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ARTICLE INFO ABSTRACT

Trimethylamine-N-oxide (TMAO), one of the products in choline metabolite, is recently reported to be associated
with cardiovascular diseases (CVD) that mainly attribute to atherothrombosis. However, the mechanisms how
TMAO functions in the pathogenesis of CVD and atherothrombosis remain elusive. Tissue factor (TF) has been
implicated in the thrombogenicity of atherosclerotic plaques. In the present study, we demonstrated that TMAO
promoted TF (but not TF pathway inhibitor) expression via activation of NF-kB signaling pathway in primary
human coronary artery endothelial cells (HCAECs). TMAO strongly increased TF activity and thrombin pro-
duction. Further, a small dose of TMAO significantly increased TF expression and nuclear translocation of NF-kB
with the synergistic action of low-dose of pro-atherosclerotic factors, such as TNF-a and HMGB1. Importantly,
plasma TMAO level was positively correlated with TF activity in patients with ST-elevation myocardial in-
farction (STEMI). Altogether, our data revealed that TMAO promoted thrombosis through increasing TF ex-
pression and activity. The understanding of the new link between TMAO and atherothrombosis may facilitate
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therapeutic strategy in the prevention and treatment of atherothrombosis.

1. Introduction

Thrombosis after atherosclerotic plaque disruption is the leading
cause of most acute coronary syndromes [1]. Tissue factor (TF), a
transmembrane glycoprotein, initiates an extrinsic coagulation cascade
when exposed to circulation in the case of atherosclerotic plaque rup-
ture, and eventually results in complete or partial vessel occlusion
[1,2]. TF-mediated coagulation is pivotal in acute atherosclerotic
thrombosis, especially acute myocardial infarction (AMI) [2-4]. TF
activation is dispensable in the TF-mediated coagulation [5,6]. On the
other hand, tissue factor pathway inhibitor (TFPI) is the only en-
dogenous protein that effectively inhibits extrinsic coagulation pathway
by producing factor Xa-mediated feedback inhibition of the factor VIIa/
TF catalytic complex [7]. TFPI protects from atherosclerosis and is a
central regulator of the thrombosis that occurs in the setting of AMI
[8-10].

Recently, trimethylamine-N-oxide (TMAO) was reported to be clo-
sely related with atherosclerosis development [11]. Consistently, a
large number of multi-center and multi-population clinical researches
have demonstrated a strong association between the plasma levels of
TMAO and cardiovascular diseases or AMI mortality. TMAO
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remarkably enhanced the cardiovascular risk or atherosclerosis
[12-15], and the inhibition of TMAO production in vivo reduced
thrombosis risk [16,17]. However, it is still not clear how TMAO pro-
motes atherothrombosis. Since there is a low plasma level of TMAO in
the majority of patients with atherothrombotic diseases and the low
level of TMAO is still significantly associated with undesirable out-
comes [15], TMAO may have synergic role with other pro-athero-
sclerotic factors including TNF-a and HMGBI1 in pathogenesis of
atherothrombosis. In addition, the involvement of TMAO in the mod-
ulation of TF activity has not yet been reported. The aim of our study is
to investigate the underlying mechanisms of TMAO in athero-
thrombosis, which may facilitate the understanding of the link between
TMAO and atherothrombosis.

2. Materials and methods
2.1. Cell culture and stimulation
Primary human coronary artery endothelial cells (HCAECs), isolated

from normal human coronary arteries, were obtained from Clonetics
(San Diego, CA) and cultured in Endothelial Growth Medium-2
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(Clonetics, Inc.) with full supplements and 5% FBS (Gibco) as described
previously [18]. Before experiments, HCAECs were plated in 12-well
plates in complete EGM-2 medium with full supplements and 5% FBS
overnight. The HCAECs were then washed three times and stimulated
(80%-90% confluence) with 10-200uM trimethylamine-N-oxide
(TMAO) (Sigma, USA) alone or incubated with 10-40 uM BAY-117082
(Sigma, USA) or 5-20 uM JSH-23 (Selleck, USA) 30 min prior to TMAO
stimulation in EGM-2 medium containing 2% FBS. In some experi-
ments, 10 utM TMAO was added 1h before an incubation with tumor
necrosis factor-alpha (TNF-a , 0.01 ng/mL, 4 h) (R&D Systems, USA) or
high mobility group box 1 (HMGBI1, 1ng/mL, 4h). Recombinant
HMGBI1 protein was produced in E. coli and purified as described pre-
viously [19]. After the treatments for the indicated time, the cells and
the supernatants were collected for subsequent experiments.

