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Abstract: Trimethylamine N-oxide (TMAO) is a biomarker that is effective in predicting major
adverse cardiovascular (CV) events. Age-related vascular problems are significantly affected by aortic
stiffness (AS), which is independently linked to CV morbidity and mortality. This study aimed to
determine the association between serum TMAO levels and carotid–femoral pulse wave velocity
(cfPWV) in patients receiving hemodialysis (HD) therapy. In total, 115 patients with HD were enrolled
in this study. The AS group included patients whose cfPWV was >10 m/s. Using high-performance
liquid chromatography and mass spectrometry, the levels of serum TMAO were measured. The AS
group included 42 (36.5%) patients, and compared with the non-AS group, the rates of diabetes,
hypertension, older age, systolic blood pressure, serum glucose, and TMAO levels were high. In
the multivariate logistic regression analysis, serum TMAO and age were independently linked with
AS after correcting for the factors significantly associated with AS. Following multivariate stepwise
linear regression analysis, serum TMAO in these individuals was found to be strongly correlated
with cfPWV values (p < 0.001). In patients on chronic HD, serum TMAO level is an independent
measure of AS and strongly correlated with cfPWV.

Keywords: carotid–femoral pulse wave velocity; trimethylamine N-oxide; hemodialysis; aortic
stiffness

Key Contribution: Serum TMAO and age were independently linked to AS, and serum TMAO levels
strongly correlated with cfPWV values in patients undergoing maintenance HD.

1. Introduction

Cardiovascular (CV) disease is the primary cause of death of patients receiving
hemodialysis (HD) for kidney failure [1,2]. Along with the more common CV risk factors,
the chronic kidney disease (CKD) population including those on dialysis therapy also
has certain CV risk factors, including uremic toxins, endothelial dysfunction, oxidative
stress, proinflammatory cytokines, protein carbamylation, CKD-related mineral and bone
disorders, and possibly intestinal dysbiosis [2]. The mixed effects of traditional and non-
traditional CV risk factors result in adverse CV consequences. In addition to the influence
on the myocardium, which leads to left ventricular hypertrophy and heart failure, vascu-
lopathy including atherosclerosis and arteriosclerosis is also prominent [3]. Aortic stiffness
(AS) is characterized by a decline in the compliance of the arterial walls resulting from
a change in the constituents of the vessel wall [4]. Various factors are closely linked to
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AS, including age, sex, ethnicity, hypertension, diabetes mellitus (DM), history of cigarette
smoking or alcohol consumption, dietary intake, and exercise [5,6]. Vascular stiffening is a
predictor of CV and all-cause mortality in individuals on maintenance HD [7,8]. Currently,
the gold-standard noninvasive measurement of AS is thought to be carotid–femoral pulse
wave velocity (cfPWV) [9].

Uremic toxins accumulate in parallel with the degree of kidney failure. Several uremic
toxins such as indoxyl sulfate, p-cresol sulfate, fibroblast growth factor-23, and asymmetric
dimethylarginine have been found to have association or direct causal relationship with CV
complications and death [10–12]. Trimethylamine N-oxide (TMAO) has biological effects
and may contribute to atherosclerosis and inflammation [13]. Trimethylamine is absorbed
in the intestine and then oxidized by the liver to produce TMAO [14]. It was produced by
intestinal microbiota from food-derived substances such as choline, betaine, carnitine, and
phosphatidylcholine. TMAO is primarily excreted by the kidneys. According to human
and animal studies, TMAO is linked to CV illnesses, kidney failure, nervous system failure,
and death [15,16]. Among patients with DM having CKD, a lower urine-to-plasma TMAO
ratio could predict CV mortality and death from any causes, independent of underlying
comorbid conditions, estimated glomerular filtration rate, and degree of albuminuria [17].

Numerous studies have examined the possible link between TMAO and AS [18,19].
Positive associations between TMAO concentrations and AS and systolic blood pressure
(SBP) were seen in healthy middle-aged and older individuals, which remained indepen-
dent after the adjustment of CV risk profiles; however, the significant correlation was
attenuated after the use of age as adopted factor [18]. In the animal experiment, young and
old mice were given chronic dietary TMAO supplementation for several months, which
increased the aortic pulse wave velocity as a measure of AS [18]. A previous study found a
positive correlation between serum TMAO and peripheral arterial stiffness as measured by
the brachial–ankle pulse wave velocity in patients with CKD stages 3–5 [19]. This study
aimed to investigate the link between AS and serum TMAO levels of patients on HD.

2. Results

The initial characteristics of the 115 patients undergoing HD in the present study
are listed in Table 1. Among them, DM and hypertension were diagnosed in 50 (43.5%)
and 61 (53.0%) individuals, respectively. A total of 42 patients (36.5%) were diagnosed
with AS. The AS group was older (p = 0.028), had higher SBPs (p = 0.025), had higher
glycemic levels (p = 0.029), and had higher serum TMAO concentrations (p < 0.001) than
those who did not meet the criteria for AS. They also had a higher percentage of DM
(p < 0.001) and hypertension (p = 0.026). Body mass index (BMI), sex, and diastolic blood
pressure (DBP) were not significantly different between the two groups. The serum levels of
total cholesterol, triglyceride, calcium, phosphate, and intact parathyroid hormone (iPTH)
were not significantly different between the AS and non-AS groups. Indicators of dialysis
adequacy including fractional clearance index for urea (Kt/V) and urea reduction ratio
(URR) were also comparable between the groups. In addition, no difference was found in
the percentage of participants in the two groups who used statins, fibrates, calcium channel
blockers, angiotensin receptor blockers, and β-blockers.

