplexed using split_libraries_fastq.py script implemented in 
QIIME1.9.1.34 The demultiplexed fastq file was split into sample-
specific fastq files using split_sequence_file_on_sample_ids.
py script from Qiime1.9.1.34 Individual fastq files without non-
biological nucleotides were processed using Divisive Amplicon 
Denoising Algorithm pipeline.35 The output of the dada2 pipeline 
(feature table of amplicon sequence variants) was processed for 
alpha and beta diversity analysis using phyloseq,36 and microbio-
meSeq (http://www.github.com/umerijaz/microbiomeSeq) pack-
ages in R. Alpha diversity estimates were measured within group 
categories using estimate_richness function of the phyloseq 
package.36 Nonmultidimensional scaling (NMDS) was performed 
using Bray-Curtis dissimilarity matrix37 between groups and visu-
alized by using ggplot2 package.38 We assessed the statistical sig-
nificance (P<0.05) throughout and whenever necessary adjusted 
P values for multiple comparisons according to the Benjamini and 

Hochberg method to control False Discovery Rate39 while per-
forming multiple testing on taxa abundance according to sample 
categories. We performed an ANOVA among sample categories 
while measuring α-diversity using the plot_anova_diversity func-
tion in microbiomeSeq package (http://www.github.com/umeri-
jaz/microbiomeSeq). Permutational multivariate ANOVA with 999 
permutations was performed to test the statistical significance 
of the nonmultidimensional scaling patterns with the ordination 
function of the microbiomeSeq package. Linear regression was 
performed on taxa abundances against TMAO, GFR, cystatin C, 
and albumin-to-creatinine ratio (ACR) levels in R.40 5 872 030 
total reads were generated postquality filtering, with an average 
of 167 772 reads per sample. Samples were rarefied to a depth 
of 102 000 sequences/sample.

Statistical Analysis
All experimental data are presented as the mean±SEM val-
ues of biological replicates. The D’Agostino-Pearson test was 
used to test for normality. Unless otherwise stated in meth-
ods, statistical significance among different treatment groups 
was calculated using nonparametric 1-way ANOVA followed 
by Dunn post hoc test. Global P values were calculated using 
the nonparametric Kruskal-Wallis test. For correlation between 
plasma TMAO levels and fibrosis indices, P values were cal-
culated using nonparametric Spearman correlation. Statistical 
tests used to compare conditions are also indicated in figure 
legends. GraphPad PRISM 8.0 and R 3.4.4 (Vienna, Austria, 
2018) were used to generate graphs and statistics. A P<0.05 
was considered statistically significant.

RESULTS
The Suicide Substrate Inhibitor IMC Selectively 
Targets Gut Microbial Choline TMA-Lyase 
Activity in the Isoproterenol Infusion Model
In the present study, we elected to use chronic isoproterenol 
infusion as a model of CKD, since it previously has been 
shown to accelerate renal functional decline and tubulinter-
stitial fibrosis in animal models.43,47,48 CKD and ESRD are 
often accompanied by sympathetic hyperreactivity, which 
has been shown to contribute to both progressive renal 
functional decline and high rate of cardiovascular events in 
these patients.41–43 Further, sympathetic (adrenergic) over-
drive has been noted even in early stages of renal disease, 
and which parallels the severity of renal functional decline 
despite adequate blood pressure control.44 It is also of inter-
est that sympatho-inhibitory drugs have been shown to have 
renoprotective effects in subjects independent of blood pres-
sure control, further implicating sympathetic stimulation as a 
contributor to CKD development in humans.45,46 While the 
isoproterenol infusion model thus simulates many features 
of CKD observed in humans, we felt it prudent to first con-
firm that our proposed gut microbe-targeting drug, IMC, still 
selectively targeted the gut microbiome compartment in this 
model, since sympathetic hyper-stimulation has also been 
shown to induce numerous changes in the gastrointestinal 
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tract, including alterations (enhancement) in gastric motil-
ity, hypersecretion of mucus production, and enhanced gut 
leakiness.49–53 Subcutaneous osmotic mini-pumps contain-
ing isoproterenol were, therefore, placed in several groups of 
mice (Figure 1) for initial pharmacokinetic studies with IMC. 
Following several weeks of exposure, mice were euthanized 
and both serum and intestinal luminal contents were recov-
ered for mass spectrometry analyses. Notably, IMC accumu-
lated to millimolar (0.7–1.3 mmol/L) levels within the cecum 
and colon where the majority of gut microbiota reside (Fig-
ure 1A), while completely suppressing choline diet-induced 
production of microbial TMA, and consequently TMAO (Fig-
ure 1B and 1E). While only minimally detectable levels of 
choline were present within the intestinal luminal contents 
in the choline-fed mice, addition of IMC both blocked TMA 
production (Figure 1B) and resulted in further gut micro-
biota accumulation of choline, the immediate precursor to 
TMA (Figure 1C). Intestinal luminal levels of betaine, a major 
metabolite of choline, were mostly unaffected (Figure 1D). 
Interestingly, there was TMAO detected in the lumen within 
the choline-supplemented mice (presumably either by dif-
fusion from the host or enterohepatic recycling) but the 
addition of inhibitor (IMC) completely suppressed luminal 
presence of TMAO in the choline-fed mice (Figure 1E). 
Finally, the primary metabolite of IMC, iodomethylbetaine, 
was also observed within the gut lumen (Figure 1F).

