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MicroRNA-146a-5p alleviates lipopolysaccharide-induced NLRP3
inflammasome injury and pro-inflammatory cytokine production
via the regulation of TRAF6 and IRAK1 in human umbilical vein
endothelial cells (HUVECs)
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Background: Microribonucleic acids (miRNAs) have an evident role in regulating endothelial
inflammation and dysfunction, which characterizes the early stages of atherosclerosis. The NOD-like
receptor family pyrin domain-containing protein 3 (NLRP3) inflammasome has been reported to contribute
to the endothelial inflammatory response that promotes atherosclerosis development and progression.
This study sought to investigate the effects of miR-146a-5p on lipopolysaccharide (LPS)-induced NLRP3
inflammasome injury and pro-inflammatory cytokine production in human umbilical vein endothelial cells
(HUVEC:).

Methods: HUVECs were transfected with a miR-146a-5p mimic, small-interfering RNA (siRNA) (si-
TRAF6, and si-IRAK1), and were then stimulated with LPS for 24 h. The messenger (mRNA) and the
protein levels of p-NF-xB/NF-xB, NLRP3, Caspase-1, pro-inflammatory cytokine [interleukin (IL)-6,
IL-1B and tumor necrosis factor alpha (TNF-a)] in the HUVECs were analyzed by quantitative real-time
polymerase chain reactions (PCRs) and western blot assays, respectively. The secretion of IL-6 from the cells
was detected by enzyme-linked immunoassay (ELISA). Bioinformatic and dual-luciferase reporter assays
were performed to identify the targets of miR-146a-5p.

Results: LPS promoted pro-inflammatory cytokine expression in a dose-dependent manner and
significantly increased the expression levels of p-NF-kB/NF-xB p65, NLRP3, and Caspase-1. After
transfection with a miR-146a-5p mimic, or si-TRAF6 or si-IRAKI, we observed that the mRNA and
protein levels of NF-kB/p-NF-xB, NLRP3, Caspase-1, and pro-inflammatory cytokine in the HUVECs
were all down-regulated, and the secretion of IL-6 from cells declined significantly. After transfection with
a miR-146-5p mimic, the expression of TRAF6 and IRAK1 in HUVECs were both down-regulated. Dual-
luciferase reporter assays confirmed that miR-146-5p directly targets the 3'-untranslated region (3'-UTR) of
TRAF6 and IRAK1 to regulate their expression.

Conclusions: As a modulator of TRAF6 and IRAK1, miR-146a-5p negatively regulated LPS-induced NF-
kB activation and the NLRP3 inflammasome signaling pathway in HUVECs. Thus, miRNA-146a-5p may

serve as a potential therapeutic target for atherosclerosis.
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Introduction

Accounting for 17.3 million deaths per year globally,
cardiovascular disease is one of the leading causes of
mortality worldwide. Along with population growth, an
aging population, and lifestyle changes, it is estimated
that the number of deaths from cardiovascular disease will
exceed 23.6 million by 2030 (1). Atherosclerosis (AS) is the
common pathological basis of many cardiovascular diseases,
including coronary heart diseases, myocardial infarction,
and peripheral vascular diseases. Exposure to atherosclerosis
risk factors, such as dyslipidemia or pro-inflammatory
mediator, in the context of disturbed flow, activates the
inflammatory process and perturbs the homeostatic
properties of the endothelial cells (ECs), which triggers the
initial steps of atherosclerosis (2,3). Inflammatory activation
and chronic endothelial damage are closely linked, and
create a vicious cycle that leads to the processes that
determine the initiation and progression of atherosclerosis.
Thus, key molecules or the respective inflammatory
signaling pathways responsible for the formation and
development of atherosclerosis need to be identified, as they
may subsequently provide new targeted treatment options
that more effectively prevent cardiovascular disease (4,5).
The NOD-like receptor family pyrin domain-containing
protein 3 (NLRP3) inflammasome is an intracellular
complex that includes the NLRP3 protein, apoptosis-
related speckle-like protein (ASC) and caspase-1 precursor,
activates caspase-1 and facilitates the maturation and
secretion of pro-inflammatory cytokines interleukin-1f (IL-
1B) and IL-18, eventually induces inflammation (6,7). A
number of endogenous pathogenic signals exist abundantly
in atherosclerotic lesions, such as oxidized low-density
lipoprotein (ox-LDL) and cholesterol crystals, activate
the NLRP3 inflammasome (8-10), which participate in
the endothelial inflammatory response and contribute
significantly to the development and progression of
atherosclerosis (11). Research has shown that a deficiency of
NLRP3 inflammasome pathway proteins in bone marrow
significantly reduces the development of atherosclerotic
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lesions compared to that in Ldlr” mice with wild-type
bone marrow transplantation (8). However, the mechanistic
relationship between inflammation and atherosclerosis
induced by NLRP3 inflammasome is poorly understood.

