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Purpose: We aimed to examine the association between plasma trimethylamine N-oxide
(TMAO), a gut microbial metabolite from dietary phosphatidylcholine, and coronary athero-
sclerotic burden in patients with type 2 diabetes (T2D).

Methods: In total, 349 patients with T2D were studied, including 70 controls and 279
patients with coronary artery disease (CAD) by coronary angiography. Coronary athero-
sclerotic burden is quantified by the number of diseased coronary branches and SYNTAX
(Synergy between PCI with Taxus and Cardiac Surgery) score. Plasma TMAO levels were
determined by UHPLC-MS/MS technique.

Results: The TMAO concentration was significantly higher in the patients with triple vessel
disease (TVD) (3.33 [IQR: 1.81-6.65] uM) than those without TVD (2.62 [IQR: 1.50-4.73]
uM) (P = 0.015). A similar difference was found between patients with SYNTAX score >22
(3.93 [IQR: 1.81-6.82] uM) and those with SYNTAX score <22 (2.54 [IQR: 1.44—4.54] uM)
(P = 0.014). TMAO was not significantly correlated with the presence of CAD. Among
patients with eGFR <60 mL/min/1.73 m?, the highest tertile of TMAO was significantly
associated with TVD (OR = 25.28, 95% CI [2.55-250.33], P = 0.006) and SYNTAX score
>22 (OR = 7.23, 95% CI [1.51-34.64], P = 0.013) independent of known risk factors of
CAD, compared with lower TMAO tertiles.

Conclusion: TMAO was not independently correlated with the presence of CAD and
severity of coronary atherosclerosis in the included population. Nevertheless, the significant
association between circulating TMAO and higher coronary atherosclerotic burden was
observed in patients with eGFR of lower than 60 mL/min/1.73 m?.

Keywords: trimethylamine N-oxide, coronary artery disease, SYNTAX score, type 2
diabetes

Introduction

With the rising incidence rate of type 2 diabetes (T2D), a series of diabetic
complications especially those associated with the cardiovascular system have
captured sufficient attention from researchers.! Despite considerable concerns
about traditional risk factors of coronary artery disease (CAD) and modern phar-
macotherapy, CAD-associated morbidity and mortality is still approximately 30%.>
Therefore, identifying CAD-T2D novel risk markers can prospectively contribute to
the efficient treatment and effective prevention of cardiovascular complication
of T2D.
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Plentiful studies in both animal models and humans have
indicated that the gut microbiota plays an important role in
overall metabolism of the host and is associated with cardi-
ometabolic diseases such as T2D.>® Notably, trimethylamine
N-oxide (TMAO), as a gut microbial metabolite from cho-
line, betaine or L-carnitine considered as the most common
phosphatidylcholine, formed in the liver from trimethylamine
(TMA), has been found to exert a proatherogenic effect and
be relevant to diabetes’ and cardiovascular risk.*'%'2

According to recent studies, plasma TMAO was an inde-
pendent predictive marker of higher atherosclerosis burden in
patients with either ST-segment elevation myocardial infarc-
tion (STEMI)'"® or stable CAD,'* in which the majority of
participants were free from diabetes. So far, the association
between TMAO levels and quantified coronary atherosclerotic
burden has not been investigated in diabetic patients. In addi-
tion, TMAO is cleared by the kidney and linked to renal
dysfunction.'>'® Diabetic kidney disease (DKD), one of the
most common microvascular complications of diabetes, is the
major cause of impaired kidney function in diabetic subjects,'’
and may lead to the elevated circulating TMAO. There is no
study concentrated on the atherosclerogenetic effect of TMAO
in diabetic patients with kidney dysfunction up to the time of
writing.

The primary aim of our study is to explore the relationship
between plasma TMAO levels and the coronary atherosclero-
tic burden quantified by the number of diseased major branches

of coronary and the SYNTAX score in the patients with T2D.
The second objective is to investigate the differences of the
above relationship between patients with different renal func-
tion levels.