2.2. Patients samples collection

Patients diagnosed with ST-elevation acute myocardial infarction
(STEMI) [20] were included in the study. Inclusion criteria were: (a)
chest pain lasting > 30 min, (b) ST-segment elevation =2mm in at
least 2 contiguous precordial leads (V1 to V6) of the electrocardiogram,
(c) occlusion of an infarct-related artery (TIMI flow < 3), (d) visuali-
zation of coronary thrombosis, and (e) clinical indications for percu-
taneous coronary intervention (PCI) and thromboaspiration. Exclusion
criteria were: malignancy, inflammatory diseases or severe acute
ischemia other than myocardial ischemia, surgery within 1 month,
renal replacement therapy, previous myocardial infarction or history of
heart failure. Fourty four patients fulfilled the above criteria and were
included in the study at the Third Xiangya Hospital of Central South
University from January 2017 to September 2018. Eleven healthy in-
dividuals, matched for age and body mass index (BMI) with patients,
were recruited as control subjects. Clinical characteristics of these
subjects were recorded during hospital admission (shown in Table 1).
The study protocol was approved by the ethics committee of the Third
Xiangya Hospital of Central South University. Informed consent was
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obtained from all subjects prior to the commencement of the experi-
ments.

In admission, all patients underwent urgent coronary angiography
for PCI, and blood samples were collected into tubes containing 3.8%
sodium citrate. Plasma was immediately obtained after centrifuges at
3000 x g for 10 min. Plasma was then aliquoted and stored at —80 °C
until the analysis for the level of TMAO, TF activity, HMGB1 and TNF-
a. All enrolled patients were contacted for follow-up with a mean of
two months after the PCI. Patients died of non-cardiovascular causes
were excluded from analysis.

2.3. Western blot analysis

The cells were lysed in sodium dodecyl sulfate (SDS) buffer. Nuclear
and cytoplasmic proteins were isolated using the NE-PER Kit as de-
scribed by the manufacturer (Cat 78,833, Thermo Fisher Scientific,
USA). Proteins were separated by 10% SDS-PAGE and transferred onto
PVDF membranes (Millipore, Bedford, MA). The membranes were in-
cubated with primary antibodies, including anti-human TF (Cat
ab104513, Abcam, UK), TFPI (Cat ab66544, Abcam, UK), c-Rel (Cat
4727, Cell Signaling Technology, USA), p65 (Cat 8242, Cell Signaling
Technology, USA), p-IxkBa (Cat 2859, Cell Signaling Technology,
USA) , and PCNA (Cat 13,110, Cell Signaling Technology, USA) at a
dilution ratio of 1:1000 at 4 °C overnight. After incubation with sec-
ondary antibodies, the blots were visualized using ECL assay (Cat
32,106, Thermo Fisher Scientific, USA) and imaged using Gel Doc XR +
(Bio-Rad, USA). Blots were normalized to the expression of 3-actin (Cat
3700, Cell Signaling Technology, USA) or PCNA. Data were analyzed
using Image J software.

2.4. TF protein assays
The cells were lysed in Cell Lysis Buffer 1 (5mM HEPES, pH 8.0,

85mM KCL, 0.5% Triton). Tissue factor (TF) protein levels were de-
termined using a commercial kit: Human Coagulation Factor III/Tissue

