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ABSTRACT

Background: Trimethylamine-N-Oxide (TMAO) is a proatherogenic and prothrombotic metabol-
ite. Our study examined the association of plasma TMAO level with cardiovascular and all-cause
mortality in hemodialysis (HD) patients.

Methods: Patients who were at least 18years-old and received HD for at least 6 months were
enrolled within 6 months. Patients with coronary heart disease, congestive heart failure, arrhyth-
mia, or stroke within 3 months before study onset were excluded. The primary endpoints were
cardiovascular and all-cause death, and the secondary endpoint was cerebrovascular death.
Results: We recruited 252 patients and divided them into a high-TMAO group (>4.73 pg/mL)
and a low-TMAO group (<4.73 ug/mL). The median follow-up time was 73.4 months (interquartile
range: 42.9, 108). A total of 123 patients died, 39 from cardiovascular disease, 19 from cerebro-
vascular disease, and 65 from other causes. Kaplan-Meier analysis indicated that the high-TMAO
group had a greater incidence of cardiovascular death (Log-Rank: p =0.006) and all-cause death
(Log-Rank: p < 0.001). Cox regression analysis showed that high TMAO level was significantly
associated with cardiovascular and all-cause mortality. After adjustment for confounding, this
association remained significant for cardiovascular mortality (TMAO as a continuous variable: HR:
1.18, 95%Cl: 1.07, 1.294, p < 0.001; TMAO as a dichotomous variable: HR: 3.44, 95%Cl: 1.68, 7.08,
p <0.001) and all-cause mortality (TMAO as a continuous variable: HR: 1.14, 95%Cl: 1.08, 1.21,
p < 0.001; TMAO as a dichotomous variable: HR: 2.54, 95%Cl: 1.71, 3.76, p < 0.001).

Conclusions: High plasma TMAO level is significantly and independently associated with cardio-
vascular and all-cause mortality in HD patients.
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Introduction and prothrombotic [8-10]. Extensive epidemiological
studies of non-dialysis patients found that plasma TMAO
level was associated with CVD, and that TMAO was a
predictor of major adverse cardiovascular events. In par-
ticular, after adjusting for traditional CVD risk factors and
renal function, a higher plasma TMAO concentration was
associated with a 2.5-fold increased risk of cardiovascular

events [9]. Multiple research groups worldwide have

Cardiovascular disease (CVD) is the leading cause of mor-
tality in patients receiving hemodialysis (HD) [1]. However,
the specific factors that lead to CVD in these patients are
unknown [2]. Traditional risk factors for CVD in the general
population, such as diabetes, hypertension, left ventricular
hypertrophy, hypertriglyceridemia, do not fully explain the

increased risk of CVD in HD patients [3,4].
Uremic toxins, such as indoxyl sulfate and p-cresyl sul-
fate, increase the risk of CVD in HD patients [5-7]. Recent

confirmed the association of TMAO with CVD, and are
gradually elucidating the possible mechanism by which
TMAO leads to atherosclerosis and thrombosis [8,11-14].

pioneering research identified the metabolite trimethyl- There is also increasing evidence that elevated

amine-N-Oxide (TMAO) as strongly proatherosclerotic plasma TMAO level is associated with poor
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cardiovascular outcomes in patients with chronic kid-
ney disease (CKD) [15-17]. The plasma TMAO levels in
HD patients are more than 20-times higher than in indi-
viduals with normal renal function [15,18]. However,
the relationship between TMAO and cardiovascular out-
comes in HD patients is uncertain. Some studies found
that the association of TMAO with poor cardiovascular
outcomes in HD patients varied among different ethnic
groups, but other studies failed to find such relation-
ships [19-21].

In 2009, we established a prospective cohort to
study plasma uremic toxins and cardiovascular out-
comes in HD patients. We measured plasma TMAO in
blood samples from this cohort during 2018. The goal
of the present study was to analyze the longitudinal
association of TMAO with cardiovascular and all-cause
mortality in HD patients. All enrolled patients had min-
imal or no residual kidney function, thus providing an
opportunity to determine if this association exists with-
out potential confounding from residual renal function.

Materials and methods
Study population

Patients (>18years old) who were on maintenance HD
for at least 6 months were recruited from the Blood
Purification Center of Zhongshan Hospital, Fudan
University. Patients with angina pectoris, acute myocar-
dial infarction, arrhythmia, congestive heart failure, or
stroke within 3 months before study onset were
excluded. Compared to our 2015 study of the same
cohort [5], 6 patients who experienced episodes of
arrhythmias 3 months before study onset were excluded,
including 5 with atrial fibrillation and 1 with a premature
ventricular beat. Patients were enrolled from July to
December of 2009. The study adhered to the Declaration
of Helsinki and was approved by the Ethical Committee
of Zhongshan Hospital, Fudan University (NO. 2008-114).
All participants provided written informed consent.

All participants received HD three times per week
using the prescription described previously [5]. Dry
weight targeting of each participant was used to achieve
an edema-free state and was reevaluated monthly. All
patients were advised to consume high-protein diets (at
least 1.2 g/kg per day of mainly animal protein).

