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 Background: Hyperuricemia has a pathogenic role in the development of hypertension and other cardiovascular diseases 
(CVD). Uric acid has been reported to activate Nod-like receptor protein 3 (NLRP3)-inflammasome and alter 
vascular smooth muscle cells (VSMC). However, the potential mechanisms underlying this association are still 
not understood. The aim of this study was to investigate the role and potential mechanisms of uric acid in pro-
liferation of VSMC.

 Material/Methods: Cell Counting Kit-8 (CCK-8) proliferation assay and colony formation assay were performed to determine the 
proliferative ability of VSMC under uric acid stimulation. Immunofluorescence microscopy was carried out to 
determine the expression of Alpha-smooth muscle actin (a-SMA). In addition, real-time PCR and Western blot 
were used to detect the expression of NLRP3-inflammasome, and ELISA was performed to measure the levels 
of IL-18 and IL-1b.

 Results: The results showed that uric acid increases the proliferation of VSMC and induces a-SMA accumulation. We 
also found that uric acid increases the level of NLRP3 and induces NLRP3-inflammasome activation. The ex-
pressions of uric acid-induced inflammatory markers IL-1b and IL-18 were decreased by the inhibitor MCC950.

 Conclusions: Our findings revealed that uric acid induces inflammation through NLRP3-inflammasome-mediated VSMC pro-
liferation. NLRP3 may be a new therapeutic target for hypertension.
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Background

Hyperuricemia usually involves an unusually high level of uric 
acid in the blood. In the body, uric acid mainly exists as urate, 
and the balance is dependent on the synthesis of purines [1]. 
Hyperuricemia has been connected with hypertension, coro-
nary heart disease, and other CVDs [2,3]. Biologically active 
uric acid can stimulate endothelial dysfunction, inflammation, 
oxidative stress, and vasoconstriction [4–6]. High uric acid lev-
els usually occur when the kidneys cannot balance uric acid 
levels, resulting in slow removal of uric acid.

Common causes of hyperuricemia include a high-purine diet, 
obesity, diabetes, use of diuretics, and drinking too much alco-
hol [7–10]. High levels of uric acid crystals stimulate Nod-like 
receptor protein 3(NLRP3)-inflammasome, mainly through ag-
gravated phagocytosis, to produce inflammatory cytokines in 
VSMCs [11,12]. The protein NLRP3 is encoded by the NLRP3 
gene located on the long arm of chromosome 1 in humans [13]. 
In addition, uric acid crystals can damage cellular membranes 
without the association of any known cellular receptor, which 
leads to accumulation of inflammatory cytokines [14]. The key 
inflammatory cytokine, interleukin-1b (IL-1b), is a prime me-
diator of the inflammatory response and it upregulates IL-18, 
a pro-inflammatory chemokine belonging to the CXC chemo-
kine family [15–18].

The present study evaluated the expressions of inflammato-
ry cytokines in VSMCs. We observed uric acid-induced NLRP3 
activation, which leads to an increase of inflammatory mark-
ers such as IL-1b and IL-18 expressions in VSMCs. Upon treat-
ment with the inhibitor of NLRP3 (MCC950), the modulated 
levels of IL-1b and IL-18 expressions were observed. Our re-
sults suggest a novel role of the NLRP3-inflammosome in the 
development of inflammation, and indicate that inhibition of 
NLRP3 signaling might serve as a therapeutic target in man-
agement of hypertension.

Material and Methods

Vascular smooth muscle cell (VSMCs) culture

VSMCs were obtained from the heart and confirmed with 
a-smooth muscle actin staining. VSMC initially were grown 
in growth medium with 5% FBS. At 60–70% cell confluence, 
the medium was changed to serum-free medium. VSMCs were 
co-cultured with conditioned medium from monocytes, and 
co-culture experiments performed with RPMI1640 in 10% FBS 
during the experiments [19].

Cell viability detection

VSMCs (5.0×103/well) were seeded in 96-well plates with vari-
ous concentrations of uric acid (0, 6, 9, 12 mg/dl) for 24 h, 48 h, 
and 72 h. Then, Cell Counting Kit-8 (CCK-8) agent (Beyotime, 
China) was added to the cells, and the absorbance was mea-
sured at 450 nm by an ELISA reader (BioTek, USA) according 
to the manufacturer’s protocol.

