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Abstract: Backgroud: Toll-like receptor 4 (TLR4), a key mediator of inflammatory responses, which is associated 
with vascular remodeling. The association between TLR4 and NOD-like receptor family pyrin domain-containing 
3 (NLRP3) inflammasome in the regulation of vascular smooth muscle cell (VSMC) proliferation remains unclear. 
This study was to explore the role and underlying mechanisms of TLR4 in the proliferation of VSMC in hyperten-
sion. Methods: VSMC proliferation after TLR4 overexpression or downregulation was determined by CCK-8, EdU 
Incorporation and colony formation assays. Western blots were carried out to investigate the expression of TLR4 
and NLRP3 inflammasome components in VSMCs. Next, blood pressure measurements and Hematoxylin and Eosin 
(HE) staining assays were performed in spontaneously hypertensive rats (SHR). Media thickness (M) and diameter 
lumen (L) were measured as indicators of vascular remodeling. The expression of TLR4, PCNA and NLRP3 inflam-
masome complex was analyzed by Western blots in the aorta of SHR. Results: We showed that TLR4 overexpression 
with cDNA enhanced, while knockdown of TLR4 with shRNA inhibited Ang II-induced VSMC proliferation. Besides, 
TLR4 overexpression upregulated the proteion expression of the NLRP3 inflammasome components including 
NLRP3, ASC and caspase-1, whereas their corresponding levels of expression were observed to decrease in TLR4 
shRNA-transfected VSMCs. Knockdown of TLR4 attenuated vascular remodeling, blood pressure (BP) and the levels 
of NLRP3, ASC, caspase-1, IL-1β and IL-18 in SHR aortas. Conclusion: This study revealed that TLR4 regulated Ang II-
induced VSMC proliferation through modulating the NLRP3 inflammasome. Knockdown of TLR4 attenuated the BP 
and vascular remodeling by inhibiting the expression of the NLRP3 inflammasome component in SHR. Our results 
support that TLR4 regulates VSMC proliferation in hypertension via triggering the NLRP3 inflammasome.
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Introduction

Hypertension is a major risk factor in cardio- 
vascular events such as atherosclerosis and 
myocardial infarction [1]. An excessive inflam-
matory response is critical to vascular smooth 
muscle cell (VSMC) proliferation, which is wide-
ly known for determining vascular remodeling 
and stiffening in the initiation and progression 
of hypertension [2, 3]. Increasing evidence sug-
gests that chronic low-grade vascular inflam-
mation contributes to VSMC proliferation in hy- 
pertension [4, 5].

The NOD-like receptor family pyrin domain-con-
taining 3 (NLRP3) inflammasome is a cytosolic 
complex thant is involved in inflammatory res- 

ponses and is comprised of NLRP3, apoptosis-
associated Speck-like Protein (ASC) and Pro-
caspase-1 [6]. The integration featured by the 
inflammasome results in the eventual activa-
tion of pro-caspase-1 on active caspase-1 [7]. 
Furthermore, activated caspase-1 processes 
pro-interleukin (IL)-1β and pro-interleukin (IL)-
18 into mature IL-1β and IL-18, respectively, 
triggering an inflammatory response [8]. The 
promotion of IL-1β and IL-18 occurs to hyper- 
tension, serving as potential mediators of vas-
cular inflammation [9]. Angiotensin II (Ang II), 
another important proinflammatory cytokine 
involved in the pathogenesis of hypertension 
[10, 11], is widely used to induce hypertension 
and vascular remodeling [12, 13].



TLR4 regulates hypertension via NLRP3 inflammasome

315 Am J Transl Res 2021;13(1):314-325

Toll-like receptor 4 (TLR4), a member of the  
toll-like receptor (TLR) family, attached to the 
interleukin receptor superfamily, which exerts 
an indispensable role in the activation of in- 
nate inflammatory responses [14]. Mounting 
evidence suggests that TLR4-mediated inflam-
matory reactions embrace relevance to cardio-
vascular diseases, including diabetic cardiomy-
opathy, atherosclerosis and hypertension [15, 
16]. Previous studies have also reported that 
activation of the NLRP3 inflammasome requir- 
es TLR4 stimulation and thus facilitates the 
secretion of the inflammatory cytokines [17, 
18]. Excessive proliferation of VSMCs is induc- 
ed by various cytokines, such as angiotensin II 
and platelet-derived growth factors [19]. It has 
been established that Ang II is binds to Ang II 
type 1 receptor (AT1R) and consequently pro-
motes VSMC proliferation [20]. Clinical and ex- 
periment studies report that inhibition of Ang II 
generation is an important strategy for the 
treatment of hypertension [21]. Therefore, Ang 
II is widely used as a model of VSMC prolifera-
tion and vascular remodeling.

