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Abstract: Deregulation of phenotypic modulation in VSMCs is the initial stage of atherosclerosis, especially in dia-
betes. Functional deficiency of IRAK4 inhibits the formation of vascular lesions in ApoE-/- mice. Therefore, in this 
study, we examined the functions of IRAK4 in the regulation of VSMCs differentiation and phenotypic modulation 
at the levels of transcription and translation in T2D rats. The T2D rat model was generated by feeding a high-fat 
diet and injecting a low dose of streptozotocin intraperitoneally. VSMCs were isolated from the thoracic aortas 
of the T2D rats. VSMCs proliferation and migration were measured using water soluble tetrazolium salt-1 assay, 
5-ethynyl-29-deoxyuridine staining and migration assay. IRAK4 was knocked down by siRNA and inhibited by an 
IRAK1/4 inhibitor. The mRNAs and proteins of signal molecules and phenotypic markers were detected by qRT-PCR 
and western blotting. The results demonstrated that LPS significantly increased viability, cell migration rate and 
amount of DNA in VSMCs. The IRAK4 inhibitor also reduced LPS-mediated protein expression of myosin heavy chain 
and nuclear factor κB p65 subunit and increased smooth muscle 22α expression. Moreover, IRAK4 knock-down 
reduced the LPS-mediated expression of mRNAs for myosin heavy chain, nuclear factor κB p65 subunit, and mono-
cyte chemoattractant protein-1 (MCP-1), but increased the mRNA of smooth muscle 22α in VSMCs. The activation 
of IRAK4 phenotypically modulated VSMCs from differentiation to dedifferentiation. Inactivation of IRAK4 exerts a 
protective effect on VSMCs differentiation and inhibits inflammation. IRAK4 could therefore be a target for interven-
tions to prevent and treat the initial phase of atherosclerosis. 
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Introduction

Vascular smooth muscle cells (VSMCs) are 
highly differentiated and usually located in the 
arterial media. They control blood vessel tone 
and blood pressure through their contractility 
[1]. Unlike other differentiated cells, VSMCs 
can switch from a differentiated (also known as 
mature) to a dedifferentiated (also known as 
immature) state in response to vascular injury 
and disease [2]. Mature VSMCs are character-
ized by contractility, low rates of proliferation 
and migration, low extracellular matrix synthe-
sis activity, and high levels of differentiation 
marker gene expression [3]. On the contrary, 
immature VSMCs are characterized by synthet-
ic ability, higher rates of proliferation, migration 

and secretion of extracellular matrix, and high-
er expression of dedifferentiation marker genes 
[4]. 

Environmental stimuli can induce adverse phe-
notypic switching of VSMCs, which contribute to 
the development and progression of vascular 
diseases. Previous studies have demonstrated 
that phenotypic modulation of VSMCs is critical 
in major diseases, including atherosclerosis 
and hypertension [5-7]. Among these, athero-
sclerosis, which is responsible for major mor- 
tality worldwide, best illustrates the effects of 
phenotypic modulation of VSMCs. Atheroscle- 
rosis is the underlying cause of most myocardi-
al infarction, which is associated with the rup-
ture of atherosclerotic plaques [8-10]. Within 
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the atherosclerotic plaques, dedifferentiated 
VSMCs induces the expression of various 
matrix metalloproteinases and inflammatory 
mediators, such as monocyte chemoattractant 
protein-1 (MCP-1). The expression of these 
mediators along with those produced by macro-
phages can promote plaque rupture and throm-
bosis [11-13]. 

Phenotypic modulation of VSMCs can be con-
trolled by different environmental stimuli. Pre- 
vious studies have demonstrated that VSMCs 
stimulated by PDGF, lysophosphatidic acid, 
inorganic phosphate, proatherogenic oxidized 
phospholipids, and inflammatory cytokines 
such as IL-1β, underwent rapid phenotypic 
modulation from differentiation to dedifferenti-
ation [3, 14]. Moreover, studies have confirmed 
that pathways involving ERK, P38 MAPKs and 
Akt are also involved in these processes [14]. 
Recently, it has been demonstrated that lysine-
specific demethylase-1 and microRNA-125b 
tend to regulate the phenotypic modulation of 
VSMCs in diabetes [15, 16]. However, the rela-
tionship between interleukin-1 (IL-1) receptor-
associated kinase 4 (IRAK4) and the modula-
tion has not yet been investigated, neither in 
diabetic nor in non-diabetic individuals. 