Microribonucleic acids (miRNAs) are endogenous
small non-coding RNAs (17-25 nucleotides in length)
that negatively regulate the post-transcriptional gene
by directly binding to the 3'-untranslated region (3'-
UTR) of the target gene (12,13). A number of miRNAs
that participate in the regulation of many cellular and
developmental processes have been extensively studied
(14,15). In humans, differential miRNA expression patterns
have been implicated in various diseases or pathological
states, and different clinical sample types, such as salivary
glands or peripheral blood mononuclear cells (PBMCs),
have been analyzed (16,17). Previous studies have suggested
that miR-146a plays an important role in regulating the
inflammatory response. For example, research has shown
that miR-146a attenuates cytokine signaling by impairing
the nuclear factor-kB (NF-«kB) pathway in human hepatic
stellate cell (18). Additionally, the expression level of miR-
146a was significantly increased in human monocytes by
lipopolysaccharide, tumor necrosis factor alpha (TNF-a),
and IL-1B (19). In recent years, studies have shown that
some miRNAs play a significant role in driving endothelial
inflammation and may represent a promising therapeutic
approach for atherosclerosis (20,21). Additionally, miR-
146a-5p has been found to be involved in the regulation of
inflammation and cardiac energy metabolism (22), which
suggests that it may be a promising therapeutic approach for
atherosclerosis. In the present study, we demonstrated that
miR-146a-5p alleviated lipopolysaccharide (LPS) induced
NLRP3 inflammasome injury and pro-inflammatory
cytokine secretion by down-regulating tumor necrosis
factor receptor associated factor 6 (TRAF6) and interleukin-
1-receptor-associated kinase 1 IRAK1) in human umbilical
vein endothelial cells (HUVEC:).

We present the following article in accordance with
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-3903).
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Table 1 The primer sequences of quantitative real-time polymerase
chain reaction (QPCRs)

Gene name  Sequences
GAPDH Forward: 5'-ATGACATCAAGAAGGTGGTG-3'
Reverse: 5'-CATACCAGGAAATGAGCTTG-3'
NF-xB Forward: 5'-ATGCTCAGGAGCCCTGTAATG-3'
Reverse: 5'-CCCCACACTTCAACAGGAGT-3'
Nirp3 Forward: 5'-GTGTTTCGAATCCCACTGTG-3'
Reverse: 5'-TCTGCTTCTCACGTACTTTCTG-3'
Caspase-1 Forward: 5'-TTGAAGGACAAACCGAAGG-3'
Reverse: 5'-GGAAGAGCAGAAAGCGATAA-3'
IL-18 Forward: 5'-ATGCACCTGTACGATCACTGA-3'
Reverse: 5'-ACAAAGGACATGGAGAACACC-3'
IL-6 Forward: 5'-TGCAATAACCACCCCTGACC-3'
Reverse: 5'-ATTTGCCGAAGAGCCCTCAG-3'
TNF-a Forward: 5'-TGCACTTTGGAGTGATCGGC-3'
Reverse: 5'-ACTCGGGGTTCGAGAAGATG-3'
ue Forward: 5'-GGAACGATACAGAGAAGATTAGC-3'

Reverse: 5'-TGGAACGCTTCACGAATTTGCG-3'
MiR-146a-5p Forward: 5'-TGAGAACTGAATTCCATGG-3'

Methods
Patients

Peripheral blood monouclear cells (PBMCs) were
collected from 40 patients, including 20 acute myocardial
infarction (AMI) patients and 20 normal coronary artery
(NCA) patients, who were admitted to Meizhou People’s
Hospital (Huangtang Hospital) between June 2017 and
December 2017. AMI was defined according to the 2012
Joint ESC/ACCF/AHA/WHEF Task Force on the Third
universal definition of myocardial infarction (23). NCA
patients were defined as no stenosis in coronary arteries by
coronary angiography and served as controls in this study.
All procedures in this study were in accordance with the
ethical guidelines outlined in the Helsinki Declaration (as
revised in 2013) and complies with the Ethics Committee
of Meizhou People’s Hospital (No. 2018-C-11). Signed
informed consent was obtained from each participant at the
time of enrollment.
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Cell culture

HUVECs were obtained from the Chinese Academy of
Sciences Cell Bank (Shanghai, China). The cells were
maintained in endothelial cell medium (Sciencell Research
Laboratories, 1001) supplemented with endothelial cell
growth supplement, 5% fetal bovine serum, and 1%
penicillin/streptomycin. The cells were incubated at 37 °C
under 5% carbon dioxide (CO,) in Thermo Scientific™

Steri-Cycle CO, incubators.