However, whether TLR4 plays an important role 
in VSMC proliferation and vascular remodeling 
through the regulation of the NLRP3 inflamma-
some leading to hypertension remains unclear. 
To assess this mechanism, we first evaluated 
the role of TLR4 in Ang II-induced VSMC prolif-
eration, and eamined the relationship between 
TLR4 and the NLRP3 inflammasome in VSMCs. 
Next, the effect of TLR4 inhibition on vascular 
remodeling was evaluated in SHR.

Materials and methods

Experimental animals

The spontaneous hypertensive rats (SHR) of  
13 weeks, together with those normotensive 
Wistar-Kyoto (WKY) rats in age match as at- 
tained out of Vital River Laboratory Animal Te- 
chnology Co., Ltd. (Beijing, China). The animals 
were maintained on the condition of room  
temperature with a 12-hour light-dark cycle. 
With food and water available in random. The 
rats were given one week to acclimatize to  
environments. The approval of experimental 
procedures was from the Animal Care and  
Use Committee of China Medical University. 
The experiment was performed according to 
the Care and Use of Laboratory Animals guide 
under the publishment of the US National 

Institutes of Health (NIH Publication, 2011). At 
the end of the experiment, aortic tissues were 
collected for histopathology and Western blots 
analysis.

Cell culture 

VSMCs were separated and cultured from the 
thoracic aorta of mice, as previously described 
in detail [22]. VSMCs were cultured in Dulbec- 
co’s modified Eagle’s medium (DMEM) based 
on 10% fetal bovine serum (FBS, Scientific, 
Noble Park, Australia), penicillin (100 units/ml) 
as well asstreptomycin (100 mg/ml) on the  
condition of 37°C in a 5% CO2 humidified in- 
cubator. Then, the medium was replaced with 
serum free medium (SFM) containing DMSO 
(1:1000) and MCC950 (50 nM, cat. PZ0276; 
Sigma-Aldric) for 24 h [23]. 

Overexpression of TLR4 in VSMCs 

In order to perform the transient overexpres-
sion of TLR4, the corresponding cDNA from  
the pCMV6-AC-GFP-TLR4-cDNA plasmid was 
cloned using an iScript cDNA Synthesis Kit 
(TaKaRa, Kusatsu, Shiga, Japan); the plasmid 
sequence was verified via sequencing. VSMCs 
were seeded into the plates of 24 wells and 
then infected with the TLR4 overexpression 
plasmid in virtue of Lipofectamine 2000 (Invi- 
trogen, Carlsbad, CA), in accordance with the 
directions from the manufacturer. In regard to 
the Ang II-induced inflammation model, VSMCs 
transfected with TLR4 cDNA were treated with 
Ang II (100 nM) for 48 h to establish an inflam-
mation model, as previously reported [12]. 

Knockdown of TLR4 in VSMCs and rats

A small short hairpin RNA (shRNA) that specifi-
cally targets TLR4 was commercially construct-
ed by Kangchen Biological Engineering & Tech- 
nology Co., Ltd. (Shanghai, China). The VSMCs 
were infected with lentiviral particles that were 
packed with pGFP-V-RS-TLR-4-shRNA (5’-CCG- 
GCCGCTGGTGTATCTTTGAATACTCGAGTATT- 
CAAAGATACACCAGCGGTTTTTG-3’). For in vitro 
studies, VSMCs were transfected with TLR4 
shRNA for 24 h in vitro and were then treated 
with Ang II (100 nM) or PBS for 48 hours. For in 
vivo studies, 13-week-old WKY and SHR were 
subjected to intravenous injection of lentivirus 
packaged TLR4 shRNA plasmid with a concen-
tration of 2 × 109 TU/mL [24]. The scrambled 
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lentivirus plasmid was prepared as the nega-
tive control. After 4 weeks of lentivirus induc-
tion, the experiments were carried out.

