
Contents lists available at ScienceDirect

Atherosclerosis

journal homepage: www.elsevier.com/locate/atherosclerosis

Forced expression of microRNA-146b reduces TRAF6-dependent
inflammation and improves ischemia-induced neovascularization in
hypercholesterolemic conditions

Michel Desjarlaisa, Sylvie Dussaulta, François Rivarda, Sharon Harelb, Veronica Sanchezb,
Sabah N.A. Hussainb, Alain Rivarda,∗

a Department of Medicine, Centre Hospitalier de l'Université de Montréal (CHUM) Research Center, Montréal, Québec, Canada
bDepartment of Medicine, McGill University Health Center, Montréal, Québec, Canada

H I G H L I G H T S

• Neovascularization is impaired in animal models and patients presenting hypercholesterolemia.

• MicroRNA-146b is reduced by hypercholesterolemia, which leads to TRAF6-dependent inflammation and impaired angiogenesis.

• Forced expression of miR-146b could reduce inflammation and improve neovascularization in atherosclerotic conditions.
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A B S T R A C T

Background and aims: MicroRNA (miR)-146 is a key regulator of inflammation, endothelial activation and
atherosclerosis. This study sought to define its potential role for the modulation of ischemia-induced neo-
vascularization in atherosclerotic conditions.
Methods: Next generation sequencing and qRT-PCR analyses were used to compare microRNA expression in the
ischemic muscles of hypercholesterolemic ApoE-deficient (ApoE−/−) mice vs. wild type mice, and in HUVECs
exposed or not to oxLDL. Neovascularization was investigated in a mouse model of hindlimb ischemia and the
functional activities of HUVECs and pro-angiogenic cells (PACs) were assessed in vitro.
Results: We found that miR-146b (but not miR-146a) is significantly reduced in the ischemic muscles of ApoE−/

− mice, and in HUVECs exposed to oxLDL. Inhibition of miR-146b reduces angiogenesis in vitro, whereas forced
expression of miR-146b rescues oxLDL-mediated impairment of endothelial cell proliferation and tube forma-
tion. Mechanistically, miR146b directly targets tumor necrosis factor-alpha (TNFa) Receptor Associated Factor 6
(TRAF6) to inhibit inflammation. We found that hypercholesterolemia and oxLDL exposure are associated with
higher levels of TRAF6, and increased expression of TNFa. However, forced expression of miR-146b in high
cholesterol conditions reduces the expression of these inflammatory factors. In vivo, intramuscular injection of
miR-146b mimic reduces ischemic damages and restores blood flow recuperation and capillary density in the
ischemic muscles of ApoE−/− mice. Treatment with miR-146b also increases the number and functional ac-
tivities of pro-angiogenic cells (PACs).
Conclusions: Hypercholesterolemia is associated with reduced expression of miR-146b, which increases TRAF6-
dependent inflammation and is associated with poor neovascularization in response to ischemia. Forced ex-
pression of miR-146b using a miR mimic could constitute a novel therapeutic strategy to improve ischemia-
induced neovascularization in atherosclerotic conditions.

1. Introduction

Atherosclerosis is a chronic inflammatory vascular disease char-
acterized by the growth of lipid-rich plaques that cause narrowing of

blood vessels and eventually lead to tissue ischemia. Immune cells
dominate early atherosclerotic lesions, but inflammation is also in-
volved in the progression of the disease and the triggering of acute is-
chemic events [1–3]. Until recently, the inflammatory hypothesis of
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atherothrombosis remained unproved. However, the landmark
CANTOS clinical trial recently showed that anti-inflammatory therapy
targeting the interleukin-1β innate immunity pathway with canaki-
numab significantly reduces the rate of recurrent cardiovascular events,
independently of lipid-level lowering [4]. These findings could open up
a whole new avenue for the treatment of cardiovascular diseases.
However, to improve the efficacy and specificity of anti-inflammatory
therapies in vascular diseases, it will be important to define the precise
factors and mechanisms that are involved in different clinical settings,
including the response to ischemia.

Risk factors such as hypercholesterolemia are associated with in-
flammatory activation of endothelial cells (ECs) and endothelial dys-
function [5], the first manifestation of atherosclerotic diseases. Acti-
vated ECs use the nuclear factor κ light chain enhancer of activated B
cells (NF-κB) pathway [6] to propagate inflammatory signals, including
induction of adhesion molecules such as vascular cell adhesion mole-
cule‐1 (VCAM‐1), intercellular adhesion molecule‐1 (ICAM‐1) and
E‐Selectin [5]. MicroRNAs are increasingly recognized as important
regulators of inflammatory pathways and EC activation. microRNA-
146a (miR-146a) has been well characterized in both ECs and leuko-
cytes as a negative regulator of NF-κB activity through its ability to
target upstream adaptor proteins, including TRAF6 (TNF receptor–-
associated factor 6) and IRAK1 (interleukin receptor–associated kinase
1) [7,8]. miR-146a blunts endothelial activation [7] and protects
against atherosclerosis [9,10]. miR-146b was also recently shown to
modulate inflammatory responses in endothelial cells [11].

When atherosclerotic lesions are severe and diffuse, neovascular-
ization constitutes a crucial physiological response in order to maintain
the perfusion and the integrity of tissues [12]. Neovascularization ne-
cessitates the proliferation and the migration of mature endothelial
cells that extend the pre-existing vascular network (i.e. angiogenesis)
[13]. In addition to angiogenesis, postnatal neovascularization also
depends on the action of bone marrow-derived pro-angiogenic cells
(PACs) [14,15]. PACs can reach ischemic sites where they promote
neovascularization mainly through paracrine secretion of cytokines and
growth factors [16].