Transfection

The HUVECs were seeded in a 12-well plate 1 day in
advance. The 30 nM miR-146a-5p mimic and negative
control (mimic NC) were transfected into cells using
Lipofectamine™ 3000 Transfection Reagent (ThermoFisher,
Invitrogen, L3000015) for 48 h in accordance with the
manufacturer’s recommendations. 50 nM of TRAF6 and
IRAK1 small-interfering RNA (siRNA), and a negative
control were transfected into the cells in the same manner.
No obvious cytotoxicity was observed in the transfected cells
using Lipofectamine™ 3000 Transfection Reagent. The cells
were then cultured for an additional 24 h with 100 ng/mL
of LPS (Sigma-Aldrich) to collect RNA, protein, or cellular

supernatant.

Quantitative real-time PCR

Total RNA was isolated from the cell lysates using
TRIzol reagent (Tiangen, DP430) in accordance with the
manufacturer’s instructions. A PrimeScript RT reagent
Kit (TaKaRa, RR047) and Mir-X miRNA First-Strand
Synthesis Kit (TaKaRa, 638313) were used to synthesize
complementary deoxyribonucleic acid (cDNA) for the
mRNA or miRNA analyses. TB Green Premix Ex Taq. II
(TaKaRa, RR820) and TB Green Advantage qPCR Premix
(TaKaRa, 639676) were used to amplify the desired gene
or miRNA, respectively. Quantitative real-time polymerase
chain reactions (QPCRs) were conducted using a 7500 Real-
Time PCR System (Applied Biosystems). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and U6 served
as the internal controls for the mRNA and miRNA
detection, respectively. Table 1 shows the primer sequences
of all the detected genes. No amplifications of the non-
specific products were observed in the dissociation curve
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of the reaction. The data were normalized to GAPDH
or U6 expression levels, and the relative expression levels

AN
© method, where

of the genes were calculated using 2~
Ct represents the threshold cycle. Three independent

experiments were conducted.

Western blot

Protein samples (20 pg) were separated by sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
and the proteins were then transferred into polyvinylidene
fluoride blots. After being blocked by 5% milk, the blots
were incubated with an antibody against target proteins at
4 °C overnight. Antibodies against p-NF-xB (CST,
#3033) was obtained from Cell Signaling Technology
(Danvers, MA). Antibodies against NF-kB antibody
(ab16502), NLRP3 (ab214185), Caspase-1 (ab207802),
IL-1B (ab229696), TRAF6 (ab40675), IRAK1 (ab238)
were purchased from Abcam (Cambridge, UK). The
a-Tubulin antibody (Sigma, T5168) was incubated as a
loading control. These blots were further incubated with
horseradish peroxidase (HRP)-conjugated secondary
antibody (Abcam, ab6789 and ab6721), and exposed on
a ChemiDoc MP imaging system (BIO-RAD) with an
enhanced chemiluminescence (ECL) solution.

ELISA

After miRNA mimic or siRNA transfection, the HUVECs
were stimulated with LPS (100 ng/mL) for 24 h, and
cellular supernatant was then collected for the enzyme-
linked immunoassay (ELISA). A human IL-6 ELISA kit
(Dakewe Biotech, Shenzhen, China) was used to detect the
IL-6 concentration. ELISA was performed in accordance
with the manufacturer’s instructions. Three independent
experiments were conducted, and a standard curve was
included in each experiment.

Luciferase reporter assays

The HEK293 cells were seeded into a 12-well plate and
incubated overnight to achieve approximately 80% confluence.
A TRAF6/IRAK1-luciferase-reporter recombinant plasmid
(psiCHECK2-TRAF6/IRAK1 3'-UTR vector), containing 2
miR-146a-5p binding motifs, was transfected into HEK293
cells together with miR-146a-5p mimic or mimic NC using
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Lipofectamine 3000 (Invitrogen). As the control, recombinant
plasmid (psiCHECK2-TRAF6/IRAK1 3'-UTR mutant
vector), without miR-146a-5p binding motifs, was transfected
into the HEK293 cells in the same manner. After transfection
for 24 h, the cell lysates were obtained to detect the luciferase
activity using a Dual-Luciferase Reporter Assay System
(Promega, E1910, Madison, WI). The results are presented as
the relative luciferase activity (the ratio of Renilla luciferase to
Firefly luciferase).

Quantification and statistics

SPSS software 20.0 was used to conduct the statistical
analysis. Image ] software (NIH, Bethesda, MD) was used
to analyze the exposure intensity of the targeted blots.
Prizm software 6.0 (GraphPad Software) and Adobe
Tllustrator CS6 were used to draw and edit the charts. All
the data are presented as the mean + standard deviation (SD).
The qPCR, Western blot, and ELISA data were analyzed
by the non-parametrical Mann-Whitney U test (2 groups)
or the Kruskal-Wallis test (more than 2 groups). A P<0.05
was considered statistically significant.