CCK-8 assay

Cell counting kit-8 assays (CCK-8, KGA317, 
KeyGen Biotech, Shanghai, China) were used  
to evaluate VSMC proliferation according to  
the manufacturer’s instructions. CCK-8 rea- 
gent (10 μL) was added to each well and was 
incubated for 2 hours at 37°C. Optical absor-
bance was monitored at a wavelength of 450 
nm (BioTek Instruments, Winooski, VT, USA). 
The viability of VSMCs was calculated as the 
experimental OD value/control OD value.

Colony formation assay

VSMCs were seeded into 6-well plates (500 
cells per well) after transfection. For colony for-
mation assay, the cells were incubated for 10 
days. Then, the colonies were fixed and stained 
with staining solution containing 0.05% crystal 
violet, 1% formaldehyde, and 10% methanol 
buffered with PBS. Images were taken by cam-
era, and the process was performed in tripli- 
cate.

EdU incorporation assay

To quantify EdU incorporation, EdU reagent 
(Invitrogen) was added to the culture medium 
during the 18 hours of cell culturing. VSMCs 
were stained using a CLICK-iT assay according 
to the manufacturer’s protocol. EdU-positive 
cells were calculated and standardized with  
the total number of Hoechst 33342-stained 
cells.

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of IL-1β and IL-18 were 
measured using the IL-1β ELISA kit (cat. CSB-
E04563h, ExCell Biology, Shanghai, China)  
and IL-18 ELISA kit (cat. CSB-E04563h, R&D, 
Minneapolis, MN, USA) according to the manu-
facturer’s instructions. The data (pg protein) 
were normalized to mg of total protein. 

Blood pressure measurements

Blood pressure (BP) was monitored using the 
noninvasive tail-cuff method (ADInstruments, 
New South Wales, Australia) as per recommen-
dation of the American Heart Association. The 

measurement to systolic blood pressure (SBP) 
and the mean arterial pressure (MAP) were 
measured at 9 AM to avoid diurnal variation.

Hematoxylin and Eosin (HE) staining

Aorta tissues were fixed with 4% formalin and 
embeded with paraffin. 5 μm sections were 
prepared and stained with hematoxylin and 
eosin (HE) to discern their morphology. Images 
were acquired in virtue of a light microscope 
(Olympus, Tokyo, Japan). The media thickness, 
lumen diameter as well as ratio between the 
two were used as indexes for vascular remo- 
deling.

Western blots analysis

Proteins were extracted using the RIPA lysis 
buffer (cat. KGP245, Beyotime Biotechnology, 
Shanghai, China). The protein concentration 
was determined by utilizing the BCA protein 
Assay Kit (Pierce, Appleton, WI, USA) according 
to the manufacturer’s protocol. Protein sam-
ples (40 μg) were separated by SDS-PAGE, and 
transferred to PVDF membranes (Millipore, Bil- 
lerica, MA, USA). The membranes were probed 
with 5% non-fat milk overnight at 4°C in TBST 
buffer, which were incubated with primary anti-
bodies: TLR4 (cat. ab223588; 1:1200; Abcam, 
US), ASC (cat. ab223588; 1:500; Abcam, US), 
caspase-1 (cat. ab223588; 1:500; Abcam, US), 
NLRP3 (cat. MAB7578; 1:2000; Santa Cruz, 
CA, USA), GAPDH (cat. SC-25774; 1:5000; 
Santa Cruz, CA, USA), IL-1β (cat. SC-7864; 
1:500; Santa Cruz, CA, USA) and IL-18 (cat. 
SC-656; 1:2000; Santa Cruz, CA, USA). The 
membranes were washed with TBST and incu-
bated secondary antibodies for 2 hours. These 
results were normalized to GAPDH levels, and 
the bands were visualized using an enhanced 
chemiluminescence (ECL) kit (Future Biotech, 
China). The intensities of the protein bands 
were quantified using the Gel Doc 2000 image 
system.

