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Trimethylamine-N-oxide-stimulated hepatocyte-derived exosomes 
promote inflammation and endothelial dysfunction through 
nuclear factor-kappa B signaling
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Background: Trimethylamine-N-oxide (TMAO) has been proven to be a new proatherogenic compound 
for promoting inflammation and endothelial dysfunction. Hepatocyte-derived exosomes (Exos), including 
those derived from hepatocytes, play a pivotal role in the regulation of inflammation and endothelial 
function. As TMAO is produced in the liver, hepatocytes may be the potential target of TMAO. However, 
it is not yet clear whether TMAO can directly stimulate hepatocytes to produce Exos to mediate the 
detrimental effects of TMAO on vascular endothelial cells (VECs).
Methods: Hepatocytes treated with TMAO and Exos (TMAO-Exos) were isolated from the supernatant, 
and added to human aortic endothelial cells (HAECs). The expressions of interleukin-6 (IL-6), monocyte 
chemotactic protein-1 (MCP-1), and tumor necrosis factor-α (TNF-α) were detected by quantitative 
polymerase chain reaction (qPCR). Cell apoptosis was evaluated using Hoechst 33342 staining and flow 
cytometry assay, and cell migration was assessed by scratch and transwell assay. C57BL/6 mice were 
treated with Exos for 24 h and the thoracic aortas were isolated, then the in vitro aortic ring bioassay was 
conducted to determine the changes of vasodilation. The expressions of cluster of differentiation 81, tumor 
susceptibility gene 101, nuclear factor-kappa B (NF-κB) p65, and Phospho-NF-κB p65 were detected by 
western blotting. The micro ribonucleic acid (miRNA) profiles of the Exos were then identified using RNA-
sequencing and validated by qPCR. The miRNA-messenger RNA networks were constructed, and the 
biological functions of the target genes were annotated using bioinformatics methods.
Results: TMAO was found to stimulate hepatocytes to release Exos that could be taken up by HAECs, 
thus inducing inflammation and cell apoptosis, impairing cell migration, and inhibiting endothelium-
dependent vasodilation. Additionally, the miRNAs such as miR-302d-3p carried by the TMAO-Exos were 
quite different to those in the TMAO-free group. A further analysis showed that the potential target genes 
for these miRNAs, such as mitogen-activated protein kinase 8, caspase 9 and BCL2-like 11, appeared to 
be involved with inflammation and endothelial function. Finally, we found that NF-κB signaling could be 
activated by TMAO-Exos.
Conclusions: These novel findings provide evidence that TMAO can indirectly talk to VECs by 
promoting hepatocytes to produce Exos that carry important genetic information. 
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Introduction

Ischemic heart disease remains a major long-term 
public health challenge around the world (1). Vascular 
inflammation and endothelial dysfunction are characteristics 
of atherosclerosis (2). In recent years, trimethylamine-N-
oxide (TMAO) has been proven to be a proatherogenic 
compound that exerts pathogenic effects by promoting 
vascular inflammation and endothelial dysfunction (3-7). 
However, the molecular mechanisms underlying TMAO 
have not yet been completely explained.

Exosomes (Exos) are nanosized membrane particles, 50 
to 100 nm size in range, which are secreted by various types 
of cells and transmit information from cells to cells. The 
functions and characteristics of Exos mainly depend on the 
types and states of the host cells from which they originated. 
The proteins, lipids, micro ribonucleic acids (miRNAs), and 
other non-coding RNAs carried by Exos are thought to be 
the key components for intercellular communication, and 
thus play crucial roles in many biological processes, such 
as immune response, cardiovascular disease, tumor, and 
neurodegenerative disease (8-10).

Recent studies have shown that hepatocyte-derived 
Exos play an important role in the regulation of vascular 
inflammation and endothelial function (11-13). As TMAO 
is produced in the liver (14), hepatocytes may be the first 
potential target for TMAO. Actually, recent research has 
shown that TMAO may work directly on hepatocytes, 
and thus exert an influence over metabolic syndrome (15). 
However, it is not yet clear whether TMAO can directly 
stimulate hepatocytes to produce Exos to mediate the 
unfavorable effects of TMAO on vascular endothelial cells 
(VECs).

In this study, we found that TMAO at a physiological 
concentration can indirectly talk to VECs by promoting 
hepatocytes to produce Exos that enriched with differential 
miRNAs. Specifically, Exos derived from TMAO-
stimulated hepatocytes, are found to promote the 
expressions of inflammatory markers and cell apoptosis, 
impair cell migration, and inhibit endothelium-dependent 
vasodilation. Although studies have shown that both 

TMAO and hepatocyte-derived Exos were involved with 
inflammation and endothelial function (3-5,11-13), our 
findings firstly uncover a direct relationship between the 
two and provide novel insights into the interaction between 
liver and vasculature in atherogenesis provoked by TMAO. 
We present the following article in accordance with the 
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-5043).