Results

LPS-induced inflammation injury and miR-146a-5p
expression in HUVECs

First, we compared the expression of miR-146a-5p in PBMCs
obtained from AMI patients and NCA patients by qPCRs.
The mean age of the AMI patients was 65.2+7.6 years, 70%
(n=14) patients were males, and the mean age of the NCA
patients was 64.8+12.9 years, 75% (n=15) were males,
respectively. The AMI patients had a higher expression
level of miR-146a-5p than the HC patients (see Figure 14).
It is well known that inflammatory activation has a critical
role in AS development and cardiovascular diseases.
In the present study, LPS was used as an inflammatory
stimulant, and the HUVECs were treated with different
concentrations of LPS (0, 25, 50, 100, 200, or 500 ng/mL).
We further investigated the expression of miR-146a-5p and
pro-inflammatory cytokines (IL-6, IL-1p and TNF-a) in
LPS-treated HUVECs. Compared to the untreated cells,
the expression levels of miR-146a-5p and pro-inflammatory
cytokine were elevated significantly following 25 ng/mL of
LPS treatment for 24 h in the HUVEC:s (see Figure 1B,1C).
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Figure 1 LPS-induced inflammation injury and miR-146a-5p expression in HUVECs. (A) Comparisons of miR-146a-5p levels between AMI
patients (n=20) and NCA patients (n=20); (B) miR-146a-5p expression in HUVECs was detected by qPCRs after treatment with different
concentrations of LPS (0-500 ng/mL) for 24 h; (C) the mRNA level of pro-inflammatory cytokine (IL-1f, IL-6, and TNF-a) in LPS-treated
HUVEGC: for 24 h; (D) the secretion level of IL-6 from the HUVECs was examined by ELISA after treatment with LPS for 24 h; (E) the
HUVECs were treated with 100 ng/mL LPS for 24 or 48 h, and qPCRs were then used to detect the mRNA expression level of the pro-
inflammatory cytokine. *, P<0.05; **, P<0.01; ***, P<0.001 vs. the control group (0 ng/mL LPS). LPS, lipopolysaccharide; HUVECs, human
umbilical vein endothelial cells; AMI, acute myocardial infarction; NCA, normal coronary artery; IL-1p, interleukin-1B; IL-6, interleukin-6;

TNF-a, tumor necrosis factor alpha; qPCRs, quantitative real-time polymerase chain reactions.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(18):1433 | https://dx.doi.org/10.21037/atm-21-3903



Page 6 of 16 Hou et al. MiR-146a-5p inhibited LPS-induced NLRP3 inflammasome injury
A ]
160+ ™ 25ng/mL LPS
@ 50 ng/mL LPS * ox
120 4 100 ng/mL LPS .
150 1 8 200 ng/mL LPS
809 @ 500 ng/mL LPS = i
c 404 i
. 5 ] &
%]
o
100 4 s
S 3
z s 87
= o
8 €
2 g
3 £ -
© 50 o .
44 N '|'
0 J
0 25 50 100 200 500 NF-«xB NLRP3 Caspase-1 IL-1B
LPS, ng/mL
-0
C @ 25 ng/mL LPS
4 7 =m 50 ng/mL LPS
LPS, ng/mL 100 ng/mL LPS
9 0 25 50 100 200 500 i o= 200 ng/mL LPS
PNF-KB W — - - S a— O | " 007gMLLPS cT
[%]
o
NFB S D G G G e g
[0}
c
NLRP3 — === s T
— e g
- o
Caspase]  wue Smm IR GHR SR W
k5
L-1p -— - W
e-tubulin GEEES GEED G G AN T

p-NF-«xB NLRP3

Caspase-1

IL-1p

Figure 2 Regulation of the NF-kB/NLRP3 signaling pathway in HUVECs stimulated with LPS. (A) The cell viability of HUVECs was
detected by Cell Counting Kit-8 after treatment with LPS for 24 h; (B) the HUVECs were treated with LPS for 24 h, and gPCRs were then
used to detect the mRINA expression levels of NF-kB, NLRP3, Caspase-1, and IL-1p and (C) the protein levels of NF-«B, phospho-NF-«B,
NLRP3, Caspase-1 and IL-1p were measured by Western blot. *, P<0.05; **, P<0.01; ***, P<0.001 vs. the control group (0 ng/mL LPS). NF-«B,
nuclear factor-kB; NLRP3, NOD-like receptor family pyrin domain-containing protein 3; HUVECs, human umbilical vein endothelial cells;

LPS, lipopolysaccharide; qPCRs, quantitative real-time polymerase chain reactions; IL-1, interleukin-1p.