In parallel analyses, we examined plasma levels of IMC 
and TMAO-related pathway metabolites in all 3 groups of 
mice. While both TMA (P=0.01 versus control, Figure 2A) 
and TMAO (P=0.04 versus control, Figure 2B) were sig-
nificantly increased in the presence of choline diet, addition 
of IMC dramatically suppressed the choline diet-induced 
increases (for TMA P=0.006; for TMAO P=0.001; Fig-
ure 2A and 2B). In contrast to the gut-lumen contents, 
where it accumulated to millimolar levels, IMC was virtu-
ally undetectable in plasma (Figure 2C). In addition, plasma 
levels of iodomethylbetaine, the primary metabolite of IMC, 
were only minimally increased in the presence of the drug 
(Figure 2D). Plasma levels of choline (Figure 2E) and beta-
ine (Figure 2F), however, were not affected by choline diet 
or by IMC. These findings show that within the isoproter-
enol infusion model, IMC potently suppresses gut micro-
biota-driven formation of TMA, and consequently TMAO, 
within the gut microbial compartment, despite alterations in 
intestinal motility previously described for chronic sympa-
thetic stimulation,49–51 while also showing little evidence of 
systemic exposure within the host.

IMC Suppresses Choline Diet-Induced TMA, 
TMAO, Renal Functional Impairment, and Injury
In additional studies, the impact of either choline diet-
induced increases in gut microbial TMAO generation or 
IMC treatment on renal function and adverse renal remod-
eling were examined in the isoproterenol infusion model 
(Figures 3 and 4). In another group of isoproterenol treated 

mice, we also examined the effect of direct provision of 
dietary TMAO (0.3 g%) on renal function. Analysis of 
plasma from mice in all treatment groups pre- and post- 
(4 weeks) isoproterenol infusion revealed that, compared 
with control, both TMAO (P<0.0001) and choline diet 
(P<0.0001) feeding significantly increased plasma TMAO 
levels throughout the isoproterenol infusion period, while 
the presence of IMC completely suppressed the choline 
diet-induced increase in plasma TMAO levels (P<0.0001 
versus 1% choline, Figure 3B and 3C). In parallel studies, 
mouse renal function was directly assessed by transcuta-
neous measurement of GFR, as described under Materials 
and Methods. Notably, both TMAO (P=0.03 versus control, 
Figure 4A) and choline diet feeding (P=0.003 versus con-
trol, Figure 4A) significantly decreased mouse GFR, 31% 
and 35% respectively, whereas addition of the gut micro-
bial choline TMA-lyase inhibitor IMC virtually completely 
prevented the choline diet-induced decrease in GFR 
(P=0.006 versus 1% choline and P=0.83 versus control; 
Figure 4A). In additional studies, plasma levels of Cystatin 
C, an early marker of renal tubular injury, were examined. 
Plasma Cystatin C levels were increased by 32% (relative 
to control) in the mice directly fed supplemental TMAO 
(P=0.0006, Figure 4B), and by 26% (relative to control) in 
mice placed on the supplemental dietary choline (P=0.004, 
Figure 4B). Notably, addition of IMC markedly attenuated 
dietary choline-induced increases in plasma Cystatin C 
(P=0.02 versus 1% choline, and P=0.63 versus control; 
Figure 4B). Urinary ACR also was significantly increased 
with TMAO (P=0.005 versus control, Figure 4C) and cho-
line diet feeding (P=0.001 versus control, Figure 4C), while 
provision of IMC completely suppressed the choline diet-
induced increase in ACR (P=0.005 versus 1% choline and 
P=0.82 versus control; Figure 4C). Collectively, these data 
demonstrate that provision of the gut microbial choline 
TMA-lyase inhibitor, IMC, both suppressed TMAO levels 
and completely blocked multiple indices of choline diet-
induced renal functional impairment and injury.