Risk factors and pathological conditions involved in the develop-
ment of atherosclerosis are also often associated with impaired neo-
vascularization following ischemia [12]. Hypercholesterolemia, one of
the most important cardiovascular risk factor, has been associated with
reduced angiogenesis and blood flow recuperation in several animal
models [17–19]. Even in patients without apparent atherosclerotic
diseases, hypercholesterolemia by itself was shown to reduce the
number and the function of PACs [20]. Although inflammation has
been linked mechanistically to hypercholesterolemia, oxidized LDL
(oxLDL) and the atherosclerotic process [1–3], its potential influence on
the modulation of ischemia-induced neovascularization in high-cho-
lesterol conditions is unknown. Moreover, the role of specific micro-
RNAs in these situations remains to be determined. In the present re-
port, we identified miR-146b as an anti-inflammatory miRNA which
expression is significantly reduced in hypercholesterolemic conditions.
This is associated with activation of TRAF6-dependent inflammation,
impaired angiogenic activities of mature endothelial cells and PACs,
and poor neovascularization in response to ischemia. Our results also
suggest that forced expression of miR-146b could represent a novel
therapeutic strategy to reduce inflammation and improve neovascu-
larization in atherosclerotic vascular diseases.

2. Materials and methods

2.1. Cell culture

Human umbilical vein endothelial cells (HUVECs) were purchased
from Life Technologies (Carlsbad, CA) and cultured in medium 200
(Life technologies) supplemented with 8% fetal bovine serum (FBS,
Wisent, St-Jean-Baptiste, QC, Canada), 100 IU/ml penicillin/0.1 mg/ml

streptomycin (Wisent) and low serum growth supplement (LSGS; 2%
FBS, 3 ng/ml bFGF, 10mg/ml heparin, 1 mg/ml hydrocortisone, and
10 ng/ml EGF; Life Technologies). In some experiments, HUVECs were
treated with oxLDL (50 μg/ml, Biomedical Technologies). HUVECs
were passaged when they reached 90% confluence and passages 3–6
were used for all experiments. Human leukemia monocyte cell lines
(THP-1) were cultured in RPMI 1640 (Wisent #350-000-CL) supple-
mented with 10% FBS, 100 IU/ml penicillin/0.1 mg/ml streptomycin.
HUVECs and THP-1 cells were grown at 37 °C, 5% CO2 and 95% air, and
the medium was changed every 2 days.

2.2. RNA isolation and next generation sequencing analyses

RNA was extracted from ischemic hindlimb muscles (1 day after
surgery) using the Ambion mirVana™ miRNA isolation kit (Life
Technologies) according to the manufacturer's protocol. Quantification
of total RNA was made with a nanodrop and 1 μg of total RNA was used
for library preparation. Quality of total RNA was assessed with the
BioAnalyzer Nano (Agilent) and all samples had a RIN above 8. Library
preparation was done with the Truseq Small RNA library preparation
kit (Illumina, Cat no. RS-200-0012). 11 PCR cycles were required to
amplify libraries. Libraries were quantified with a nanodrop and the
quality was assessed with the BioAnalyzer High Sensitivity (Agilent).
All libraries were diluted to 10 nM, normalized and pooled to equimolar
concentration based on Miseq v2 50 cycles using 7 pM of pooled library.
Sequencing was performed with the Illumina Hiseq2000 using the
Hiseq Reageant Kit v3 (200 cycles, paired-end) and 1.7 nM of the
pooled library. Around 70M paired-end reads was generated per
sample. Quantification includes the raw read count, as well as nor-
malized expression level as RPM values (reads per million reads
mapped) to account for the variability in the library size. Next
Generation Sequencing (NGS) data have been deposited and are
available on NCBI Gene Expression Omnibus, GSE131002.

2.3. qRT-PCR evaluation of miRNA and mRNA expression

For the evaluation of miRNA expression, total RNA was reverse
transcribed using the TaqMan® MicroRNA Reverse Transcription Kit
(Life Technologies) as described by the manufacturer. Before use, RT
samples were diluted 1:5. miR-146b gene expression level was de-
termined using Taqman MicroRNA assays (Cat. # 4427975, Life
Technologies). qPCR reactions were performed with cDNA samples
using Perfecta qPCR Fastmix II (Quanta) and specific miR-146b pri-
mers. The Viia7 qPCR instrument (Life Technologies) was used to detect
the amplification level. Relative expression (RQ=2-rrCT) was calcu-
lated using the Expression Suite software (Life Technologies), and
normalization was done using both U6 snRNA and SnoRNA 202. For
mRNA gene expression, total RNA was extracted from HUVECs using
RNeasy mini kit (Qiagen) according to the manufacturer's protocol. The
RNA was reverse transcribed using iScript-II RT kit (Qiagen) according
to manufacturer's guidelines to generate cDNA. Quantitative real-time
PCR was performed using cDNA sample, specific primers for the se-
lected mRNAs (Alpha DNA, Montreal, Canada) and Universal SYBR
Green Supermix (BioRad). Relative expression (RQ=2-rrCT) was cal-
culated using the instrument detection system ABI Prism 7500 (Applied
Biosystems, Foster City, CA, USA) and normalized to b-Actin and 18s.