Colony formation assay

We combined 1.5 ml 2×VSMC growth media with 1.5 ml of 
1% bact-agar solution, plated onto 60-mm Petri dishes and 
allowed to solidify. Then, 1×104 cells in 1.5 ml 2×growth me-
dia was combined with 1.5 ml of 0.7% agarose solution and 
plated on top of the bottom layer. After 2 weeks, plates were 
stained with crystal violet for 3 h for visualization and counting.

Immunofluorescence

Cells were placed on collagen-coated coverslips in 24-well 
multi-chamber slides (7.5×104 cells/cm2) and were treated 
with the indicated reagents. Cells were washed with PBS and 
fixed with 1.5% paraformaldehyde, and F-actin was stained 
for 15 min with 5×10–6 mol/L tetramethylrhodamine isothio-
cyanate (TRITC)-phalloidin (Sigma Chemical Co., St. Louis, MO) 
in PBS containing 0.01% Nonidet. For staining cells in colla-
gen gels, fluorescence staining for Alpha-smooth muscle actin 
(a-SMA) and b-actin was conducted for monolayer cultures as 
described previously [20].

Western blotting

Cells were washed once with cold phosphate-buffered saline 
(PBS). Cells were lysed in lysis buffer (20 mM Tris-HCl, pH 7.4, 
150 mM NaCl, 0.5% NP-40, 10% Glycerol, 1 mM DTT and com-
plete protease inhibitor cocktail) for 10 min on ice and centri-
fuged at 20 000 rpm for 10 min. Protein was detected on the 
clarified lysates, and equal amounts of protein were then pro-
cessed for immunblotting. The membranes were scanned using 
the Li-COR system. Primary antibodies (Abcam, Cambridge, UK) 
were used at 1: 500 dilutions and secondary antibodies 
(Santa Cruz, CA, USA) were used at 1: 10 000 dilutions [21].

Reverse transcription polymerase chain reaction (RT-PCR)

Total RNAs were extracted using TRIzol (Invitrogen) according 
to the manufacturer’s protocol. The cDNA was synthesized and 
amplified with a Multiplex polymerase chain reaction (PCR) 
kit (TaKaRa, Japan). Quantitative PCR was performed using 
SYBR Green (TaKaRa) and the ABI 7500 real-time PCR system 
(Applied Biosystems). The primers used were:
NLRP3 forward, 5’-CTAGGCAACAACGACTTGGG-3’,
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reverse, 5’-ACCGAGAAGGCTCA AAGACA-3’;
ASC forward, 5’-ACTCATTGCCAGGGTCACAGAAGTG-3’,
reverse, 5’-GCTTCCTCATCTTGTCTTGGCTGGT-3’;
Caspase-1 forward, 5’-CGTCTTGCCCTCATTATCTG-3’,
reverse, 5’-TCACCTCTTTCACCATCTCC-3’;
GAPDH forward, 5’-CTTTGGTATCGTGGAAGGACTC-3’ and
reverse, 5’-GTAGAGGCAGGGATGATGTTCT-3’.

Enzyme-linked immunoassay (ELISA)

Cytokine levels of IL-18 and IL-1b were measured by ELISA ac-
cording the manufacturer’s instructions. The mature IL-1b ELISA 
used the monoclonal antibody (mAb) and rabbit polyclonal ma-
ture IL-1bAb (raised against entire 17-kDa mature IL-1b) as cap-
ture and detection antibodies, respectively. For the measure-
ment of IL-18, ELISA kits from R&D Systems were used [19].

Statistical analysis

We used the t test for statistical analysis of qPCR and ELISA 
results. Data are represented as mean ±SEM of triplicate in-
dependent sets of experiments. Statistical significance is in-
dicated as an asterisk (*) (P<0.05).

Results

High level of Uric acid promoted the proliferation of VSMC

The doses of uric acid (0, 6, 9, 12 mg/dl) were added to VSMC 
and their proliferation ability was tested by CCK-8 and colony 
formation assay. Since the proliferation of VSMCs leads to inti-
mal thickening in restenosis and other CVDs, we first examined 
the cell proliferative ability of VSMCs at elevated uric acid levels. 
The results of CCK-8 assay showed that with the increase of 
the dose to 9 mg/dl, cell proliferation was maximally induced, 
and after 12 mg/dl, the cell proliferation ability declined but 
was still higher than in the control group. Colony formation as-
say also showed similar results (Figure 1), indicating that uric 
acid affects the proliferation of VSMCs. When uric acid was 
at 9 mg/dl, the proliferative ability of VSMCs was increased.