Methods

AML12 cell cultures, treatment, Exo isolation, and 
characterization

As the source of normal primary hepatocytes is very limited, 
alpha mouse liver 12 (AML12) cells are widely used in 
research, as they closely phenocopy the normal primary 
hepatocytes (15-17). Hence, we adopted the hepatocyte 
model in this study. AML12 cells (iCell Bioscience Inc., 
Shanghai) were cultured in Dulbecco’s Modified Eagle 
Medium/Nutrient Mixture F-12 (iCell Bioscience Inc., 
Shanghai) containing Exo-depleted serum (ViVaCell, 
Shanghai), and treated with TMAO (Tokyo Chemical 
Industry Co., Ltd.) at a physiological concentration of  
50 μmol/L. The untreated group served as the control 
group. After 48 h, the Exos were isolated and purified from 
the culture supernatant using differential centrifugation. 
Briefly, the medium was collected and centrifuged at 300 ×g 
for 10 min, 2,000 ×g for 10 min at 4 ℃, and then again at 
10,000 ×g for 30 min at 4 ℃. The supernatant was passed 
through a 0.22 μm filter (Millipore) and ultracentrifuged at 
110,000 ×g for 70 min at 4 ℃. The pellets were then washed 
with phosphate-buffered saline (PBS) followed by another 
ultracentrifugation at 110,000 ×g for 70 min at 4 ℃ and 
then resuspended in PBS. The protein levels of the Exos 
were measured using a bicinchoninic acid (BCA) protein 
assay kit (23228, Thermo Scientific). The ultrastructure 
and size distribution of the Exos were identified by 
transmission electron microscopy (JEM1200-EX, Japan) 
and nanoparticle tracking analysis (Nanosight NS300, 
Malvern, UK), respectively. The protein markers of cluster 
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of differentiation 81 (CD81) and tumor susceptibility 
gene 101 (TSG101) were detected by western blotting. 
The Exos were labelled with 1,1'-dioctadecyl-3,3,3'3'-
tetramethylindocarbocyanine perchlorate (DiI) for the  
in vitro tracer experiment. Briefly, 250 μg Exos were labelled 
with 1 μM DiI (Beyotime Biotechnology), and incubated 
at 37 ℃ for 5 min, then Exos-depleted serum was added 
to counteract the excess dye. After washing with PBS, 
the labelled Exos were isolated by ultracentrifugation as 
described above. The labelled Exos were incubated with 
human aortic endothelial cells (HAECs) for 24 h, and 
the cells were then fixed and visualized with a confocal 
fluorescence microscope.

Endothelial cell culture and treatment

HAECs (iCell Bioscience Inc, Shanghai) were cultured in 
endothelial cell medium (ScienCell) supplemented with 5% 
fetal bovine serum, 1% growth factors, and 1% penicillin/
streptomycin. The cells were treated with Exos isolated 
from TMAO-stimulated group (TMAO-Exos) and TMAO-
free group (Control-Exos) at a concentration of 1:100 (v/v).

Western blot

The procedure was performed according to standard 
protocols as previously described (18). The protein 
concentration was determined using a BCA protein assay kit 
(23228, Thermo Scientific). The samples were separated by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
and transferred onto Millipore polyvinylidene difluoride 
membranes. CD81 primary antibody was purchased from 
Servicebio (Wuhan, China), TSG101 was purchased from 
ZEN BIO (Chengdu, China), nuclear factor-kappa B 
(NF-κB) p65 and Phospho-NF-κB p65 (p-NF-κB p65) at 
serine536 (Ser536) were purchased from Cell Signaling 
Technology (Danvers, MA, USA), and glyceraldehyde 

phosphate dehydrogenase (GAPDH) was purchased from 
Proteintech Group (Rosemont, IL, USA). The proteins 
were visualized with enhanced chemiluminescence reagent 
(Millipore, MA, USA).

Quantitative polymerase chain reaction (qPCR)

qPCR was performed according to standard protocols as 
previously described (19). Briefly, total RNA was extracted 
using TRIzol reagent (Thermo Fisher Scientific, USA), 
and the concentration was measured using NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific, USA). For 
messenger RNA (mRNA), RNA was reversely transcribed 
into complementary deoxyribonucleic acid (cDNA) using 
Color Reverse Transcription Kit (EZBioscience, USA), and 
qPCR was performed on Bio-Rad CFX-96 (Bio-Rad, USA) 
with Color SYBR Green qPCR Master Mix (EZBioscience, 
USA). The expressions of interleukin-6 (IL-6), monocyte 
chemotactic protein-1 (MCP-1), and tumor necrosis 
factor-α (TNF-α) were normalized to GAPDH. The qPCR 
primers used in the study are listed in Table 1. For miRNA, 
the RNA was reversely transcribed into cDNA using 
Reverse Transcriptase M-MLV (RNase H-) (Takara, Japan). 
qPCR was performed on Applied Biosystems ViiATM7 Real-
Time PCR System (ABI, USA) with AceQ qPCR SYBR 
Green Master Mix (Vazyme Biotech, Nanjing, China). The 
expressions of miR-302d-3p, miR-302b-3p, miR-302a-3p,  
miR-103-3p, 6_9856 (prediction), miR-199b-3p, miR-
199a-3p, miR-92a-3p, miR-122-5p, and miR-744-5p were 
normalized to snoU6. The qPCR primers used in the study 
are listed in Table 2.