In our previous study, we found greater vascu-
lar neointima formation in Goto-Kakizaki (GK) 
rats than in Wistar rats following the balloon 
injury [17]. Deregulation of the phenotypic mod-
ulation of VMSCs is the initial stage of athero-
sclerosis and neointima formation, especially 
in diabetes. To explore the molecular mecha-
nism and signaling pathways regulating the 
modulation in diabetes patients could help tar-
get the vascular complications. Direct genetic 
evidence indicates that a functional deficiency 
of IRAK4 inhibits the formation of vascular 
lesions in ApoE-deficient mice [18]. IRAK4 has 
the potential to regulate multiple aspects of 
vascular disease. In the present study, we 
explored the anti-atherosclerosis effects of 
IRAK4 via phenotypic modulation of VSMCs in 
type 2 diabetes (T2D) rats. 

Materials and methods 

Generation of T2D rat model

Four-week-old male Spraque-Dawley rats were 
purchased from the Xu Zhou Medical College 
Laboratory Animal Institution and fed with a 
high-fat diet (HFD; 58% fat, 25% protein, and 

17% carbohydrate, as a percentage of total 
kcal). The animals were provided by the Institute 
of Laboratory Animal of Xuzhou Medical College. 
The experimental protocols, especially the  
ethical animal care and use of animals, were 
approved by the Ethical Committee in Xuzhou 
Medical College. After two weeks of HFD feed-
ing, the rats were injected intraperitoneally with 
a low dose of streptozotocin (STZ; 35 mg/kg; 
Sigma, USA) [19, 20]. The control rats were also 
subjected to the same procedure without STZ. 
One week after the STZ injection, the rats with 
non-fasting plasma glucose ≥ 16.7 mmol/L 
were considered diabetic and were used for fur-
ther studies. 

VSMCs culture

VSMCs were harvested from the thoracic aor-
tas of the T2D rats using media explant tech-
nique. For experiments, VSMCs were used with 
passage numbers ranging from 3 to 5. They 
were maintained in Dulbecco’s modified Eagle 
medium (DMEM, Hyclone, USA) supplemented 
with 10% fetal bovine serum (FBS, Gibco, USA), 
100 U/mL penicillin, and 100 mg/mL strepto-
mycin. The VSMCs were serum-starved for 24 h 
before treatment or stimulation with reagents. 

VSMCs viability 

The effect of the IRAK1/4 inhibitor or LPS on 
VSMCs viability was determined by tetrazolium 
salt reduction method using the water-soluble 
tetrazolium salt-1 (WST-1) assay according to 
the manufacturer’s instructions. Briefly, 1×104 

cells were seeded in a 96-well plate in a final 
volume of 100 µL and cultured overnight. The 
cells were pretreated with IRAK1/4 inhibitor (1 
µM) for 1 h and then were stimulated with 10 
µg/mL LPS for 24 h. WST-1 (10 µL) was added 
and VSMCs were incubated for an additional 2 
h. The absorbance at 450 nm was taken as the 
measure of the number of living cells. All the 
treatments were performed in triplicates, and 
the experiment was repeated three times. 

Migration 

Cell migration was assayed using a modifica-
tion of the Boyden chamber method involving a 
polycarbonate filter (Corning, USA) with an 8.0 
µm diameter pore. Migration activity was 
expressed as the mean number of migrated 
cells in three different fields. 
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5-ethynyl-29-deoxyuridine (Edu) staining 

VSMCs were seeded in 6-well plates and stimu-
lated with LPS (10 µg/mL) in the presence or 
absence of IRAK1/4 inhibitor (1 µM) for 24 h. 
Each well was incubated with serum-free 
DMEM, supplemented with 50 µM EDU (Rui Bo 
Guangzhou Biotechnology Co. Ltd., China) for 2 
h. The cells were fixed with PBS, containing 4% 
paraformaldehyde, followed by washing with 2 
mg/mL glycine in double distilled water for 10 
min. They were permeabilized with 0.5% Triton 
X-100 in PBS for 10 min and washed with PBS 
for 5 min. Apollo reaction buffer, catalyst, fluo-
rescent dyes, and buffer additives were dis-
solved in deionized water and shaken to gener-
ate the staining solution. The sections were 
incubated for 30 min in the dark and then 
washed twice with PBS for 10 min. For DNA 
staining, the sections were stained with 500 µl 
1 X Hoechst33342 for 30 min in the dark. The 
wells were washed twice with PBS for 3 min 
and examined immediately under a fluores-
cence microscope (magnification 6400). All the 
procedures were carried out at room tempera-
ture. An Olympus BX51 microscope (Olympus, 
Japan) was used to detect EdU-positive cells. 