Anthropometric measurements, blood sampling,
clinical data collection, and biochemical
measurements

The protocol for the collection of blood samples was
described previously [5]. Blood samples were collected
on a midweek nondialysis day (Thursday for those
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receiving dialysis on Monday/Wednesday/Friday; Friday
for those receiving dialysis on Tuesday/Thursday/
Saturday) from 8:00 to 10:00 a.m to avoid the influence
of dialysis and blood volume on the TMAO concentra-
tion. Demographic and clinical data were collected,
including gender, age, height, weight, dialysis duration,
smoking history, underlying kidney disease, comorbid-
ities, and use of medications. Blood pressure, average
interdialytic weight gain, and ultrafiltration volume
were obtained by averaging all predialysis blood pres-
sure, interdialytic weight gain, and ultrafiltration vol-
ume values during the 4weeks (12 times in total)
before the study. Urinary volume was measured, and
residual renal function was determined from the esti-
mated glomerular filtration rate (eGFR) as a mean of
urea and creatinine clearance (mL/min/1.73 m?). The
normalized protein nitrogen appearance rate (nPNA)
was calculated as described by Depner and Daugirdas
[22]. Biochemical evaluations were measured using
standard methods in the clinical laboratory.

TMAO quantification

We measured TMAO in plasma by liquid chromatog-
raphy/mass spectrometry/mass spectrometry using
TMAO-D9 (Toronto Research Chemicals, Canada) as the
internal standard [21]. 100 uL plasma was deproteinized
by mixture with 500 pL methanol containing TMAO-D9
(internal standard solution) at the concentration of
1pg/mL. Then, the samples were centrifuged at
12,000 x g for 10 min. After that, 100 uL supernatants
were transferred, diluted with an equal volume of dis-
tilled water and placed in autosampler at 4°C. Then
10puL of each sample supernatant was injected in
Agilent 1100 HPLC system (Agilent, USA), and analytes
were separated on a column (100 mm x 2.1 mm, 5um,
Venusil XBP Phenyl column; Phenomenex, Torrance, CA)
at 40°C. The mobile phase was 0.1% formic acid (v/v)
and the methanol flow rate was 0.4 mL/min. Mass spec-
trometry was performed on an APl 3000 Triple
Quadrupole Mass Spectrometer (Applied Biosystems,
USA) with electrospray ionization in the positive mode,
and ion transitions used for quantitation were m/z
76.0—59.0 for TMAO and m/z 85.1—68.0 for TMAO-D9.

End point evaluation

The primary endpoints were cardiovascular and all-
cause death. The secondary endpoint was cerebrovas-
cular death. The diagnostic criteria for cardiovascular
death were the direct cause of death from myocardial
infarction, heart failure, arrhythmia, or sudden cardiac
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death. Patients were followed up until 31 December
2018. A group of clinicians who were blinded to the
TMAO data were responsible for diagnosing and
recording clinical events, including heart failure, angina
pectoris, acute myocardial infarction, arrhythmia, stroke,
cardiac death, and noncardiac death. All patients
received weekly follow-ups for the evaluation of clinical
events. If a patient was hospitalized, visited the emer-
gency department, or needed emergency HD, the doc-
tor on duty recorded it on the patient’'s chart and
submitted it to the department for case discussion on
Friday afternoon.

Statistical analyses

Data are expressed as means+SDs for variables with
normal distributions, medians (interquartile ranges) for
variables with skewed distributions, and frequencies for
categorical variables. Statistical analyses were per-
formed using SPSS 21.0 (SPSS Inc, Chicago, IL).
Differences were considered significant when a two-
tailed p-value was below 0.05. Baseline variables were
compared using a chi-squared test for categorical varia-
bles, a t-test for continuous variables that had Gaussian
distributions, and a Mann-Whitney test for continuous
variables that had non-Gaussian distributions. Kaplan-
Meier method and Cox proportional hazard model were
used to estimate the association of TMAO with cardio-
vascular and all-cause mortality. The Log-Rank test was
used to compare different Kaplan-Meier curves.
Univariate and multivariate analyses of cardiovascular
and all-cause mortality were performed using a Cox
proportional hazard model as a function of plasma
TMAO when it was treated as a continuous variable or a
dichotomous variable.

Eight models were used to assess the risk for cardio-
vascular and all-cause mortality with adjustment for
confounding by different factors. In model 8, hierarch-
ical selection procedures were used, in which the inclu-
sion criteria for model selection in the covariate set was
predetermined as a p-value below 0.10 in the univariate
Cox proportional hazard model. TMAO was entered into
each model as a continuous or dichotomous variable.

Results

The study cohort consisted of 252HD patients (141
men), the mean age was 57.1 + 14.5 years, and glomeru-
lar disease was the leading cause of end-stage renal dis-
ease (44.4%). Among all patients, 31.3% had primary
hypertension, 6.7% had coronary heart disease, and
12.3% had diabetes. There was an extraordinarily wide

range of TMAO concentrations (0.41-18.7 pg/mL). Based
on the median value, we categorized patients as having
a low TMAO (<4.73 ng/mL) or a high TMAO (>4.73 ng/
mL). The high-TMAO group was older, had a higher
concentration of B,-microglobulin, and was less likely
to use calcitriol. Among the four leading causes of the
underlying kidney disease (glomerular disease, hyper-
tension, diabetes, polycystic kidney disease), only dia-
betes had a higher prevalence in the high-TMAO group.
The two groups were similar in other characteristics
(Table 1).

The median follow-up time was 73.4 months (inter-
quartile range [IQR]: 42.9-108). During follow-up, 123
patients died, 39 from cardiac death, 19 from cerebro-
vascular death, and 65 from other causes (sudden
death, n=14; pulmonary infection, n=14; tumor,
n=11; gastrointestinal bleeding, n=8; septicemia,
n=4; malnutrition/cachexia, n=6; multiple organ fail-
ure, n=15; complications secondary to kidney trans-
plantation, n=1; traumatic brain injury, n=1; and
suicide, n=1). Twenty patients were transferred to
other dialysis centers, and 15 patients received kidney
transplantation.