Statistical analysis 

Values were presented as mean ± standard 
error of the mean (SEM). Statistical analyses 
were performed in virtue of two-way analysis  
of variance (ANOVA) and followed the Multiple 
Comparison Test. P<0.05 was considered to  
be statistically significant.
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Results

TLR4 shRNA attenuated Ang II-induced VSMC 
proliferation

To determine the role of TLR4 in VSMC pro- 
liferation, CCK-8 and EdU incorporation assay 
were carried out to assess the number of cells. 
According to the CCK-8 assay, VSMC prolifera-
tion was observed to be inhibited by TLR4 
knockdown with shRNA (Figure 1A). Further- 
more, an EdU incorporation assay was em- 
ployed to detect DNA synthesis in VSMCs. 

Accordingly, TLR4 shRNA was found to reduce 
the number of EdU-positive cells during Ang 
II-induced VSMC proliferation (Figure 1B, 1C). 
The above findings demonstrated that TLR4 
shRNA prevented the increase in proliferation 
capacity among Ang II-treated VSMCs. 

TLR4 shRNA decreased the expression of the 
NLRP3 inflammasome in VSMCs

The NLRP3 inflammasome is a multiprotein 
complex consisting of NLRP3, ASC and cas-
pase-1 [25]. In order to understand how TLR4 

Figure 1. Effect of TLR4 cDNA or shRNA on Ang II-induced VSMC proliferation. A. Cell viability was detected by CCK-
8 assay in VSMCs transfected with TLR4 cDNA or shRNA. B. Representative images showing EdU-positive cells 
measured with an EdU incorporation assay. Blue fluorescence indicateds cell nuclei and red fluorescence indicates 
cells undergoing DNA synthesis. C. Bar graph showing the percentage of Edu positive cells. D. Cell colony forming 
capabilities of transfected VSMCs with TLR4 cDNA were determined by colony forming assays. E. Bar graph showing 
the number of cell clones. Values are the mean ± SEM (n=6; *P<0.05 vs PBS; #P<0.05 vs control; +P<0.05 vs TLR4 
cDNA).
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mediates NLRP3 component expression in Ang 
II-induced VSMCs, the protein levels of TLR4 
and NLRP3 components were evaluated in 
VSMCs transfected with shRNA. TLR4 shRNA 
was found to downregulate the protein level of 
TLR4 in Ang II-induced VSMCs (Figure 2). In 
addition, the levels of NLRP3, ASC and cas-
pase-1 were downregulated following TLR4 
shRNA transfection (Figure 2). These results 
implied that TLR4 is association with the mo- 
dulation of NLRP3 components in Ang II-indu- 
ced VSMCs.

TLR4 cDNA promoted Ang II-induced VSMC 
proliferation

In view of the data obtained from the CCK-8 
assay, TLR4 cDNA transfection was observed 
to aggravate Ang II-induced VSMC prolifera- 
tion (Figure 1A), which was further confirmed 
by colony formation assay (Figure 1D, 1E). The 
small molecule MCC950 is known to be a 
potent and selective inhibitor of NLRP3 [26].  

MCs transfected with TLR4 cDNA were also in- 
vestigated. TLR4 cDNA transfection was found 
to increase the protein expression of TLR4 in 
both PBS-treated and Ang II-induced VSMCs 
(Figure 3), confirming the efficiency of VSMC 
transfection with TLR4 cDNA. Meanwhile, pro-
tein levels of NLRP3, ASC and caspase-1 were 
upregulated in Ang II-induced VSMCs transfect-
ed with TLR4 cDNA (Figure 3). All correspond-
ing data demonstrated that TLR4 cDNA trans-
fection upregulated protein levels of the NL- 
RP3 inflammasome in Ang II-induced VSMCs.

TLR4 shRNA attenuated blood pressure in 
SHR

VSMC proliferation plays a key role in hyper- 
tension development [28]. Here, TLR4 shRNA 
was shown to inhibit Ang II-induced VSMC pro-
liferation, which is implicated in the pathogen-
esis of hypertension. The SHR model was ori- 
ginally derived from the normal WKY strain. 
Hence, WKY served as a normal control group 

Figure 2. Protein expression of the NLRP3 inflammasome in Ang II-induced 
VSMCs transfected with TLR4 shRNA. A. Western blots analysis was per-
formed to measure the protein expression of TLR4, NLRP3, ASC and cas-
pase-1. B. Bar graphs showing the expression of TLR4, NLRP3, ASC and cas-
pase-1. Values are mean ± SEM (n=6; *P<0.05 vs PBS; #P<0.05 vs control). 