siRNA-IRAK4 transfection

Transfection of siRNA was performed accor- 
ding to the manufacturer’s instructions. Lipo- 
fectamine 2000 (Invitrogen, USA) was used as 
the transfection reagent. The following siRNA 
oligos (Genepharma, China) were used: IRAK4: 
sense GUGACAACCUGUGCUUAGUTT, and anti-
sense ACUAAGCACAGGUUGUCACTT. Cells gro- 
wn on 6-well plates were transfected for 
experiments. 

Enzyme-linked immunosorbent assay (ELISA) 

To measure the generation of MCP-1, VSMCs 
were treated with LPS (10 µg/mL) or IRAK1/4 
inhibitor for 24 h. The culture medium was col-
lected and centrifuged (6000 g, 5 min at 4°C) 
and the supernatants were frozen at -80°C 
pending analysis. MCP-1 activity was deter-
mined using a commercial ELISA kit (Rui Bo 
Guangzhou Biotechnology Co. Ltd., China) 
according to the manufacturer’s standard 
protocol.

Isolation of mRNA and quantitative real-time 
reverse-transcription polymerase chain (qRT-
PCR)

Following the treatments, mRNA was isolated 
from VSMCs cultures using a TRIzol reagent kit 

(Invitrogen, CA, USA). cDNAs were obtained 
using Script M-MLV (Tiangen Biochemical 
Technology, China). Real-time PCR was per-
formed using 2 × SuperRealPreMix (SYBR 
Green, Tiangen Biochemical Technology, China) 
and 50 × ROX Reference Dye on an ABI7500 
QPCR System. The PCR results were normal-
ized to the expression levels of β-actin prior to 
further analysis. Relative gene expression was 
quantified by the comparative CT method 
(2-ΔΔCT). Rat β-actin was used as the internal ref-
erence gene. Primer sequences for IRAK4 were 
5’-CCTGGCACATGAGATGCAAGATT-3’ (forward) 
and 5’-CGTGCAAGCCCAAAGTCAGATAT-3’ (re- 
verse); for nuclear factor κB (NF-κB) p65 5’- 
GAAGCAACAGCTCACGGAGGA-3’ (forward) and 
5’-TGTTCTGGAAGTTGAGGAAGGCC-3’ (reverse); 
for myosin heavy chain(MYH) 5’-GAAAGC- 
GATGGTCAACAAAGAT-3’ (forward) and 5’- 
ACACAGAAGAGTCCCGAGTAAG-3’ (reverse); for 
smooth muscle 22α (SM22α) 5’-GAGCGG-
CTAGTGGAGTGGATTG-3’ (forward) and 5’-AGGC- 
ACCTTCACTGGCTTGGAT-3’ (reverse); for MCP- 
1 5’-CTGTGCTGACCCCAATAAGGAAT-3’ (forward) 
and 5’-AGGTGGTTGTGGAAAAGAGAGTG-3’ (re- 
verse); and for β-actin 5’-CCCATCTATGAGGG- 
TTACGC-3’ (forward) and 5’-TTTAATGTCACGCA- 
CGATTTC-3’ (reverse). 

Western blotting

Western blotting was used to determine the 
levels of IRAK4, NF-κB p65, MYH, SM22α, and 
activation of p-IRAK4 and p-NF-κB p65 in 
VSMCs upon LPS (10 µg/mL, Sigma, USA) stim-
ulation. Cells were lysed in RIPA lysis buffer 
(Beyotime Institute of Biotechnology, China), 
and the protein content was determined using 
BCA protein assay reagent (Beyotime Institute 
of Biotechnology, China). Proteins (25 µg) were 
resolved by electrophoresis on 6% or 10% SDS-
polyacrylamide gels (SDS-PAGE) and trans-
ferred to polyvinylidene fluoride (PVDF) mem-
branes. The membranes wereblocked with 5% 
BSA andprobed with primary antibodies, includ-
ing anti-IRAK4 (Cell Signaling, USA), anti-NF-κB 
p65 (Santa Cruz, USA), anti-MYH (Santa Cruz, 
USA), anti-SM22α (Santa Cruz, USA), anti-p-
IRAK4 (Cell Signaling, USA), and anti-p-NF-κB 
p65 (Santa Cruz, USA). The membranes were 
incubated overnight at 4°C, washed in PBS-
0.1% Tween 20, and incubated with HRP-
conjugated secondary antibodies for 1 h at 
room temperature. After successive washes, 
the membranes were developed using an ECL 
kit. Mouse anti-β-actin was used as a loading 
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control. Protein expression levels were quanti-
fied as optical densities. 