Our initial Kaplan-Meier analyses indicated that the
incidences of cardiovascular death (Log-Rank: p =0.006,
Figure 1) and all-cause death (Log-Rank: p <0.001,
Figure 2) were significantly greater in the high-TMAO
group. Given that many other risk factors are related to
cardiovascular and all-cause death, we constructed Cox
proportional hazard models to adjust for these con-
founding factors. The initial univariate Cox proportional
hazard model (Table 2) showed that plasma TMAO was
significantly associated with cardiovascular mortality
(continuous variable: hazard ratio [HR]: 1.13, 95% confi-
dence interval [95% Cl]: 1.03, 1.24, p=0.01; dichotom-
ous variable: HR: 2.52, 95% Cl: 1.28, 4.97, p =0.008) and
all-cause mortality (continuous variable: HR: 1.12, 95%
Cl: 1.07, 1.18, p < 0.001; dichotomous variable: HR: 2.15,
95% Cl: 1.48, 3.12, p < 0.001). As expected, many other
variables were also associated with cardiovascular
death (age, history of coronary heart disease, history of
diabetes, history of cerebral infarction, medication his-
tory of calcium supplement and active vitamin D, albu-
min, prealbumin, iron, and high-sensitivity C-reactive
protein [hsCRP]) and with all-cause death (age, history
of primary hypertension, history of coronary heart dis-
ease, history of diabetes, history of cerebral infarction,
medication history of calcium supplement and active
vitamin D, albumin, prealbumin, hemoglobin, creatin-
ine, alkaline phosphatase, iron, and hsCRP).

We then developed 8 different multivariate models
that adjusted for different confounders to further



Table 1. Baseline demographic, clinical, and biochemical characteristics of 252 HD patients.
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Low TMAO group

High TMAO group

All patients (<4.73 pg/ml) (>4.73 pg/ml)
n=252 n=126 n=126 p Value
Demographics
Age (years) 57.1+£145 55.1+15.6 59.1£13.1 0.03
Male sex 141 (56.0) 75 (59.5) 66 (52.4) 0.25
BMI (kg/m?) 222+34 21.9+3.6 22.5+3.1 0.14
Dialysis characteristics
Duration (months) 43.0 (19.3-74.5) 37.5 (15.0-76.5) 46.0 (26.8-70.5) 0.17
Interdialytic weight 32%+1.2 32+1.1 32+10 0.76
gain (%)
Ultrafiltration 2001+ 748 1994 £ 782 2032+ 704 0.68
volume (mL)
Systolic blood 136.7+17.7 135.1+£17.0 13831184 0.15
pressure (mmHg)
Diastolic blood 82.3+10.5 8231104 82.3+£10.6 0.97
pressure (mmHg)
Single-pool Kt/V 1.40+0.22 1.40£0.21 1.41£0.02 0.93
Urinary volume (mL/kg 0 (0-5.2) 0.3 (0-7.4) 0.2 (0.5.2) 0.48
per 24 h)
eGFR (mL/min/1.73 m?) 0 (0-0.5) 0 (0-0.6) 0 (0-0.4) 0.34
Normalized protein 22+06 2.1+£04 22+0.5 0.16
nitrogen appearance (g/
kg per day)
Smoking history (n, %) 93 (36.9%) 47 (37.3%) 46 (36.5%) 0.90
Underlying kidney disease 0.04
Glomerular disease 112 (44.4%) 6 (44.4%) 6 (44.4%)
(n, %)
Diabetic nephropathy 1 (8.3%) 5 (4.0%) 16 (12.7)
(n, %)
Hypertensive 20 (7.9%) 12 (9.5%) 8 (6.3%)
nephropathy (n, %)
Polycystic kidney disease 8 (7.1%) 2 (9.5%) 6 (4.8)
(n, %)
Others (n, %) 38 (15.1%) 23 (18.3%) 5 (11.9%)
Unknown (n, %) 43 (17.1%) 18 (14.3%) 25 (19.8%)
Comorbidity
Primary hypertension 79 (31.3%) 40 (31.7%) 39 (31.0%) 0.89
(n, %)
Coronary heart disease 17 (6.7%) 9 (7.1%) 8 (6.3%) 0.80
(n, %)
Diabetes (n, %) 31 (12.3%) 9 (7.1%) 22 (17.5%) 0.01
Cerebral infarction (n, %) 36 (14.3%) 4 (11.1%) 2 (17.5%) 0.15
Cerebral hemorrhage 8 (3.2%) 5 (4.0%) 3 (2.4%) 0.47
(n, %)
Gout (n, %) 55 (21.8%) 30 (23.8%) 25 (19.8%) 0.45
Medications (%)
CCB (n, %) 156 (61.9%) 75 (59.5%) 81 (64.3%) 0.44
ACEI (n, %) 2 (16.7%) 19 (15.1%) 23 (18.3%) 0.50
ARB (n, %) 7 (26.6%) 36 (28.6%) 31 (24.6%) 0.48
B-Blocker (n, %) 0 (15.9%) 2 (17.5%) 8 (14.3%) 0.49
o-Blocker (n, %) 6 (18.3%) 21 (16.7%) 25 (19.8) 0.51
Aspirin (n, %) 1 (20.2%) 22 (17.5%) 29 (23.0%) 0.27
Statin (n, %) 14 (5.6%) 6 (4.8%) 8 (6.3%) 0.58
Calcium supplement 166 (65.9%) 83 (65.9%) 83 (65.9%) 1.0
(n, %)
Calcitriol (n, %) 137 (54.4%) 77 (61.1%) 60 (47.6%) 0.03
Predialysis laboratory tests
Albumin (g/L) 39.2+3.7 39.1+3.8 393+3.6 0.55
Prealbumin (g/L) 0.33+£0.09 0.33+£0.08 0.33+£0.09 0.53
Hemoglobin (g/L) 103.1£16.0 103.9+17.6 102.3+14.3 0.42
BUN (mmol/L) 239+54 23.5+5.1 243+5.7 0.25
Serum creatinine (umol/L) 1020.7 +261.2 1012.7 £261.2 1028.8 +£262.0 0.63
Uric acid (umol/L) 4349+853 431.6+£78.2 438.2+92.0 0.54
Calcium (mmol/L) 2.22+0.21 2.22+0.18 2.21+0.23 0.58
Phosphorus (mmol/L) 2.17 £0.63 2.16 £0.66 2.18+0.61 0.86
Alkaline phosphatase 72.0 (56.0-92.5) 72.0 (55.0-100.0) 73.0 (56.0-87.5) 0.78
(U/L)
25-Hydroxy vitamin D 57.5%19.0 56.3+18.9 58.8+19.0 0.31
(nmol/L)
iPTH (pg/mL) 272.9 (137.0-553.6) 271.5 (139.5-552.8) 278.5 (136.7-565.9) 0.84
UIBC (umol/L) 25 (20-29) 24 (21-28) 26 (20-30) 0.40