To further determine whether 
VSMC proliferation is depen-
dent on NLRP3 activation, the 
formation assay was carried 
out to detect cell growth in 
VSMCs with MCC950 treat-
ment after TLR4 cDNA trans-
fection. The acquired data 
demonstrated that MCC950 
inhibited the proliferation of 
VSMCs with TLR4 cDNA trans-
fection, consistent with previ-
ous results (Figure 1D, 1E) 
[27]. Hence, this study puts 
forward that the activation  
of the NLRP3 inflammasome 
was involved in TLR4 cDNA-
induced VSMC proliferation. 
Additionaly, treatment with 
MCC950 may effectively ag- 
ainst the cell growth of VS- 
MCs by inhibiting inflamma- 
tion.

TLR4 cDNA increased the ex-
pression of the NLRP3 inflam-
masome in VSMCs

The protein expression of 
TLR4 and NLRP3 inflamma-
some components in PBS-
treated or Ang II-induced VS- 
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for SHR. Furthermore, the downregulation of 
TLR4 conferred no significant effects on sys- 
tolic blood pressure (SBP) and mean arterial 
pressure (MAP) in WKY. However, TLR4 shRNA 
caused a constant decline on blood pressure 
(BP) in SHR (Figure 4A).

TLR4 shRNA attenuated vascular remodeling 
in SHR

HE staining and Western blots were performed 
to evalutate the effects of TLR4 shRNA on vas-
cular remodeling in SHR. Knockdown of TLR4 
had no significant effect on media thickness 
and the protein expression of PCNA in WKY. 
VSMC proliferation was inhibited by TLR4 
knockdown, as the evidence of the decreased 
PCNA protein level (Figure 5A). In addition, the 
media thickness (M), lumen diameter (L) and 
their ratio to artery were used as the indexes  
of vascular remodeling in rats. Specifically, 
intervention with TLR4 shRNA reduced M and 
M/L in the aorta of SHR (Figure 4B).

TLR4 shRNA inhibited the NLRP3 inflamma-
some in SHR

To confirm the above findings, TLR4 was ge- 
netically silenced with recombinant lentiviral 

shRNA in WKY and SHR. The levels of the 
NLRP3 inflammasome and subsequent inflam-
matory cytokine secretions were assessed us- 
ing Western blots and ELISA analysis. After 
TLR4 silencing, no significant changes in the 
expression of the NLRP3 inflammasome com-
ponents in WKY (Figure 5A). When SHR were 
treated with TLR4 shRNA, the protein levels of 
NLRP3, ASC, caspase-1, IL-1β and IL-18 were 
dramatically decreased compared with that of 
the control and scrambled shRNA-treated SHR 
(Figure 5B). Furthermore, ELISA assay reveal- 
ed that TLR4 shRNA treatment significantly 
inhibited serum IL-1β levels (Figure 5C).

Discussion

As far as we know, inflammatory cell intrusion 
into destroyed tissues is followed by the in- 
creased production of inflammatory cytokines. 
triggering vascular remodeling disorders such 
as transplantation arteriopathy, diabetic vas- 
cular complications, hypertension, atheroscle-
rosis and vascular restenosis [29, 30]. Toll-like 
receptor family, especially TLR4, dissociates 
from its inhibitory protein, IκBα, and is trans-
mitted into the nucleus, where it promotes the 
secretion out of pro-inflammatory cytokines 
[31]. TLR4 motivates pro-inflammatory signal-

Figure 3. Protein expression of the NLRP3 inflammasome in Ang II-induced VSMCs transfected with TLR4 cDNA. A. 
Western blots analysis was performed to measure the protein expression of TLR4, NLRP3, ASC and caspase-1. B. 
Bar graphs showing the expression of TLR4 NLRP3, ASC and caspase-1. Values are mean ± SEM (n=6; *P<0.05 vs 
PBS; #P<0.05 vs control).
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ing cascades, leading to the activation of pro-
tein kinase B (Akt or PKB) [32, 33]. The positive 
feedback regulation involved in the prolifera-
tion of VSMCs has been shown to be mediated 
by the TLR4/Akt signaling pathway [34]. The 
mechanistic target of rapamycin (mTOR) is criti-
cal in TLR4 signaling, playing roles in cell prolif-
eration and immune regulation. Studies have 
shown that vascular levels of NLRP3 inflamma-
some components is elevated in hypertension 
[35, 36]. Moreover, previous studies have inl-
lustrated that inhibition of TLR4 significantly 
downregulates the activation of the NLRP3 as 
well as inhibiting the secretion of mature IL-1β 

and IL-18 [37]. This study preliminarily probed 
that TLR4 regulates VSMC proliferation through 
modulation of the NLRP3 inflammasome both 
in vitro and in vivo. 