2.4. miRNA and siRNA transfection in HUVECs

Transfections were carried out at a concentration of 50 nM using
Lipofectamine RNAiMAX Reagent (Life Technologies) according to the
manufacturer's protocol and as previously described [21]. HUVECs
were transfected 24 h after being plated in 6-well plates with the fol-
lowing miRs purchased from Dharmacon (GE Healthcare Dharmacon,
Lafayette, CO): miRIDIAN miR mimic negative control #1, miRIDIAN
miR mimic hsa-miR146b-5p, miRIDIAN anti-miR negative control #1,
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miRIDIAN anti-miR hsa-miR146b-5p hairpin inhibitor. siRNAs were
purchased from Thermo fisher Scientific (Thermo fisher Scientific,
Grand island, NY): silencer siRNA control, siRNA anti-TRAF6. After
24 h, the transfection medium was replaced with antibiotic-free com-
plete M200 medium and cells were exposed or not to 50 μg/ml of oxLDL
for 24 h. For luciferase assay experiments, miRNA transfection was
performed 24 h after vector transfection. Transfection efficiency was
measured using mimic transfection control Dy547 (Dharmacon) and
found to be 80–90%.

2.5. Luciferase constructs and vector transfection

3′ UTR Luciferase construct pMIR-REPORTTM plasmid containing
500 bp of wild-type 3′ UTR of TRAF6 (TRAF6-wt UTR) was cloned
downstream of a CMV-driven Firefly Luciferase cassette [11]. A mu-
tated version of this construct (TRAF6- mut-UTR) carrying a 4-bp
substitution in the miR-146b target sites was constructed by site-di-
rected mutagenesis [11]. HUVECs were transfected (50 nM) for 24 h
according to the manufacturer's protocol using Lipofectamine
RNAiMAX Reagent (Life Technologies) and a luciferase construct
(TRAF6-wt UTR or TRAF6-mut UTR), together with a Renilla luciferase
control vector (pRL-TK). HUVECs were then allowed to recover for 24 h
in complete medium before treatment with oxLDL (50 μg/ml) or
transfection with miR-146b mimic. Firefly and Renilla luciferase ac-
tivities were quantified using a Dual-Luciferase Reporter Assay System
and Firefly luciferase activity was normalized for renilla activity to
control for transfection efficiency differences.

2.6. Detection of intracellular reactive oxygen species (O2
−)

Generation of superoxide anions (O2-) in HUVECs were assessed
with the fluoroprobes dihydroethidium (DHE, Molecular probes).
Fluorescence intensities were quantified using image J, with the same
threshold for each experiment.

2.7. THP-1 monocyte adhesion assay

Monocyte adhesion to ECs was assessed by co-incubation of THP-1
and HUVECs for 1 h. Briefly, 50 000 THP-1 cells pre-stained with
Calcein AM (Life Technologies) where co-incubated with confluent
HUVECs in 24-well plates. Cells were washed three times with PBS and
adherent THP-1 cells were counted in 10 fields per well using fluores-
cence microscopy. Before the incubation with THP-1 cells, HUVECs
were transfected or not with miR-146b mimic, anti-miR-146b or ap-
propriate controls for 24 h and exposed or not to 50 μg/ml oxLDL for
24 h.

2.8. HUVEC capillary-like tube formation on matrigel

The angiogenic activity of HUVECs was determined using a Matrigel
tube formation assay. Briefly, after transfection, HUVECs were plated at
a density of 20 000 cells/well in 96-well plates precoated with 50 μl of
growth factor reduced Matrigel Matrix (Becton Dickinson Labware,
Bedford, MA) and cultured at 37 °C for 24 h with 10% FBS. HUVECs
were transfected or not with miR-146b mimic, anti-miR-146b or ap-
propriate controls for 24 h, and exposed or not to 50 μg/ml oxLDL for
24 h. Capillary-like tubes were observed under a light microscope.
Images were obtained at a 50x magnification, and all tubes were
counted.

2.9. Scratch assay

Measurement of cell migration was performed using an adapted
scratch assay in confluent HUVECs. The cells were transfected and
grown to near confluence in 24-well plates and exposed or not to 50 μg/
ml oxLDL. Mechanical disruption of the monolayer was realized by

scraping with a pipette tip. Migration was assessed using an inverted
microscope at a magnification of 200x by an investigator blinded to the
experimental conditions. Three fields per well were evaluated and all
experiments were performed in duplicate.

2.10. Murine ischemic hindlimb model

The protocol was approved by the Comité Institutionnel de
Protection des Animaux (CIPA) of the Centre Hospitalier de l'Université
de Montréal (CHUM). 6 to 8 week-old hypercholesterolemic ApoE−/−

mice were purchased from Jackson Laboratory (Bar Harbor, ME) and
put on a western-type diet (1.25% cholesterol, 15% cocoa butter, 0.5%
sodium cholate, Teklad 90221) for 5 weeks before the surgery.
Unilateral hindlimb ischemia was surgically induced after anesthesia
with 2% isoflurane as previously described [22]. Mice were injected
intramuscularly [21] with 5mg/kg of in vivo ready mirVana® miRNA
mimic mmu-miR146–5p, or mirVana® miRNA mimic negative control
#1 (Life technologies). This dose was chosen based on preliminary
experiments showing optimal transfection efficiency in muscles [21].
miRNAs were administered in a solution of Max suppressor RNA-
LANCEr II (Bioo Scientific, Austin, TX) according to the manufacturer's
recommendations. Ischemic damages were evaluated using a scale from
1 (no damage) to 4 (lost fingers). The mice were killed at predetermined
arbitrary time points after surgery with an overdose of sodium pento-
barbital.