(continued)
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Table 1. Continued.

Low TMAO group

High TMAO group

All patients (<4.73 pg/ml) (>4.73 pg/ml)

n=252 n=126 n=126 p Value
TIBC (umol/L) 36 (32-41) 36 (31-41) 36 (33-40) 0.52
Iron (umol/L) 10.5 (7.1-14.2) 10.6 (7.7-14.9) 10.0 (7.0-13.8) 0.60
Transferrin (g/L) 1.9 (1.6-2.1) 1.8 (1.6-2.1) 1.9 (1.7-2.2) 0.23
Ferritin (ng/mL) 126.8 (68.5-265.2) 124.6 (70.1-262.1) 128.6 (61.6-282.3) 0.72
hsCRP (mg/L) 2.1 (0.7-6.3) 2.1 (0.7-6.2) 2.2 (0.8-7.0) 0.37
Triglycerides (mmol/L) 14 (1.1-1.9) 1.4 (1.1-1.9) 14 (1.1-1.9) 0.55
Total cholesterol 44+1.1 43+1.1 44+1.2 0.31
(mmol/L)
HDL-C (mmol/L) 1.1+03 12403 11103 0.37
LDL-C (mmol/L) 25+£09 24+08 25+09 0.38
Apo-A (g/L) 1.2+03 1.2+£0.3 1.2+£0.3 0.84
Apo-B (g/L) 0.8+0.2 0.8+£0.2 0.8+0.2 0.40
Lp (@) (mg/L) 173 (115-281) 178 (115-309) 169 (115-251) 0.21
Homocysteine (umol/L) 34.7 (27.8-43.1) 34.6 (27.9-43.1) 35.1 (27.7-43.1) 0.98
B,-Microglobulin (mg/L) 358+114 340+11.6 37.7£11.0 0.008
TMAO (pg//ml) 473 (3.20-6.69) 3.30 (2.25-4.00) 6.67 (5.54-8.65) <0.001

Data are presented as means+ SDs or medians (interquartile ranges) for continuous variables and as n (%) for categorical variables.

Abbreviations here and below: ACEl: angiotensin-converting-enzyme inhibitor; Apo: apolipoprotein; ARB: angiotensin Il receptor blocker; BMI: body mass
index; BUN: blood urea nitrogen; CCB: calcium channel blocker; eGFR: estimated glomerular filtration rate; HDL-C: high-density lipoprotein cholesterol;
hsCRP: high-sensitivity C-reactive protein; iPTH: intact parathyroid hormone; LDL-C: low-density lipoprotein cholesterol; Lp: lipoprotein; TIBC: total-iron
binding capacity; UIBC: unsaturated iron-binding capacity.
The bold values represents as Age, underlying kidney disease, Comorbid of diabetes, calcitriol (active vitamin D), B2-Microglobulin, are related to the
patients’ outcomes, and we developed eight different multivariate models to adjust for these confounders. TMAO is the factor we aimed to examine

whether it is associated with cardiovascular death and all-cause death.
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Figure 1. Kaplan-Meier survival curves of cardiovascular death during follow-up of HD patients stratified by the TMAO level.

examine the association of TMAO with cardiovascular
death (Table 3) and all-cause death (Table 4). TMAO
remained a significant risk factor for both endpoints in
models 1-7.

We used hierarchical selection procedures to estab-
lish model 8, in which the inclusion criterion for model
selection in the covariate set was predetermined as a p-
value below 0.10 in the univariate Cox proportional

hazard model. Thus, the covariates of model 8 for car-
diovascular death were age, systolic blood pressure, his-
tory of coronary heart disease, history of diabetes,
history of cerebral infarction, history of cerebral hemor-
rhage, history of gout, taking calcium supplement and
active vitamin D, albumin, prealbumin, hemoglobin,
and hsCRP. The results showed that TMAO was signifi-
cantly associated with cardiovascular death when it was
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Figure 2. Kaplan-Meier survival curves of all-cause death during follow-up of HD patients stratified by the TMAO level.

treated as a continuous variable (HR: 1.18, 95% Cl: 1.07,
1.29, p=0.001) or dichotomous variable (HR: 3.44, 95%
Cl: 1.67, 7.08, p=0.001) (Table 3).