Cell apoptosis

Cell apoptosis was evaluated using Hoechst 33342 staining 
solution (Sigma) and flow cytometry assay, respectively. For 
Hoechst staining, the treated HAECs were washed twice 

Table 1 qPCR primers for mRNAs (Homo sapiens) used in the study

Name Forward sequence Reverse sequence

IL-6 TGGCAGAAAACAACCTGAACCTT TCTGGCTTGTTCCTCACTACTCT

MCP-1 CTCATAGCAGCCACCTTCATTCC GATCACAGCTTCTTTGGGACACT

TNF-α CTCAGCCTCTTCTCCTTCCTGAT TCGAGAAGATGATCTGACTGCCT

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

qPCR, quantitative polymerase chain reaction; IL-6, interleukin-6; MCP-1, monocyte chemotactic protein-1; TNF-α, tumor necrosis 
factor-α; GAPDH, glyceraldehyde phosphate dehydrogenase.
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with PBS and fixed with 4% paraformaldehyde for 10 min, 
and washed twice with PBS again. Hoechst 33342 staining 
solution (10 μg/mL) was then added to cover the cells, and 
after incubating for 8 min in the dark, the cells were washed 
twice with PBS. Next, the cells were observed under a 
fluorescent microscope (Leica DMI4000B, Germany). For 
flow cytometry assay, the treated HAECs were detached 
with 0.25% non-EDTA trypsin and washed with PBS and 
1× binding buffer. Then cells with a density of 1×105 were 
resuspended in 100 μL 1× binding buffer and incubated 
with 5 μL Annexin V-FITC and 5 μL propidium iodide (PI) 
at room temperature away from light for 15 min according 
to the manufacturer’s manual. The cells were added 300 μL 

1× binding buffer and the apoptosis ratios were detected by 
flow cytometry (CytoFLEX, Beckman Coulter, USA).

Cell scratch assay and transwell assay

For scratch assay, HAECs were seeded on 6-well plates 
and grown with Exos until they reached 90% confluence. 
The cell monolayer was scraped in a straight line to create 
a “scratch” with a sterile p200 pipette. Debris was removed 
gently by washing with PBS. Next, the cells continued 
to be incubated with the Exos, and images at 0 and 12 h 
were captured using an inversion fluorescence microscope. 
For transwell assay, the treated HAECs were seeded to 

Table 2 qPCR primers for miRNAs (Mus musculus) used in the study

Name Primer Sequence (5’-3’)

miR-302d-3p RT-primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACACTCAAA

Forward primer ATGGTTCGTGGGGTGCTTCCATGTTTGAGTGT

miR-302b-3p RT-primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTACTAAA

Forward primer ATGGTTCGTGGGGTGCTTCCATGTTTTAGTAG

miR-302a-3p RT-primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCACCAAA

Forward primer ATGGTTCGTGGGGTGCTTCCATGTTTTGGTGA

miR-103-3p RT-primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCATAGCC

Forward primer ATGGTTCGTGGGAGCAGCATTGTACAGGG

#6_9856 (prediction) RT-primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAAAGCCA

Forward primer ATGGTTCGTGGGGGTGTACTGGCTT

miR-199b-3p RT-primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTAACCAAT

Forward primer ATGGTTCGTAAATTGTACAGTAGTCT

miR-199a-3p RT-primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTAACCAAT

Forward primer ATGGTTCGTCCGTTGTACAGTAGTCT

miR-92a-3p RT-primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGGCCGGGA

Forward primer GCACTTGTCCCGGCCTG

miR-122-5p RT-primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAAACACC

Forward primer ATGGTTCGTGGGTGGAGTGTGACAATGGT

miR-744-5p RT-primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTGCTGTTA

Forward primer GCGGGGCTAGGGCTAAC

Universal primer (reverse primer) GTGCAGGGTCCGAGGTATT

snoU6 Forward primer CTCGCTTCGGCAGCACA

Reserves Primer AACGCTTCACGAATTTGCGT
#, a newly predicted miRNA with function unknown. qPCR, quantitative polymerase chain reaction.
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Transwell chambers (Corning, NY, USA) with a density 
of 2×104, the chamber was placed in a 24-well plate and 
incubated for 12 h at 37 ℃. Non-attached cells were gently 
removed with PBS, and adherent cells were fixed with 4% 
paraformaldehyde for 15 min and 0.3% crystal violet for 
another 15 min, and counted using inversion microscope.