The Gut Microbial Choline TMA-Lyase Inhibitor, 
IMC, Suppresses Choline Diet-Induced Renal 
Tubulointerstitial Fibrosis
We next quantified the extent of renal tubulointerstitial 
fibrosis in formalin-fixed samples using two independent 
approaches. We observed a significant 4-fold increase in 
picrosirius red staining with conditions associated with 
higher systemic TMAO (ie, with either TMAO diet feed-
ing [P<0.0001 versus control] or choline diet [P<0.0001 
versus control]; Figure 5A and 5B). In contrast, in the 
presence of the mechanism-based suicide inhibitor IMC, 
plasma TMAO levels were suppressed, and a significant 
reduction in the diet-dependent increase in renal tubuloint-
erstitial fibrosis (P=0.03 versus 1% choline, Figure 5A and 
5B) was observed. When renal tubulointerstitial fibrosis 
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and collagen deposition were instead quantified by mason 
trichrome staining, significant increases were again noted 
with both TMAO (P<0.0001 versus control, Figure 6A and 
6B) and choline-supplemented diet groups (P<0.0001 
versus control, Figure 6A and 6B), and addition of IMC 
significantly attenuated the choline diet-induced renal 
tubulointerstitial fibrosis (P=0.007 versus 1% choline, 

Figure 6A and 6B). Global analyses across all groups of 
animals revealed a strong dose-dependent relationship 
between systemic TMAO levels and extent of renal tubu-
lointerstitial fibrosis, as quantified using either picrosirius 
red staining (r=0.76, P<0.0001, Figure 5C) or Masson 
trichrome staining (r=0.73, P<0.0001, Figure 6C). These 
data thus show that gut microbiota-generated TMA(O) 

Figure 1. Microbial choline trimethylamine (TMA)-lyase inhibitor, iodomethylcholine (IMC), selectively accumulates within the 
gut microbial compartments.
Luminal concentrations of (A) IMC, (B) TMA, (C) choline, (D) betaine, (E) TMA N-oxide (TMAO), and (F) iodomethylbetaine (IMB). Results 
represent the mean±SEM (n=5), and global P value for each luminal segment was obtained by nonparametric Kruskal-Wallis (KW) test.
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provokes renal functional decline and enhanced fibrosis, 
and that targeted inhibition of microbial choline TMA-lyase 
activity with an inhibitor that is poorly absorbed by the host, 
IMC, blocks both the renal functional decline and tubuloin-
terstitial fibrosis observed in this model.

The Gut Microbiota-Targeting Choline TMA-
Lyase Inhibitor IMC Prevents Multiple Renal 
Profibrotic Gene Expression Changes
In mRNA analyses, we observed modest but statistically 
significantly increases in TGF-β gene expression in renal 
tissues recovered from mice fed the choline-supplemented 

diet (P=0.01 versus control, Figure 6A). Moreover, addition of 
IMC significantly suppressed choline diet-induced increases 
in TGF-β gene expression (P<0.0001 versus 1% choline, 
Figure 7A). Similar patterns of profibrotic gene expression 
changes were observed (increase with choline diet, reversal 
of choline diet-induced increase with addition of IMC) with 
several additional profibrotic genes, including the fibrillar col-
lagen gene col1a1, the inhibitor of tissue metalloproteinases 
timp1, and α-SMA, a commonly used myofibroblast marker 
(P<0.0001, P=0.008, and P=0.001, respectively, Figure 7B 
through 7D). Direct provision of TMAO, which resulted in 
intermediate (more modest) TMAO increases (compared 
with the choline-fed animals), similarly resulted in more mod-
est increases in gene expression levels of the target genes 
examined, with only some reaching statistical significance (in 
comparisons with control group; Figure 7).