The covariates of model 8 for all-cause death were
age, gender, diastolic blood pressure, history of primary
hypertension, history of coronary heart disease, history
of diabetes, history of cerebral infarction, history of tak-
ing medicine (angiotensin Il receptor blocker [ARB], cal-
cium supplement and active vitamin D), albumin,
prealbumin, hemoglobin, creatinine, plasma calcium,
alkaline phosphatase, iron, hsCRP, and apoprotein-B.
The results showed that TMAO remained significantly
associated with all-cause death when it was treated as
a continuous variable (HR: 1.14, 95% CI: 1.08, 1.21,
p < 0.001) or a dichotomous variable (HR: 2.54, 95% Cl:
1.71, 3.76, p < 0.001) (Table 4). Eliminated patients with
DM, we displayed all the models and found that high
plasma TMAO level is still significantly associated with
cardiovascular and all-cause mortality in HD patients
(Supplemental Tables 3 and 4). The high and low TMAO
groups had no significant difference in cerebrovascular
death (p =0.23).

Discussion

This prospective cohort study of patients who were receiv-
ing HD due to minimal or no residual renal function indi-
cated the presence of significant and independent
associations of plasma TMAO level with cardiovascular and
all-cause mortality. The mean TMAO concentration in our
cohort was 5.29+297 ug/mL (70.5+39.6 umol/L), more

than 20-times higher than previously reported for individu-
als with normal renal function [18]. Our analysis of cardio-
vascular mortality indicated the high-TMAO group had an
18% higher risk (with TMAO as a continuous variable) or
244% higher risk (with TMAO as a dichotomous variable).
Our analysis of all-cause mortality indicated the high-
TMAO group had a 14% higher risk (with TMAO as a con-
tinuous variable) or a 154% higher risk (with TMAO as a
dichotomous variable). These findings strongly suggest
that an elevated TMAO level is directly responsible for vas-
cular toxicity in HD patients.

The identities of the uremic toxins responsible for
the increased morbidity and mortality in patients
undergoing HD are largely unknown [23].
Consequently, no known treatment regimens can
remove the responsible toxins and thereby reduce the
acceleration of cardiovascular disease in these patients
[23]. Although most patients receive ‘adequate’ dialysis
based on urea clearance (Kt/Vygrea), their quality of life
and outcomes remain poor [24]. Some researchers
hypothesized that increasing the dialysis dose and flux
would clear more uremic toxins and improve the out-
comes of these patients. However, the HEMO study
showed that high-dose dialysis, which provided a 30%
increase in urea clearance (Kt/Vygea), did not improve
patient survival [25]. Because the identities of the spe-
cific uremic toxins are unknown, it is also challenging
to implement individualized dialysis treatments [23].
Our study identified TMAO as a modifiable active mol-
ecule that is potentially responsible for cardiovascular
toxicity in HD patients.
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Table 2. Univariate Cox proportional hazard model of variables associated with cardiovascular death and all-cause death in

HD patients*.

Cardiovascular death

All-cause death

Variable Unit of Increase HR (95%Cl) p Value HR (95%Cl) p Value
Age 1year 1.07 (1.04-1.10) <0.001 1.06 (1.04-1.08) <0.001
Gender Female vs. male 1.08 (0.57-2.03) 0.81 1.37 (0.96-1.95) 0.08
BMI 1kg/m? 1.08 (0.99-1.17) 0.10 1.03 (0.97-1.08) 0.33
Systolic blood pressure 1 mmHg 1.02 (1.00-1.04) 0.05 1.01 (1.00-1.02) 0.25
Diastolic blood pressure 1 mmHg 1.01 (0.98-1.04) 0.72 0.98 (0.97-1.00) 0.06
Dialysis duration 1 month 1.00 (1.00-1.01) 0.43 1.00 (0.99-1.00) 0.47
Dialysis duration 2year 0.92 (0.76-1.12) 0.42 0.96 (0.87-1.07) 0.46
spKt/V 1 0.54 (0.12-2.45) 0.43 0.85 (0.37-1.95) 0.70
Smoking history Present vs. absent 1.39 (0.74-2.61) 0.30 0.88 (0.61-1.27) 0.50
Underlying kidney disease