The secretion of interleukin-6 (IL-6) from the HUVECs
was significantly increased after LPS treatment for 24 h (see
Figure 1D). Further, HUVECs were treated with 100 ng/mL
LPS for 24 or 48 h, and the mRNA expression level of the
pro-inflammatory cytokine were detected (see Figure 1E).
LPS was shown to promote pro-inflammatory cytokine
expression in a dose-dependent manner (with an optimum
concentration of 100 ng/mL for 24 h).
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Regulation of the NF-kB/NLRP3 signaling pathway in
HUVECs stimulated with LPS

Next, the HUVECs were stimulated with LPS for 24 h, the
cell viability and NLRP3 inflammasome were then detected.
No significant inhibition was observed in the cell viability
of the HUVECs after LPS treatment (see Figure 2A).
Further, the mRNA and the protein levels of p-NF-«xB/
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Figure 3 Overexpression of miR-146a-5p reduced LPS-induced pro-inflammatory cytokine expression and secretion. (A) The HUVECs

transfected with a miR-146a-5 mimic for 48 h; the expression level of miR-146a-5p was detected by qPCR, (B) after the overexpression of
miR-146a-5p, the HUVECs were treated with 100 ng/mL LPS for 24 h, and qPCRs were then used to detect the mRNA expression levels of
pro-inflammatory cytokine, and (C) the secretion level of IL-6 from HUVECs was measured via ELISA. *, P<0.05; **, P<0.01; ***, P<0.001.
LPS, lipopolysaccharide; HUVECs, human umbilical vein endothelial cells; gPCR, quantitative real-time polymerase chain reaction; IL-6,

interleukin-6; ELISA, enzyme-linked immunoassay; NC, negative control.

NF-«kB, NLRP3, Caspase-1, and IL-1p were significantly
increased in LPS-treated cells than untreated cells (see
Figure 2B,2C). These results showed that LPS regulated the
NF-«B/NLRP3 signaling pathway in HUVECs.

Overexpression of miR-146a-5p reduced LPS-induced pro-

inflammatory cytokine expression and secretion

After transfection with a miR-146a-5p mimic for 48 h, the
expression of miR-146a-5p was significantly up-regulated in
the HUVEC:s (see Figure 34). The overexpression of miR-
146a-5p led to a significant decrease in the mRINA levels of
IL-1pB and IL-6 in the HUVECs regardless of whether the
cells were subject to LPS treatment or not (see Figure 3B).
The overexpression of miR-146a-5p also caused a
significant decline in the secretion of IL-6 in HUVECs
(see Figure 3C). The results showed that miR-146a-5p
overexpression in HUVEC: led to a significant decrease in
pro-inflammatory cytokine production.

MiR-146a-5p inhibited cytokine production by down-

regulating the NF-kB/NLRP3 signaling pathway

We then assessed whether miR-146a-5p overexpression

© Annals of Translational Medicine. All rights reserved.

inhibited pro-inflammatory cytokine expression by
regulating the NF-«B/NLRP3 signaling pathway. After
transfection with a miR-146a-5p mimic for 48 h, the
HUVECs were treated with LPS. The mRNA expression
of the NLRP3 inflaimmasome pathway genes were tested
by qPCRs. The overexpression of miR-146a-5p led to a
significant decrease in the mRNA levels of NF-«xB, NLRP3,
Caspase-1, and IL-1p regardless of whether the cells were
subject to LPS treatment or not (see Figure 44). The NF-
kB, phospho-NF-«B, NLRP3, Caspase-1, and IL-1p protein
levels were measured by western blot assays. We found
that miR-146a-5p overexpression also down-regulated the
protein levels of phospho-NF-xB, NLRP3, Caspase-1,
and IL-1B in the HUCVGCs (see Figure 4B). These results
implied that miR-146a-5p inhibited cytokines production
by down-regulating the NF-kB/NLRP3 signaling pathway.

MiR-146a-5p down-regulated the NF-k B/NLRP3
signaling pathway by targeting the TRAF6 and IRAK1
gene

We sought to confirm the potential mechanism by which
miR-146a-5p alleviates LPS-induced NLRP3 inflammasome
injury and pro-inflammatory cytokine secretion. TargetScan

Ann Transl Med 2021;9(18):1433 | https://dx.doi.org/10.21037/atm-21-3903
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Figure 4 MiR-146a-5p inhibited cytokines production by down-regulating the NF-xB/NLRP3 signaling pathway. (A) After the overexpression
of miR-146a-5p, the HUVECs were treated with 100 ng/mL LPS for 24 h, and qPCRs were used to detect the mRINA expression levels of
NF-kB, NLRP3, Caspase-1, and IL-1B, and (B) the protein levels of NF-«B, phospho-NF-«kB, NLRP3, Caspase-1 and IL-1p were measured
by Western blot. *, P<0.05; **, P<0.01; ***, P<0.001. NF-kB, nuclear factor-xB; NLRP3, NOD-like receptor family pyrin domain-containing
protein 3; HUVECs, human umbilical vein endothelial cells; LPS, lipopolysaccharide; gPCRs, quantitative real-time polymerase chain

reactions; IL-1B, interleukin-1B; NC, negative control.