Ang II binds to Ang II type I receptor (AT1R), pro-
moting VSMC proliferation [38]. Earlier studies 
have show that Ang II induces VSMC prolifera-
tion and vascular remodeling in a hypertension 
model [39]. Hernanz et al demonstrated that 
up-regulation of TLR4 by Ang II participates in 
the pathogenesis of hypertension by affecting 
the structure and the mechanical properties of 
the vasculature by mechanisms likely to involve 

Figure 4. Effects of shTLR4 on blood pressure and vascular remodeling of the aortas of WKY and SHR. A. Systolic 
blood pressure (SBP) and mean arterial pressure (MAP). B. Representative transverse section images of aorta with 
hematoxylin eosin staining. C. Media thickness (M), Lumen diameter (L) and the ratio of M to L of aorta. Values are 
mean ± SEM (n=6; *P<0.05 vs control; #P<0.05 vs scrambled shRNA).
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oxidative stress [40]. Besides, Han et al found 
that Ang II and TLR4 co-receptor binding medi-
ates cardiovascular inflammation [41]. Previ- 
ous researches demonstrated that knockdown 
of TLR4 attenuated Ang II-induced cardiac re- 
modeling in vivo [42]. Here, the treatment of 
VSMCs with PBS had no detectable impact on 
proliferation, however, Ang II-induced the prolif-
eration of VSMCs. This study primarily shows 
that knockdown of TLR4 inhibits, while TLR4 
overexpression exacerbates Ang II-induced VS- 
MC proliferation, which suggests that TLR4 is 
an important factor in regulating VSMC prolif-
eration. The NLRP3 inflammasome is a critical 
positive regulator of VSMC proliferation in hy- 
pertension. The NLRP3 inflammasome may be 

activated by various signals as well as meta-
bolic dysregulation including reactive oxygen 
species (ROS), mitochondrial impairment and 
Ang II [43]. The activation of NLRP3 inflamma-
some require transcription, which enables the 
assembly of the NLRP3 inflammasome com- 
ponents [44]. Increasing evidence has demon-
strated that inflammatory responses are both 
caused and maintained by the NLRP3 inflam-
masome [45]. Some human VSMCs expres- 
sed the NLRP3 inflammasome components at 
the site of atherosclerosis [46]. These findings 
suggested that TLR4 might have an associ- 
ation with NLRP3 inflammasome in VSMCs. 
Accordingly, Ang II-induced VSMC proliferation 
was observed to be inhibited by MCC950 (an 

Figure 5. Effects of shTLR4 on the 
NLRP3 inflammasome and prolifera-
tion in the aortas of WKY and SHR. 
A. Western blots were performed to 
measure the protein expression of 
TLR4 and PCNA. B. The protein ex-
pression of NLRP3, ASC, caspase-1, 
IL-1β and IL-18. C. IL-1β and IL-18 
levels of serum. Values are mean ± 
SEM (n=6; *P<0.05 vs PBS; #P<0.05 
vs control or scrambled shRNA).
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inhibitor of NLRP3 inflammasome) in this in- 
vestigation. TLR4 is known to initiate the ac- 
tivation of the NLRP3 inflammasome, which 
has been identified within vascular tissues 
[47]. In the present study, Western blots analy-
sis showed that TLR4 overexpression increa- 
sed the release of the inflammatory cytokines 
NLRP3, ASC and caspase-1. However, this in- 
flammatory response was suppressed by TLR4 
knockdown in VSMCs. The vitro study provides 
evidence that TLR4 regulates VSMC prolifera-
tion through the regulation of the NLRP3 in- 
flammasome as well as its associated inflam-
matory cytokines.