Vasodilation study

The animal experiments were performed under a project 
license (No. S2020-168) granted by the ethics committees 
for animal experiments of Guangzhou Medical University, 
in compliance with the National Research Council’s Guide 
for the Care and Use of Laboratory Animals. A protocol 
was prepared before the study without registration. 
C57BL/6 mice were purchased from the Experimental 
Animal Center of Sun Yat-sen University, and kept under 
controlled environmental conditions (constant laminar 
airflow, 20–23 ℃, 40–60% relative humidity and 12/12-h  
light/dark cycle). The vasodilation study was performed as 
described in our previous study (18). Briefly, 8-week-old  
male C57BL/6 mice were intravenously injected with  
30 μg of Exos in 100 μL of PBS. After 24 h, the mice were 
anesthetized by pentobarbital sodium (50 mg/kg), and 
the thoracic aortas were isolated. The vascular rings with 
a diameter of 3 mm were tailored and then connected 
to an isometric force transducer (DMT 620M, Danish 
Myo Technology A/S, Denmark). The aortic rings were 
suspended in organ chambers filled with Krebs-solution 
and a gas mixture (95% oxygen and 5% carbon dioxide) 
was continuously supplied at 37 ℃. The aortic rings were 
equilibrated for 60 min, and the solution was replaced 
every 15 min. The aortic rings were pre-constricted with  
10−5 mol/L phenylephrine (P6126-5G, Sigma) and 
endothelium-dependent vasodilation was determined 
by acetylcholine (Ach, 10−9–10−5 mol/L; A6625-25G, 
Sigma) with or without NG-nitro-L-arginine methyl ester  
(100 μmol/L;  N5751-1G, Sigma) .  Endothel ium-
independent vasodilation was assessed using sodium 
nitroprusside (10−9–10−5 mol/L; 228710-5G, Sigma).

Exosomal miRNA expression profiling

Total RNA was isolated using TRIzol reagent (Thermo 
Fisher Scientific, MA, USA). RNA concentration was 
measured using a Qubit® RNA Assay Kit in Qubit® 2.0 
Flurometer (Life Technologies, CA, USA), and RNA 
degradation and contamination were monitored on 1% 

agarose gels. After RNA quantification and qualification, 
1 μg total RNA per sample was used as input material for 
the small RNA library. Sequencing libraries were generated 
using NEBNext® Multiplex Small RNA Library Prep Set 
for Illumina® (NEB, USA) following the manufacturer’s 
recommendations, and index codes were added to attribute 
sequences to each sample and the library quality was then 
assessed on the Agilent Bioanalyzer 2100 system using DNA 
High Sensitivity Chips. After cluster generation, the library 
preparations were sequenced on the Illumina NovaSeq 6000 
platform, and 50 bp single-end reads were generated. Next, 
clean data (clean reads) were obtained by removing reads 
containing ploy N, with 5’ adapter contaminants, without 3’ 
adapter or the insert tag, containing ploy A or T or G or C 
and low-quality reads from the raw data. At the same time, 
Q20, Q30, and the guanine (G) and cytosine (C) content 
of the raw data were calculated. A certain range of length 
from the clean reads was chosen to do all the downstream 
analyses. miRNA expression levels were estimated by 
transcript per million, and a differential expression analysis 
between the two groups (three biological replicates) was 
performed using the DESeq (v1.22.1).

Target genes prediction and bioinformatics analysis

Potential target genes were predicted from the miRDB 
and miRBase databases. The Database for Annotation, 
Visualization, and Integrated Discovery was used to 
investigate the functional annotation of the target genes. A 
Gene Ontology (GO) analysis was performed to elaborate 
on the biological process, and a Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analysis 
was performed to explore the relevant signal pathway, and 
the networks were constructed on the Cytoscape platform 
(v3.8.2) (20). Protein-protein interaction (PPI) networks 
were identified using Search Tool for the Retrieval of 
Interacting Genes/Proteins (STRING) (21). A P value 
<0.05 was considered statistically significant.

Statistical analysis

The statistical analysis was conducted using SPSS 20.0 
software (SPSS Inc., Chicago, IL, USA), and the graphs 
were plotted by GraphPad Prism (Version 7.0, San 
Diego, USA). The data are presented as mean ± standard 
error of the mean (SEM). For continuous variables with 
normal distributions, comparisons between two groups 
were performed with independent t-tests. For continuous 
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variables with non-normal distributions, comparisons between 
two groups were performed with Wilcoxon rank-sum tests. A 
P value <0.05 was considered statistically significant.

Results

Isolation and characterization of Exos from hepatocyte 
culture supernatant

Nanovesicles with diameters of around 100 nm were isolated 
and purified from the hepatocyte culture supernatant, 
which were visualized under an electron microscope (see  
Figure 1A). The size distribution of these nanovesicles 
were further identified by nanoparticle tracking analysis 
(see Figure 1B). The expressions of the exosomal identity 
markers of CD81 and TSG101 were detected in Control-
Exos and TMAO-Exos (see Figure 1C). The above results 
indicated that Exos have been successfully isolated and 

verified. Furthermore, the DiI-labelled Exos could be taken 
up by HAECs (see Figure 1D).