Methods

Participants
Out of the overall 1084 Chinese patients with T2D who under-
went diagnostic coronary artery angiography (CAG) for chest
pain, precordial discomfort or positive non-invasive test results
(i.e., electrocardiogram suggestive of ischemia, suspicious
myocardial perfusion scan, or positive exercise tolerance test)
at Peking University First Hospital between May 2017 and
November 2018, 521 patients gave informed consent.
Afterwards, 172 individuals were excluded for prior history
of percutaneous transluminal coronary intervention (PCI) or
coronary artery bypass grafting (CABG). A final total of 349
patients with T2D were studied, including 279 cases with CAD
defined by diameter stenosis at >50% in at least one main
branch of coronary (including left anterior descending, left
circumflex and right coronary artery), and 70 patients with all
main coronary arteries stenosis <50% as Non-CAD (Figure 1).
All the patients were definitively diagnosed as T2D accord-
ing to Guidelines for the Prevention and Control of Type 2
Diabetes in China (2017 Edition), and received hypoglycemic
therapy including insulin and oral drugs under the guidance of
doctors.

Peking University First Hospital between May 2017 and November 2018

[ 1084 patients with T2D who underwent diagnostic CAG with T2D at ]

[ 521 patients gave informed consent ]

- 172 patients excluded because of prior history
TMAO levels of 349 patients of CABG (1 =43) and prior PCI (n = 129)
determined by UPLC-MS/MS

[70 patients free from CAD regarded as Non-CAD ]

[ 279 patients diagnosed as CAD ]

|
[
l l

! |

[SYNTAX Score <22 (n= 259)] [SYNTAX Score >22 (n= 90)] [ SVD (n= 98)] [DVD (n= 87)] [TVD (n= 94)]

Figure | Flowchart of coronary atherosclerosis screening and quantification in T2D patients.
Abbreviations: T2D, type 2 diabetes; CAG, coronary arteriography; CABG, coronary artery bypass grafting; PCI, percutaneous transluminal coronary intervention; CAD,
coronary artery disease; SVD, single-vessel disease; DVD, dual-vessel disease; TVD, triple-vessel disease.

70 https:

Dove!

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15


https://www.dovepress.com
https://www.dovepress.com

Dove

Yu et al

Ethical Approval of the Study and the

Informed Consent

The protocols and the procedures of the study for collect-
ing or handling human blood samples were approved by
the Ethics Committee of Peking University First Hospital
(No. 2020-103) and registered on Chinese Clinical Trial
Registry (No. ChiCTR2000031108). All the included
patients gave informed consent. The whole process and
all methods of the study were conducted in accordance
with the Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving
humans.

Collection and Handling of Human Blood

Samples

Peripheral blood samples were collected into vacutainer
tubes containing ethylenediaminetetraacetic acid (EDTA)
via femoral or radial access at the time of CAG before
heparinization and then immediately frozen at —80°C until
determination of TMAO.

Determination of Plasma TMAO Levels

by LC-MS/MS

Liquid chromatography of Waters I-Class (Waters,
Milford, MA, USA) coupled to Waters Xevo TQ-S
(Waters, Milford, MA, USA) mass spectrometer with an
electrospray ionization (ESI) source in positive ion mode
was used to quantify TMAO using multiple reaction mon-
itoring (MRM).

Assessment of Coronary Atherosclerotic

Burden

The SYNTAX (SYNergy between percutanecous coronary
intervention with TAXus and cardiac surgery) score, an
angiographic scoring system, produced from the SYNTAX
trial, is generally used to determine the burden and com-
plexity of atherosclerosis in CAD patients.'® The SYNTAX
score of each patient was separately graded by the same two
interventional cardiologists with extensive experience,
blinded to the plasma TMAO levels and any clinical data
of patients, operating the SYNTAX score calculator version
2.28 provided from the official website (www.syntaxscore.
com/calculator/syntaxscore/frameset.htm). If there was any

discrepancy between the readings from the two cardiolo-
gists, then the final result would come after the third senior
interventional cardiologist checked them. As documented,

higher atherosclerosis burden can be identified by the pre-
sence of higher SYNTAX score over 22,'"?° then the sub-
jects were divided into two groups according to the
SYNTAX trial-defined low (0-22) or intermediate-high
(>22) SYNTAX scores.