software (http://www.targetscan.org/) was used to predict
the miR-146a-5p target. The prediction results suggested
that miR-146a-5p has 3'-UTR binding sites on TRAF6 and
IRAK1, both upstream regulators of the NF-«B signaling
pathway. The mRNA and protein levels of TRAF6 and
IRAKI1 in the HUVECs transfected with the miR-146-
5p mimic or NC were evaluated by qPCRs and western
blot assays, respectively. The results showed that TRAF6
and IRAK1 in HUVECs were both down-regulated after
transfection with a miR-146-5p mimic compared to the cells
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transfected with a mimic NC (see Figure 5A,5B). Luciferase
reporter assays were used to verify whether miR-146-5p
directly targets the 3'-UTR regions of TRAF6 and IRAK1 to
regulate their expression. The results revealed that luciferase
activity was significantly reduced in cells co-transfected with
a miR-146-5p mimic and wild-type TRAF6 or IRAK1 3'-
UTR compared to luciferase activity in the mimic NC co-
transfected cells; however, luciferase activity was not affected
by co-transfection with a miR-146-5p mimic and the mutant
TRAF6 or IRAK1 3'-UTR (see Figure 5C,5D).
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Figure 5 MiR-146a-5p down-regulated the NF-kB/NLRP3 signaling pathway by targeting the TRAF6 and IRAKI1 gene. (A) The mRNA
and (B) protein levels of TRAF6 and IRAK1 in the HUVEC:s transfected with the miR-146a-5p mimic or NC were determined by qPCRs and
Western blot analyses, respectively. (C) Luciferase reporter assays were performed using HEK293 cells co-transfected with the miR-146-5p

mimic and TRAF6-WT-3'-UTR or TRAF6-Mut-3'-UTR reporter recombinant plasmid. (D) Luciferase reporter assays were performed using
HEK293 cells co-transfected with the miR-146-5p mimic and IRAK1-WT-3" UTR or IRAK1-Mut-3'-UTR reporter recombinant plasmid.
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necrosis factor receptor associated factor 6; IRAK1, interleukin-1-receptor-associated kinase 1; HUVECs, human umbilical vein endothelial

cells, NC, negative control.

Knockdown of TRAF6- and IRAK1-suppressed LPS-
induced NF-kB/NLRP3 signaling pathway up-vegulation
and pro-inflammatory cytokine production

Finally, we explored the molecular mechanism by which
miR-146-5p regulates the NF-xB/NLRP3 signaling
pathways. The above-mentioned results confirmed that

© Annals of Translational Medicine. All rights reserved.

the overexpression of miR-146-5p down-regulated the
NF-kB/NLRP3 signaling pathways in HUVECs. Next,
the cells were transfected with si-TRAF6 or si-IRAKI for
48 h. The mRNA and protein expression levels of TRAF6
and IRAK1 were significantly reduced after transfection (see

Figure 64,6B). We observed that the mRNA expression
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like receptor family pyrin domain-containing protein 3; HUVECs, human umbilical vein endothelial cells; NC, negative control; qPCRs,
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levels of NF-«kB, NLRP3, Caspase-1, and pro-inflammatory
cytokine (IL-6, IL-1B, and TNF-0) were all down-
regulated after TRAF6 or IRAK1 knockdown in the
HUVEC:s regardless of whether the cells were subject to
LPS treatment or not (see Figure 6C). The secretion of IL-6
from the HUVECs was found to decline significantly after
transfection with si-TRAF6 or si-IRAK1 (see Figure 6D).
The western blot analysis revealed that the protein levels
of p-NF-kB, NLRP3, Caspase-1, and IL-1B also were
significantly reduced by TRAF6 or IRAK1 knockdown (see
Figure 6E). These data indicate that miR-146-5p appears
to suppress NF-kB/NLRP3 signaling pathway and pro-
inflammatory cytokine production by regulating TRAF6
and IRAK1 expression in HUVECs.