2.11. Monitoring of blood flow

Hindlimb blood flow (6–8 mice/group) was monitored with a Laser
Doppler perfusion imager (LDPI) system (Moor Instrument Ltd.,
Axminster, UK) after anesthesia with a ketamine-dexmedetomidine
solution (50mg/kg and 0.5mg/kg, IP) [22]. Laser Doppler measure-
ments were performed by a single observer blinded to the treatment
group at day 7 after surgery. After LDPI measurements, dexmetedo-
midine was antagonized with a solution of Atopamezole (1 mg/kg, SC).
To account for variables such as ambient light and temperature, the
results are expressed as the ratio of perfusion in the left (ischemic) vs.
right (non-ischemic) hindlimb.

2.12. Capillary histochemistry

Whole ischemic hindlimbs were harvested 7 days after surgery and
immediately fixed in Tissufix (Chaptec, Montreal, QC, Canada) over-
night. After bones were carefully removed, 3mm thick tissue transverse
sections of the hindlimbs were cut at the level of the gastrocnemius
muscle and paraffin-embedded so that the whole leg could be analysed
on each section. Identification of endothelial cells was performed by
immunohistochemistery for CD31 with a rat monoclonal antibody di-
rected against mouse CD31 (BD Pharmigen, San Diego, CA, USA).
Negative control was perform in same condition without the primary
antibody (CD31). Capillaries were counted by a single observer blinded
to the treatment regimen at a 200x magnification. Results are expressed
as the number of capillaries per field.

2.13. PAC isolation and characterization

7 days after hindlimb ischemia, mouse bone marrow mononuclear
cells were isolated from the femora and tibiae by flushing the bone
marrow cavities using culture medium, and kept on fibronectin-coated
(Sigma, St. Louis, MO) plates. After 4 days in culture, non-adherent cells
were removed by thorough washing with PBS. Adherent cells were
stained with DAPI (0.5 mg/ml; Life Technologies),1,10-dictadecyl-
3,3,30,30 acetylated low-density lipoprotein (DiI-acLDL, 2.5mg/ml for
1 h, Life Technologies) and FITC-labelled lectin BS-1 (Bandeiraea sim-
plicifolia, 10mg/ml for 1 h, Sigma, St-Louis, MO). Bone marrow PACs
were characterized as adherent cells that were positive for both DiI-
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acLDL uptake and lectin binding as previously described [22].

2.14. PAC adhesion to an endothelial monolayer

A monolayer of HUVECs (passage 4–6) was prepared in 24 well
plates. HUVECs were pretreated for 16 h with tumour necrosis factor-a
(1 ng/ml; BD Biosciences), fixed and stained with DAPI (0.5 mg/ml; Life
Technologies). PACs were labelled with DiI-AcLDL and 15 000 cells
were added to each well (2 wells/mouse) and incubated for 3 h at 37 °C.
Non-attached cells were gently removed with PBS and adherent PACs
were fixed with 2% paraformaldehyde and counted in three random
fields per well [22].

2.15. Incorporation of PACs into HUVECs tubules

PACs (3000) labelled 1 h with DiI-acLDL were co-plated with
HUVECs (20 000) in 96-well plates that had been precoated with 50 μl
of growth factor reduced Matrigel Matrix (Biosciences, San Diego, CA,
USA) and cultured at 37 °C for 24 h with 10% FBS. Tubular-like struc-
tures were photographed and the number of incorporated EPCs was
determined in 6 random fields. A tube was defined as a straight cellular
segment connecting two cell masses (nodes). No difference in the total
number of tubes or in tube length was observed between the different
groups (data not shown). The data are presented as number of in-
corporated EPCs/tube [22].

2.16. PAC proliferation assay

PAC proliferative capacity was determined using MTS (Celltiter 96
aqueous non-radioactive cell-proliferation) assay obtained from
Promega (Madison, WI). Briefly, 30 000 PACs were plated in 96 well
plates and incubated for 24 h with 10% FBS. MTS was added to each
well to achieve a final concentrations of 0.04mg/ml. Proliferation was
quantified after 4 h by densitometric analysis of MTS tetrazolium
compound. Optical density was recorded with a microplate reader at
490 nm. Readings were corrected for background optical density by
subtracting the readings from EBM/MTS incubated at the same time in
the absence of PACs.

2.17. Western blot analysis

Protein levels were analysed by Western blots in ischemic muscle
homogenates and in HUVEC extracts. For total protein extraction, iso-
lated muscles from whole hindlimbs were rinsed in PBS to remove ex-
cess blood, snap-frozen in liquid nitrogen, and stored at −80 °C until
use. Whole-cell protein extracts were obtained after homogenization of
ischemic muscles of the different groups of mice in ice cold RIPA buffer
(pH=8) containing 50mM Tris-HCL, 150mM NaCl, 5 mM EDTA, 1%
Triton 100x, 0.5% sodium deoxycholate, 0.1% SDS with a cocktail of
proteases and phosphatases inhibitors (MiniComplete, PhosphoStop
and PMSF, Roche, Bâle, Switzerland). HUVECs were lysed with 50 μl of
RIPA lysis buffer per well in 6-well plates, harvested and sonicated.
50 μg of protein per muscle homogenate sample and 20 μg of protein
per cell lysate sample were separated on an SDS-polyacrylamide gel and
electroblotted on nitrocellulose membranes. Non-specific binding sites
were blocked with 5% skim milk powder in TBS-T (50mM Tris-HCL,
140mM NaCL, 0.05% Tween 20) for 1 h. The membranes were probed
overnight at 4 °C with the following antibodies: TRAF6 (1:1000, Cell
signaling Technology, Danvers, MA), TNFa (1:1000, phosphoTYR146-
SRC, Cell signaling Technology, Danvers, MA), or β-actin (1:2000,
Santa Cruz Biotechnology). Membranes were then washed three times
for 10min with TBS-T and incubated with secondary antibodies con-
jugated with HRP (1:2000) for 1 h and washed with TBS-T. Specific
proteins were detected by chemiluminescent reaction (GE Healthcare,
Piscataway, NJ) followed by exposure to Hyperfilm ECL (GE
Healthcare). Protein expression was quantified using ImageJ and the

results are expressed as density values normalized to the loading con-
trol (β-actin).