Table 1
Patients' clinical characteristics (n = 44).
Subjects STEMI (n = 44) Health P
(n=11) (Alive vs dead)
Alive (32) Dead (12)
Males (%) 21 (65.6) 7 (58.3) 4 (36.4) 0.654
Age 64.28 + 9.82 67.88 + 10.97 50.46 + 11.42 0.4099
BMI (kg/m?) 23.92 + 0.69 22.5 = 0.59 22.45 + 1.02 0.2460
Smokers (%) 14 (43.8) 9 (75) 3(27.3) 0.065
Family history of CAD, n (%) 9 (28.1) 2 (16.7) NA 0.267
Hypertension, n (%) 30 (93.8) 11 (91.7) NA 0.807
Diabetes, n (%) 7 (21.9) 4(33.3) NA 0.434
Previous peripheral artery disease, n (%) 9 (28.1) 3 (25.0) NA 0.957
Patients treated with
ACE inhibitor/ARB, n (%) 19 (59.4) 7 (58.3) NA NA
B-Blocker, n (%) 2 (6.3) 2 (16.7) NA NA
Acetylsalicylic acid, n (%) 13 (40.6) 4 (33.3) NA NA
Calcium flow inhibitor, n (%) 11 (34.49) 5 (41.7) NA NA
Anticoagulants, n (%) 5 (15.7) 1(8.3) NA NA
Total cholesterol (mmol/L) 4.21 = 0.26 4.43 = 0.40 1.39 = 0.07 0.6509
LDL-cholesterol (mmol/L) 2.8 + 0.14 2.58 = 0.15 2.01 = 0.13 0.3595
HDL-cholesterol (mmol/L) 1.11 = 0.06 0.90 + 0.06 1.21 + 0.06 0.0503
Triacylglycerol (mmol/L) 1.57 + 0.08 1.93 + 0.23 1.33 = 0.09 0.0761
TNF-a (pg/mL) 3.95 + 0.48 5.90 = 0.72 1.55 + 0.31 0.0291
HMGB1 (ug/L) 3.04 = 0.20 4.58 + 0.54 1.17 = 0.19 0.0024
TMAO (umol/L) 3.53 + 0.29 5.65 * 0.54 1.68 = 0.21 0.0007
TF activity (pmol) 10.75 = 0.54 15.32 = 1.03 3.64 = 0.19 0.0001

STEMI: ST-elevation acute myocardial infarction; BMI: Body Mass Index; LDL: low-density lipoprotein; HDL: high-density lipoprotein; TNF-a: tumor necrosis factor o;
HMGB1: high mobility group box-1 protein; TMAO: trimethylamine N-oxide; ACE: angiotensin converting enzyme; ARB: angiotensin II receptor blockers; NA: not

available.
* P < 0.05.
= P < 0.01.
e P < 0.001.
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Factor Immunoassay Kit (Cat DCF300, R&D Systems) according to the
manufacturer's protocol.

2.5. RNA extraction and quantitative real-time (RT)-PCR

Total RNA was extracted using RNeasy Mini kit (Ambion, USA)
according to the manufacturer's instructions. Afterward, 1 ug of total
RNA was reversely transcribed to cDNA using the Reverse Transcription
Kit (Cat #k1622, Thermo Fisher Scientific) and quantitative real-time
PCR was performed using the following primers (synthesized by Sangon
Biotech (Shanghai) Co., Ltd.): tf-F: TGATGTGGATAAAGGAGAAAACT
ACTGT; tf-R: CTACCGGGCTGTCTGTACTCTTC [21]; tfpi-F: GATGGTC
CGAATGGTTTCCAG; tfpi-R: GATTGCGGAGTCAGGGAGTTA (Primer
Bank); gapdh-F: ACAACTTTGGTATCGTGGAAGG; gapdh-R: GCCATCAC
GCCACAGTTTC (Primer Bank). The results were normalized to gapdh
mRNA levels.

2.6. Flow cytometry assays

The HCAECs were gently detached with 0.25% trypsin (Gibco),
washed and incubated in 100 puL PBS containing 5 pL PE anti-human
CD142 antibody (Cat 365,204, Biolegend, USA) and 1% BSA for 30 min
on ice and in dark. The cells were washed and resuspended in 300 pL
PBS supplemented with 1% BSA and analyzed on the Cantoll-Flow
Cytometer (BD Biosciences, USA). Data were analyzed using FlowJo
software.

2.7. TF activity analysis and thrombin activity assay

TF activity of samples was determined using the TF activity assay kit
(Cat CT10002B, AssayPro, USA) according to the manufacturer's in-
structions. Briefly, cell lysates (10 pg) were added to the assay buffer
containing FVII and FX, and incubated at 37 °C 30 min, followed by
adding 20 pL FXa substrate. The absorbance at 405 nm was recorded
and the TF activity in samples was calculated from the Standard Curve.
The cellular TF pro-coagulant activity was assessed using SensoLyte
AFC Thrombin Activity Assay Kit (Cat AS-72129, AnaSpec, USA).
Specifically, the protein samples (10 pg) were mixed with 20% human
platelet-poor plasma, and then 50 pL of thrombin substrate was added
into 96-well black microplate. The reaction mixture was incubated for
40 min and was protected from light. Finally, the fluorescence intensity
was measured at Ex/Em = 380 nm/500 nm.