Discussion

Endothelial inflammatory activation in the arterial
vasculature is an initiator of the pathobiology of
atherosclerotic cardiovascular disease (3). In lesion-prone
regions of the artery, the effects of pro-inflammatory
agonists, oxidized lipoproteins (ox-LDL), and biomechanical
stimulation by disturbed blood flow result in endothelial
pro-inflammatory activation. Following by the expression
of adhesion molecules, membrane-associated chemokines
and prothrombotic mediators are driven in ECs (24-26).
The monocytes and lymphocytes then migrate into vessel
walls to differentiate into macrophages (27,28). A complex
immunoregulatory network is established by the synergistic
interaction of cells (including activated endothelium,
macrophages, lymphocytes, and smooth muscle cells) in the
developing atherosclerotic lesions. Finally, the production
of inflammatory cytokines, growth factors, and reactive
oxygen species (ROS) in the lining of the arterial vasculature
perpetuates a chronic pro-inflammatory state and promotes
the progression of atherosclerosis (3,29). Thus, reducing
the endothelial pro-inflammatory activation could serve as
a therapeutic strategy for atherosclerosis. In this study, we
constructed an inflammatory response in HUVECs by LPS
stimulation to mimic the inflammatory injury that occurs
during AS. Further experiments revealed that miR-146a-5p
overexpression repressed LPS-mediated pro-inflammatory
cytokine production by regulating the activation of the NF-
kB and NLRP3 signaling pathways. Finally, we confirmed
that miR-146a-5p suppressed the NF-kB/NLRP3 signaling
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pathway by targeting TRAF6 and IRAK1 3'-UTR. The
results revealed that increasing miR-146a-5p levels might
be a novel strategy for the prevention and treatment of AS.

A number of pathophysiologic stimuli signal for pro-
inflammatory activation in the arterial endothelium
are predominantly through activating the pleiotropic
transcription factor NF-«xB, which leads to the expression
of multiple pro-inflammatory and pro-adhesive genes in
ECs (30-32). NF-«B signaling is thought to play a vital
role in the activation of endothelial inflammation during
atherosclerosis. The activity of NF-«B is mainly dependent
on its phosphorylation and nuclear translocation (33).
Research suggests that the selective inhibition of NF-«B in
ECs reduces and stabilizes atherosclerotic plaques in mice
models. The mechanism is associated with the decreased
recruitment of macrophages, which occurs by reducing
the adhesion molecules and pro-inflammatory cytokine
expression (32,34). MiR-146a has been shown to inhibit
NF-xB phosphorylation to negatively regulate LPS-induced
inflammatory cytokine production in ECs (35). Similarly,
we found miR-146a-5p overexpression repressed the level
of phospho-NF-«B in HUVEC:s, resulting in a significant
decrease in pro-inflammatory cytokine expression and
secretion. The results revealed that miR-146a-5p can reduce
the expression of pro-inflammatory factors by inhibiting
NF-«kB activation, and that enhancing the expression of
miR-146a-5p might antagonize atherosclerosis.

NLRP3 inflammasome, an intracellular complex,
which cleave pro-caspase-1 to active caspase-1, and then
converts pro-IL-1p and pro-IL-18 to its mature forms (36).
NLRP3 inflammasome can be activated by many danger
signals, such as oxidative stress, mitochondrial dysfunction,
lysosome rupture, and ox-LDL, which are linked to an
increased risk of AS. Studies had suggested that NLRP3
is up-regulated in the atherosclerotic plaques of AS
patients, and is related to the severity and prognosis of
AS (37,38). The inhibition of NLRP3 signaling reduced
pro-inflammatory cytokine production and led to plaque
stabilization in mice with AS (39). Those researches
revealed that NLRP3 inflammasome contributes to the
progression of atherosclerosis, and silencing it results in the
stabilization of atherosclerotic plaque. Several miRNA had
been implicated in regulating the expression and activation
of the NLRP3 inflaimmasome. Zhou et 4/. confirmed that
miR-495 suppressed the NLRP3 inflammasome signaling
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pathway by targeting NLRP3 3'-UTR (40). MiR-223 and
miR-374a-5p were also found to have a negative regulatory
effect on the activation of NLRP3 inflammatory signals
(41,42). In addition, the expression of NLRP3 and IL-1B
has proven to be regulated by NF-«xB activation (43,44). In
the present study, we observed that miR-146a-5p repressed
the NLRP3 inflammasome signaling pathway and pro-
inflammatory cytokine production by decreasing the
phospho-NF-«B level in ECs.