In this study, serum TMAO level (odds ratio (OR), 1.010; 95% confidence interval
(CI), 1.003–1.017, p = 0.003) and older age (OR, 1.046; 95% CI, 1.007–1.088, p = 0.021) could
independently predict AS in patients undergoing chronic HD (Table 2) using multivariate
logistic regression analysis with the adjustment of clinical variables significantly correlated
with AS (age, SBP, glucose, TMAO, DM, and hypertension). In addition, the area under
the receiver operating characteristic (ROC) curve of serum TMAO for separating the AS
group from the non-AS group was 0.751 (95% CI, 0.662–0.827; p < 0.001) (Figure 1). The
optimal TMAO value was 118.95 µg/L, with sensitivity and specificity of 73.8% (95% CI,
58.0%–86.1%) and 64.4% (95% CI, 52.3%–75.3%), respectively. Since age is a well-known
risk factor for AS, we also performed the ROC curve analysis of age to distinguish the AS
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group from the non-AS group (Supplementary Figure S1). The area under the ROC curve
was 0.631 (95% CI, 0.536–0.719; p = 0.013).

Table 1. Baseline characteristics of the 115 chronic hemodialysis patients with non-aortic stiffness
group (cfPWV ≤ 10.0 m/s) or aortic stiffness group (cfPWV > 10.0 m/s).

Characteristics All Patients
(n = 115)

Group without Aortic
Stiffness
(n = 73)

Aortic Stiffness Group
(n = 42) p Value

Age (years) 63.10 ± 13.46 61.01 ± 14.06 66.71 ± 11.64 0.028 *
HD duration (months) 59.88 (24.72–130.08) 80.40 (25.14–143.10) 47.34 (24.30–83.01) 0.068

Height (cm) 159.97 ± 8.44 159.77 ± 8.92 160.33 ± 7.62 0.731
Pre-HD body weight (kg) 63.06 ± 15.22 62.31 ± 15.65 64.38 ± 14.53 0.485
Post-HD body weight (kg) 60.87 ± 14.77 60.17 ± 15.16 62.09 ± 14.15 0.505
Body mass index (kg/m2) 24.66 ± 4.81 24.41 ± 4.99 25.10 ± 4.49 0.465

Carotid–femoral PWV (m/s) 9.43 ± 2.20 7.99 ± 0.99 11.92 ± 1.30 <0.001 *
Systolic blood pressure (mm Hg) 142.30 ± 25.16 138.33 ± 24.15 149.21 ± 25.66 0.025 *
Diastolic blood pressure (mm Hg) 76.50 ± 16.28 77.51 ± 16.63 74.76 ± 15.69 0.386

Albumin (g/dL) 4.14 ± 0.44 4.14 ± 0.44 4.15 ± 0.46 0.890
Total cholesterol (mg/dL) 144.96 ± 35.19 145.42 ± 38.31 144.14 ± 29.39 0.852

Triglyceride (mg/dL) 112.00 (87.00–178.00) 106.00 (83.50–181.50) 122.00 (90.75–174.25) 0.292
Glucose (mg/dL) 135.00 (110.00–172.00) 132.00 (103.50–159.00) 140.00 (122.00–200.00) 0.029 *

Blood urea nitrogen (mg/dL) 60.17 ± 14.04 58.95 ± 13.55 62.31 ± 14.78 0.218
Creatinine (mg/dL) 9.25 ± 2.07 9.37 ± 2.08 9.05 ± 2.07 0.437

Total calcium (mg/dL) 8.96 ± 0.75 8.93 ± 0.75 9.03 ± 0.76 0.477
Phosphorus (mg/dL) 4.62 ± 1.29 4.61 ± 1.30 4.65 ± 1.28 0.856

iPTH (pg/mL) 185.90 (58.50–372.50) 244.40 (97.40–413.15) 114.30 (51.88–312.10) 0.117
TMAO (µg/L) 118.95 (75.92–198.21) 94.32 (61.69–159.79) 178.81 (114.09–273.52) <0.001 *

Urea reduction rate 0.74 ± 0.04 0.74 ± 0.05 0.73 ± 0.04 0.731
Kt/V (Gotch) 1.35 ± 0.17 1.35 ± 0.18 1.33 ± 0.14 0.567
Female, n (%) 58 (50.4) 38 (52.1) 20 (47.6) 0.647

Diabetes mellitus, n (%) 50 (43.5) 21 (28.8) 29 (69.0) <0.001 *
Hypertension, n (%) 61 (53.0) 33 (45.2) 28 (66.7) 0.026 *

Coronary artery disease, n (%) 72 (62.6) 43 (58.9) 29 (69.0) 0.281
Angiotensin receptor blocker, n (%) 33 (28.7) 19 (26.0) 14 (33.3) 0.404

β-blocker, n (%) 40 (34.8) 23 (31.5) 17 (40.5) 0.331
Calcium channel blocker, n (%) 45 (39.1) 30 (41.1) 15 (35.7) 0.569

Statin, n (%) 19 (16.5) 9 (12.3) 10 (23.8) 0.110
Fibrate, n (%) 12 (10.4) 7 (9.6) 5 (11.9) 0.696

Values for continuous variables are shown as mean ± standard deviation after analysis by Student’s t-test;
variables not normally distributed are shown as median and interquartile range after analysis by the Mann–
Whitney U test; values are presented as number (%) and analysis after analysis by the chi-square test. HD,
hemodialysis; PWV, pulse wave velocity; iPTH, intact parathyroid hormone; TMAO, trimethylamine N-oxide;
Kt/V, fractional clearance index for urea. * p < 0.05 was considered statistically significant.

Table 2. Multivariate logistic regression analysis of the factors correlated to aortic stiffness.

Variables Odds Ratio 95% Confidence
Interval p Value

TMAO, 1 µg/L 1.010 1.003–1.017 0.003 *
Age, 1 year 1.046 1.007–1.088 0.021 *

Glucose, 1 mg/dL 1.004 0.995–1.012 0.441
Systolic blood pressure, 1 mm Hg 1.017 0.993–1.041 0.162

Diabetes mellitus (present) 2.771 0.921–8.337 0.070
Hypertension (present) 1.832 0.635–5.283 0.262

TMAO, trimethylamine N-oxide. Analysis data were carried out using the multivariate logistic regression analysis
(adopted factors: diabetes mellitus, hypertension, age, systolic blood pressure, glucose, and TMAO). * p < 0.05
was considered statistically significant.
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Figure 1. The receiver operating characteristic curve analysis of serum trimethylamine N-oxide levels
to predict aortic stiffness in hemodialysis patients.