The diseased vessel was defined as any of the major
coronary arteries (including the left anterior descending,
the left circumflex branch and the right coronary artery)
confirmed as >50% stenosis under diagnostic CAG.
Subsequently, the patients were also divided based on the
number of diseased vessels, into single-vessel disease
(SVD), dual-vessel disease (DVD) and triple-vessel disease
(TVD). According to previous research, TVD was consid-
ered as severe coronary artery disease.”'** Except for TVD
group, the Non-TVD group was comprised of individuals
with 0-2 coronary branches affected in this study.

Statistical Analysis

The continuous variables were described as mean + SD
(standard deviation) or medians (interquartile ranges
[IQR]) if necessary. The comparison among three groups
of different tertiles of TMAO in continuous variables were
performed with analysis of variance (ANOVA), and those
in categorical variables were analyzed with chi-squared
test. The differences between groups with different sever-
ity of coronary atherosclerosis (including CAD vs Non-
CAD, TVD vs Non-TVD, SYNTAX score <22 vs
SYNTAX score >22) in TMAO concentrations were con-
ducted using non-parametric test. Univariate and multi-
variate logistic regression analysis were also used to
assess the association between plasma TMAO levels and
coronary atherosclerotic burden of patients. Stratified and
interaction analyses were conducted according to different
eGFR levels (eGFR <60 mL/min/1.73 m? vs eGFR
>60 mL/min/1.73 m?). The Empower Stats (Www.empow
erstats.com, X&Y Solutions, Inc., Boston MA) and
R software version 3.6.1 (http://www.R-project.org) were

applied in all statistical analysis. Significant statistical
difference was accepted at two-tailed P <0.05 in all the
above analyses.

Results
Clinical and Laboratory Characteristics of

the Participants

As shown in Figure 1, 349 participants were included after
strict screening and comprised subgroups with two different
grouping methods: the CAD group (n =279) and Non-CAD
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Table | Baseline Characteristics of the Study Participants Associated with Plasma Levels of TMAO (Distribution in Tertiles)

Variables All Tertiles of TMAO P-value
n = 349
Tertile | Tertile 2 Tertile 3
(TMAO (1.96 <TMAO (TMAO
<1.96uM) <4.38uM) >4.38uM)
n=1I15 n=117 n=117
Age (y) 653 + 10.4 647 £ 11.6 655 + 9.4 65.6 + 10.2 0.801
Sex, male (n) 220 (63.0%) 68 (59.1%) 76 (65.0%) 76 (65.0%) 0.570
BMI (kg/m?) 26.1 + 3.6 258 + 35 262 + 3.6 264 + 3.7 0.320
Active smoking (n) 169 (48.4%) 55 (47.8%) 57 (48.7%) 57 (48.7%) 0.988
Hypertension (n) 256 (73.6%) 79 (69.3%) 79 (67.5%) 98 (83.8%) 0.009
Hyperlipidemia (n) 265 (76.1%) 91 (79.8%) 85 (72.6%) 89 (76.1%) 0.441
Diabetes duration (y) 104 + 89 86 +83 10.9 + 9.3 11.6 + 8.8 0.018
FBG (mmol/L) 8.64 + 4.81 8.78 + 6.73 8.66 + 3.42 849 + 3.71 0.654
HbAlc (%) 75+ 14 74+ 14 76+ 14 76+ 14 0.125
TC (mmol/L) 3.92 £ 1.07 3.99 + 1.07 395+ 1.16 3.84 £ 0.98 0.771
LDL-C (mmol/L) 2.24 + 0.82 2.26 + 0.84 2.27 + 0.90 2.18 £0.73 0.924
HDL-C (mmol/L) 0.97 £ 0.25 1.04 £ 0.29 0.97 + 0.21 091 +0.21 <0.001
TG (mmol/L) 1.87 £ 1.32 1.83 + 1.53 1.90 = I.15 1.88 + 1.27 0.528
eGFR (mL/min/1.73 m?) 74.44 + 21.65 81.36 + 16.34 79.32 + 15.58 62.80 + 26.31 <0.001
TMAO (uM) 2.83 [1.65-5.39] 1.22 [0.60-1.64] 2.83 [2.31-3.48] 6.93 [5.39-9.31] <0.001
CAD (n) 279 (79.9%) 89 (77.4%) 99 (84.6%) 91 (77.8%) 0.301
TVD (n) 94 (26.9%) 25 (21.7%) 28 (23.9%) 41 (35.0%) 0.049
SYNTAX score >22 (n) 90 (25.8%) 23 (20.0%) 24 (20.5%) 43 (36.8%) 0.004