2.8. Plasmids and transient transfection

Wild-type human TF promoter (—227) with or without a mutation
in the NF-«kB binding sites and luciferase were constructed in a pGL3
plasmid as described elsewhere [22]. The HCAECs were plated in 12-
well culture plate overnight (3 x 10°/well). Afterward, the cells were
transfected with 800 ng DNA/well for 6 h using the Lipofectamine 2000
(Invitrogen) according to the manufacturer's protocol. All groups were
co-transfected with equal amounts of a pRL-TK plasmid encoding Re-
nilla luciferase (Renilla Luciferase, Promega) for compensating varia-
tions in transfection efficiencies. Twenty-four hours post the transfec-
tion, the cells were incubated with 100 uyM TMAO for 12 h. Then the
cells were collected for luciferase assays using the dual luciferase re-
porter system (Promega, USA) according to the manufacturer's pro-
tocol. Briefly, the firefly luciferase reporter was measured with a lu-
minometer first by adding 100 uL Luciferase Assay Reagent II (LAR II)
into 20 uL cell lysate. Next, the Renilla luciferase reaction was si-
multaneously initiated by adding 100 uL Stop & GloR Reagent (stopping
firefly luciferase reaction) to the same tube. The firefly luciferase signal
was normalized to the Renilla luciferase signal.
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2.9. Measurement of plasma TMAO

Ultra-high performance liquid chromatography (UHPLC)-MS/MS
with electrospray for the analysis of TMAO in blood was used in the
present study [14]. Briefly, 100 pL of plasma was transferred to a tube
followed by addition of d9-TMAO (5 uM), with vortex for 1 min and
incubation at 37 °C for 30 min. Afterward, samples were centrifuged at
20,000 xg and 4°C for 60 min and the supernatants were analyzed
using LC-MS/MS. As internal standards, various concentrations of
TMAO standards were added to control healthy plasma to generate
calibration curves that allowed us to quantify plasma TMAO levels. For
LC-MS-MS, The Agilent (Agilent Technologies) 1260 HPLC system was
equipped with a G1322A vacuum degasser, a G1312B binary pump, a
G1316B column oven and a G1367D autosampler. The detection was
performed on an Agilent 6410 Series Triple Quadrupole mass spectro-
meter (Agilent Technologies, Wilmington, DE, USA) with an ESI source.
The mobile phase contained methanol with 0.1% formic acid (phase A)
and water with 0.1% formic acid (phase B). The ratio of phase A to B
was 40:80 with a flow rate of 0.5 mL/min. TMAO were monitored in
Multiple Reaction-Monitoring (MRM) modes using characteristic pre-
cursor-product ion transitions m/z 598.9/99.5 and m/z 544.9/442.7.
Data collection and analysis was performed using Agilent MS work-
station Masshunter 1.0 software.

2.10. Measurement of plasma HMGB1 and TNF-a

Plasma levels of HMGBI1 in subjects were measured using HMGB1
EILSA KIT (Shino-Test Corporation, Kanagawa, Japan). Plasma TNF-a
levels were measured using ELISA KIT (Invitrogen) according to the
manufacturers' instructions. The overall intra-assay and inter-assay
coefficients of variance were both < 10%.

2.11. Statistical analysis

Statistical analyses were performed with GraphPad Prism7.0, and
all data were presented as mean + SD. Statistical significance was
determined with the 2-tailed Student's t-test. For the comparison of > 2
groups, one-way ANOVA with Tukey's post-hoc test was used. Pearson's
correlation coefficient was calculated to analyze relevance. Values of
P < 0.05 were considered statistically significant.