Table 3 displays the relationship between cfPWV and clinical factors in individuals
undergoing maintenance HD. The simple linear regression analysis revealed that DM
(r = 0.443; p < 0.001), hypertension (r = 0.200, p = 0.032), age (r = 0.253, p = 0.006), SBP
(r = 0.187, p = 0.046), logarithmically transformed glucose (log-glucose, r = 0.293, p = 0.001),
and serum log-TMAO levels (r = 0.453, p < 0.001) positively correlated with cfPWV in these
patients. DM (β = 0.320, adjusted R2 change = 0.108, p < 0.001), age (β = 0.163, adjusted
R2 change = 0.020, p = 0.041), and log-TMAO levels (β = 0.355, adjusted R2 change = 0.198,
p < 0.001) were independent predictors of cfPWV, according to multivariate stepwise
linear regression analysis of some variables that are significantly associated with cfPWV
values (including DM, hypertension, age, SBP, log-glucose, and log-TMAO). By contrast,
the correlation of underlying hypertension, SBP, and log-glucose levels with cfPWV was
attenuated after the multivariate linear regression.

Table 3. Correlation between carotid—femoral pulse wave velocity levels and clinical variables.

Variables

Carotid–Femoral Pulse Wave Velocity (m/s)

Simple Linear Regression Multivariate Linear Regression

r p Value Beta Adjusted R2

Change
p Value

Female −0.041 0.663 - - -
Diabetes mellitus 0.443 <0.001 * 0.320 0.108 <0.001 *

Hypertension 0.200 0.032 * - - -
Age (years) 0.253 0.006 * 0.163 0.020 0.041 *

Log-HD duration (months) −0.119 0.205 - - -
Height (cm) 0.091 0.333 - - -

Pre-HD body weight (Kg) 0.124 0.186 - - -
Body mass index (Kg/m2) 0.112 0.234 - - -

Systolic blood pressure (mm Hg) 0.187 0.046 * - - -
Diastolic blood pressure (mm Hg) 0.063 0.504 - - -

Albumin (g/dL) 0.107 0.254 - - -
Total cholesterol (mg/dL) −0.023 0.806 - - -
Log-triglyceride (mg/dL) 0.038 0.687 - - -
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Table 3. Cont.

Variables

Carotid–Femoral Pulse Wave Velocity (m/s)

Simple Linear Regression Multivariate Linear Regression

r p Value Beta Adjusted R2

Change
p Value

Log-glucose (mg/dL) 0.293 0.001 * - - -
Blood urea nitrogen (mg/dL) 0.123 0.191 - - -

Creatinine (mg/dL) 0.022 0.813 - - -
Total calcium (mg/dL) 0.053 0.571 - - -
Phosphorus (mg/dL) 0.114 0.223 - - -
Log-iPTH (pg/mL) −0.119 0.206 - - -
Log-TMAO (µg/L) 0.453 <0.001 * 0.355 0.198 <0.001 *
Urea reduction rate −0.102 0.277 - - -

Kt/V (Gotch) −0.113 0.230 - - -

Data on HD duration, triglyceride, glucose, iPTH, and TMAO levels showed skewed distribution, and there-
fore were log-transformed before analysis. Analysis data were carried out using the simple linear regression
analyses or multivariate stepwise linear regression analysis (adopted factors: diabetes mellitus, hypertension,
age, systolic blood pressure, log-glucose, and log-TMAO). HD, hemodialysis; iPTH, intact parathyroid hormone;
TMAO, trimethylamine N-oxide; Kt/V, fractional clearance index for urea. * p < 0.05 was considered statistically
significant.

3. Discussion

This study mainly found that among patients with kidney failure on maintenance
HD, serum TMAO concentrations and patient age were independently linked with AS. In
addition to the underlying DM, age and log-TMAO levels could predict cfPWV values in
these patients.

Patients on maintenance HD are more likely to develop atherosclerotic CV diseases,
which have high morbidity and mortality rates [2,20]. The pathogenesis of AS in patients
on chronic HD includes vascular calcification and premature aging of the arterial wall.
Prolonged inflammation, uremic toxins, high blood pressure, and changes to the vascular
wall are mechanisms that mediate the processes [21,22]. In patients with HD, an observa-
tional study found a correlation between annual changes in cfPWV and older age, greater
low-density lipoprotein cholesterol, lower high-density lipoprotein cholesterol, lower ankle-
brachial blood pressure index, and underlying macrovascular diseases [23]. Higher levels
of plasma pentosidine, an advanced glycation end product that accumulates in kidney
failure, can indicate AS progression more quickly in patients on HD [24].

In our investigation focusing on individuals undergoing HD, serum TMAO levels
were independently associated with AS. The atherosclerotic process is thought to be in-
tensified by TMAO, which resulted from the metabolism of the gut microbiota [25]. The
pro-atherogenic function of TMAO is explained by several pathophysiological processes.
Numerous intracellular signaling pathways, including nuclear factor-κB, mitogen-activated
protein kinase, and the nod-like receptor family pyrin domain containing 3 (NLRP3) in-
flammasome, are involved in the inflammatory damage to the vascular endothelium by
TMAO [25]. Increased endothelial permeability, leukocyte adhesion, and production of
proinflammatory cytokines further damage the vascular endothelium by TMAO [13,25].
Furthermore, the formation of reactive oxygen species induced oxidative stress [26]. In ad-
dition, TMAO lowers reverse cholesterol transport and cholesterol metabolism [27]. TMAO
also leads to the transformation of macrophage foam cells, makes atherosclerotic plaque
more vulnerable to rupture, and induces thrombogenesis [25,28]. Under the influence of
TMAO, advanced glycation end-products increase, gather, and cross-link with collagen
fibers in vessel walls, causing vascular stiffness [29,30]. In summary, TMAO causes AS
through various molecular pathways.