Note: Continuous data are presented as means *+ SD or medians (interquartile ranges), and categorical variables are presented as counts (%).
Abbreviations: BMI, body mass index; FBG, fasting blood glucose; HbAlc, hemoglobin Alc; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C,
high-density lipoprotein cholesterol; TG, triglyceride; eGFR, estimated glomerular filtration rate; TMAO, trimethylamine N-Oxide; CAD, coronary artery disease; TVD,

triple vessel disease.

group (n = 70); the group with SYNTAX score <22 (n =
259) and the group with SYNTAX score >22 (n = 90).
Among CAD patients, there were 98 with SVD, 87 with
DVD and 94 with TVD.

The included patients were also divided into three sub-
groups based on tertiles of TMAO levels. Among these three
groups with different TMAO levels, there were no signifi-
cantly statistical differences found in age, sex, BMI, active
smoking, history of hyperlipidemia, fasting blood glucose
(FBG), hemoglobin Alc (HbAlc), total cholesterol (TC),
low-density lipoprotein cholesterol (LDL-C) and triglyceride
(TG) (P >0.05), however, as expected, significant differences
in history of hypertension, diabetes duration, the levels of
LDL-C and estimated glomerular filtration rate (¢GFR), and
the proportion of patients with TVD or SYNTAX score >22
(P <0.05) (Table 1).

Plasma Levels of TMAO in Different
Subgroups

A numerical increase of TMAO concentration was
observed in CAD patients (2.82 [IQR: 1.65-5.09] uM)

compared with Non-CAD participants (2.32 [IQR: 1.49—
5.50] uM) (P = 0.098) (Figure 2A). The plasma TMAO
levels were significantly higher in the patients with triple
coronary branches disease (3.33 [IQR: 1.81-6.65] uM)
compared with those with 0-2 affected coronary branches
(2.62 [IQR: 1.50-4.73] uM, P = 0.015) (Figure 2B).
A similar difference was found between patients with
SYNTAX score >22 (3.93 [IQR: 1.81-6.82] uM) and
those with SYNTAX score <22 (2.54 [IQR: 1.44-4.54]
uM) (P = 0.014) (Figure 2C).

Evaluation of TMAOQO as an Associated
Factor of Severe Coronary

Atherosclerosis

As presented in Table 2, the association between TMAO
(as continuous variable or categorical variable in tertiles)
and CAD was not significant in Non-adjusted Model and
adjusted models (P >0.05). By comparison, the continuous
TMAO levels were significantly associated with TVD and
SYNTAX score >22 in both Non-adjusted Model (for
TVD, OR = 1.05, 95% CI [1.02-1.09], P = 0.004; for
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Diagnosis Number of Affected Coronary Arteries SYNTAX Score

Figure 2 Plasma levels of TMAO in different subgroups divided by the presence of CAD (A), the number of diseased coronary arteries (B) and the SYNTAX score (C).

Abbreviation: CAD, coronary artery disease.