Gut Microbial Choline TMA-Lyase Inhibition 
Attenuates Choline Diet-Induced-α-SMA 
Protein Expression
We also performed quantitative immunohistochemical 
staining for protein level of murine α-SMA in renal tissues, 
as described in Materials and Methods. α-SMA protein tis-
sue staining was significantly increased in mice chronically 
exposed to higher levels of TMAO, whether it be via direct 
provision of dietary TMAO (P<0.0001 versus control, Fig-
ure 8A and 8B) or choline-supplemented diet (P<0.0001 
versus control, Figure 7A and 7B). Importantly, provision 
of the gut microbiota-targeting inhibitor IMC significantly 
attenuated the choline diet-induced changes, thereby 
attenuating the extent of α-SMA tissue staining quanti-
fied (P=0.007 versus 1% choline, Figure 8A and 8B). We 
also noted a significant increase in α-SMA protein among 
TMAO-fed animals, while α-SMA mRNA expression did 
not change. We speculate that α-SMA mRNA expression 
changes were not persistent through to the time of animal 
euthanization despite the chronic (1 month) exposure to 
elevated circulating TMAO levels and sympathetic hyper-
stimulation, whereas protein (and fibrosis) are more persis-
tent (ie, a difference in lifespan/persistence of RNA versus 
protein). Consistent with this, rapid and persistent eleva-
tions in α-SMA protein independent of RNA transcript 
abundance have previously been noted.54–56 Notably, when 
examined across all groups of mice, a strong dose-depen-
dent relationship was observed between systemic (plasma) 
TMAO levels and quantitation of renal α-SMA protein con-
tent (r=0.75, P<0.0001, Figure 8C).

Gut Microbial Choline TMA-Lyase Inhibition 
Reverses Many Choline Diet-Induced Gut 
Microbiota Community Changes
In further studies, we examined the impact of dietary cho-
line supplementation and IMC treatment on gut microbial 

Figure 2. Microbial choline trimethylamine (TMA)-lyase inhibitor 
iodomethylcholine (IMC) significantly reduces gut-microbe 
dependent plasma TMA and TMA N-oxide (TMAO) levels.
Plasma concentrations of (A) TMA, (B) TMAO, (C) IMC, (D) 
iodomethylbetaine (IMB), (E) choline, and (F) betaine. Results represent 
the mean±SEM (n=5), and the P value among different treatments was 
determined by nonparametric 1-way ANOVA after Dunn post hoc test.
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community structure, with a focus on TMAO-associated 
taxa whose proportions are also linked to measures of renal 
functional impairment. Cecal microbial DNA encoding 16S 
ribosomal RNA was sequenced and, in initial analyses, non-
metric multidimensional scaling was performed among the 4 
groups of mice. Four distinct, nonoverlapping clusters were 
observed (Figure 9A), indicating dietary choline or TMAO 
supplementation, and dietary choline+IMC exposure, each 
induced significant (permutational multivariate ANOVA, 
R2=0.49, P=0.001) detectable rearrangements in the 

overall cecal microbial community. Shannon (which includes 
evenness) index-based alpha diversity showed significant 
differences between the different diets (Figure 9B). The 
control group demonstrated significantly (P<0.001) lower 
alpha diversity in comparison to the other 3 diets (ie, choline, 
TMAO, and choline+IMC). The addition of IMC to choline 
treatment significantly reduced the alpha diversity (P<0.05), 
consistent with IMC treatment reversing some of the choline 
diet–induced community shifts observed. The nonparamet-
ric Kruskal-Wallis H-test permitted further identification of 3 