Studies investigating the connection between TMAO and clinical outcomes in patients
on HD have been conducted in the past few years. Among patients with HD for kidney
failure, serum TMAO levels independently correlated with cardiac death and all-cause
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mortality [31,32]. However, TMAO did not significantly correlate with CV prognosis in
patients with HD having concurrent moderate-to-severe hyperparathyroidism [33]. TMAO
possibly has a pathogenic function in this disorder because it was independently correlated
with the presence of protein energy wasting [34]. A small cross-sectional study found that
TMAO was recognized as an independent factor for the development of abdominal aortic
calcification [35]. Furthermore, TMAO appeared to be an independent indicator of the
malnourished state in these patients [36]. To our knowledge, this study was the first to
evaluate the correlation between TMAO and AS in patients with HD as long-term kidney
replacement therapy.

In these patients undergoing HD, age has also been observed to predict AS indepen-
dent of blood pressure and blood glucose levels. Aging promotes stiffening of vessels, and
this increases cfPWV significantly [37]. Increasing collagen-to-elastin ratios in vessel walls,
altered cytoskeletal components in vascular smooth muscle cells (i.e., vascular smooth
muscle cell stiffness), remodeling of the extracellular matrix and cell–matrix crosstalk,
endothelial dysfunction, and vascular calcium deposition are some of the proposed mech-
anisms of age-associated vascular stiffening based on both animal and human studies.
Age-related AS is also predisposed by underlying comorbid diseases such DM and hy-
pertension [38,39]. Advanced age was found to be an independent predictor of cfPWV in
a previous study of patients on peritoneal dialysis [40]. In summary, in patients on HD,
TMAO is probably implicated in the development of vasculopathy and serves as a sign
of malnutrition and poor outcome. To the best of the authors’ knowledge, this is the first
study that assessed the relationship between TMAO and AS in patients on chronic HD.

Another significant finding of this study was that DM exhibited an independent
association with cfPWV. Biomarkers of AS including cfPWV, augmentation index, and
brachial–ankle pulse wave velocity become abnormal even when patients have the disor-
ders of impaired fasting glucose or impaired glucose tolerance [41]. Higher pulse wave
velocities were associated with both microvascular and macrovascular problems in patients
with DM [42]. DM-related AS pathogenesis is complex. In DM, advanced glycation end
products are overproduced and cross-link with collagen fibers in the vessel walls, reducing
the elastic properties of the blood vessels and increasing vascular stiffness [42,43]. In
addition, insulin resistance contributes to AS by causing endothelial dysfunction, immun-
odeficiency, and abnormal renin–angiotensin–aldosterone system activation [43,44].

This study has several limitations. First, given the cross-sectional design, determining
whether TMAO was directly responsible for the vascular stiffness was challenging. Second,
the sample size was small. Third, whether the subgroup with kidney failure would benefit
from the existing cfPWV cutoff of 10 m/s used to differentiate between AS and non-AS
was unknown. Fourth, as meals derived from animals and alcohol may alter serum TMAO
levels, dietary consumption was not evaluated. To further support the findings of this
study, larger studies with a longitudinal design are warranted.

4. Conclusions

Aside from DM and older age, an increase in serum TMAO concentration was proved
to be an independent predictor of AS among patients on HD.

5. Materials and Methods
5.1. Patients

From 1 March 2015 to 30 June 2015, 115 patients on maintenance HD were recruited for
the cross-sectional study at the HD unit of a hospital in Hualian, Taiwan. Participants were
evaluated for eligibility if they were 20 years of age or older and had completed a typical
4-h HD session three times per week for at least 6 months. Dialysis was carried out using
high-flow polysulfone disposable dialyzers (FX class dialyzer; Fresenius Medical Care,
Bad Homburg, Germany). Based on the medical records, information was gathered on
basic demographic characteristics and medical history, such as DM and hypertension. The
Research Ethics Committee of the hospital approved the study, which followed the general
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guidelines of the Declaration of Helsinki (IRB108-96-B). The study excluded patients who
refused to participate or who had a history of limb amputation, an active infection, cancer,
heart failure, or were bedridden.

5.2. Anthropometric Analysis and Biochemical Investigations

BMI was determined by dividing post-HD weight (kg) by height squared (m2) after the
participants’ heights and post-HD weights were assessed. From each patient, 5 mL of blood
was drawn before dialysis. An autoanalyzer (SiemensAdvia 1800, Siemens Healthineers
Headquarters, Siemens Healthcare GmbH, Henkestr, Erlangen, Germany) was used to
measured serum levels of blood urea nitrogen (BUN), creatinine, albumin, total cholesterol,
triglyceride, glucose, calcium, and phosphorus. When the pre- and post-dialysis BUN
levels were measured, a formal, single-compartment dialysis urea kinetic model was used
to determine the Kt/V and URR. A commercially available enzyme-linked immunosorbent
test kit (Diagnostic Systems Laboratories, Webster, TX, USA) was used to assess serum
iPTH levels [45].