VSMC proliferation is widely known to contrib-
ute to vascular remodeling in hypertension 
[48]. The next step in the experiment was to 
determine whether the downregulation of TLR4 
decreases the inflammatory reaction and coun-
teracts hypertension in vivo. Spontaneously hy- 
pertensive rats (SHR) are an inbred strain of 
rats that develop hypertension, which are wide-
ly used as models for the study of hyperten- 
sion in humans. Previous studies have con-
firmed the enhanced proliferation of VSMCs  
in the SHR model [49, 50]. It has been well 
established that proliferating cell nuclear anti-
gen (PCNA), a nuclear factor involved in DNA 
replication as well as the repair of proliferating 
cells, exert functions within only proliferating 
cells [51]. Here, treatment with TLR4 shRNA 
was found to decrease the PCNA protein level 
in SHR. However, TLR4 shRNA did not alter 
PCNA expression in WKY. Furthermore, treat- 
ing SHR with TLR4 shRNA triggered a drop in 
BP. Treatment with TLR4 shRNA did not sig- 
nificantly decrease BP in WKY, indicating that 
SHR may be more sensitive to TLR4 than WKY. 
The obtained results clearly suggest that the 
hypotensive effect was more pronounced in 
SHR compared to WKY. In keeping with our  
findings, a previous report demonstrated that 
knockdown of TLR4 prevented the increase of 
BP in SHR [49]. Vascular remodeling is charac-
terized by changes in vascular structure and 
function, contributing to both the development 
and complication of hypertension [52]. TLRs 
promote the flow-mediated inward remodeling 
of ductal artery through the adaptor protein 
MyD88. Intensive research have revealed that 
TLR4 is involved in the outward arterial remod-
eling after atherosclerotic plaque formation 
[53, 54]. VSMC proliferation is closely related 
to vascular remodeling and hypertension. Thus, 

the effect of TLR4 shRNA on vascular remodel-
ing was examined among SHR. In this study, 
SHR treated with TLR4 shRNA showed atte- 
nuation of vascular remodeling in the aortic 
media, but treatment had no detectable im- 
pact on that of WKY. These findings align with 
the notion that TLR4 shRNA inhibits Ang II- 
induced VSMC proliferation in vitro.

TLR4 is activated by lipopolysaccharide as well 
as by non-infectious host endogenous com-
pounds, which is present in hypertension as a 
consequence of chronic cell damage and dea- 
th. Hypertension is a chronic inflammatory  
condition. Numerous studies suggest that in- 
creased pro-inflammatory cytokines play an 
important role in the development of hyper- 
tension [55, 56]. Moreover, relevant studies 
have reported that the NLRP3 inflammasome  
is activated within the aortic adventitia of SHR 
[57]. Considering that the activation of the 
NLRP3 inflammasome is closely associated 
with TLR4. it is reasonable to speculate that 
TLR4 shRNA exerts its effects via the NLRP3 
inflammasome in order to suppress vascular 
remodeling in SHRs. In this study, the protein 
levels of TLR4 were downregulation in those 
aortic media of SHR were transfected with 
TLR4 shRNA. Then, TLR4 shRNA significantly 
reduced the activation of the NLRP3 inflam- 
masome components in SHR, inhibiting the 
expression of NLRP3, ASC, caspase-1, IL-1β 
and IL-18. Similarly, previous studies revealed 
that a particular TLR4 signaling inhibitor al- 
most completely abrogated the upregualation 
of NLRP3, caspase-1 and IL-1β [58]. However, 
the expression of these proteins in WKY was 
not affected. Futhermore, TLR4 shRNA also 
decreased serum IL-1β levels. Therefore, it is 
plausible to suggest that TLR4 shRNA attenu-
ates hypertension in SHR, at least partly, anti- 
proliferative effects on VSMCs and vascular 
remodeling by downregulation of the NLRP3 
inflammasome. 

Conclusions

We revealed that TLR4 overexpression ag- 
gravates, while TLR4 knockdown attenuates 
Ang II-induced VSMC proliferation through the 
modulation of the NLRP3 inflammasome. The 
knockdown of TLR4 attenuates proliferation 
and vascular remodeling in SHR by inhibiting 
the NLRP3 inflammasome. Overall, the find- 
ings of this study provide novel evidence that 
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TLR4 triggers the NLRP3 inflammasome, whi- 
ch sheds new light on how TLR4 mediates 
VSMC proliferation in the pathogenesis of 
hypertension. 
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