Figure 3. Choline trimethylamine (TMA)-lyase inhibitor, iodomethylcholine (IMC), suppresses gut-microbe dependent plasma 
TMA N-oxide (TMAO) levels.
A, Wild-type C57BL/6J male mice (10 wk old) were fed indicated diets for 7 days. After 7 days, isoproterenol (30 mg/kg BW per day, 28 days) 
was infused subcutaneously with vehicle, via osmotic mini-pumps along with the indicated diets for 4 wk. Mice were humanely euthanized 
at the end of the study, and kidneys were dissected and frozen in liquid nitrogen (for protein or mRNA extraction) and fixed in 4% buffered 
formaldehyde (for histology and immunohistochemistry). B, Plasma TMAO levels at day 0 (before isoproterenol infusion) and (C) at 4 wk (after 
isoproterenol perfusion). Results are presented as mean±SEM. Global P value shown was obtained by nonparametric Kruskal-Wallis, and the 
P value among different treatments was determined by nonparametric 1-way ANOVA after Dunn post hoc test.
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cecal microbial taxa whose proportions accounted for signif-
icant (P<0.05, BH-FDR [Benjamini Hochberg false discov-
ery rate] corrected) differences observed in the IMC-treated 
versus non-IMC-treated groups (Figure 9C).

In further analyses, we examined whether the propor-
tions of any of the detected cecal taxa within all groups of 
mice were significantly correlated with either plasma TMAO 
levels or markers of renal function and injury, as determined 
by direct measure of GFR, cystatin C and ACR (Figure I in 
the Data Supplement). Notably, cecal microbes recovered 
from the mice fed a high-choline diet showed a significant 

(P=4.33×10−4) increase in the proportion of the genus 
Lactobacillus, which further demonstrated positive correla-
tions with TMAO (R2=0.22), ACR (R2=0.14) and cystatin C 
(R2=0.30), and negative correlations with GFR (R2=−0.24, 
Figure 9C; and Figure IA through IC in the Data Supple-
ment). In addition, both TMAO and Choline diets showed 
reduced proportions of Bacteroides compared with control 
diet, whereas exposure to IMC reversed the proportion of 
Bacteroides to levels observed in mice fed the control diet 
(P=5.38×10−4, Figure 9C). Furthermore, increased propor-
tions of Bacteroides with IMC showed significant negative 

Figure 4. Microbial choline trimethylamine (TMA)-lyase inhibitor iodomethylcholine (IMC) attenuates choline diet-induced renal 
functional impairment.
A, Glomerular filtration rate (GFR), (B) plasma Cystatin C, and (C) urinary albumin-to-creatinine ratio (ACR). Results are presented as 
mean±SEM. Global P value shown was obtained by nonparametric Kruskal-Wallis, and the P value among different treatments was determined 
by nonparametric 1-way ANOVA after Dunn post hoc test.
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correlation with plasma TMAO levels (R2=−0.31, P=0.027; 
Figure 9D) and with renal functional metrics moni-
tored (cystatin C [R2=−0.47, P=0.016], ACR [R2=−0.39, 
P=1.42×10−3], and positive correlation with GFR [R2=0.17, 
P=0.0016]; Figure 9D and Figure IA through IC in the 
Data Supplement). Moreover, Lachnospiraceae_UCG-
002 showed significant enrichment in the group supple-
mented with TMAO and the high-choline diet-fed groups 
(Figure 9C, P=9.44×10−6), which further showed positive 
associations with both Cystatin C (R2=0.52, P=0.034) and 
ACR (R2=0.52, P=0.01), and a negative association with 
GFR (R2=−0.22, P=3.79×10−3; Figure IA through IC in 
the Data Supplement). Numerous parallel and direction-
ally relevant correlations between the proportions of Bac-
teroides, Lactobacillus, and Lachnospiraceae_UCG-002, 
and changes in tubulointerstitial fibrosis as monitored via 
multiple approaches (eg, staining with mason trichrome, 

picrosirius red or α-SMA) were also observed (Figure IIA 
through IIC in the Data Supplement).

DISCUSSION
Current treatments to slow progression of CKD and to pre-
vent CKD-related complications, on the whole, are limited, 
and our major treatment strategies are preventative, focus-
ing predominantly on antihypertensive agents.57,58 Despite 
these therapies, outcomes in CKD remain poor. Specifically, 
CKD progression rates remain high and cardiovascular 
disease remains the major cause of mortality in this at-risk 
cohort. The present studies suggest that targeting specific 
gut microbial pathways may prove beneficial for preservation 
of renal function and represent an exciting new opportunity 
for further investigations. It is notable that the gut micro-
biota-dependent TMAO pathway represents a common 