5.3. High-Performance Liquid Chromatography (HPLC)—Mass Spectrometry for TMAO

A serum sample of 100 µL was transferred to a 1.5-mL Eppendorf tube and then
mixed with 100 µL of 50 mM sodium phosphate dibasic heptahydrate solution. More-
over, 100 µL of deuterium-labeled internal standard solution (300 ng/mL d9-TMAO) in
methanol was added and softly vortex-mixed. Then, the Simplified Liquid Extraction
method (Phenomenex, Novum) with 1.5 mL of ethyl acetate as elute was used. Nitrogen
was then used to make samples dry, and they were reconstituted in 100 µL of methanol
for subsequent analysis. A Waters e2695 Separations Module HPLC system consisted of
a single quadrupole mass spectrometer (ACQUITY QDa, Waters Corporation, Milford,
MA, USA) for the measurement of serum TMAO levels. Phenomenex Luna C18(2) HPLC
Column (particle size 5 µm, dimension 250 × 4.60 mm2, pore size 100 Å) was applied,
with temperature of 40 ◦C, flow rate of 0.8 mL/min, and an injection volume of 30 µL. The
mobile phase followed a gradient elution profile, which was administered as described
below. The initial composition (95% component A, water 0.1% formic acid/95% component
B, methanol 0.1% formic acid) was kept constant for 1 min. Within the subsequent 12 min,
solvent B was increased in a linear manner up to 70% in proportion and then kept at 70% for
2 min. Regarding the column re-equilibration, the gradient of solvent B decreased to 50%
in 1 min and persisted in the next 2 min. A modified approach was used to examine HPLC
mass spectrometry [46]. With all the samples being pre-treated, quantification was simulta-
neously determined in the positive-ion mode (TMAO) with the assistance of electrospray
ionization (ESI). The parameters were set as follows: desolvation temperature of 600 ◦C,
capillary voltage of 800 V, and cone voltage of 15.0 V. Mass spectrometry was employed
with complete scan ranges of 50–450 m/z for positive-ion modes and 100–350 m/z for
negative-ion modes to monitor the participant’s compound (TMAO: 76.0 m/z; d9-TMAO:
85.1 m/z). The retention times for TMAO and d9-TMAO were 2.54 min. All examinations
were gathered and analyzed using the Empower® 3.0 application (New York, NY, USA).

5.4. Blood Pressure and Aortic Stiffness Measurements

SBP and DBP were measured three times at 5-min intervals before HD after a 30-min
period of rest. Pressure applanation tonometry (SphygmoCor system, AtCor Medical,
Sydney, New South Wales, Australia) was used to measure the cfPWV to determine AS [45].
Before cfPWV measurements, patients sat quietly for at least 10 min in a room with
consistent temperature while lying flat. According to a clinical practice guideline [47], the
AS group had cfPWV values >10 m/s; those with a value of <10 m/s were assigned to the
non-AS group.
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5.5. Statistical Analysis

To determine whether the variables had a normal distribution, the Kolmogorov–
Smirnov test was used. The mean and standard deviation (SD) of normally distributed
data were used to compare the means of the two groups using Student’s independent t-test
(two-tailed). We used the Mann–Whitney U test to compare the results between the groups
for variables (HD duration, triglyceride, glucose, iPTH, and TMAO) that were not normally
distributed; these data were transformed to logarithms (base 10) to achieve normality.
Categorical variables were presented as numbers and percentages, and the two test was
used to compare the two groups. Multivariate logistic regression analysis was used to
further assess variables substantially related to AS. A simple linear regression analysis was
used to determine the relationship between clinical factors and cfPWV values in patients
on chronic HD, and variables that showed a significant relationship were then checked for
independence using a multivariate forward stepwise regression analysis. The area under
the curve was calculated using receiver operating characteristic analysis to establish the
ideal TMAO levels for AS prediction in patients on HD. IBM SPSS for Windows version
19.0 (IBM Corp., Armonk, NY, USA) was used to analyze the data. A p value < 0.05 was
regarded as statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins15090572/s1, Figure S1: The receiver operating characteristic
curve analysis of age in the prediction of aortic stiffness in patients on maintenance hemodialysis.

Author Contributions: Conceptualization, J.-P.T. and B.-G.H.; methodology, J.-P.T. and B.-G.H.; for-
mal analysis, P.-Y.H., B.-G.H. and J.-P.T.; investigation, B.-G.H., Y.-H.L. and C.-H.W.; data curation,
B.-G.H., Y.-H.L. and C.-H.W.; funding acquisition, Y.-H.L. and J.-P.T.; writing—original draft prepa-
ration, P.-Y.H.; writing—review and editing, B.-G.H. and J.-P.T.; supervision, B.-G.H. and J.-P.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by a grant from Hualien Tzu Chi Hospital, Buddhist Tzu Chi
Medical Foundation, Hualien, Taiwan (TCRD107-56 and TCMF-CP 110-02).

Institutional Review Board Statement: This study was carried out in conformity with the World
Medical Association Declaration of Helsinki. The study protocol has been approved by Research
Ethics Committee, Hualien Tzu Chi Hospital (IRB108-219-A and approved on 3 June 2019).

Informed Consent Statement: Written informed consent has been obtained from the patients to
publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kidney Disease Outcomes Quality Initiative. Clinical practice guidelines for cardiovascular disease in dialysis patients. Am. J.

Kidney Dis. 2005, 45 (Suppl. S3), S1–S153.
2. Cozzolino, M.; Mangano, M.; Stucchi, A.; Ciceri, P.; Conte, F.; Galassi, A. Cardiovascular disease in dialysis patients. Nephrol. Dial.

Transplant. 2018, 33 (Suppl. S3), iii28–iii34. [CrossRef] [PubMed]
3. Menon, V.; Gul, A.; Sarnak, M.J. Cardiovascular risk factors in chronic kidney disease. Kidney Int. 2005, 68, 1413–1418. [CrossRef]
4. Sethi, S.; Rivera, O.; Oliveros, R.; Chilton, R. Aortic stiffness: Pathophysiology, clinical implications, and approach to treatment.

Integr. Blood Press. Control. 2014, 7, 29–34. [CrossRef] [PubMed]
5. Angoff, R.; Mosarla, R.C.; Tsao, C.W. Aortic Stiffness: Epidemiology, Risk Factors, and Relevant Biomarkers. Front. Cardiovasc.