Statistical analysis

The results are expressed as mean ± standard 
error of the mean (SEM). Statistical significance 
was estimated using one-way analysis of vari-
ance (ANOVA) for multiple comparisons, while a 
two-tailed Student’s t-test was used to com-
pare the data from only two groups. Differences 
were considered significant at P < 0.05.

Results

Effects of IRAK4 on LPS-induced proliferation 
and migration of VSMCs 

Serum-starved VSMCs were incubated with 10 
µg/mL LPS for 24 h or 6 h toassess the effect 
of IRAK4 on LPS-stimulated VSMCs viability or 
migration. Treatment with 10 µg/mL LPS result-
ed in increased proliferation and migration of 
VSMCs than unstimulated cells. However, inac-
tive IRAK4 resulted in significant (P < 0.01) 
decrease in LPS-stimulatedcell viability and 
migration (Figures 1 and 2). 

The levels of DNA synthesis were determined 
by EDU staining. Stimulation of VSMCs with 10 

µg/mL LPS resulted in a significant increase in 
DNAlevel; however, 1 µmol/L IRAK1/4 inhibitor 
significantly inhibited this increase (Figure 3). 

Effects of IRAK4 on LPS-stimulated VSMCs 
dedifferentiation 

We assessed specific VSMCs markers using 
western blotting to determine whether IRAK4 
influenced LPS-mediated phenotypic modula-
tion of VSMCs. The results demonstrated that 
IRAK1/4 inhibitor reduced LPS-mediated MYH 
protein expression but increased the expres-
sion of SM22α (Figure 4A and 4B). 

We also assessed specific VSMCs markers 
using qRT-PCR. The cells, transfected with siR-
NA-IRAK4 for 48 h, were treated with 10 µg/mL 
LPS for 24 h and then the mRNA expression of 
MYH and SM22α was examined. Transfection 
of siRNA-IRAK4 significantly inhibited the LPS-
mediated mRNA expression of the differentia-
tion marker, MYH, and promoted the dediffer-
entiation marker, SM22α (Figure 4C and 4D). 

Effects of IRAK4 in NF-κB activation

To study the role of IRAK4 in LPS-induced NF-κB 
activation, we assessed NF-κB activity using 
western blotting. The results demonstrated 
thatthe IRAK1/4 inhibitor reduced LPS-
mediated NF-κB protein expression (Figure 5A 
and 5B). 

We also assessed NF-κB activation using qRT-
PCR. VSMCs, transfected with siRNA-IRAK4 for 
48 h, were treated with 10 µg/mL LPS for 2 h 
and then the expression of IRAK4 and NF-κB 
mRNAs was examined. Transfection of siRNA-
IRAK4 partially inhibited the LPS-mediated 
expression of NF-κB Mrna (Figure 5C and 5D). 

Effect of IRAK4 on LPS-mediated MCP-1 ex-
pression 

We assessed the expression of MCP-1 mRNA 
using qRT-PCR. VSMCs, transfected with siR-
NA-IRAK4 for 48 h, were treated with 10 µg/mL 
LPS for 2 h and then the expression of MCP-1 
mRNA was examined. Transfection of siRNA-
IRAK4 partially inhibited the LPS-mediated 
expression of mRNA (Figure 6A). 

Analysis of ELISA results demonstrated that 
IRAK1/4 inhibitor reduced LPS-mediated 
MCP-1 expression (Figure 6B). 