TRAF6 and IRAKI1, which are multifunctional signal
transduction molecules, are thought to play an essential
role in the activation of the NF-kB signaling pathway and
the regulation of inflammation. NF-«B activation depends
on the recruitment of TRAF6 to IRAK1 and subsequent
complex formation (31,45). Studies have confirmed that
TRAF6 and IRAK1 were regulated by multiple miRINAs.
Overexpressed miR-2187 was found to reduce inflammatory
factor production and antiviral genes by targeting TRAF6
to avoid an excessive inflammatory response (46). Elevated
miR-223 inhibited the pro-inflammatory response by down-
regulating IRAK-1 in macrophages (47). Studies had shown
that miR-146a-5p inhibited the proliferation, invasion,
and migration of human breast cancer cells and suppressed
the epithelial-mesenchymal transition of trophoblasts by
directly reducing IRAK1 and TRAFG6 expression at the
post-transcriptional level (48,49). However, there have
been rare reports of miR-146a-5p regulating the down-
stream signaling pathways by directly targeting TRAF6 and
IRAKI in vascular ECs. Thus, luciferase reporter assays
and molecular biology experiments were performed in this
study, and similar to previous findings, we found that miR-
146a-5p directly targeted TRAF6 and IRAKI genes to
reduce NF-«xB activation and the NLRP3 inflammasome
level in HUVECs.

To confirm the contribution of TRAF6 and IRAK1
regulation on the activation of the NF-kB/NLRP3
inflammasome signaling pathway, si-TRAF6 and si-
IRAK1 were transfected into HUVECs to knockdown
the expression of TRAF6 and IRAKI, respectively. We
further observed that the expression levels of p-NF-«B,
NLRP3, Caspase-1, pro-inflammatory cytokine (IL-6, IL-
1B, and TNF-0), and the secretion of IL.-6 were all down-
regulated following TRAF6 or IRAKI knockdown in
HUVEC:s regardless of whether the cells were subject to
LPS treatment or not. Previous research has indicated that

TRAF6 or IRAK1 knockdown inhibited pro-inflammatory
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cytokine secretion by limiting the levels of phospho-NF-
kB (18), and our results were consistent with those previous
studies. Our data indicated that miR-146-5p appeared
to alleviate NF-kB/NLRP3 signaling pathway and pro-
inflammatory cytokine production by regulating TRAF6
and IRAK1 expression in HUVECs.

It is well known that miRNAs are important regulators
of the pathophysiological cellular effects and molecular
signaling pathways involved in atherosclerosis. Numerous
studies have shown that miRNAs alter the balance of
atherosclerotic plaque progression by regulating the cellular
adhesion, proliferation, lipid uptake, and efflux, and the
generation of inflammatory mediators (50). Studies have
highlighted that miR-181b and miR-146a, as cytokine-
responsive and atheroprotective miRNAs, regulate EC
inflammation and plaque progression by targeting NF-
kB signaling (51). MiR-126 has been shown to inhibit the
expression of vascular adhesion molecule-1 (VCAM-1) to
limit leukocyte adhesion in ECs (52). MiR-33 has been
shown to target the cholesterol transporter ABC transporter
Al (ABCAL) to repress cholesterol efflux and promote the
progress of AS (53). Our findings revealed that miR-146a-
5p overexpression in HUVECs repressed LPS-mediated
NF-xB/NLRP3 signaling pathway and pro-inflammatory
cytokines production by regulating the IRAK1 and TRAF6.
Similarly, a previous study showed that miR-146a-5p
repressed chronic constriction injury-induced mechanical
and thermal hyperalgesia by targeting IRAK1 and TRAF6
in neurons (54). MiR-146a-5p has also been reported
to suppress LPS-mediated pro-inflammatory cytokine
production and cell activation of human hepatic stellate
cells by down-regulating TRAF6 expression (18).

In conclusion, this study showed that miR-146a-
5p, as a regulator of TRAF6 and IRAKI expression,
alleviated the LPS-induced activation of the NF-kB/
NLRP3 inflammasome signaling pathway, and reduced the
production of pro-inflammatory cytokines in HUVECs.
The findings of this study have been depicted in a schematic
illustration (see Figure 7). Overall, our results increase
understandings of miR-146a-5p function, and provide
insights into the regulatory network of miR-146a-5p-
mediated immune responses against endothelial pro-
inflammatory activation and dysfunction. Further animal
model investigations examining the anti-inflammatory and
anti-atherosclerotic effects of miR-146a-5p in regulating
activation of NF-kB/NLRP3 inflammasome should be
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Figure 7 Schematic illustration of the current working hypothesis. MiR-146a-5p inhibited LPS-induced NF-kB/NLRP3 pathway proteins,
including p-NF-xB, NLRP3, Caspase-1, and IL-1p. In particular, miR-146a-5p showed ant-inflammatory effects by targeting TRAF6 and
IRAK]1. Summarily, miR-146a-5p alleviated LPS-induced inflammation injury via the regulation of TRAF6 and IRAKI in HUVECs. LPS,
lipopolysaccharide; NF-xB, nuclear factor-kB; NLRP3, NOD-like receptor family pyrin domain-containing protein 3; IL-1p, interleukin-1p;

TRAF6, tumor necrosis factor receptor associated factor 6; IRAKI, interleukin-1-receptor-associated kinase 1; HUVECs, human umbilical vein

endothelial cells.

conducted in the future.
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