3. Results

3.1. TMAO up-regulated TF expression but did not influence TFPI
expression in HCAECs

To investigate the effect of TMAO on TF expression in HCAECs, TF
expression levels were determined after exposure to TMAO at various
concentrations and different time points. Western blot and ELISA ana-
lysis revealed that stimulation of HCAECs with TMAO (10 to 200 pM)
led to a concentration- and time-dependent induction of TF expression.
The maximal effect was observed at 8h following stimulation with
TMAO (200 uM) (Fig. 1A to D). Furthermore, TF mRNA expression was
also boosted by TMAO in a concentration- and time-dependent manner
(Fig. 1E and F). A maximum increase of TF mRNA expression, up to 65
folds, was observed in HCAECs after treatment with TMAO (Fig. 1E),
indicating that TMAO induced TF expression at the transcriptional
level. As intracellular TF are functionally inactive [23], we measured TF
expression on HCAECs surface by flow cytometry. TF expression on
HCAECs surface was significantly higher in the TMAO-stimulated
HCAEGs, with a maximum effect at 8 h (Fig. 1G). Tissue factor pathway
inhibitor (TFPI) is the direct physiological inhibitor of the TF/FVIIa
complex. Interestingly, TFPI mRNA and protein were not influenced by
the treatment of TMAO in both dose-dependent and time-dependent
manner (Fig.1H to K). Taken together, our results indicated that TMAO
enhanced TF expression but did not influence TFPI expression.
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Fig. 1. TMAO up-regulated TF expression but did not influence TFPI expression in HCAECs.

(A and C) TF protein expression in HCAECs stimulated with various concentrations of TMAO (10 to 200 uM) for 8 h as detected by Western blot and ELISA; (B and D)
TF protein expression in HCAECs stimulated with 100 pM TMAO for different time points (4 to 24 h) as detected by Western blot and ELISA; (E) The level of TF mRNA
in HCAECs stimulated with various concentrations of TMAO (10 to 200 uM) for 4 h as detected by RT-PCR; (F) The level of TF mRNA in HCAECs stimulated with
100 uM TMAO for different time points (2 to 12h) as detected by RT-PCR; (G) TF expression on the surface of HCAECs stimulated with 100 uM TMAO for different
time points (4 to 24 h) as detected by flow cytometry. (H) TFPI protein expression in HCAECs stimulated with various concentrations of TMAO (10 to 200 uM) for 8 h
as detected by Western blot. (I) TFPI protein expression in HCAECs stimulated with 100 uM TMAO for different time points (4 to 24 h) as detected by Western blot. (J
and K) TFPI mRNA expression in HCAECs stimulated with various concentrations of TMAO (10 to 200 uM) for 4 h or 100 uM TMAO for different time points (2 to
12h) as detected by RT-PCR; MFI: mean fluorescence intensities. Data are representative of five independent experiments; (*P < 0.05 vs Control group).

3.2. TMAO enhanced TF activity and thrombin production in HCAECs

TF activity in HCAECs was significantly increased at 4, 8, 12 and
24 h of treatment using 100 uM TMAO with a maximum effect at 8h
(Fig. 2A), which consisted with the results of TF protein expression. To
further confirm the TF pro-coagulant activity (PCA), the Thrombin
Activity Assay Kit was utilized. Similar results were observed (Fig. 2B).
Thus, TMAO enhanced TF activity and thrombin production in HCAECs.

A B

3.3. TMAO-induced TF expression depended on the activation of the NF-xB
signaling pathway

The transcription factor, nuclear factor-xB (NF-kB), is responsible
for regulating TF expression [22,23]. Since NF-kB activation requires
IkBa phosphorylation and NF-kB nuclear translocation, where it func-
tions as nuclear transcription factor [24], we detected the level of cy-
toplasmic p-IkBa and nuclear levels of NF-kB (p65/c-Rel) by Western
blot. Following stimulation with TMAO, the level of p-IkBa and nuclear
levels of p65/c-Rel were significantly increased in a concentration-

Fig. 2. TMAO enhanced TF activity and thrombin
production in HCAECs.
HCAECs were stimulated with or without 100 uM for
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Fig. 3. TMAO-induced TF expression depended on the activation of the NF-kB signaling pathway.