2.18. Statistical analysis

All results are mean ± SEM. Statistical significance was evaluated
by unpaired T test or ANOVA followed by a Newman Keuls post hoc
test. A value of p < 0.05 was interpreted to denote statistical sig-
nificance.

3. Results

3.1. Effect of hypercholesterolemic conditions on miR-146 expression

Next generation sequencing (NGS) was used to evaluate the ex-
pression of miRNAs in ischemic hindlimb muscles of hypercholester-
olemic ApoE-deficient (ApoE−/−) mice compared to normocholester-
olemic control mice. miRNAs with at least 1000 reads per million reads
mapped-(RPM) and modulated by 20% or more were included in the
analysis. Hypercholesterolemia was mainly associated with down-
regulation of miR expression in ischemic muscles (Supplemental Fig. 1).
Only 10 miRs were upregulated compared to 71 miRs that were
downregulated. Moreover, among the 10 upregulated miRs, 8 are not
expressed in humans and the other two were modulated by only
20–25%. Therefore we chose to focus on downregulated miRs. As seen
on Fig. 1A and Supplemental Fig. 1, miR-146b was highly expressed in
ischemic muscles and one of the most downregulated miRs in hy-
percholesterolemic conditions. By contrast, miR-146a was not sig-
nificantly modulated in hypercholesterolemic conditions (Fig. 1A).
miR-146b is expressed in mammals, including mice and humans. Using
qRT-PCR, we confirmed that the expression of miR-146b is significantly
impaired in the ischemic muscles of hypercholesterolemic ApoE−/−

mice (Fig. 1B). The expression of miR-146b is also significantly reduced
in human umbilical vein endothelial cells (HUVECs) exposed to oxLDL
(Fig. 1C and Supplemental Fig. 3A). Interestingly, miR-146 was pre-
viously found to modulate the inflammatory responses in endothelial
cells [7,11]. In the following experiments, we focused on characterizing
the role of miR-146b in the modulation of inflammation, angiogenesis
and neovascularization in atherosclerotic/hypercholesterolemic condi-
tions.

3.2. miR-146b rescues angiogenesis in endothelial cells exposed to oxLDL

To study the role of miR-146b in vitro, we performed gain- and loss-
of-function experiments by transfecting HUVECs with a miR-146b
mimic or an anti-miR-146b. Transfection efficiency was established to
be more than 80%, as assessed using a labelled miRNA mimic control
(data not shown). As seen on Fig. 2A and E, exposure to oxLDL reduces
tube formation in HUVECs. However, treatment with miR-146b sig-
nificantly improves tube formation in HUVECs exposed to oxLDL. In
addition, miR-146b rescues oxLDL-induced impairment of cell migra-
tion in HUVECs (Fig. 2B and F). On the other hand, similarly to oxLDL
exposure, inhibition of miR-146b in HUVECs leads to impaired tube
formation (Fig. 2A and E) and cellular migration (Fig. 2B and F).
miR146 is known to repress endothelial activation by inhibiting pro-
inflammatory pathways [7]. Here we found that in HUVECs that are
exposed to oxLDL, miR-146b treatment significantly reduces monocyte
adhesion (Fig. 2C and G) and oxidative stress levels (Fig. 2D and H). By
opposition, inhibition of miR-146b promotes monocyte adhesion and
oxidative stress in HUVECs (Fig. 2C–H).

3.3. miR-146b directly targets TRAF6 and inhibits oxLDL-induced TRAF6-
TNFa inflammatory pathway

miR-146a and miR-146b have previously been shown to target and
induce post-transcriptional repression of TNF receptor–associated
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factor 6 (TRAF6) [8]. We found that TRAF6 and TNFa are significantly
increased in the ischemic muscles of hypercholesterolemic ApoE−/−

mice compared to normocholesterolemic control mice (Fig. 3A). In
vitro, there is a rapid induction of TRAF6 and TNFa in HUVECs that are
exposed to oxLDL (Fig. 3B). Interestingly, inhibition of miR-146b in-
duces a similar increase in the expression of TRAF6 and TNFa in control
HUVECs not treated with oxLDL (Fig. 3C). On the other hand, treatment
with a miR-146b mimic can prevent the activation of TRAF6-TNFa in-
flammatory pathway in HUVECs exposed to oxLDL (Fig. 3D). Using
specific luciferase assays in HUVECS, we found that miR-146b directly
targets wild-type TRAF6, but not a TRAF6 construct where miR-146b
target site has been mutated (Fig. 4A and B). Our results also indicate
that the increase of TRAF6 expression following oxLDL exposure is at
least in part miR-146b dependent, since TRAF6 induction by oxLDL
(Fig. 4C, left panel) is not seen when miR-146b target site is mutated
(Fig. 4C, right panel). Finally, we found that inhibiting TRAF6 using a
siRNA reduces inflammation and improves endothelial cell migration
and tube formation in HUVECs that are treated with anti-miR-146b
(Supplemental Fig. 2). This confirms the role of TRAF6 in the mod-
ulation of EC function by miR-146b.