Med. 2021, 8, 709396. [CrossRef]
6. Lu, Y.; Kiechl, S.J.; Wang, J.; Xu, Q.; Kiechl, S.; Pechlaner, R. Global distributions of age- and sex-related arterial stiffness:

Systematic review and meta-analysis of 167 studies with 509,743 participants. EBioMedicine 2023, 92, 104619. [CrossRef] [PubMed]
7. Blacher, J.; Guerin, A.P.; Pannier, B.; Marchais, S.J.; Safar, M.E.; London, G.M. Impact of aortic stiffness on survival in end-stage

renal disease. Circulation 1999, 99, 2434–2439. [CrossRef]
8. Murakami, K.; Inayama, E.; Itoh, Y.; Tuchiya, S.; Iwasaki, M.; Tamura, N.; Suzuki, T.; Iwai, N.; Utino, J.; Masai, M.; et al. The role

of cardio-ankle vascular index as a predictor of mortality in patients on maintenance hemodialysis. Vasc. Health Risk Manag. 2021,
17, 791–798. [CrossRef]

https://www.mdpi.com/article/10.3390/toxins15090572/s1
https://www.mdpi.com/article/10.3390/toxins15090572/s1
https://doi.org/10.1093/ndt/gfy174
https://www.ncbi.nlm.nih.gov/pubmed/30281132
https://doi.org/10.1111/j.1523-1755.2005.00551.x
https://doi.org/10.2147/IBPC.S59535
https://www.ncbi.nlm.nih.gov/pubmed/24910511
https://doi.org/10.3389/fcvm.2021.709396
https://doi.org/10.1016/j.ebiom.2023.104619
https://www.ncbi.nlm.nih.gov/pubmed/37229905
https://doi.org/10.1161/01.CIR.99.18.2434
https://doi.org/10.2147/VHRM.S339769


Toxins 2023, 15, 572 9 of 10

9. Wilkinson, I.B.; Mäki-Petäjä, K.M.; Mitchell, G.F. Uses of arterial stiffness in clinical practice. Arterioscler. Thromb. Vasc. Biol. 2020,
40, 1063–1067. [CrossRef]

10. Zhou, S.; Zhu, Q.; Li, X.; Chen, C.; Liu, J.; Ye, Y.; Ruan, Y.; Hei, Z. Asymmetric dimethylarginine and all-cause mortality: A
systematic review and meta-analysis. Sci. Rep. 2017, 7, 44692. [CrossRef]

11. El Chamieh, C.; Liabeuf, S.; Massy, Z. Uremic Toxins and Cardiovascular Risk in Chronic Kidney Disease: What Have We Learned
Recently beyond the Past Findings? Toxins 2022, 14, 280. [CrossRef] [PubMed]

12. Falconi, C.A.; Junho, C.; Fogaça-Ruiz, F.; Vernier, I.C.S.; da Cunha, R.S.; Stinghen, A.E.M.; Carneiro-Ramos, M.S. Uremic Toxins:
An Alarming Danger Concerning the Cardiovascular System. Front. Physiol. 2021, 12, 686249. [CrossRef] [PubMed]

13. Liu, Y.; Dai, M. Trimethylamine N-Oxide generated by the gut microbiota is associated with vascular inflammation: New insights
into atherosclerosis. Mediators Inflamm. 2020, 2020, 4634172. [CrossRef] [PubMed]

14. Zeisel, S.H.; Warrier, M. Trimethylamine N-Oxide, the microbiome, and heart and kidney disease. Annu. Rev. Nutr. 2017, 37,
157–181. [CrossRef] [PubMed]

15. Janeiro, M.H.; Ramírez, M.J.; Milagro, F.I.; Martínez, J.A.; Solas, M. Implication of trimethylamine N-Oxide (TMAO) in disease:
Potential biomarker or new therapeutic target. Nutrients 2018, 10, 1398. [CrossRef]

16. Qi, J.; You, T.; Li, J.; Pan, T.; Xiang, L.; Han, Y.; Zhu, L. Circulating trimethylamine N-Oxide and the risk of cardiovascular diseases:
A systematic review and meta-analysis of 11 prospective cohort studies. J. Cell Mol. Med. 2018, 22, 185–194. [CrossRef] [PubMed]

17. Sapa, H.; Gutiérrez, O.M.; Shlipak, M.G.; Katz, R.; Ix, J.H.; Sarnak, M.J.; Cushman, M.; Rhee, E.P.; Kimmel, P.L.; Vasan, R.S.; et al.
Association of Uremic Solutes With Cardiovascular Death in Diabetic Kidney Disease. Am. J. Kidney Dis. 2022, 80, 502–512.e1.
[CrossRef] [PubMed]

18. Brunt, V.E.; Casso, A.G.; Gioscia-Ryan, R.A.; Sapinsley, Z.J.; Ziemba, B.P.; Clayton, Z.S.; Bazzoni, A.E.; VanDongen, N.S.; Richey,
J.J.; Hutton, D.A.; et al. Gut microbiome-derived metabolite trimethylamine N-Oxide induces aortic stiffening and increases
systolic blood pressure with aging in mice and humans. Hypertension 2021, 78, 499–511. [CrossRef]

19. Hsu, B.G.; Wang, C.H.; Lin, Y.L.; Lai, Y.H.; Tsai, J.P. Serum trimethylamine N-Oxide level is associated with peripheral arterial
stiffness in advanced non-dialysis chronic kidney disease patients. Toxins 2022, 14, 526. [CrossRef]

20. Cheung, A.K.; Sarnak, M.J.; Yan, G.; Dwyer, J.T.; Heyka, R.J.; Rocco, M.V.; Teehan, B.P.; Levey, A.S. Atherosclerotic cardiovascular
disease risks in chronic hemodialysis patients. Kidney Int. 2000, 58, 353–362. [CrossRef]

21. London, G.M. Arterial stiffness in chronic kidney disease and end-stage renal disease. Blood Purif. 2018, 45, 154–158. [CrossRef]
22. Briet, M.; Boutouyrie, P.; Laurent, S.; London, G.M. Arterial stiffness and pulse pressure in CKD and ESRD. Kidney Int. 2012, 82,