(A) Western blot analysis of the level of cytoplasmic p-IkBa and NF-kB (c-Rel/p65) nuclear translocation in HCAECs following the stimulation with various con-
centrations of TMAO; (B to D) HCAECs were pretreated with or without NF-kB inhibitor (BAY-117082 or JSH-23) 30 min prior to stimulation with 100 yM TMAO. (B
and D) The levels of cytoplasmic p-IkBa and TF, and NF-kB (c-Rel/p65) nuclear translocation were detected by Western blot; (C) The level of TF mRNA as reveled by
RT-PCR; (E) The promoter activity of TF in HCAECs transfected with wild-type or mutated NF-«kB binding sites plasmids in response to 100 yM TMAO stimulation.
Values of C are presented as the fold increase over the un-stimulated control. Data are representative of three independent experiments. (*P < 0.05.)

dependent manner (Fig. 3A). Furthermore, NF-kB signaling inhibitor
(BAY-117082, the IkB kinases inhibitor) efficiently abrogated TF pro-
tein and mRNA expression in a concentration-dependently manner
(Fig. 3B and C). To confirm this result, another specific inhibitor (JSH-
23) for NF-kB (P65) nuclear translocation, without effecting p-IkBa
degradation [25], was utilized. Similar results were observed (Fig. 3D).
To further investigate the role of NF-kB in the TMAO-mediated TF ex-
pression, wild-type and mutated NF-kB binding sites plasmids con-
taining luciferase reporter gene were transfected transiently into
HCAECs. TMAO stimulation resulted in a 4.4-fold increase (P < 0.05)
in luciferase reporter activity in HCAECs transfected with the plasmid
containing wild-type NF-xB binding sites as compared to an insignif-
icant increase (P > 0.05) in HCAECs transfected with the plasmid
containing mutated NF-kB binding sites (Fig. 3E). Thus, our results
supported an important role of NF-kB in the regulation of TMAO-
mediated TF expression in HCAECs.

3.4. Low-dose TMAO significantly promoted low-dose TNF-a- or HMGBI-
stimulated TF expression via activating NF-xB signaling in HCAECs

Tumor necrosis factor-alpha (TNF-a) and high mobility group box 1
(HMGB1) were demonstrated in the human atherosclerotic plaques and
reported to be involved in the diverse pathological processes of ather-
osclerosis [26-29]. Whether TMAO promotes TNF-a and HMGBI-
mediated atherothrombotic effect has attracted much attention. Here,
we found that low dose of TMAO (10 uM), inactive by itself alone,
strongly up-regulated the TF expression by co-stimulation with TNF-a
(0.01 ng/mL) or HMGB1 (1ng/mL) in vascular endothelial cells
(Fig. 4A and B). Further, low dose of TMAO significantly increased TF
activity and thrombin production through synergistic action of TNF-a
and HMGBI (Fig. 4C and D). The level of TF mRNA was also increased
with the co-stimulation of TMAO and TNF-a or HMGB1 (Fig. 4E), in-
dicating that synergistic effect induced TF expression at the transcrip-
tional level. The level of cytoplasmic p-IkBa and nuclear levels of NF-xB
(p65/c-Rel) were also elevated with the co-stimulation (Fig. 4F).
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Inhibiting NF-kB signaling with BAY-117082 or JSH-23 uniformly di-
minished the TF expression induced by TMAO and TNF-a or HMGB1
(Fig. 4G and H). Taken together, these findings established that TMAO,
even in low dose, significantly promoted low-dose TNF-a or HMGB1-
mediated TF expression via activating NF-kB signaling.

3.5. Plasma TMAO was positively correlated with TF activity in patients
with STEMI

To better reveal the pro-coagulant potential of TMAO during
atherosclerotic plaque rupture and thrombosis, we measured plasma
levels of TMAO and TF activity in patients with STEMI. Plasma TMAO
and TF activity as well as TNF-a and HMGB1 levels were elevated in
STEMI patients compared with healthy controls (Table 1). Furthermore,
after a follow-up period of two months, plasma TMAO and TF activity
levels in STEMI non-survival patients were significantly higher than
those in survivors (Table 1). Thus, plasma TMAO levels and TF activity
are shown to be associated with increased mortality in STEMI patients.
Finally, we evaluated potential associations of TMAO level with TF
activity among STEMI patients, and observed that TMAO level was
positively correlated with TF activity (Fig. 5). These results suggested
that TMAO may promote atherosclerotic thrombosis by enhancing TF
activity.