SYNTAX score >22, OR = 1.05, 95% CI [1.02-1.09], P =
0.003) and Model I adjusted for age and sex (for TVD, OR
= 1.05, 95% CI [1.02-1.09], P = 0.005; for SYNTAX
score >22, OR = 1.05, 95% CI [1.02-1.09], P = 0.005).
The patients in the tertile with highest TMAO concentra-
tion appeared to have an increased risk of TVD and
SYNTAX score >22 in comparison with the lowest tertile
in Non-adjusted Model (for TVD, OR = 1.94, 95% CI
[1.08-3.48], P = 0.026; for SYNTAX score >22, OR =
2.32, 95% CI [1.29-4.20], P = 0.005) and Model I (for
TVD, OR = 1.89, 95% CI [1.05-3.40], P = 0.035; for
SYNTAX score >22, OR = 2.28, 95% CI [1.254.16],
P = 0.007). However, the significant association between
TMAO levels and severe coronary lesion (including TVD
and SYNTAX score >22) in Non-adjusted Model, became
insignificant in Model II adjusted for log-eGFR. The OR
of TVD and SYNTAX score >22 in Model II with log-
eGFR adjusted were 1.01 (95% CI [0.97-1.06], P = 0.5006)
and 1.01 (95% CI [0.97-1.05], P = 0.526), respectively,
taking TMAO concentration as continuous variable.
Moreover, the OR of TVD and SYNTAX score >22 in
Model II with log-eGFR adjusted were 1.23 ([95% CI
0.65-2.33], P = 0.527) and 1.52 ([95% CI 0.80-2.90],
P = 0.201), respectively, in the individuals with highest
tertile of TMAO compared with those in lowest tertile of
TMAO. The full adjustment for all known risk factors of
coronary atherosclerosis (including log-eGFR, age, sex,
BMI, active smoking, hypertension, diabetes duration,
FBG, HbAlc, LDL-C, HDL-C and TG) in Model III,
which covered Non-adjusted Model and Model I-II,
exerted negative impact on the crude association between
plasma TMAO levels and severe coronary lesion (P >0.05)
(Table 2).

Stratified Analysis and Test for Interaction
Since eGFR led to an evident impact on the crude association
between TMAO concentration and severity of coronary
lesion, the stratified analysis was performed according to
different eGFR levels. Patients with lowest and medium
tertiles of TMAO levels (T1-2) were used as reference (OR
= 1) during the analyses. Among patients with eGFR
<60 mL/min/1.73 m? highest tertile of TMAO was statisti-
cally associated with TVD (OR = 25.28, 95% CI [2.55-
250.33], P = 0.006) and SYNTAX score >22 (OR = 7.23,
95% CI [1.51-34.64], P = 0.013), even after adjustment for
all of these variables, including age, sex, BMI, hypertension,
active smoking, diabetes duration, FBG, HbAlc, LDL-C,
HDL-C and TG. Nevertheless, there is no significant associa-
tion between highest tertile of TMAO and serious coronary
lesion in patients with eGFR >60 mL/min/1.73 m* in Non-
adjusted Model or adjusted models (for TVD, ORn_agj = 0.78,
95% CI [0.39-1.56)], P = 0.489; OR,4; = 0.75, 95% CI [0.32—
1.78], P = 0.517. For SYNTAX score >22, ORy.aqj = 1.37,
95% CI [0.71-2.64], P = 0.341; OR,q4; = 1.23, 95% CI [0.52—
2.90], P = 0.635) (Table 3). Significant interactive effects of
eGFR and TMAO concentration on TVD (P for interaction
<0.001) and SYNTAX score >22 (P for interaction = 0.040)

were observed (Table 3).

Discussion

In the present study, circulating TMAO levels was not
independently associated with the presence of CAD or
heavier coronary atherosclerotic burden in T2D patients
among a Chinese North population. Nevertheless, we
found a significant association between elevated TMAO
levels and TVD or SYNTAX score >22 in those T2D
patients with eGFR<60 mL/min/1.73 m?, even following

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15

https:

73

Dove:


https://www.dovepress.com
https://www.dovepress.com

ar0(q

VL

:sdyzy

§1:720T Adeuay pue s1a8.ue] :AIsaqQ pue SWOJPUAS DIjoqeIdly ‘s919qeliq

Table 2 Association Between Plasma TMAO Levels and Severity of Coronary Atherosclerosis in Multiple Regression Model