Figure 1. Inhibitive effects of IRAK1/4 inhibitor on 
VSMCs viability induced by LPS. VSMCs were stim-
ulated by 10 µg/mL LPS for 24 h after IRAK1/4 (1 
µmol/L) inhibitor pretreated for 1 h. WST-1 assays 
were performed to measure cell viability. Dataiss-
hown as the mean ± SEM of 3 independent experi-
ments. **P < 0.01 compared with the control group; 
##P < 0.01 compared with the LPS group.
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Figure 2. Inhibitory effects of IRAK1/4 inhibitor on LPS-induced VSMC migration. After being incubated with 1 µM 
IRAK1/4 inhibitor for 1 h, VSMCs were stimulated with 10 µg/mL LPS. The VSMCs migration rate was determined 
by Transwell chamber. Bright-field images of randomly selected squares per group (×100). The cell migration rate 
of the control group was taken as 1. ***P < 0.001 compared with the control group; ###P < 0.001 compared with the 
LPS group; &&P < 0.01 compared with the LPS + IRAK1/4 inhibitor group. 

Figure 3. Inhibitory effects of IRAK1/4 inhibitor on LPS-induced VSMCs proliferation. VSMCs were pretreated with 
IRAK1/4 inhibitor (1 µmol/L) for 1 h before adding LPS (10 µg/mL). Each well was treated with 500 µL EdU (50 
mmol/mL) and incubated for 2 h. After incubation, whole-cell extracts were prepared, and detected by EdU assays 
described in Materials and Methods section. **P < 0.01 compared with the control group; ***P < 0.001 compared 
with the control group; ###P < 0.001 compared with the LPS group; &P < 0.05 compared with the LPS + IRAK1/4 
inhibitor group. 
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Discussion

VSMCs, constituents of the vascular wall, are 
usually located in the arterial media and sus-
tain a differentiated nonproliferative state. 

Stress or injury to arteries induces the VSMCs 
to migrate into the intimal layer of the arterial 
wall, where they switch from a differentiated to 
a dedifferentiated state with enhanced prolif-
eration and synthesis of extracellular matrix 

Figure 4. Effect of IRAK4 on the translation and transcription of LPS-mediated VSMCs specific markers. (1) VSMCs 
were pretreated with 1 µM IRAK1/4 inhibitor for 1 h followed by 24 h 10 µg/mL LPS stimulation. The cell lysates 
were analyzed by western blot analysis against anti-MYH and anti-SM22α (A and B). Data represented the mean ± 
SEM of triplicate samples from a single experiment, and the results were representative of three independent ex-
periments. *P < 0.05 compared with the control group; **P < 0.01 compared with the control group; #P < 0.05 com-
pared with the LPS group; ###P < 0.001 compared with the LPS group; &P < 0.05 compared with the LPS + IRAK1/4 
inhibitor group; &&P < 0.01 compared with the LPS + IRAK1/4 inhibitor group. (2) VSMCs were untransfected or 
transfected with siR-IRAK4 for 48 h, and then stimulated by LPS (10 µg/mL) for 2 h. Total RNA was subjected to RT-
PCR to measure the relative expression of MYH and SM22α (C and D). Data represents the mean ± SEM of triplicate 
samples from a single experiment, and the results are representative of three independent experiments. **P < 0.01 
compared with the control group; ***P < 0.001 compared with the control group; ###P < 0.001 compared with the LPS 
group; &P < 0.05 compared with the LPS + siR-IRAK4 group; &&P < 0.01 compared with the LPS + siR-IRAK4 group.
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Figure 5. Effect of IRAK4 kinase activity on the activation of NF-κB. (1) VSMCs were pretreated with 1 µM IRAK1/4 
inhibitor for 1 h, followed by 10 µg/mL LPS stimulation for 2 h. The cell lysates were analyzed by western blot analy-
sis against anti-IRAK4, anti-p-IRAK4, anti-NF-κB p65, and anti-p-NF-κB p65 (A and B). Data represents the mean ± 
SEM of triplicate samples from a single experiment, and the results are representative of three independent experi-
ments. ***P < 0.001 compared with the control group; #P < 0.05 compared with the LPS group; ##P < 0.01 compared 
with the LPS group; ###P < 0.001 compared with the LPS group. (2) VSMCs were untransfected or transfected with 
siR-IRAK4 for 48 h, and then stimulated by LPS (10 µg/mL) for 2 h. Total RNA was subjected to RT-PCR to measure 
the relative expression of IRAK4, NF-κB p65 (C and D). The expression of IRAK4 and NF-κB p65 normalized to β-actin 
expressionis demonstrated. Data represents the mean ± SEM of triplicate samples from a single experiment, and 
the results are representative of three independent experiments. *P < 0.05 compared with the control group; ***P < 
0.001 compared with the control group; #P < 0.05 compared with the LPS group; ##P < 0.01 compared with the LPS 
group; ###P < 0.001 compared with the LPS group; &&&P < 0.001 compared with the LPS + siR-IRAK4 group.
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Figure 6. Effect of IRAK4 on LPS-mediated MCP-1 expression. (1) VSMCs were untransfected or transfected with 
siR-IRAK4 for 48 h, and then stimulated by LPS (10 µg/mL) for 2 h. Total RNA was subjected to RT-PCR to measure 
the relative expression of MCP-1 (A). The expression of MCP-1 normalized to β-actin expressionis demonstrated. (2) 
VSMCs were pretreated by IRAK1/4 inhibitor for 1 h, and then stimulated by LPS (10 µg/mL) for 24 h. Cell culture 
medium was collected, centrifuged (6000 g, 5 min at 4°C) and supernatants were analyzed to determine MCP-1 
activity (B). Data represents the mean ± SEM of triplicate samples from a single experiment, and the results are 
representative of three independent experiments. *P < 0.05 compared with the control group; ***P < 0.001 com-
pared with the control group; #P < 0.05 compared with the LPS group; ##P < 0.01 compared with the LPS group; ###P 
< 0.001 compared with the LPS group; &&&P < 0.01 compared with the LPS + IRAK1/4 inhibitor group.