Primary hypertension Present vs. absent 1.56 (0.81-3.00) 0.19 1.92 (1.37-2.75) <0.001
Coronary heart disease Present vs. absent 6.11 (2.77-13.48) <0.001 3.27 (1.89-5.65) <0.001
Diabetes Present vs. absent 3.07 (1.49-6.30) 0.002 2.17 (1.35-3.31) 0.001
Cerebral infarction Present vs. absent 2.34 (1.11-4.96) 0.03 2.19 (1.43-3.37) <0.001
Cerebral hemorrhage Present vs. absent 2.76 (0.85-8.97) 0.09 1.43 (0.59-3.50) 0.43
Gout Present vs. absent 0.41 (0.16-1.06) 0.07 0.72 (0.46-1.11) 0.17
CccB Yes vs. no 0.69 (0.37-1.30) 0.25 0.73 (0.51-1.04) 0.09
ACEI Yes vs. no 0.62 (0.24-1.60) 0.33 0.73 (0.44-1.20) 0.22
ARB Yes vs. no 0.62 (0.29-1.35) 0.23 0.69 (0.45-1.06) 0.09
B-Blocker Yes vs. no 1.52 (0.72-3.20) 0.27 0.81 (0.49-1.36) 0.43
o-Blocker Yes vs. no 0.54 (0.19-1.51) 0.24 1.03 (0.65-1.63) 0.90
Aspirin Yes vs. no 1.13 (0.53-2.37) 0.76 0.97 (0.62-1.50) 0.88
Statin Yes vs. no 1.59 (0.49-5.16) 0.44 1.16 (0.54-2.49) 0.71
Iron supplement Yes vs. no 0.59 (0.27-1.29) 0.19 0.85 (0.57-1.26) 0.41
Calcium supplement Yes vs. no 0.41 (0.22-0.77) 0.005 0.59 (0.41-0.84) 0.004
Active vitamin D Yes vs. no 0.38 (0.20-0.73) 0.004 0.53 (0.37-0.76) <0.001
Albumin 1g/L 0.90 (0.83-0.98) 0.02 0.92 (0.88-0.97) 0.001
Prealbumin 1g/L 0.00 (0.00-0.02) <0.001 0.002 (0.00-0.02) <0.001
Hemoglobin 1g/L 0.98 (0.96-1.00) 0.09 0.99 (0.97-1.00) 0.03
BUN 1 mmol/L 1.02 (0.96-1.08) 0.52 0.99 (0.96-1.03) 0.70
Creatinine 1 pmol/L 0.999 (0.998-1.000) 0.22 0.999 (0.998-0.999) <0.001
Uric acid 1 mmol/L 1.000 (0.996-1.004) 0.89 1.000 (0.997-1.001) 0.44
Calcium 1 mmol/L 0.69 (0.15-3.09) 0.63 2.17 (0.91-5.19) 0.08
Phosphorus 1 mmol/L 1.07 (0.65-1.77) 0.78 0.95 (0.72-1.26) 0.71
Alkaline phosphatase 1U/L 1.000 (0.999-1.003) 0.34 1.000 (1.000-1.002) 0.02
25-Hydroxy vitamin D 1 mmol/L 1.00 (0.98-1.01) 0.57 0.99 (0.98-1.01) 0.55
Iron 1 pmol/L 0.92 (0.86-0.99) 0.03 0.96 (0.93-0.99) 0.04
UIBC 1 pmol/L 1.03 (0.99-1.06) 0.12 1.01 (0.99-1.03) 0.27
TIBC 1 pmol/L 1.00 (0.96-1.05) 0.95 0.99 (0.97-1.02) 0.78
Transferrin 1g/L 1.22 (0.63-2.37) 0.56 1.09 (0.73-1.60) 0.68
Ferritin 1ng/mL 0.999 (0.998-1.001) 0.57 0.999 (0.998-1.000) 0.29
iPTH 1 pg/ml 1.000 (1.000-1.001) 0.28 1.000 (1.000-1.001) 0.33
hsCRP 1mg/L 1.01 (1.00-1.02) 0.04 1.01 (1.00-1.01) 0.03
Triglycerides 1 mmol/L 1.03 (0.89-1.19) 0.68 1.02 (0.94-1.12) 0.59
Total cholesterol 1 mmol/L 0.89 (0.66-1.21) 0.46 0.89 (0.75-1.05) 0.16
HDL-C 1 mmol/L 0.68 (0.25-1.81) 0.44 0.85 (0.50-1.45) 0.54
LDL-C 1 mmol/L 0.85 (0.58-1.28) 0.40 0.84 (0.68-1.04) 0.11
Apo-A 1 mmol/L 0.61 (0.17-2.22) 0.45 0.73 (0.35-1.50) 0.39
Apo-B 1 mmol/L 0.36 (0.07-1.80) 0.21 0.46 (0.19-1.13) 0.09
Lp () 1 mmol/L 1.000 (0.998-1.001) 0.64 1.000 (0.999-1.001) 0.91
Homocysteine 1 umol/L 1.00 (0.99-1.01) 0.89 1.00 (0.99-1.00) 0.55
B>-Microglobulin 1mg/L 1.00 (0.97-1.03) 1.00 1.01 (0.99-1.02) 0.58
TMAO (Continuous variable) 1 pg/mL 1.13 (1.03-1.24) 0.01 1.12 (1.07-1.18) <0.001
TMAO (dichotomous variable) High vs. low 2.52 (1.28-4.97) 0.008 2.15 (1.48-3.12) <0.001

*Variables with p < 0.1 for all-cause mortality and cardiovascular mortality are in bold.
Conversion of units: Transferrin: 1g/L = 12.3 umol/L; Ferritin: 1 ng/mL = 2.247 pmol/L; hsCRP: 1 mg/L = 0.9524 nmol/L; TMAO: 1 ng/mL = 13.3 pmol/L.

Plasma TMAO levels in HD patients reflect the net
effect of TMAO production and clearance [18].
Interactions of the diet, gut microbiota, and host are
responsible for TMAO production [8,26]. In particular,
gut microbiota can lyse various trimethylamine (TMA)
-containing compounds to produce free TMA. TMA
then passes into the blood through the intestine, and
hepatic flavin monooxygenase 3 produces TMAO,

which has potent biological activity [8,27]. Intestinal
microbiota produce TMA from diverse precursor mole-
cules, such as TMAO, choline, phosphatidylcholine, car-
nitine, and betaine, all of which are common in animal
diets [26]. In healthy individuals with normal renal func-
tion, TMAO is not protein-bound, and is rapidly cleared
from circulation by the kidneys. Soon after an HD ses-
sion, the plasma TMAO levels of HD patients are similar



Table 3. Multivariate Cox proportional hazard model of car-
diovascular death in HD patients in which TMAO was consid-
ered a continuous variable or a dichotomous variable.
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Table 4. Multivariate Cox proportional hazard model of all-
cause death in HD patients in which TMAO was considered as
a continuous variable or a dichotomous variable.