TMAO-Exos promoted inflammatory gene expression

S i n c e  T M A O  h a s  b e e n  r e c o g n i z e d  a s  a  n o v e l 
proinflammatory factor (5), we speculated that Exos derived 
from TMAO-stimulated hepatocytes may be involved with 
inflammation. HAECs were treated with Control-Exos 
and TMAO-Exos for 48 h and the mRNA expressions of 
inflammatory markers were detected. As Figure 2 shows, 
TMAO-Exos significantly increased the mRNA levels of 
IL-6, MCP-1, and TNF-α.

TMAO-Exos induced cell apoptosis and inhibited cell 
migration

Next, we evaluated the effects of TMAO-Exos on cell 
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Figure 1 Isolation and characterization of Exos isolated from hepatocytes culture supernatant. (A) Nanovesicles with diameters of around 
100 nm were isolated and purified from the hepatocyte culture supernatant, and visualized under an electron microscope. (B) The size 
distribution of these nanovesicles were further identified by nanoparticle tracking analysis. (C) The expressions of exosomal identity marker 
CD81 and TSG101 were detected in the Control-Exos and TMAO-Exos by western blotting. (D) The Exos were labelled with DiI and co-
cultured with HAECs for 24 h. The results showed that the DiI-labelled Exos could be taken up by HAECs (400× magnification). Exos, 
exosomes; CD81, cluster of differentiation 81; TSG101, tumor susceptibility gene 101; TMAO, trimethylamine-N-oxide; HAECs, human 
aortic endothelial cells.
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Figure 2 TMAO-Exos promoted inflammatory gene expression. The mRNA expressions of (A) IL-6, (B) MCP-1, and (C) TNF-α were 
notably promoted by TMAO-Exos. All the data are expressed as mean ± SEM. n=3; independent t-tests were performed for comparisons; *, 
P<0.05. TMAO, trimethylamine-N-oxide; Exos, exosomes; IL-6, interleukin-6; MCP-1, monocyte chemotactic protein-1; TNF-α, tumor 
necrosis factor-α; SEM, standard error of the mean.

apoptosis and migration. As Figure 3  shows, when 
exposed to Exos for 48 h, cell apoptosis was promoted 
by TMAO-Exos,  which was detected by Hoechst 
staining (see Figure 3A,3B) and flow cytometry assay 
(see Figure 3C,3D). In Hoechst staining, apoptotic cells 
were characterized by a typical phenotype of chromatin 
condensation and fragmentation (22). Additionally, cell 
migration was determined to be inhibited by TMAO-
Exos in scratch assay (see Figure 4A,4B) and transwell 
assay (see Figure 4C,4D).

TMAO-Exos inhibited endothelium-dependent vasodilation

Then,  we explored the  e f fects  of  these  Exos  on 
endothelium-dependent vasodilation. It was showed 
that TMAO-Exos significantly reduced acetylcholine-
dependent vasodilation (see Figure 5A). To clarify the role 
of endothelial nitric oxide synthase (eNOS) in this process, 
the vessels were pretreated with NG-nitro-L-arginine 
methyl ester (an eNOS inhibitor) for 30 min. As Figure 5B  
shows, the vasodilation was further inhibited and the 
differences between the two groups disappeared, indicating 
that eNOS played a role in mediating the inhibitory effects 
of TMAO-Exos on vasodilation. Furthermore, it was found 
that endothelium-independent vasodilation was not affected 
by the Exos (see Figure 5C).

The expression profiles of miRNAs in Exos, the prediction 
of miRNA‑mRNA network, and bioinformatics analysis

An RNA-sequencing strategy was adopted to identify the 
differentially expressed miRNAs between the Control-

Exos and TMAO-Exos groups. The miRNAs with a P<0.05 
were visualized on a heatmap (see Figure 6A). Compared 
to the TMAO-free group, a total of 17 miRNAs changed 
significantly [| log2 (fold change) | >1; P<0.05] when exposed 
to TMAO (of these 17 miRNAs, 8 were up-regulated, 
and 9 were down-regulated; see Table 3). Genes labelled 
with a purely numerical code represented newly predicted 
miRNAs, and it is worth noting that 6 of them were down-
regulated, but their functions remain unknown. It is well 
known that miRNA play a vital role in negatively regulating 
gene expression by destabilizing or inhibiting the translation 
of the target mRNA (23). Thus, the known miRNAs and 
another unknown with the highest expression were selected 
from Table 3 for the next analysis.