Outcome Non-Adjusted Model Model | Model Il Model 111
OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value
CAD Continuous TMAO (uM) | 1.03 (0.98, 1.09) 0.247 1.03 (0.96, 1.08) 0.294 1.01 (0.98, 1.08) 0.785 1.02 (0.95, 1.09) 0.577
Tertiles of TMAO
Tl 1.00 1.00 1.00 1.00
T2 1.61 (0.83, 3.13) 0.163 1.53 (0.78, 3.01) 0.220 1.54 (0.79, 3.00) 0.210 1.29 (0.57, 2.91) 0.536
T3 1.02 (0.55, 1.90) 0.944 0.95 (0.50, 1.78) 0.869 0.75 (0.39, 1.46) 0.399 0.69 (0.29, 1.62) 0.395
TVD Continuous TMAO (uM) | 1.05 (1.02, 1.09) 0.004 1.05 (1.02, 1.09) 0.005 1.01 (0.97, 1.06) 0.506 1.01 (0.96, 1.07) 0.605
Tertiles of TMAO
TI 1.00 1.00 1.00 1.00
T2 1.13 (0.61, 2.09) 0.691 1.09 (0.59, 2.03) 0.783 1.10 (0.59, 2.05) 0.769 0.61 (0.29, 1.30) 0.234
T3 1.94 (1.08, 3.48) 0.026 1.89 (1.05, 3.40) 0.035 1.23 (0.65, 2.33) 0.527 0.91 (041, 2.04) 0.827
SYNTAX score >22 | Continuous TMAO (uM) | 1.05 (1.02, 1.09) 0.003 1.05 (1.02, 1.09) 0.005 1.01 (0.97, 1.05) 0.526 1.00 (0.95, 1.06) 0.893
Tertiles of TMAO
TI 1.00 1.00 1.00 1.00
T2 1.03 (0.54, 1.96) 0.923 0.99 (0.52, 1.90) 0.985 1.00 (0.52, 1.91) 0.999 1.03 (0.46, 2.31) 0.936
T3 2.32 (1.29, 4.20) 0.005 2.28 (1.25, 4.16) 0.007 1.52 (0.80, 2.90) 0.201 1.56 (0.67, 3.64) 0.298

Notes: Model I: Adjusted for age and sex. Model II: Adjusted for log-eGFR. Model llI: Adjusted for all of these variables, including log-eGFR, age, sex, BMI, active smoking, hypertension, diabetes duration, FBG, HbAlc, LDL-C, HDL-C

and TG.
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Table 3 Association Between Plasma TMAO and Severity of Coronary Atherosclerosis in Patients with Different eGFR Levels

Non-Adjusted Model Adjusted Model P for Interaction
OR (95% CI) P-value OR (95% CI) P-value
TVD
eGFR <60 mL/min/1.73 m? (n = 80) <0.001
Tertiles of TMAO TI-2 1.00 1.00
T3 4.12 (1.59, 10.64) 0.004 25.28 (2.55, 250.33) 0.006
eGFR 260 mL/min/1.73 m? (n = 269)
Tertiles of TMAO TI-2 1.00 1.00
T3 0.78 (0.39, 1.56) 0.489 0.75 (0.32, 1.78) 0.517
SYNTAX score >22
eGFR <60 mL/min/1.73 m* (n = 80) 0.040
Tertiles of TMAO TI-2 1.00 1.00
T3 2.99 (1.18, 7.54) 0.021 7.23 (1.51, 34.64) 0.013
eGFR 260 mL/min/1.73 m? (n = 269)
Tertiles of TMAO TI-2 1.00 1.00
T3 1.37 (0.71, 2.64) 0.341 1.23 (0.52, 2.90) 0.635

Note: The adjusted model was adjusted for all of these variables, including age, sex, BMI, hypertension, active smoking, diabetes duration, FBG, HbAlc, LDL-C, HDL-C and TG.

the adjustment for traditional risk factors of CAD. The
positive correlation between peripheral TMAO level and
severity of coronary lesion has been reported in the gen-
eral population previously,'*** but our study specifically
explored this relationship in T2D patients. Furthermore,
for the first time in individuals with T2D, it also has
extended to the importance of renal function.