Cardiovascular death

All-cause death

Model HR (95%Cl) p Value Model HR (95%Cl) p Value

TMAO (continuous variable) TMAO (continuous variable)
Unadjusted 1.13 (1.03-1.24) 0.01 Unadjusted 1.12 (1.07-1.18) <0.001
Model 1 1.13 (1.03-1.24) 0.01 Model 1 1.12 (1.07-1.18) <0.001
Model 2 1.12 (1.01-1.25) 0.03 Model 2 1.10 (1.04-1.16) 0.001
Model 3 1.12 (1.03-1.23) 0.01 Model 3 1.12 (1.06-1.18) <0.001
Model 4 1.17 (1.06-1.28) 0.001 Model 4 1.15 (1.09-1.21) <0.001
Model 5 1.13 (1.03-1.23) 0.01 Model 5 1.13 (1.08-1.19) <0.001
Model 6 1.11 (1.01-1.22) 0.03 Model 6 1.12 (1.06-1.18) <0.001
Model 7 1.13 (1.03-1.25) 0.01 Model 7 1.14 (1.08-1.20) <0.001
Model 8 1.18 (1.07-1.29) 0.001 Model 8 1.14 (1.08-1.21) <0.001

TMAO (dichotomous variable) TMAO (dichotomous variable)
Unadjusted 2.52 (1.28-4.97) 0.008 Unadjusted 2.15 (1.48-3.12) <0.001
Model 1 2.52 (1.23-5.14) 0.02 Model 1 2.11 (1.42-3.12) <0.001
Model 2 2.46 (1.20-5.04) 0.01 Model 2 2.18 (1.49-3.20) <0.001
Model 3 2.66 (1.32-5.38) 0.006 Model 3 2.09 (1.43-3.07) <0.001
Model 4 3.50 (1.65-7.43) 0.001 Model 4 2.75 (1.84-4.11) <0.001
Model 5 2.59 (1.30-5.13) 0.007 Model 5 2.26 (1.55-3.30) <0.001
Model 6 247 (1.24-4.94) 0.01 Model 6 2.16 (1.47-3.15) <0.001
Model 7 2.68 (1.33-5.40) 0.006 Model 7 2.35 (1.60-3.46) <0.001
Model 8 3.44 (1.67-7.08) 0.001 Model 8 2.54 (1.71-3.76) <0.001

Model 1: adjusted for age, gender, BMI, systolic blood pressure, diastolic
blood pressure, dialysis duration, average interdialytic weight gain,
residual renal function, and single-pool Kt/V.

Model 2: adjusted for smoking history, underlying kidney disease, history
of primary hypertension, coronary heart disease, diabetes, cerebral infarc-
tion, cerebral hemorrhage, and gout.

Model 3: adjusted for history of taking CCB, ACEI, ARB, B-blocker,
a-blocker, aspirin, statin, iron supplement, calcium supplement, and active
vitamin D.

Model 4: adjusted for albumin, prealbumin, hemoglobin, BUN, creatinine,
uric acid, B,-microglobulin, indoxyl sulfate, and hsCRP.

Model 5: adjusted for calcium, phosphorus, alkaline phosphatase, 25-
hydroxy vitamin D, and iPTH;.

Model 6: adjusted for iron, UIBC, TIBC, transferrin, and ferritin.

Model 7: adjusted for triglycerides, total cholesterol, HDL-C, LDL-C, Apo-A,
Apo-B, Lp (a), and homocysteine.

Model 8: adjusted for hierarchically selected covariates (p < 0.1 in the uni-
variate Cox proportional hazard model): age, systolic blood pressure, cor-
onary heart disease, diabetes, cerebral infarction, cerebral hemorrhage,
gout, calcium supplement, active vitamin D, albumin, prealbumin, hemo-
globin, iron, and hsCRP.

to those with normal renal function [28]; however, HD
patients rapidly accumulate TMAO between dialysis ses-
sions due to decreased excretion. The predialysis
plasma TMAO levels of HD patients are more than 20
times higher than those of individuals with normal
renal function [18]. High TMAO concentration in animal
models leads to increased expression of the scavenger
receptors CD36 and SR-A1 and increased uptake of
modified low-density lipoproteins into foam cells by
macrophages [8]. By contrast, a low circulating TMAO
level (mediated by inhibition of choline TMA lyase) atte-
nuated the promoting role of choline in atherosclerosis
[29]. In agreement, patients with CKD who have ele-
vated plasma TMAO levels have poor cardiovascular
outcomes [15-17]. Our findings extend this connection
to patients undergoing HD.

The levels of p-cresol sulfate, indoxyl sulfate, and
TMAO are all associated with adverse outcomes in HD

Model 1: adjusted for age, gender, BMI, systolic blood pressure, diastolic
blood pressure, dialysis duration, average interdialytic weight gain,
residual renal function, and single-pool Kt/V.

Model 2: adjusted for smoking history, underlying kidney disease, history
of primary hypertension, coronary heart disease, diabetes, cerebral infarc-
tion, cerebral hemorrhage, and gout.