Thirty-one candidates predicted to interact with the 
differentially expressed miRNAs were selected, and miRNA-
mRNA networks were built using Cytoscape software to 
show the complex interactions (see Figure 6B). The GO 
analysis revealed that changes in the biological processes of 
the predicted target genes were significantly enriched in the 
positive regulation of the apoptotic signaling pathway, the 
positive regulation of I-kappaB kinase/NF-kappaB signaling, 
and the response to endoplasmic reticulum stress. The 
interacting networks among these biological processes were 
constructed using ClueGO of Cytoscape (see Figure 6C).  
The KEGG analysis showed that these potential target genes 
were strongly associated with the signal pathways that were 
pivotal in regulating inflammation and endothelial function, 
such as NF-κB signaling pathway, TNF signaling pathway, 
and apoptosis, and the interactions among these signal 
pathways were constructed using ClueGO (see Figure 6D).  
Moreover, MCL1 apoptosis regulator (Mcl1), Bcl2l11, 
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Figure 3 TMAO-Exos induced cell apoptosis. (A,B) Hoechst 33342 staining (100× magnification, a typical phenotype of chromatin 
condensation and fragmentation in the apoptotic cells was observed) and (C,D) flow cytometry assay showed that TMAO-Exos obviously 
increased cell apoptosis. All the data are expressed as mean ± SEM. n=3; independent t-tests were performed for comparisons; *, P<0.05; **, 
P<0.01. TMAO, trimethylamine-N-oxide; Exos, exosomes; SEM, standard error of the mean.
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baculoviral IAP repeat containing 2 (Birc2), mitogen-
activated protein kinase 8 (Mapk8), mitogen-activated 
protein kinase 10 (Mapk10), apoptosis inducing factor 
mitochondria associated 1 (Aifm1), AKT serine/threonine 
kinase 1 (Akt1), AKT serine/threonine kinase 3 (Akt3), 
caspase 9 (Casp9), and mitogen-activated protein kinase 
kinase kinase 5 (Map3k5) were identified as the top 10 hub 
genes (see Figure 6E). Further, it was verified that, when 
compared to the Control-Exos, miR-302d-3p, miR-302b-
3p, miR-302a-3p, miR-103-3p, and 6_9856 (prediction) 
were up-regulated, while miR-199b-3p, miR-199a-3p, and 
miR-92a-3p were down-regulated (see Figure 6F).

TMAO-Exos promoted the activation of NF-κB signaling

The GO and KEGG analyses of the predicted target genes 

of miRNAs indicated that TMAO-Exos may be involved 
in the NF-κB signaling pathway, therefore, we then 
investigated the effects of TMAO-Exos on NF-κB signaling 
in HAECs. It was found that, after incubation with Exos 
for 24 h, TMAO-Exos notably enhanced the expression of 
p-NF-κB p65 (see Figure 7A,7B), but had no effect on NF-
κB p65 (see Figure 7A,7C).

Discussion

In the current research, TMAO was found to directly 
stimulate hepatocytes to release Exos that could be taken up 
by HAECs, thus promoting the expressions of inflammatory 
markers and cell apoptosis, impairing cell migration and 
inhibiting endothelium-dependent vasodilation. Next, 
we characterized the miRNAs contained in the Exos, and 
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Figure 4 TMAO-Exos inhibited cell migration (100× magnification). (A,B) Scratch assay and (C,D) transwell assay revealed that TMAO-
Exos significantly inhibited cell migration. Cells in transwell assay were stained with crystal violet. All the data are expressed as mean ± 
SEM. n=6 for scratch assay, n=3 for transwell assay; independent t-tests were performed for comparisons; *, P<0.05; **, P<0.01. TMAO, 
trimethylamine-N-oxide; Exos, exosomes; SEM, standard error of the mean.
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Figure 5 TMAO-Exos inhibited endothelium-dependent vasodilation. The aortas from C57BL/6 mice were isolated for the vasodilation 
study. (A) TMAO-Exos significantly inhibited acetylcholine-dependent vasodilation. (B) When vessels were pretreated with NG-nitro-
L-arginine methyl ester (eNOS inhibitor) for 30 min, the vasodilation was further inhibited, and the differences between the two groups 
disappeared. (C) Finally, the vessels were treated with sodium nitroprusside, and the results showed that the vasodilation was not inhibited. 
All the data are expressed as mean ± SEM. n=6; independent t-tests or Wilcoxon rank-sum tests were performed for comparisons as 
appropriate; *, P<0.05; **, P<0.01. TMAO, trimethylamine-N-oxide; Exos, exosomes; SEM, standard error of the mean.

further revealed that these differentially expressed miRNAs 
were predicted to target the potential genes that involved in 
inflammation and endothelial function. Finally, we verified 
that NF-κB signaling was activated by TMAO-Exos.

In recent years,  many studies have shown that 
intestinal flora and metabolites exert regulatory effects on 

atherosclerosis by inhibiting or accelerating the disease 
process (24). It has been confirmed that dietary choline and 
phosphatidylcholine can be metabolized into trimethylamine 
(TMA) in intestinal microbiota, and TMA can then be 
further converted to TMAO under the catalysis of the flavin 
monooxygenase-3 in the liver (14). TMAO has been proven 
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Figure 6 The expression profiles of miRNAs in Exos, the prediction of miRNA‑mRNA network, and bioinformatics analysis. (A) The 
differentially expressed miRNAs were visualized on a heatmap. (B) The known miRNAs and another unknown with the highest expression 
were selected for further analysis. Thirty-one target genes were predicted to interact with the differentially expressed miRNAs (except 
6_9856). (C) The interacting networks among the GO biological processes were constructed using ClueGO of Cytoscape. (D) The 
interactions among the KEGG pathways were constructed using ClueGO. (E) Protein-protein interaction networks were constructed using 
the STRING database, and Mcl1, Bcl2l11, Birc2, Mapk8, Mapk10, Aifm1, Akt1, Akt3, Casp9, and Map3k5 were identified as the top 10 
hub genes. (F) Compared to the Control-Exos, miR-302d-3p, miR-302b-3p, miR-302a-3p, miR-103-3p, and 6_9856 (prediction) were 
confirmed to be up-regulated, and miR-199b-3p, miR-199a-3p and miR-92a-3p were confirmed to be down-regulated. All the data are 
expressed as mean ± SEM. n=3, independent t-tests were performed for comparisons; *, P<0.05; **, P<0.01. TMAO, trimethylamine-N-
oxide; Exos, exosomes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; SEM, standard error of the mean.
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Table 3 The differentially expressed miRNAs between the Control-Exos and TMAO-Exos