Existing studies have revealed T2D patients present with
aberrant gut microbiota, the disruption of gut barrier normal
function and an enhancement in gut permeability, which
would collectively lead to abnormal production and absorp-
tion of TMAO.?*2® The elevated levels of TMAO induced
by T2D could accelerate the presence and progression of
CAD by promoting foam cell formation, altering cholesterol
and bile acid metabolism and activating inflammatory
pathways.>*"*® A small-sized clinical observation study
showed that peripheral TMAO levels were remarkably
increased in CAD-T2D patients compared with healthy con-
trols, however, the study failed to make the comparison
among T2D patients internally and analyze the relationship
between TMAO levels and coronary stenosis in those dia-
betic patients.”® Our study went further and indicated that
elevated TMAO concentration is related to more serious
coronary atherosclerosis in terms of not only the presence
of TVD but also higher SYNTAX score over 22, independent
of age and sex in patients with T2D. Hence, it is conceivable
that higher TMAO concentrations correlate with increased
risks of major adverse cardiovascular events (MACE) and
all-cause mortality in population with T2D.*’

The extended observations in the study provide a new
perspective about the impact of renal function on the
association between TMAO levels and the quantified ser-
ious coronary lesion. The association mentioned above
was dramatically significant in patients with eGFR
<60 mL/min/1.73 m?, whether the conventional predictors
were adjusted for or not, differing from the results in
patients with eGFR >60 mL/min/1.73 m?. Our results
could support the previous research finding from
Missailidis et al. that TMAO level is an independent pre-
dictor of mortality in chronic kidney disease (CKD) 3-5
patients (eGFR <60 mL/min/1.73 m?)."> The study by
Winther et al., mainly focused on patients with type 1
diabetes (T1D), have recently demonstrated that the asso-
ciation between higher concentrations of plasma TMAO
and mortality or cardiovascular events may be mediated
through impaired renal function and speculated that
TMAO is a kidney function marker or a novel risk factor
for micro- and macrovascular complications of diabetes.*’
Physiologically, TMAO is excreted in urine®' and circulat-
ing TMAO levels increase with the decline of renal
function.'® Nevertheless, the consideration that peripheral
TMAO may reflect renal function to a certain extent, could
not refute the possibility that higher TMAO levels may
exacerbate atherosclerogenesis through the pathways cor-
related with damaging kidney function. In C57BL/6J mice,
chronic dietary exposures increasing TMAOQO directly gives
rise to progressive renal fibrosis and kidney dysfunction.*
Among 1434 participants from Framingham Offspring
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Study, TMAO was identified to be positively related to
incident CKD (in 123 cases) after the follow-up for over 8
years.”> Therefore, we inferred the increase of TMAO
concentration accompanied by renal dysfunction and
these two factors promote mutually in the process of
atherosclerogenesis. If the kidney fairly copes with circu-
lating TMAO, the development of atherosclerosis largely
depends on known risk factors of CAD. Whereas, when
the renal function declines to a certain level, for example,
eGFR <60 mL/min/1.73 m? accumulated TMAO is
strongly associated with exacerbation of atherosclerosis,
regardless of those conventional cardiovascular predictors.
The novel result is that the higher confidence limits of OR
value for TVD and SYNTAX score >22 reach up to 250.33
and 34.64, respectively, as a result of dramatical TMAO
accumulation in CKD 5 patients with the highest TMAO
levels and more severe coronary stenosis.

The production of TMAO is a complex process invol-
ving specific gut microbes that metabolize the dietary-
derived precursors mainly from red meat or seafood,
including choline, betaine and L-carnitine. Reasonably,
circulating TMAO levels will become higher with the
increase of red meat or seafood in multiple human
studies.>* % However, the effects of diet on TMAO levels
are heterogeneous in other investigations. For example, in
a German population-based cohort study by Rath et al.,
while two major bacterial TMA-forming pathways were
linked to the TMAO concentration, meat intake did not
predict plasma TMAO levels, suggesting the high inter-
TMAO
Furthermore, Mediterranean diet, a beneficial dietary pat-

individual  variability  in production.®’
tern to patients with cardiovascular disease, contains
TMAO-rich seafood but does not affect the level of plasma
TMAO.*®* The results displayed the complexity of rela-
tionships between diet and TMAO. Our study was a real-
world study among patients with T2D and we did not
restrict their red meat or seafood intake, which might
better reflect the real situation of these patients. Except
for diet, the gut flora composition, which is significantly
different between people with T2D and those without
T2D, exerts a great impact on TMAO levels.*** For
example, Larsen et al. found that the abundance of class
Clostridia
decreased, while class Betaproteobacteria was notably

and phylum Firmicutes were distinctly
increased in T2D patients.* Moreover, the ratios of
Bacteroidetes to Firmicutes and Bacteroides-Prevotella to
C. coccoides-E. rectale are positively correlated with

plasma glucose.*’ In our study, all the included individuals

met diagnostic criteria of T2D, which could reduce the
heterogeneity of gut microbiota to some degree.