In our previous study, we also reported 
increased synthesis of DNA in the vascular neo-
intima in Goto-Kakizaki (GK) rats than in Wistar 
rats followingballoon injury [17]. Further, we 
demonstratedthat IRAK1/4 inhibitor inhibited 
neotintimal formation in Wistar rats following 
balloon injury [27]. Previousstudies have 
shownthat the mechanism of neointimal prolif-
eration is associated with migration, prolifera-
tion of VSMCs, and extracellular matrix forma-
tion [28]. We have shown that IRAK1/4 inhibitor 
decreased LPS-stimulatedcell proliferation and 
migration, there by demonstrating the potent 
reductive effect of IRAK4 on LPS-stimulated 
VSMCs proliferation and migration. 

Phenotypic modulation of VSMCs is character-
ized by the downregulation of differentiation 
marker genes and upregulation of genes 
involvedin inflammation, proliferation, and 
extracellular matrix [29]. MYH is a phenotypic 
marker of dedifferentiated proliferative VSMCs, 
whereas SM22α is a marker of differentiated 
contractile VSMCs [30]. IRAK1/4 inhibitor 
increased the level of MYH protein, but 
decreased the protein level of SM22α under 
LPS stimulation. Further, we knocked down 

proteins. In the dedifferentiated state, a con-
comitant downregulation of VSMCs-specific dif-
ferentiation markersoccurs [7].

In T2D, vascular complications, such as cardio-
vascular disease are the main causes of high 
morbidity and mortality [21]. Cardiovascular 
diseasesare caused by atherosclerosis and  
are usuallyaccelerated by diabetes [22]. 
Atherosclerosis is the underlying cause for 
most of themyocardial infarctions, which are 
associated with the rupture of atherosclerotic 
plaques [8, 9]. Previousstudies have confirm- 
ed that the development of atherosclerotic 
plaques is associated with an inflammatory 
reaction at the site of injury, migration, and pro-
liferation of VSMCs, extracellular matrix forma-
tion, insulin resistance and hyperglycemia [9, 
23-26]. These processesare related to the phe-
notypic switching of VSMCs from differentiation 
to dedifferentiation, which is characterized by 
markedly increased proliferation, migration, 
and synthesis of extracellular matrix compo-
nents [3]. In other words, the phenotypic modu-
lation of VSMCs plays a vital role in the develop-
ment of atherosclerosis. 
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IRAK4 with siRNA, which was accompanied by 
changes in the VSMCs-specific markers MYH 
and SM22α. Our study results, which were con-
sistent with the results of western blotting, 
demonstrated that downregulation of IRAK4 
inhibited LPS-mediated VSMCs dedifferen- 
tiation. 