Type #ID Control-Exos_mean TMAO-Exos_mean Fold change_Log2 P value

Up 6_9856 53,136.4 114,742.9 1.110617915 4.24E−36

7_11542 44.3 660.1 3.867285559 0.042018456

miR-103-3p 1,545.3 3,120.6 1.013465437 0.017122205

miR-302a-3p 0 467 8.87036472 0.035026562

miR-302b-3p 0 3,401.8 11.73250664 8.55E−12

miR-302d-3p 0 766 9.583082768 0.003244933

miR-744-5p 3,541.9 7,435.2 1.069634827 0.000621541

miR-92a-3p 633.3 2,048.6 1.692105134 0.001897612

Down 12_19875 3,430.1 1,407.5 −1.28451161 0.005508287

15_23079 2,314.9 479.1 −2.270166118 8.33E−05

18_26561 492.8 54.4 −3.155968955 0.023602876

2_2684 513.3 37.4 −3.743431938 0.014180519

4_5543 443.1 17.1 −4.616822969 0.032070247

9_14879 1,712.3 456.2 −1.905880482 0.001012913

miR-122-5p 2,676.9 658.7 −2.021220078 0.000116753

miR-199a-3p 672.1 0 −9.394677046 0.000582822

miR-199b-3p 529 0 −9.049848549 0.003405104
#, genes labelled with a purely numerical code represented newly predicted miRNAs. Exos, exosomes; TMAO, trimethylamine-N-oxide.

Figure 7 TMAO-Exos promoted the activation of NF-κB signaling. TMAO-Exos significantly enhanced the expression of p-NF-κB p65 
(A,B), but had no effect on NF-κB p65 expression (A,C). All the data are expressed as mean ± SEM. n=6, independent t-tests were performed 
for comparisons; *, P<0.05. TMAO, trimethylamine-N-oxide; Exos, exosomes; NF-κB, nuclear factor-kappa B; SEM, standard error of the 
mean.

to be a novel independent risk factor for atherosclerosis and 
serious cardiovascular events (14,25,26). Further, numerous 
studies have shown that TMAO promotes atherosclerosis by 
boosting inflammatory activation and impairing endothelial 

function both in vitro and in vivo (3,5,27). Notably, 
increased blood TMAO levels in low-density lipoprotein 
receptor-deficient mice contributed to the activation of NF-
κB pathway and promoted the expressions of inflammatory 
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markers (5). Additionally, elevated plasma TMAO levels in 
rats were found to inhibit eNOS expression and enhance 
the production of inflammatory cytokine and superoxide, 
resulting in senescence-related endothelial dysfunction (27).  
In-vitro experiments have shown that TMAO induces 
inflammation and endothelial dysfunction by suppressing the 
activity of eNOS, provoking oxidative stress and activating 
inflammasome (3). However, the effective concentrations of 
TMAO on VECs in vitro were much higher than the actual 
levels in the body (3,5,7,14,25-28). This may be due to the 
complexity of the internal environment. Conversely, it could 
suggest that understandings of the molecular mechanisms 
of TMAO are incomplete, and indirect factors contributing 
to inflammation and endothelial dysfunction cannot be 
excluded. As TMAO is produced in the liver, hepatocytes 
may be the first potential target for TMAO. Evidence from 
recent related studies support our idea that a relationship 
exists between TMAO and hepatocytes. Specifically, Chen 
et al. recently found that a physiological concentration 
of TMAO directly binds to hepatic protein kinase R-like 
endoplasmic reticulum kinase (PERK), thereby activating 
the unfolded protein response and promoting metabolic 
dysfunction (15). Another study used animal models 
of atherosclerosis and found that hepatic miR-146a-5p 
expression was associated with blood TMAO (29).

Recent studies have shown that Exos, including those 
derived from hepatocytes, are involved in atherosclerosis by 
regulating inflammation and endothelial function (12,30). 
Additionally, Hirsova et al. found that primary hepatocytes 
and Huh7 cells stimulated with lipid released more 
extracellular vesicles (which possessed the characteristics 
of Exos), thereby enhancing the expressions of IL-1β and 
IL-6 in macrophages via tumor necrosis factor-related 
apoptosis-inducing ligand (TRAIL) contained in these 
vesicles (13). However, to the best of our knowledge, no 
studies have defined the relationship between hepatocyte-
derived Exos and the detrimental effects of TMAO on 
VECs. In the present study, we found that TMAO can 
stimulate hepatocytes to release Exos, and what's more, 
these TMAO-activated Exos play a role in enhancing 
the expressions of IL-6, MCP-1 and TNF-α, inducing 
cell apoptosis, inhibiting cell migration, and impairing 
endothelium-dependent vasodilation.