Model 3: adjusted for history of taking CCB, ACEI, ARB, B-blocker,
a-blocker, aspirin, statin, iron supplement, calcium supplement, and active
vitamin D.

Model 4: adjusted for albumin, prealbumin, hemoglobin, BUN, creatinine,
uric acid, B,-microglobulin, indoxyl sulfate, and hsCRP.

Model 5: adjusted for calcium, phosphorus, alkaline phosphatase, 25-
hydroxy vitamin D and iPTH.

Model 6: adjusted for iron, UIBC, TIBC, transferrin, and ferritin.

Model 7: adjusted for triglycerides, total cholesterol, HDL-C, LDL-C, Apo-A,
Apo-B, Lp (a), and homocysteine.

Model 8: adjusted for hierarchically selected covariates (p < 0.1 in the uni-
variate Cox proportional hazard model): age, gender, diastolic blood pres-
sure, primary hypertension, coronary heart disease, diabetes, cerebral
infarction, history of taking medicine (including CCB, ARB, calcium supple-
ment, active vitamin D), albumin, prealbumin, hemoglobin, creatinine, cal-
cium, alkaline phosphatase, iron, hsCRP, and Apo-B.

patients [5,21,30], but their underlying mechanisms dif-
fer. P-cresol sulfate mainly mediates vascular toxicity by
endothelial dysfunction and leukocyte activation [31];
indoxyl reportedly causes myocardial hypertrophy and
myocardial fibrosis [31,32]; and TMAO mainly promotes
atherosclerosis and increases the risk of throm-
bosis [10,27].

It is important to compare our findings with those of
three prior publications that also investigated the rela-
tionship of TMAO with cardiovascular and all-cause
mortality in HD patients. Kaysen et al. [19] investigated
the association of serum TMAO with cardiovascular and
all-cause mortality in 235 incident HD patients in the
Comprehensive Dialysis Study (CDS). Their median
TMAO concentration (43 umol/L) was about 30% lower
than in our patients (63.1 umol/L), although still mark-
edly higher than in patients with normal renal function.
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These researchers found no association of TMAO with
cardiovascular or all-cause mortality. However, they
assessed all-cause mortality based on claims data,
which were only available for 152 patients (65%).
Besides, their endpoint events were not diagnosed and
recorded directly by physicians, and the lack of follow-
up data limited their ability to investigate the associ-
ation of TMAO with cardiovascular or all-cause
mortality. Stubbs et al. [20] also reported no association
of TMAO with cardiovascular or all-cause mortality in
1243 participants in the control arm of the Evaluation
of Cinacalcet Hydrochloride Therapy to Lower
Cardiovascular Events (EVOLVE) trial. However, all of
these patients had moderate to severe secondary
hyperparathyroidism, and about 80% of them had
TMAO concentrations of 56 umol/L or more (similar to
the median of our study, 63.1 umol/L). Although the
endpoint events of this study were approximately 35%,
the cardiovascular damage caused by elevated TMAO
concentrations was extremely high due to the co-occur-
rence of moderate to severe hyperparathyroidism and
the high TMAO load, making it difficult to assess the
independent association of cardiovascular damage with
elevated TMAO concentration [33]. According to the
diagnostic criteria used for moderate to severe hyper-
parathyroidism in this previous study [34], our study
had 72 patients (28.6%) with moderate to severe hyper-
parathyroidism, 33 patients (26.2%) in the low-TMAO
group and 39 patients (31.0%) in the high-TMAO
group (p =0.403).

A recent cohort study by Zheng et al. [35] found that
TMAO was an independent risk factor for hospitaliza-
tion in HD patients, and another study reported that
TMAO was associated with a higher mortality rate after
hospitalization of HD patients [36]. This result supports
our conclusion that a high plasma TMAO level is signifi-
cantly and independently associated with all-cause
mortality in HD patients.

Shafi et al. [21] examined samples from 1232HD
patients in the HEMO study and reported that cardio-
vascular morbidity and mortality were more significant
in those with higher TMAO levels, especially among
those with white ethnicity. Their median TMAO concen-
tration (88 umol/L) was about 40% higher than in our
patients (63.1 umol/L). However, this previous study did
not provide data on CRP and did not adjust for the con-
founding effect of inflammation on outcomes.
Inflammation has a crucial role in the development of
atherosclerosis [37-39], and reducing the CRP level can
reduce the incidence of major cardiovascular events
[40]. Chronic inflammation is characterized by an ele-
vated CRP level and is also an independent predictor of

cardiovascular and all-cause mortality in HD patients
[41-43]. In contrast, we found that after adjustment for
CRP (model 4), an elevated TMAO level remained asso-
ciated with cardiovascular and all-cause mortality. Thus,
our study provides more reliable evidence that plasma
TMAO concentration is directly associated with cardio-
vascular and all-cause mortality in HD patients.

One limitation of the present study is that TMAO
was measured only once, and changes in renal function,
intestinal microbiota, and diet during the study may
have affected TMAO concentrations. A second limita-
tion is that this was a single-center study. Future stud-
ies that record TMAO levels in HD patients at multiple
times and multiple centers may help to verify the
potential utility of clinical interventions that tar-
get TMAO.

In conclusion, TMAO is associated with cardiovascu-
lar and all-cause mortality in HD patients. Our findings
call for a carefully designed clinical trial to determine
the effect of lowering TMAO concentrations on cardio-
vascular outcomes in HD patients.
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