Figure 5. Microbial choline trimethylamine (TMA)-lyase inhibitor iodomethylcholine (IMC) attenuates choline diet-induced renal 
tubulointerstitial fibrosis.
A, Representative photomicrographs of picrosirius red-stained kidney (scale bar=100 μm), (B) fibrosis quantification, and (C) correlation 
between plasma TMA N-oxide (TMAO) and %fibrosis. Results are presented as mean±SEM. Global P value shown was obtained by 1-way 
ANOVA (Kruskal-Wallis), and the P value among the different treatments was determined by 1-way ANOVA (Kruskal-Wallis) after Dunn post 
hoc test and Spearman correlation.
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underlying potential pathogenic process in both CKD and 
CVD alike. And recent studies show targeting this pathway 
with nonlethal inhibition of gut microbiota generation of 
TMA can attenuate atherosclerosis23 and thrombosis.24 The 
present studies extend these observations and suggest that 
targeting gut microbiota-driven TMA generation, and thus 
TMAO elevation, may potentially protect against concurrent 
heightened cardiovascular disease risks and progression of 
renal functional decline in CKD subjects.

Recent studies have also shown that dietary interventions 
(ie, avoidance of red meat) can markedly reduce TMAO lev-
els in subjects.59 The present studies thus further raise the 
concept of alternative approaches for dietary management 
of patients with CKD. Dietary interventions in patients with 
CKD are an important part of preventive efforts, and in gen-
eral have suggested minimizing protein intake, in an effort 
to minimize nitrogenous waste. The present studies sug-
gest a more targeted approach to selectively reduce TMAO 

levels, while maintaining protein intake, is worth investiga-
tion. Sarcopenia and frailty are commonly observed with 
more advanced stages of renal disease, conditions where 
maintaining adequate caloric intake and dietary protein is 
otherwise recommended. Interestingly, in a recent dietary 
intervention study in subjects with normal renal function, 
chronic change in protein source (eg, red meat versus white 
meat or vegetarian) while maintaining isocaloric diets was 
shown to substantially impacted TMAO levels through sev-
eral mechanisms. The red meat-rich diet markedly increased 
TMAO levels due to enhanced density of TMAO precursors, 
but also by both eliciting substantial changes in gut micro-
bial community functional output of TMA (enhanced con-
version of carnitine into TMAO), and lowering the fractional 
renal excretion of TMAO.59 Thus, chronic exposure to a diet 
rich in red meat led to less efficient TMAO excretion, which 
was reversed by the white meat and nonmeat diets.59 In 
alternative recent studies, it was reported that a short-term 

Figure 6. Microbial choline trimethylamine (TMA)-lyase inhibitor iodomethylcholine (IMC) attenuates choline diet-induced renal 
tubulointerstitial fibrosis.
A, Representative photomicrographs of Masson trichrome-stained (scale bar=100 μm), (B) histological scoring of Masson trichrome stained 
kidneys, and (C) correlation between renal histological score and plasma TMA N-oxide (TMAO). Mean scores per mouse±SEM are shown, 
and global P value was obtained by 1-way ANOVA (Kruskal-Wallis), and the P value among the different treatments was determined by 1-way 
ANOVA (Kruskal-Wallis) after Dunn post hoc test and Spearman correlation.
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significant increase in the daily protein allowance was asso-
ciated with increased circulating TMAO levels.60 The precise 
choice of protein source can thus have a significant impact 
on TMAO production and excretion, and further studies 
seem warranted to determine if differing sources of dietary 
protein can significantly impact long-term renal function 
changes in subjects with CKD.

The prevalence of CKD is increasing as the popula-
tion both ages and becomes increasing obese (thereby 
increasing the prevalence of diabetes mellitus).61 Elevated 
plasma TMAO levels in patients with CKD are associated 

with higher rates of adverse CVD events and mortality. 
Moreover, elevated levels of both TMAO and choline are 
associated with enhanced progressive loss of renal func-
tion and development of CKD.1,19,20,22,62–64 It should also 
be noted, however, that not all published clinical studies 
on TMAO have reported a significant positive association 
with CVD risks. While adverse prognostic value for TMAO 
is observed in many CKD cohorts,1,19,20,62–65 in maintenance 
hemodialysis populations the incremental prognostic value 
of TMAO has at times not been clearly demonstrated, sug-
gesting either the smaller size of some of these studies, or 