3.4. miR-146b treatment improves ischemia-induced neovascularization in
hypercholesterolemic conditions

We and others have previously shown that ischemia-induced

neovascularization and blood flow recuperation are impaired in hy-
percholesterolemic ApoE−/− mice [18,21]. To investigate the potential
beneficial effect of miR-146b in vivo, hindlimb ischemia was surgically-
induced in hypercholesterolemic ApoE−/− mice and blood flow per-
fusion was evaluated by Laser Doppler perfusion imaging (LDPI) studies
in mice treated intramuscularly with miR-146b mimic or a miR control
(Fig. 5 and Supplemental Fig. 3B). As shown on Fig. 5A and B, ApoE−/−

mice treated with miR-146b mimic showed a significant improvement
of blood flow recuperation at day 7 after surgery compared to those
treated with a scrambled miR mimic control (Doppler flow ratio (DFR)
0.42 ± 0.02 vs. 0.33 ± 0.03; p < 0.05). Clinically, this was corre-
lated with a reduction of ischemic damage in mice treated with miR-
146b mimic (Fig. 5C). A similar effect was also observed at the mi-
crovascular level where intramuscular treatment with miR-146b mimic
significantly increased vascular densities in the ischemic muscles of
ApoE−/− mice (Fig. 5D and E). Moreover, we found that the expression
of TRAF6 and TNFa were significantly reduced in the ischemic muscles
of ApoE−/− mice treated with miR-146b mimic (Fig. 5F).

3.5. Effect of miR-146b treatment on the number and the functional
activities of PACs in hypercholesterolemic conditions

PACs have been shown to reach ischemic sites where they can
contribute to the formation of new blood vessels [16]. However the
number and the functional activities of PACs are impaired in patients
with atherosclerotic conditions, including hypercholesterolemia [20].
Here we found that the number of bone marrow-derived PACs is sig-
nificantly increased in hypercholesterolemic ApoE−/− mice treated
with miR-146b (Fig. 6A and D). Moreover the functional activities of
PACs including proliferation (Fig. 6E), attachment to endothelial cells
(Fig. 6B and F) and integration into endothelial cell tubules (Fig. 6C and
G) were all improved in ApoE−/− mice treated with miR-146b mimic.

4. Discussion

To our knowledge, this is the first study demonstrating that hy-
percholesterolemia leads to reduced expression of an anti-inflammatory
microRNA (i.e. miR-146b) in the context of ischemia. It is also the first
documentation of the beneficial effect of microRNA therapy on
ischemia-induced neovascularization through targeting of in-
flammatory signals in atherosclerotic conditions. Inflammation has
been associated with classical risk factors such as hypercholesterolemia,
and it is also involved in the development of atherosclerotic vascular
diseases [1–3]. Recently it was shown that a specific anti-inflammatory
therapy (i.e. antibody targeted at interleukin-1 beta) can reduce re-
current cardiovascular events in patients with a previous myocardial
infarction [4]. However, whether anti-inflammatory treatments can
also modulate the physiological response to ischemia (e.g. neovascu-
larization) is currently unknown. Patients with atherosclerotic vascular
diseases present several conditions that have been shown to impair
ischemia-induced neovascularization [12]. Classical cardiovascular risk
factors, including hypercholesterolemia, are associated with oxidative
stress and inflammation [1–3]. These conditions can negatively mod-
ulate neovascularization, which could help explaining the lack of effi-
cacy of pro-angiogenic therapies in clinical trials, compared to the
positive results obtained in young and healthy animals [23]. Although
miRs have previously been shown to modulate angiogenesis and neo-
vascularization after ischemia [21], the present study is the first one
documenting the role of a miR targeting inflammation (and more spe-
cifically TRAF6-dependent inflammation) on blood flow recovery and
ischemia-induced neovascularization in an atherosclerotic context
(hypercholesterolemia). Our study shows that reduced expression of the
anti-inflammatory miR-146b contributes to impair neovascularization
in hypercholesterolemic conditions. It also suggests that targeting in-
flammation through forced expression of specific miRNAs could con-
stitute a novel therapeutic strategy to improve ischemia-induced

Fig. 1. Effect of hypercholesterolemic conditions on miR-146b expression.
(A) Relative expression of downregulated miRNAs (pool of 3 mice/group) in the
ischemic muscles of hypercholesterolemic ApoE knockout mice (HC) vs. nor-
mocholesterolemic control mice (NC) as assessed by next generation sequencing
(NGS). (B, C) Relative expression of miR-146b in ischemic muscles of NC and
HC mice (n = 3) (B) and in HUVECs exposed or not to 50 μg/ml oxLDL (C)
(n = 3) as quantified by real-time qPCR. CTL = controls. Data are
mean ± SEM. *p < 0.05 vs. CTL or NC.
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neovascularization in atherosclerotic conditions.
The miR-146 family of microRNAs consists of two member genes,

miR-146a and miR-146b. These two microRNAs are located on different
chromosomes and exhibit differential regulation in many cases [24].
Consistent with this, in the current study we found that miR-146b is

significantly reduced in the ischemic muscles of ApoE−/− mice,
whereas miR-146a is not modulated by hypercholesterolemia. This
finding confirms that miR-146 family members have specific regulation
and function that can vary depending on the conditions. Nonetheless,
miR-146a and miR-146b are nearly identical in sequence, sharing a