388–400. [CrossRef]
23. Matsumae, T.; Ueda, K.; Abe, Y.; Nishimura, S.; Murakami, G.; Saito, T. What factors accelerate aortic stiffening in hemodialysis

patients? An observational study. Hypertens. Res. 2010, 33, 243–249. [CrossRef]
24. Utescu, M.S.; Couture, V.; Mac-Way, F.; De Serres, S.A.; Marquis, K.; Larivière, R.; Desmeules, S.; Lebel, M.; Boutouyrie,

P.; Agharazii, M. Determinants of progression of aortic stiffness in hemodialysis patients: A prospective longitudinal study.
Hypertension 2013, 62, 154–160. [CrossRef]

25. Canyelles, M.; Borràs, C.; Rotllan, N.; Tondo, M.; Escolà-Gil, J.C.; Blanco-Vaca, F. Gut microbiota-derived TMAO: A causal factor
promoting atherosclerotic cardiovascular disease? Int. J. Mol. Sci. 2023, 24, 1940. [CrossRef]

26. Zheng, Y.; He, J.Q. Pathogenic mechanisms of trimethylamine N-Oxide-induced atherosclerosis and cardiomyopathy. Curr. Vasc.
Pharmacol. 2022, 20, 29–36. [CrossRef]

27. Xie, G.; Yan, A.; Lin, P.; Wang, Y.; Guo, L. Trimethylamine N-Oxide -a marker for atherosclerotic vascular disease. Rev. Cardiovasc.
Med. 2021, 22, 787–797. [CrossRef] [PubMed]

28. Zhu, Y.; Li, Q.; Jiang, H. Gut microbiota in atherosclerosis: Focus on trimethylamine N-oxide. APMIS 2020, 128, 353–366.
[CrossRef] [PubMed]

29. Pierce, G.L.; Roy, S.J.; Gimblet, C.J. The gut-arterial stiffness axis: Is TMAO a novel target to prevent age-related aortic stiffening?
Hypertension 2021, 78, 512–515. [CrossRef] [PubMed]

30. Aschner, M.; Skalny, A.V.; Gritsenko, V.A.; Kartashova, O.L.; Santamaria, A.; Rocha, J.B.T.; Spandidos, D.A.; Zaitseva, I.P.;
Tsatsakis, A.; Tinkov, A.A. Role of gut microbiota in the modulation of the health effects of advanced glycation end-products
(Review). Int. J. Mol. Med. 2023, 51, 44. [CrossRef] [PubMed]

31. Zhang, P.; Zou, J.Z.; Chen, J.; Tan, X.; Xiang, F.F.; Shen, B.; Hu, J.C.; Wang, J.L.; Wang, Y.Q.; Yu, J.B.; et al. Association of
trimethylamine N-Oxide with cardiovascular and all-cause mortality in hemodialysis patients. Ren. Fail. 2020, 42, 1004–1014.
[CrossRef]

32. Shafi, T.; Powe, N.R.; Meyer, T.W.; Hwang, S.; Hai, X.; Melamed, M.L.; Banerjee, T.; Coresh, J.; Hostetter, T.H. Trimethylamine
N-Oxide and cardiovascular events in hemodialysis patients. J. Am. Soc. Nephrol. 2017, 28, 321–331. [CrossRef] [PubMed]

33. Stubbs, J.R.; Stedman, M.R.; Liu, S.; Long, J.; Franchetti, Y.; West, R.E., 3rd.; Prokopienko, A.J.; Mahnken, J.D.; Chertow, G.M.;
Nolin, T.D. Trimethylamine N-Oxide and cardiovascular outcomes in patients with ESKD receiving maintenance hemodialysis.
Clin. J. Am. Soc. Nephrol. 2019, 14, 261–267. [CrossRef] [PubMed]

34. Hu, C.; Zhang, Y.; Bi, X.; Yao, L.; Zhou, Y.; Ding, W. Correlation between serum trimethylamine N-Oxide concentration and
protein energy wasting in patients on maintenance hemodialysis. Ren. Fail. 2022, 44, 1669–1676. [CrossRef] [PubMed]

35. He, L.; Yang, W.; Yang, P.; Zhang, X.; Zhang, A. Higher serum trimethylamine N-Oxide levels are associated with increased
abdominal aortic calcification in hemodialysis patients. Ren. Fail. 2022, 44, 2019–2027. [CrossRef]

https://doi.org/10.1161/ATVBAHA.120.313130
https://doi.org/10.1038/srep44692
https://doi.org/10.3390/toxins14040280
https://www.ncbi.nlm.nih.gov/pubmed/35448889
https://doi.org/10.3389/fphys.2021.686249
https://www.ncbi.nlm.nih.gov/pubmed/34054588
https://doi.org/10.1155/2020/4634172
https://www.ncbi.nlm.nih.gov/pubmed/32148438
https://doi.org/10.1146/annurev-nutr-071816-064732
https://www.ncbi.nlm.nih.gov/pubmed/28715991
https://doi.org/10.3390/nu10101398
https://doi.org/10.1111/jcmm.13307
https://www.ncbi.nlm.nih.gov/pubmed/28782886
https://doi.org/10.1053/j.ajkd.2022.02.016
https://www.ncbi.nlm.nih.gov/pubmed/35351578
https://doi.org/10.1161/HYPERTENSIONAHA.120.16895
https://doi.org/10.3390/toxins14080526
https://doi.org/10.1046/j.1523-1755.2000.00173.x
https://doi.org/10.1159/000485146
https://doi.org/10.1038/ki.2012.131
https://doi.org/10.1038/hr.2009.219
https://doi.org/10.1161/HYPERTENSIONAHA.113.01200
https://doi.org/10.3390/ijms24031940
https://doi.org/10.2174/1570161119666210812152802
https://doi.org/10.31083/j.rcm2203085
https://www.ncbi.nlm.nih.gov/pubmed/34565077
https://doi.org/10.1111/apm.13038
https://www.ncbi.nlm.nih.gov/pubmed/32108960
https://doi.org/10.1161/HYPERTENSIONAHA.121.17487
https://www.ncbi.nlm.nih.gov/pubmed/34232682
https://doi.org/10.3892/ijmm.2023.5247
https://www.ncbi.nlm.nih.gov/pubmed/37052251
https://doi.org/10.1080/0886022X.2020.1822868
https://doi.org/10.1681/ASN.2016030374
https://www.ncbi.nlm.nih.gov/pubmed/27436853
https://doi.org/10.2215/CJN.06190518
https://www.ncbi.nlm.nih.gov/pubmed/30665924
https://doi.org/10.1080/0886022X.2022.2131572
https://www.ncbi.nlm.nih.gov/pubmed/36217682
https://doi.org/10.1080/0886022X.2022.2145971