TMAO, which plays a role in vascular dysfunction and
atherosclerosis, may open a preventative and therapeutic
avenue ultimately conducive to severe CAD, especially in
patients with eGFR <60 mL/min/1.73 m?. The application
of prebiotics and probiotics could contribute to favorable
alterations of gut microbiota composition. Prebiotics, cer-
tain kinds of non-digestible food components, could pro-
mote the growth of beneficial bacteria,*' while probiotics
require supplementation of specific bacteria strains. Foods
containing prebiotics or probiotics could decrease the bac-
teria which transform certain precursors into TMA, or
increase the bacteria capable of depleting TMA or those
lacking the indispensable genes of converting carnitine or
choline into TMA. Another devised method is using anti-
biotics especially broad-spectrum antibiotics to change the
gut microbiota composition, which could annihilate micro-
biota capable of transforming a series of dietary precur-
sors, such as choline, betaine and L-carnitine, into TMA.
Broad spectrum antibiotics, ciprofloxacin and metronida-
zole included, could lead to almost complete decrease of
peripheral TMAO levels which, however, were detectable
again after the withdrawal of antibiotics one month later."'
Besides, the long-term use of antibiotics may not be advi-
sable since it would give rise to multi-drug resistant bac-
teria strains and microbiota repopulation. Furthermore,
antibiotics could not only eliminate harmful bacteria but
also affect most beneficial strains.'" Instead of altering the
gut microbiota composition, the restriction of carnitine and
choline intake is not viable because they are important
nutrients for the human body and deficiency in them can
give rise to various organ dysfunctions. Choline and its
derivatives contribute to stabilizing the cell membrane as
phosphatidylcholine and generating certain neurotransmit-
ters such as acetylcholine. Moreover, L-carnitine plays
a role in maintaining cardiac and skeletal muscle function
and is negatively associated with mortality after acute
myocardial infarction and MACE.** There are also other
devised possibilities including the use of certain
analogs and the suppression of TMA precursors. In animal
models, reducing levels of TMAO by selectively inhibiting
microbial TMA production through 3,3-dimethyl-1-buta-
nol (DMB), one kind of structural choline analog, could
decrease diet-induced atherosclerosis,* likewise, the inhi-
bition of TMAO by knocking-out FMO3 could also sup-
press atherosclerosis.***® Thus, a strength of our study
was the ability to explore whether the prospective TMAO
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may serve as a potential therapeutic or prophylactic target
of severe coronary lesion by invasive methods, especially
for T2D patients with DKD.

The study inevitably has its limitations. Firstly, as
a single-center study, the sample size is relatively small,
especially the patients with TVD or SYNTAX score >22.
Therefore, the selection bias for patients cannot be excluded.
Secondly, as a cross-sectional observational study, causality
could not be determined in this association. Prospective
studies and basic medical research are warranted. Due to
the contemporary cohort undergoing diagnostic CAG
between 2017-2018, the long-term outcome data are not
available yet. Hopefully, we are following up these partici-
pants persistently. Finally, despite adjustments for multiple
traditional risk factors of CAD in the process of drawing the
novel conclusion, other potential confounding factors cannot
be completely excluded, such as undiagnosed intestinal dis-
eases and unknown antibiotics application. Nevertheless, we
found no abnormal composition of the fecal flora and no
parasite based on feces smear.

Conclusion

Elevated plasma TMAO levels were not significantly asso-
ciated with the presence of CAD and higher coronary
atherosclerotic burden in T2D patients included in the
present study. However, they were independently corre-
lated with severe coronary atherosclerosis, including TVD
and higher SYNTAX score than 22, in patients with eGFR
of lower than 60 mL/min/1.73 m?.
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