Fig. 2. Effect of oxLDL exposure and miR-146b modulation on endothelial cell function.
Evaluation of angiogenesis and cell migration in vitro using matrigel (A, E) and scratch (B, F) assays in HUVECs exposed or not to oxLDL (50 μg/ml) and treated or not
with a miR-146b mimic or anti-miR-146b. Monocyte adhesion to endothelial cells was assessed after co-culture of THP-1 and HUVECs for 1 h (C, G). Superoxide
anion generation in HUVECs was assessed using DHE staining (D, H). The control (CTL) and oxLDL groups were transfected with a scrambled miR control. Data are
mean ± SEM (n = 4). *p < 0.05 vs. CTL; #p < 0.05 vs. oxLDL.
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Fig. 3. miR-146b inhibits oxLDL-induced TRAF6-TNFa inflammatory pathway.
(A and B) Representative Western blots and quantitative analyses of TRAF6 inflammatory pathway in ischemic muscles of normocholesterolemic mice (NC) vs.
hypercholesterolemic mice (HC) (A, n = 5), and in HUVECs treated or not with oxLDL (B, n = 4). (C) HUVECs were transfected with anti-miR-146b or a scrambled
miR control (CTL). (D) HUVECs exposed to oxLDL were transfected with miR-146b mimic or a scrambled miR control (CTL). Data are mean ± SEM. *p < 0.05 vs.
CTL.
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Fig. 4. miR-146b directly targets TRAF6 in endothelial cells.
(A) Schematic representation of TRAF6 target site for miR-146b (TRAF6-wt) and mutated target site construct of TRAF6 (TRAF6-mut). (B and C) Relative luciferase
activity in HUVECs transfected with wt-TRAF6 or mut-TRAF6 constructs and treated or not with miR-146b mimic (B) or oxLDL (C). n = 4/group. Data are
mean ± SEM. *p < 0.05 vs. CTL.
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seed region, and are thus predicted to target the same set of genes
[8,24]. In the vascular system, miR-146a has been shown to blunt en-
dothelial activation through repression of the pro-inflammatory NF-kB
pathway [7]. Atheroprotective shear stress in ECs leads to increased
miR-146a levels, and overexpressing miR-146a inhibits neointima for-
mation after rat or mouse carotid artery injury [9]. Injection of miR-
146a mimic into atheroprone mice was also shown to reduce athero-
sclerosis [10]. Although less extensively studied compared to miR-
146a, miR-146b was recently shown to inhibit inflammatory responses
in ECs through selective targeting of IRAK1 and TRAF6 [11]. Our study
extends these previous findings and demonstrates that miR-146b is also
crucial for the physiological response to tissue ischemia in hypercho-
lesterolemic conditions. We found that the expression of miR-146b is
reduced both in endothelial cells exposed to oxLDL and in the ischemic
muscles of hypercholesterolemic ApoE−/− mice. Supplementation of
miR-146b with a miR mimic could restore the angiogenic properties of
endothelial cells exposed to oxLDL. More importantly, using a well
characterized model of hindlimb ischemia, we show that miR-146b

supplementation could have important therapeutic effects in ischemic
tissues. ApoE−/− mice treated with miR-146b demonstrated significant
improvement of blood flow recovery and reduced ischemic damage
compared to controls. At the microvascular level, this was associated
with increased capillary density in ischemic muscles of animals treated
with miR-146b. Previous studies have suggested that miR-146a can
promote the angiogenic activities of HUVECs in vitro [25–27]. However,
our study constitutes the first documentation of the angiogenic prop-
erties of a miR-146 family member in vivo. Moreover, it is the first
report focusing specifically on miR-146b angiogenic properties. We
used a mouse model of ischemia-induced neovascularization in hy-
percholesterolemic conditions. Whether miR146b is also involved in
the modulation of angiogenesis in other in vivo models such as tumor-
related angiogenesis is currently unknown. In addition, although the
current study focuses on endothelial cells, miR-146b can be expressed
in different cell types and part of the effect of miR-146b on neovascu-
larization could therefore be indirect through its action on other cell
types such as myocytes and inflammatory cells.

Fig. 5. Effect of miR-146b treatment on
ischemia-induced neovascularization in hy-
percholesterolemic ApoE knockout mice.
Quantification of blood flow recovery (Laser
Doppler, A and B), ischemic damage (C) and
capillary density (CD31 immunostaining, D
and E) assessed 7 days after hindlimb
ischemia in hypercholesterolemic mice
treated with miR-146b mimic or a scram-
bled miR mimic control (CTL). Arrows in-
dicate left ischemic hindlimb (A) and ca-
pillaries (D). (F) Representative Western
blots and quantitative analyses of TRAF6
and TNFa expression in the ischemic mus-
cles of the two groups of mice. Data are
mean ± SEM (n = 6–8/group). *p < 0.05
vs. CTL. Scale bar= 50 μm.
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The mechanism by which miR-146b modulates angiogenesis and
neovascularization after ischemia appears to involve TRAF6-TNFa in-
flammatory pathway. Both miR-146a and miR-146b are known to di-
rectly target TNF receptor–associated factor 6 (TRAF6) [8]. TRAF6 is an
E3 ubiquitin ligase that acts as a signal transducer and induces NF-
kappaB-dependent proinflammatory gene expression, including TNFa
[28]. Although anti-angiogenic effects of TRAF6 have been described in
vitro [29], its specific role for the modulation of ischemia-induced
neovascularization is unknown. Here we found that reduced miR-146b
levels correlate with increased expression of TRAF6 in the ischemic
muscles of hypercholesterolemic mice and in HUVECs exposed to
oxLDL. Using specific luciferase assays, we confirmed that TRAF6 is a
direct target of miR-146b in endothelial cells. Our results also indicate
that the modulation of TRAF6 expression following oxLDL exposure
depends on miR-146b, as it necessitates a bona fide miR-146b target
site within TRAF6. We found that increased levels of TRAF6 were also
associated with induction of TNFa in endothelial cells exposed to