4. Discussion

Recently, a large number of studies involving different population
subsets have demonstrated an association between the plasma levels of
TMAO and CVD or mortality [12-14]. Increased TMAO levels showed
an association with poor prognosis and a superiority over contemporary
biomarkers [30]. However, how TMAO enhances the potential of
thrombotic events is not clear. A previous study has reported that
TMAO can directly induce platelet aggregation and promote the for-
mation of atherosclerotic disease thrombosis [12]. Besides, TMAO
could induce endothelial cells dysfunction [31]. Here, we firstly
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Fig. 4. Low-dose TMAO significantly promoted low-dose TNF-a- and HMGB1-induced TF expression via activating NF-kB signaling in HCAECs.

(A-F) The HCAECs were pre-incubated with TMAO (10 uM) 1 h before stimulation with TNF-a (0.01 ng/mL,) or HMGB1 (1 ng/mL) for 4 h. TF protein levels (A and
B), TF activity (C), TF thrombin generation (D), and TF mRNA (E) were detected; The levels of cytoplasmic p-IkBa and nuclear NF-kB subunit c-Rel and p65 were
shown by Western blotting (F); (G and H) The levels of TF protein in HCAECs pretreated with BAY-117082 (40 uM) or JSH-23 (20 uM) 30 min before stimulation of
TMAO and TNF-a or HMGB1. Data are representative of three independent experiments. Blots are normalized to (3-actin or PCNA expression. Values of A and E are
given as the fold increase over the un-stimulated control (*P < 0.05 vs. TNF-a- or HMGB1-stimulated alone).
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Fig. 5. Plasma TMAO level was positively correlated with TF activity in STEMI
patients.

The association between levels of TMAO and TF activity in the plasma from
STEMI patients (P < 0.05).

investigated the effect of TMAO on the TF and TFPI expression in
HCAECs. We identified that TMAO up-regulated the TF expression and
activity in HCAECs in both dose-dependent and time-dependent
manner. However, TMAO treatment did not affect the TFPI expression
in HCAECs. Therefore, the results suggested that TMAO promoted TF
activity through increasing TF protein expression.

TF gene expression is complex and regulated by a number of tran-
scription factors. NF-xB is one of the most important transcription
factors. Our research showed that TMAO-mediated TF expression de-
pended on the activation of NF-kB. TMAO-induced promoter activity
and TF expression were significantly reduced by mutation of the NF-xB
binding site in the TF gene promoter or using NF-xB inhibitors. Thus,
our study indicated TMAO promoted TF protein expression via acti-
vating NF-kB signaling pathway.

An interesting finding in our study is that TMAO enhanced TNF-a-
or HMGB1-mediated TF expression and TF activity. At present, clinical

researches indicated that the plasma TMAO concentrations ranged from
0.06 uM to 312 pM, mostly about 10 uM, in the patients with athero-
sclerosis [13,15]. Atherosclerosis is a multi-factorial disease. We ex-
plored whether TMAO assisted other pro-atherosclerotic factors to
promote TF expression in HCAECs. We selected TNF-a and HMGBI,
both of which were recognized to play key roles in the pathogenesis of
atherosclerosis and were predictive factors for incident coronary and
cardiovascular events and total mortality [27-29]. Our results indicated
that TMAQO, in a low dose (10 uM) that is inactive by itself, significantly
promoted TNF-a- or HMGB1-induced TF expression and activity in ECs.
Therefore, TMAO itself or in combination with other pathogenic factors
contribute to TF expression.

Finally, we confirmed our results in STEMI patients. We observed a
positive correlation between TMAO with TF activity in patients with
STEMI. The results are consistent with previous reports demonstrating
an association of circulating TMAO levels or TF activity with the
mortality of STEMI patients [4,30]. Thus, we consolidated our results
that TMAO was closely related with TF activity, which may promote
thrombosis in human cardiovascular diseases.

In conclusion, our study demonstrated the underlying mechanisms
of TMAO-mediated thrombosis. TMAO induced TF expression and ac-
tivity through NF-xB activation. Low-dose TMAO significantly pro-
moted TNF-a- or HMGB1-induced TF expression. Increased plasma
TMAO was related with increased TF activity in STEMI patients. The
results of the present study will provide a profound understanding re-
garding TMAO-promoted thrombosis risk, which may facilitate the
prevention and treatment of atherothrombosis.
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