Allopurinol inhibited uric acid-induced high expression of 
a-SMA in VSMCs

VSMCs were pretreated with uric acid (0, 6, 9, 12 mg/dl), with 
or without allopurinol treatment, then expression level of 
a-SMA was observed by immunofluorescence and Western 
blot (Figure 2). The expression level of a-SMA as determined by 
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Figure 1.  High level of uric acid promoted the proliferation of VSMC. Different doses of uric acid (0, 6, 9, 12 mg/dl) were added to 
VSMC. The cell viability of VSMCs was determined by CCK-8 at 12 h and 24 h (A). Colony formation assay was performed to 
detect cell proliferation (B) and for quantification of colony formation numbers (C). Experiments were performed at least 3 
times. Data are expressed as mean ±SD. * p<0.05, ** p<0.01, *** p<0.001 vs. cells treated with 0 mg/ml uric acid.
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Figure 2.  Allopurinol inhibited uric acid-induced high expression of a-SMA in VSMCs. The VSMCs were pretreated with uric acid 
(0, 6, 9, 12 mg/dl), with or without treatment of allopurinol. Then, the expression level of a-SMA was determined by 
immunofluorescence (A) and Western blot (B). Experiments were performed at least 3 times. Data are expressed as mean 
±SD. * p<0.05, ** p<0.01, *** p<0.001 vs. cells treated with 0 mg/ml uric acid. # p<0.05, ## p<0.01 vs. cells only treated with 
uric acid.
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immunofluorescence was quantified according to the method 
described in a previous study [22]. The immunofluorescence of 
the protein level of a-SMA increased compared to the control 
group, and the a-SMA level decreased after 12 mg/dl but was 
still higher than in the control group, consistent with its effect 
on VSMCs proliferation, whereas allopurinol inhibited the ex-
pression of a-SMA in VSMCs. Western blot analysis (Figure 2B) 
also showed continuous changes in a-SMA expression under 
different concentrations of uric acid as detected by immuno-
fluorescence, and protein expression of a-SMA was also de-
creased by treatment with allopurinol.

Inhibition of NLRP3 suppressed uric acid-induced high 
expression of the NLRP3-inflammasome in VSMCs

After VSMCs were treated with uric acid (0, 6, 9, 12 mg/dl) for 
24 h, the protein and gene expressions of NLRP3 were analyzed. 
The levels of NLRP3, ASC (apoptosis-associated speck-like pro-
tein containing a CARD) and caspase-1 were significantly in-
creased compared to the control cells (Figure 3). After VSMCs 
were treated with uric acid (0, 6, 9, 12 mg/dl), the inhibitor of 
NLRP3-MCC950 was added into cells. After 1 day, the expres-
sion level of NLRP3 was detected by Western blot and real-time 
PCR. We observed that MCC950 downregulated the expres-
sion of NLRP3, ASC, and caspase-1 in VSMCs (Figure 4), indi-
cating that inhibition of NLRP3 protects against hypertension.

Inhibition of NLRP3 suppressed the downstream signaling 
of IL-1b and IL-18 activated by uric acid

Cells were pretreated with uric acid (0, 6, 9, 12 mg/dl) for 24 h, 
with or without MCC950, and the production of the inflam-
matory cytokines IL-18 and IL-1b was measured using ELISA. 
When cells were treated with uric acid only, the expressions 
of IL-18 and IL-1b were increased in a dose-dependent man-
ner up to 9 mg/dl, and decreased under 12 mg/dl but were 
still higher than in the control group, consistent with the pre-
vious results. MCC950 significantly decreased the expression 
of IL-18 and IL-1b in VSMCs when cells were treated with uric 
acid at 6 mg/dl and 9 mg/dl (Figure 5).

Discussion

Uric acid, the final product of the purine metabolism, has been 
a focus of research because of its association with various in-
flammatory diseases and high mortality in hyperuricemic pa-
tients. A large body of evidence suggests that elevated uric 
acid levels are strongly associated with the occurrence and 
development of hypertension [23,24]. Because hyperuricemia 
is a risk factor for hypertension, it is important to be aware of 
the mechanisms involved in the production of uric acid [25].