IL-6, MCP-1, and TNF-α have been identified as 
key inflammatory factors that play pivotal roles in the 
regulation of inflammation, endothelial dysfunction, 
and atherosclerosis. IL-6 has been confirmed to be an 
independent predictor of plaque progression (31). In 

hypertensive patients with coronary artery disease, blood 
MCP-1 levels were elevated and were related to the degree 
of endothelial damage (32), and MCP-1 secretion from 
VECs was involved in atherosclerosis (33). The role of 
TNF-α in impairing endothelial function has also been 
established (34). Additionally, increased cell apoptosis 
and decreased cell migration have been recognized as key 
features of endothelial injury (18). Endothelial dysfunction 
is the initial event of atherogenesis, which plays a key role 
in the development and progression of atherosclerosis (35). 
Once the endothelial barrier is impaired, lipid infiltration 
and monocyte recruitment occur, then foam cells form and 
the inflammatory response is continuedly activated (2,36). 
Additionally, injured VECs also trigger a series of cellular 
and inflammatory responses (35).

The miRNAs carried by Exos are promising biomarkers 
for the early detection of cardiovascular disease (37). 
Additionally, these exosomal miRNAs can be actively 
absorbed by both neighboring and distal cells and thus 
exert regulatory roles in the disease process (37). Recent 
research has shown that steatotic hepatocyte-derived 
Exos could transfer miR-1 to VECs and contribute to 
inflammatory activation and atherogenesis by inhibiting 
Kruppel-like factor 4 expression and activating the NF-κB  
pathway (12). Zheng et al. found that Exos secreted from 
vascular smooth muscle cells (VSMCs) were able to 
mediate the communication between VSMCs and VECs 
by transferring Kruppel-like factor 5-induced miR-155 
to VECs, thereby damaging endothelial function and 
accelerating atherogenesis progression (38). In our study, 
miRNAs carried by the TMAO-Exos were quite different 
to those in the TMAO-free group, including several well-
recognized miRNAs, such as miR-302d-3p, miR-103-3p,  
miR-199a-3p, and miR-92a-3p. The bioinformatics analysis 
showed that the potential target genes for these miRNAs 
were supposed to be involved in the signal pathways 
related to inflammation and endothelial function. Further, 
miRNAs, such as miR-199a and miR-199b, have been 
shown to regulate inflammation by directly inhibiting  
NF-κB signaling (39-41). There is extensive evidence that 
the NF-κB signaling pathway, TNF signaling pathway, 
apoptosis signaling pathway, toll-like receptor signaling 
pathway, and forkhead box, sub-group O signaling pathway 
play crucial roles in inflammation, endothelial function, and 
atherosclerosis (34,42-46). The NF-κB signaling pathway 
is at the crossroads of inflammation and atherogenesis (45), 
and the specific NF-κB inhibition of endothelial cells has 
been shown to reduce inflammatory gene expression, such 
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as IL-6 and TNF, and protect apolipoprotein E-deficient 
mice from atherosclerosis (42). In addition, recent studies 
have shown that Exos promote atherosclerosis through the 
NF-κB pathway (30,47). In our study, we found that NF-κB 
p65 could be activated by TMAO-Exos. The relationships 
between the NF-κB pathway and the aforementioned 
inflammatory cytokines were close. IL-6 and MCP-1 
contain the binding elements for NF-κB, which are critical 
in the transcriptional induction of IL-6 and MCP-1 genes, 
and TNF-α served as one of the NF-kB activating factors, 
inducing IL-6 and MCP-1 transcription intensely (48,49).

Overall, the results of the present study provide evidence 
that hepatocyte-derived Exos and miRNAs carried by 
TMAO-Exos mediate the detrimental effects of TMAO on 
VECs. However, understandings of how TMAO stimulates 
the secretion of Exos from hepatocytes and how miRNAs 
are selectively assembled on these Exos are limited. Future 
research designed to investigate the precise mechanisms by 
which exosomal miRNAs interact with their target genes 
to irritate inflammation and endothelial dysfunction would 
deepen our understanding of the roles of TMAO in VECs.

Conclusions

In the current study, we found that Exos derived from 
TMAO-stimulated hepatocytes promoted the expressions of 
inflammatory markers and endothelial dysfunction, at least 
in part, by NF-κB signaling. Additionally, the differentially 
expressed miRNAs carried by TMAO-Exos appeared to 
mediate the adverse effects on VECs by regulating the 
expressions of their target genes. Our findings provide novel 
insights into the interactions between liver and VECs in the 
atherogenic process orchestrated by TMAO, and suggest 
that targeting the cellular crosstalk may provide an effective 
approach for restraining the detrimental effects induced by 
TMAO.
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