Atherosclerosis is an immunoinflammatory dis-
ease [31, 32]. Innate immunity is a first-line 
defense against a causative organism. 
Stimulation of the innate immune system by 
TLRs activates the acquired immune system by 
inducing theproduction of proinflammatory 
cytokines [33]. The IL-1R-TLR super family plays 
key roles in immune responses [34]. IRAK4, a 
member of the IRAK family, is critical in Toll-like 
receptor mediated innate immune responses, 
which ischaracterized by the up regulation of 
inflammatory genes expresionin multiple target 
cells [33]. Previous studies have clearly demon-
strated a link between innate immunity and 
atherosclerosis [31, 32]. Direct genetic evi-
dence indicated that functional deficiency of 
IRAK4 inhibited the formation of vascular 
lesions in ApoE-deficient mice [18]. Further- 

kine (C-C motif) ligand 2 (CCL2), has been 
found to be critical in insulin resistance and 
recruitment of macrophages and monocytes 
into atherosclerotic tissue and other chronic 
inflammatory lesions [38, 39]. It is abundantly 
produced in various inflammatory diseases, 
such as atherosclerosis and diabetes and plays 
an essential role in atherosclerosis and neointi-
mal hyperplasia [40]. Recent studies have dem-
onstratedthat MCP-1 promotes VSMCs migra-
tion and proliferation [41]. NF-κB is a crucial 
regulator of MCP-1 gene expression [42]. In 
T2D rat model, IRAK1/4 inhibitor decreased 
the secretion of MCP-1. Further, we knocked 
down IRAK4 with siRNA, which was accompa-
nied by the decreasein MCP-1 expression. 
Downregulation of MCP-1 is associatedwith the 
inhibition of macrophage recruitment into early 
lesions and phenotypic modulation of VSMCs. 

Conclusion

Our results have shown that IRAK4 is a potent 
regulator of VSMCs phenotype and can  
potentially regulate multiple aspects of VSMCs 
biology, including proliferation and migration, 

Figure 7. Proposed model for phenotypic modulation of VSMCs. Under 
LPS stimulation, the activation of IRAK4 promotes VSMCs phenotypic 
modulation from contractile type to synthetic type, which is character-
ized by markedly increased proliferation, migration, and secretion of 
inflammatory cytokine, MCP-1. MCP-1 can promote VSMCs migration 
and proliferation. NF-κB is a crucial regulatory factor of MCP-1 gene 
expression. IRAK4 is knockdown by siRNA and inhibited by IRAK1/4 
inhibitor, which isaccompanied by the downregulation of NF-κB activ-
ity, phenotypic modulation from synthetic type to contractile type, and 
decrease in MCP-1 expression. These findings indicated that IL-1R-
TLR participate inthe VSMCs phenotype modulation and downregula-
tion of IRAK4, which inhibits LPS-mediated VSMCs dedifferentiation.

more, inactivation of IRAK4 kinase 
did not completely abolish NF-κB 
activation, but reduced the stability 
of LPS-mediated mRNAs, there-
bydecreasing the production of  
cytokine and chemokine [13]. We 
have shownthat IRAK1/4 inhibitor 
decreased LPS-mediated NF-κB 
activation. Moreover, we knocked 
down IRAK4 with siRNA, which was 
accompanied by the downregulation 
of NF-κB activity. Taken together, 
these findings indicated that IL-1R-
TLR is involved in the phenotypic 
modulation of VSMCs in T2D rats. 

The pathophysiological mechanism 
of atherosclerosis includes an 
inflammatory process and VSMCs 
proliferation [35]. While VSMCs pro-
liferation is crucial for the formation 
of atherosclerotic plaques, plaque 
disruption is associated with the 
inflammatory process. Previous 
studies have demonstrated that rup-
ture of atheromatous plaque occurs 
inhighly inflamed regions, where 
macrophages areaccumulated [36, 
37]. MCP-1, also known as chemo-
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inflammation, and decreases morbidity and 
mortality associated with cardiovascular dis-
eases. Our findings provide insights into a new 
class of intracellular receptor responsible  
for VSMCs differentiation and suggested that 
enhancement of IRAK4 expression could be a 
potential therapeutic approach foraltering the 
course of atherosclerosis. Further, our results 
also demonstratedthat inactivation of IRAK4 
kinase decreases the expression of MCP-1, an 
anti-inflammatory molecule associated with-
plaque rupture (Figure 7). Therefore, IRAK4 
could be a potential preventionand treatment 
of atherosclerosis. 

Collectively, our findings suggested that inacti-
vation of IRAK4 promotes the conversion of 
LPS-stimulated VSMCs phenotype from dedif-
ferentiation to differentiation. We confirm the 
findings in two levels of transcription and trans-
lation. Our study provided a new rationale for 
understanding the mechanisms of VSMCs phe-
notypic modulation involved in the progression 
of atherosclerosis in T2D.
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