VSMCs can infiltrate into the vascular intima and undergo re-
modeling to ultimately transform into an inflammatory pheno-
type of atherosclerosis [26]. In addition, VSMCs are the main 
source of foam cells as well as macrophages, and can include 
residual cholesterol in human arteriosclerotic diseases [27]. 
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Figure 3.  Uric acid increased the expression of the NLRP3-inflammasome in VSMCs. After VSMCs were treated with uric acid (0, 6, 
9, 12 mg/dl) for 24 h, the expressions of NLRP3, ASC, and caspase-1 were analyzed by RT-PCR (A) and Western blot (B). 
Experiments were performed at least 3 times. * p<0.05, ** p<0.01, *** p<0.001 vs. cells treated with 0 mg/ml uric acid.
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Our results show that increasing uric acid promotes the pro-
liferation of VSMCs. Furthermore, the protein level of a-SMA 
is increased by uric acid stimulation. a-SMA is commonly used 
as a marker of myofibroblast formation. Allopurinol, a specif-
ic inhibitor of xanthine oxidase, is the pro-drug of oxypurinol 
and is mainly used for the prevention of gout and tumor ly-
sis syndrome with either disease- or therapy-related hyper-
uricemia [28]. Whitman et al. [29] found that allopurinol could 
protect endothelial cell function in patients with coronary 
heart disease. In particular, allopurinol was also reported to 

efficiently block uric acid generation [28]. In the present study, 
allopurinol treatment significantly decreased the protein lev-
el of a-SMA induced by uric acid, consistent with previous re-
ports, indicating that allopurinol could be used to treat car-
diovascular diseases [30].

NLRP3-inflammasome-mediated inflammation is critically in-
volved in myocardial injury, with a prominent role for IL-1b, 
which acts as an early mediator of inflammation [31,32]. 
The inflammasome is a multiprotein complex that affects 
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Figure 5.  Inhibition of NLRP3 suppressed the downstream signaling of IL-1b and IL-18 activated by uric acid. In cells pretreated with 
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Data are expressed as mean ±SD. * p<0.05, *** p<0.001 vs. cells treated with 0 mg/ml uric acid. # p<0.05 vs. cells only treated 
with uric acid.
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Figure 4.  Inhibition of NLRP3 suppressed the expression of the NLRP3-inflammasome in VSMCs. VSMCs were pretreated with uric 
acid (0, 6, 9, 12 mg/dl) and were treated with NLRP3 inhibitor-MCC950. The expressions of NLRP3, ASC, and caspase-1 were 
analyzed by RT-PCR (A) and Western blot (B). Experiments were performed at least 3 times. * p<0.05, ** p<0.01, *** p<0.001 
vs. control. # p<0.05, ## p<0.01, ### p<0.001 vs. cells treated with MCC950 only.
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activation of caspase-1, which activates secretion of the pro-
inflammatory cytokines IL-18 and IL-1b [33]. Upon activation, 
NLRP3 undergoes conformational changes along with self-
oligomerization binding to a ligand. In this case, receptor oligo-
merization leads to the recruitment of ASC, an inflammasome 
adaptor composed of C-terminal CARD and N-terminal PYD, 
thus promoting the formation of an ASC-PYD filament [34,35]. 
Then, the homotypic CARDs interact with each other, recruit-
ing the immature form of the inflammasome effector cas-
pase-1. On the ASC filament, pro-caspase-1 oligomerization 
causes maturation of caspase-1. Cleaved caspase-1 in turn 
forms an active heterotetramer, which ultimately produces the 
mature form of the highly inflammatory cytokines IL-1b and 
IL-18 [36,37]. Previous data showed that uric acid is a main 
activator for the NLRP3 inflammasome in pseudogout and in 
gout [38]. In this study, we surprisingly found that uric acid ele-
vated the expression of the NLRP3-inflammasome in VSMCs. 
We also found that MCC950, the NLRP3 inhibitor, can rescue 
uric acid-induced a-SMA expression. However, although these 
results show that elevated a-SMA expression induced by uric 

acid activates the NLRP3-inflammasome pathway, the protein 
level of a-SMA regulated by NLRP3 in vitro and in vivo are still 
unclear. Further studies are needed to clarify whether uric acid 
is involved in the development of CVDs and to identify possi-
ble methods for the management of CVDs.

Conclusions

We provide evidence that uric acid promotes VSMCs prolifer-
ation through NLRP3-inflammasome activation. Our results 
suggest a new role of the NLRP3-inflammasome, which can 
modulate the inflammatory cytokines in uric acid-stimulated 
VSMCs. Inhibition of NLRP3 signaling might serve as a thera-
peutic target in the management of hypertension, and provide 
a new strategy for the treatment of hypertension.
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