Figure 7. Microbial choline trimethylamine (TMA)-lyase inhibitor iodomethylcholine (IMC) attenuates choline diet-induced renal 
profibrotic gene expression changes.
Profibrotic gene expression, normalized to GAPDH mRNA transcripts, in murine kidney was analyzed by TaqMan real-time 
polymerase chain reaction. A, TGF-β (transforming growth factor–β), (B) Col1a1 (α-1-type1 collagen), (C) TIMP-1 (tissue inhibitor of 
metalloproteinase 1) gene expression, and (D) α-SMA (smooth muscle actin). Results are presented as mean±SEM. Global P value shown 
was obtained by nonparametric Kruskal-Wallis, and the P value among different treatments was determined by nonparametric 1-way 
ANOVA after Dunn post hoc test.
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a possible plateau effect may be observed when virtually all 
members of the cohort examined have high TMAO level (ie, 
even the lowest quartile have markedly elevated TMAO lev-
els and further increases in risk may not be observed with 
further elevations in TMAO).14,66–68 There have been mul-
tiple recent meta-analyses that have extensively examined 
the clinical association between TMAO and both incident 
CVD risks and mortality—all of the published meta-analy-
ses thus far report a significant positive association with 
increasing TMAO levels independent of traditional CVD 
risk factors and renal status.62,69,70 In one meta-analysis, 
each 10 μmol/L change in TMAO level was associated 
with an ≈7.4% increase in mortality rate.62 It is also notable 
that a recent clinical investigation in subjects with ESRD on 
maintenance hemodialysis report that TMAO has a smaller 

volume of distribution than urea and is cleared better than 
urea by the kidney. In addition to its dialyzability compared 
with other more tightly protein-bound uremic toxins, this 
has led to the suggestion that additional strategies in 
ESRD, such as reducing production coupled with more fre-
quent dialysis, might also help to reduce TMAO levels in 
ESRD subjects.71

It is also notable that the present small molecule inhibi-
tor used, IMC, was specifically developed to be nonlethal 
(ie, unlike an antibiotic) and thus should exert less selec-
tive pressure for development of gut microbial resistance. 
Moreover, the capacity of the inhibitor to accumulate within 
gut microbiota in vivo was previously developed based 
on the recognition that upon inhibiting catalysis of cho-
line within the microbe, the bacterial cytosolic levels will 

Figure 8. Microbial choline trimethylamine (TMA)-lyase inhibitor iodomethylcholine (IMC) attenuates choline diet-induced α-
SMA (α-smooth muscle actin) protein expression.
A, Representative α-SMA renal immunohistochemistry pictographs (scale bar=100 μm), (B) α-SMA protein levels score, and (C) plasma 
TMA N-oxide (TMAO) levels correlation with prevalence of α-SMA staining. Results are presented as mean±SEM. Global P value shown 
was obtained by nonparametric Kruskal-Wallis, and the P value among different treatments was determined by nonparametric 1-way ANOVA 
after Dunn post hoc test. For correlation between plasma TMAO levels and α-SMA staining, P values were calculated using nonparametric 
Spearman correlation.
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Figure 9. Choline trimethylamine (TMA)-lyase inhibitor, iodomethylcholine (IMC), impacts the choline diet-induced changes in 
cecal microbial community associated with plasma TMA N-oxide (TMAO) levels.
A, The nonmetric multidimensional scaling plots (NMDS) based on Bray-Curtis index between the cecal microbiota of mice treated with 
indicated diets, that is, Control, TMAO, Choline, and Choline+IMC samples. Each data point represents a sample from a distinct mouse. 
Statistical analysis was performed using permutational multivariate ANOVA, and P values are labeled in the plots. R2 values are also mentioned 
for comparisons with significant P values. The R2 values stand for % variance explained by the variable of interest, that is, diet. B, Boxplots of 
Shannon diversity indices distinguishing Control, TMAO, Choline, and Choline+IMC samples. Statistical analysis was performed using paired 
t tests. Plotted are interquartile ranges (boxes), and the dark line in the box is the median. ***Stands for P≤0.001 and *Stands for P value 
<0.05. C, Multi-group Kruskal-Wallis H-test showing results for statistically significant (BH-FDR P<0.05) genera differentiating 4 groups, that 
is, Control, TMAO, Choline, and Choline+IMC. D, Linear regression-based scatter plots showing correlation between abundance of select taxa 
and TMAO (μmol/L) levels. The R2 and P values are plotted within each panel.
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accumulate, be sensed as an abundant carbon fuel source, 
and the entire cutC gene cluster,72,73 including the bacterial 
choline transporter, could then be upregulated.24 Thus, the 
more effective the inhibitor is at blocking choline catabo-
lism, the greater the microbe accumulates both IMC and 
choline (both of which were noted in the present studies 
to be highly enriched within the gut luminal contents, which 
are in large part comprised of gut bacteria). This has the 
functional outcome of sequestering choline from the gut 
luminal extracellular space, depriving other microbial com-
munity members from choline. Thus, as long as a signifi-
cant enough proportion of microbes within the community 
are sufficiently inhibited, depletion of intestinal luminal cho-
line will suppress colon gut microbial community output of 
TMA (and thus host production of TMAO), a process that 
would be more resilient to development of resistance.