Toxins 2023, 15, 572 10 of 10

36. Yuan, X.; Wei, X.; Liu, J.; Tang, C.; Peng, L.; Wang, H.; Huang, Y. Association of circulating trimethylamine N-Oxide with
malnutrition and the risk of coronary artery disease in patients with maintenance hemodialysis. J. Ren. Nutr. 2023, 33, 465–471.
[CrossRef]

37. Mitchell, G.F. Arterial stiffness in aging: Does it have a place in clinical practice?: Recent advances in hypertension. Hypertension
2021, 77, 768–780. [CrossRef]

38. Qiu, H.; Zhu, Y.; Sun, Z.; Trzeciakowski, J.P.; Gansner, M.; Depre, C.; Resuello, R.R.; Natividad, F.F.; Hunter, W.C.; Genin, G.M.;
et al. Vascular smooth muscle cell stiffness as a mechanism for increased aortic stiffness with aging. Circ. Res. 2010, 107, 615–619.
[CrossRef]

39. Vatner, S.F.; Zhang, J.; Vyzas, C.; Mishra, K.; Graham, R.M.; Vatner, D.E. Vascular stiffness in aging and disease. Front. Physiol.
2021, 12, 762437. [CrossRef]

40. Huang, P.Y.; Huang, C.S.; Lin, Y.L.; Chen, Y.H.; Hung, S.C.; Tsai, J.P.; Hsu, B.G. Positive association of serum galectin-3 with the
development of aortic stiffness of patients on peritoneal dialysis. J. Clin. Med. 2023, 12, 3519. [CrossRef]

41. Prenner, S.B.; Chirinos, J.A. Arterial stiffness in diabetes mellitus. Atherosclerosis 2015, 238, 370–379. [CrossRef] [PubMed]
42. Singh, V.P.; Bali, A.; Singh, N.; Jaggi, A.S. Advanced glycation end products and diabetic complications. Korean J. Physiol.

Pharmacol. 2014, 18, 1–14. [CrossRef] [PubMed]
43. Stehouwer, C.D.; Henry, R.M.; Ferreira, I. Arterial stiffness in diabetes and the metabolic syndrome: A pathway to cardiovascular

disease. Diabetologia 2008, 51, 527–539. [CrossRef] [PubMed]
44. Jia, G.; Aroor, A.R.; DeMarco, V.G.; Martinez-Lemus, L.A.; Meininger, G.A.; Sowers, J.R. Vascular stiffness in insulin resistance

and obesity. Front. Physiol. 2015, 6, 231. [CrossRef] [PubMed]
45. Lai, Y.H.; Wang, C.H.; Kuo, C.H.; Lin, Y.L.; Tsai, J.P.; Hsu, B.G. Serum p-cresyl sulfate is a predictor of central arterial stiffness in

patients on maintenance hemodialysis. Toxins 2019, 12, 10. [CrossRef]
46. Steuer, C.; Schütz, P.; Bernasconi, L.; Huber, A.R. Simultaneous determination of phosphatidylcholine-derived quaternary

ammonium compounds by a LC-MS/MS method in human blood plasma, serum and urine samples. J. Chromatogr. B Analyt.
Technol. Biomed. Life Sci. 2016, 1008, 206–211. [CrossRef]

47. Williams, B.; Mancia, G.; Spiering, W.; Agabiti Rosei, E.; Azizi, M.; Burnier, M.; Clement, D.L.; Coca, A.; de Simone, G.; Dominiczak,
A.; et al. ESC Scientific Document Group. 2018 ESC/ESH Guidelines for the management of arterial hypertension. Eur. Heart J.
2018, 39, 3021–3104. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1053/j.jrn.2022.11.001
https://doi.org/10.1161/HYPERTENSIONAHA.120.14515
https://doi.org/10.1161/CIRCRESAHA.110.221846
https://doi.org/10.3389/fphys.2021.762437
https://doi.org/10.3390/jcm12103519
https://doi.org/10.1016/j.atherosclerosis.2014.12.023
https://www.ncbi.nlm.nih.gov/pubmed/25558032
https://doi.org/10.4196/kjpp.2014.18.1.1
https://www.ncbi.nlm.nih.gov/pubmed/24634591
https://doi.org/10.1007/s00125-007-0918-3
https://www.ncbi.nlm.nih.gov/pubmed/18239908
https://doi.org/10.3389/fphys.2015.00231
https://www.ncbi.nlm.nih.gov/pubmed/26321962
https://doi.org/10.3390/toxins12010010
https://doi.org/10.1016/j.jchromb.2015.12.002
https://doi.org/10.1093/eurheartj/ehy339

	Introduction 
	Results 
	Discussion 
	Conclusions 
	Materials and Methods 
	Patients 
	Anthropometric Analysis and Biochemical Investigations 
	High-Performance Liquid Chromatography (HPLC)—Mass Spectrometry for TMAO 
	Blood Pressure and Aortic Stiffness Measurements 
	Statistical Analysis 

	References