oxLDL, which is consistent with previous results obtained in T cells
[28]. Moreover, inhibiting TRAF6 reduced inflammation and improved
angiogenesis in endothelial cells treated with anti-miR-146b, which
confirms the role of TRAF6 in the modulation of EC function by miR-
146b. Importantly, miR-146b treatment could reduce the expression of
the inflammatory factors TRAF6 and TNFa in vitro and in vivo, and this
was associated with improved angiogenesis and ischemia-induced
neovascularization. The effect of inflammation on postnatal neovascu-
larization is complex and context-dependent. Whereas inflammation
can contribute to initiate angiogenesis, excessive inflammation is as-
sociated with the inhibition of reparative vessel growth in the setting of
ischemia [30]. In particular, pro-inflammatory cytokines such IL-12 and
IL-18 display anti-angiogenic properties [31]. The endogenous inhibitor
of angiogenesis thrombospondin-1 (TSP-1) is also released during in-
flammatory processes. TSP-1 has been shown to limit the extent of
neovascularization through inhibition of MMP-9 and impaired release
of SDF-1 in a model of hindlimb ischemia [32]. TRAF6 has been shown

Fig. 6. Effect of miR-146b treatment on
PAC number and function.
Representative pictures and quantification
of PAC number (A, D), PAC (red) adhesion
to HUVECs (B and F), PAC (red) integration
into HUVEC tubules (matrigel assay, C and
G) and PAC proliferation (MTS assay, E) in
hypercholesterolemic ApoE knockout mice
treated with a miR-146b mimic or a
scrambled miR mimic control (CTL). Triple-
stained PACs (DAPI, BS-1 lectin-FITC, and
DiI-acLDL) are shown in (A). Data are
mean ± SEM (n = 5/group). *p < 0.05
vs. CTL.(For interpretation of the references
to colour in this figure legend, the reader is
referred to the Web version of this article.)
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to inhibit angiogenesis in vitro, potentially through reduction of VEGF
promoter activity and VEGF expression in endothelial cells [29]. Tumor
necrosis factor alpha (TNFa) is a multifunctional cytokine that is
thought to have bimodal opposing effects on angiogenesis depending on
its local concentration [33]. In the current study, hypercholesterolemia
and oxLDL exposure led to increased expression of TNFa, which cor-
related in vitro with endothelial cell inflammatory activation, ROS
production and impaired angiogenic activities. On the other hand, re-
duction of TNFa levels following treatment with miR-146b was asso-
ciated with improvement of angiogenesis in vitro and ischemia-induced
neovascularization in vivo, which is consistent with a previous study
demonstrating that inhibition of TNFa can improve physiological an-
giogenesis in ischemic retinopathy [34]. Globally, our results suggest
that reduced miR-146b expression in atherosclerotic conditions leads to
activation of TRAF6-TNFa inflammatory pathway, which contributes to
impair angiogenesis and ischemia-induced neovascularization.

The results of the present study suggest that PACs could also be
involved in the modulation of neovascularization by miR-146b. PACs
have been shown to reach ischemic tissues where they can improve
neovascularization either directly by incorporating into new vessels, or
more often indirectly through paracrine secretion of cytokines and
angiogenic growth factors [16]. The number and the functional activ-
ities of PACs are reduced in hypercholesterolemic patients with or
without apparent atherosclerotic diseases [20,35]. However, the spe-
cific mechanisms that are involved in the inhibition of PAC number and
function by hypercholesterolemia are not completely understood. Here
we found that treatment with miR-146b mimic following surgically-
induced hindlimb ischemia could improve the number and the func-
tional activities of PACs (proliferation, adhesion, integration into tu-
bules) in hypercholesterolemic ApoE−/- mice. miRNAs are increasingly
recognized as important regulators of stem and progenitor cells in the
cardiovascular system [36]. The stimulating effect of miR-146b on
PACs in the current study is consistent with previous reports demon-
strating the importance of miR-146 family members as guardians of the
quality and longevity of stem cells in mice [37] and for the angiogenic
function of endothelial progenitor cells [38]. Similarly to what was
found in mature endothelial cells, it is possible that TRAF6-TNFa in-
flammatory pathway is also involved in the modulation of bone
marrow-derived PACs by miR-146b. For instance, TNFa has previously
been shown to restrict hematopoietic stem cell activity in mice [39].
Moreover, overexpression of TRAF6 leads to hematopoietic stem cell
defects [40]. Therefore it is plausible that miR-146b improves PAC
functions by restraining the pro-inflammatory factors TRAF6 and TNFa,
an effect that could be impaired in atherosclerotic conditions such as
hypercholesterolemia. However, the precise mechanisms responsible
for the modulation of PAC functions following intramuscular injection
of miR-146b remain to be determined. miR-146b could recirculate and
directly affect PACs in the bone marrow or, alternatively, PACs could be
modulated indirectly due to systemic secretion of growth factors in
mice injected with miR-146b.

In conclusion, our study demonstrates for the first time that reduced
miR-146b expression contributes to impair angiogenesis and neo-
vascularization in hypercholesterolemic conditions. The mechanism
involves the activation of TRAF6-TNFa pro-inflammatory pathway,
leading to reduced angiogenic activities of mature endothelial cells and
PACs. Our results also suggest that forced expression of anti-in-
flammatory miR-146b using a miR mimic could represent a novel
therapeutic strategy to improve neovascularization in ischemic vascular
diseases.
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