The present studies add to the growing body of evi-
dence mechanistically linking gut microbiota-generated 
TMA/TMAO to multiple indices of renal functional impair-
ment and fibrosis. They also suggest that further studies 
exploring the link between TMAO levels and risk for glo-
merular and tubular injury in subjects are needed. Renal 
fibrosis, a consequence of an excessive accumulation of 
extracellular matrix, represents a relatively late and com-
mon manifestation of nearly all chronic and progressive 
nephropathies.58 It is thus of interest that elevated gut 
microbiota-driven plasma TMAO levels appear to directly 
contribute to enhanced fibrosis in this mouse model, where 
multiple different indices of fibrosis were quantitatively 
examined (ie, histological staining procedures and profi-
brotic gene expression changes, protein levels). Whether 
nonlethal gut microbiota-targeting inhibitors that suppress 
TMAO levels represent a new renal-sparing therapy in 
some subjects with CKD awaits further investigation.

Several limitations of the present study warrant consid-
eration. Most notably, not all CKD will be driven by TMAO-
dependent mechanisms. While CKD is associated with 
elevated TMAO levels, not all subjects with CKD have 
elevated TMAO. Thus, one could imagine a gut microbe-
targeted TMA-lyase inhibitor to be used with the companion 
diagnostic TMAO test, as inhibition of this pathway would be 
more likely to show benefit among subjects with heightened 
TMAO levels. In addition, the effect of reducing TMAO on 
CKD progression rate in humans remains to be evaluated. 
Moreover, while the present studies have demonstrated that 
inhibiting TMAO production can prevent both renal func-
tional impairment and fibrosis, they have not examined if 
reduction in TMAO with established renal disease can either 
halt the progression of, or foster regression in, renal func-
tional decline and adverse remodeling. Finally, beyond the 
induction of multiple profibrotic gene expression changes, 
the present studies do not examine the molecular mecha-
nisms by which TMAO exerts its adverse effects on renal 
functional impairment and fibrosis. Notably, a recent study 
by Chen et al74 reported the discovery of the endoplasmic 
reticulum stress kinase PERK (protein kinase R [PRK]-like 

endoplasmic reticulum kinase, also known as EIF2AK3 
[eukaryotic translation initiation factor 2-alpha kinase 3]) 
as a TMAO receptor for glucose-related metabolic effects 
associated with the metabolite. It remains unknown if PERK 
participates in TMAO-driven renal function decline or if 
TMAO is acting via other proposed mechanisms, such as 
an alternate (still un-identified) receptor or via demonstrated 
effect on protein conformation and stability.75,76

In conclusion, the present studies provide further evi-
dence in support of a gut microbial contribution to renal 
function decline and adverse remodeling in a chronic 
sympathetic-driven isoproterenol infusion model of CKD. 
More significantly, the results indicate that targeting TMAO 
metabolism may represent a potential therapeutic approach 
for preventing or retarding CKD development and progres-
sion, while concurrently reducing adverse cardiovascular 
events associated with TMAO elevation. Moving beyond 
TMAO, one can also envision multiple potential gut micro-
biota-generated uremic toxins77 as potential additional can-
didates for therapeutic intervention and investigation.
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