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Direct Binding to NLRP3 Pyrin Domain as a Novel Strategy 
to Prevent NLRP3- Driven Inflammation and Gouty Arthritis
Gabsik Yang,1 Hye E. Lee,1 Su-Jin Moon,2 Kyung M. Ko,3 Jung H. Koh,3 Jin K. Seok,1 Jun-Ki Min,3 Tae-Hwe Heo,1  
Han C. Kang,1 Yong-Yeon Cho,1 Hye S. Lee,1 Katherine A. Fitzgerald,4 and Joo Y. Lee1

Objective. The NLRP3 inflammasome is closely linked to the pathophysiology of a wide range of inflammatory 
diseases. This study was undertaken to identify small molecules that directly bind to NLRP3 in order to develop 
pharmacologic interventions for NLRP3- related diseases.

Methods. A structure- based virtual screening analysis was performed with ~62,800 compounds to select efficient 
NLRP3 inhibitors. The production of caspase 1- p10 and interleukin- 1β (IL- 1β) was measured by immunoblotting and 
enzyme- linked immunosorbent assay to examine NLRP3 inflammasome activation. Two gouty arthritis models and 
an air pouch inflammation model induced by monosodium urate monohydrate (MSU) crystal injection were used for 
in vivo experiments. Primary synovial fluid cells from gout patients were used to determine the relevance of NLRP3 
inflammasome inhibition in human gout.

Results. Beta- carotene (provitamin A) suppressed the NLRP3 inflammasome activation induced by various 
activators, including MSU crystals, in mouse bone marrow–derived primary macrophages (P < 0.05). Surface plasmon 
resonance analysis demonstrated the direct binding of β- carotene to the pyrin domain (PYD) of NLRP3 (KD = 3.41 × 
10−6). Molecular modeling and mutation assays revealed the interaction mode between β- carotene and the NLRP3 
PYD. Inflammatory symptoms induced by MSU crystals were attenuated by oral administration of β- carotene in 
gouty arthritis mouse models (P < 0.05), correlating with its suppressive effects on the NLRP3 inflammasome in 
inflamed tissues. Furthermore, β- carotene reduced IL- 1β secretion from human synovial fluid cells isolated from gout 
patients (P < 0.05), showing its inhibitory efficacy in human gout.

Conclusion. Our results present β- carotene as a selective and direct inhibitor of NLRP3, and the binding of 
β- carotene to NLRP3 PYD as a novel pharmacologic strategy to combat NLRP3 inflammasome–driven diseases, 
including gouty arthritis.

INTRODUCTION

Inflammasomes are multimolecular assemblies composed of 
a sensor protein, a caspase, and an adaptor protein, such as an 
ASC. The NLRP3 inflammasome is the best characterized inflam-
masome and is well known as playing an essential role in the 
regulation of immune and inflammatory responses. The NLRP3 
inflammasome is activated by a diverse array of pathogen-  and 
danger- associated signals, triggering the formation of a cytoplas-
mic complex consisting of NLRP3, ASC, and procaspase 1 for 

caspase 1  activation, culminating in proteolytic maturation of the 
proinflammatory cytokines, interleukin- 1β (IL- 1β) and IL- 18, and in 
pyroptotic cell death (1).

The NLRP3 inflammasome is closely linked to the initiation 
and progression of a wide range of inflammatory diseases, thereby 
highlighting the NLRP3 inflammasome as an efficient therapeutic 
target (2). NLRP3 inflammasome inhibition can be achieved both 
indirectly and directly, with indirect inhibition occurring by regulat-
ing upstream or downstream signaling events and direct inhibition 
occurring by targeting NLRP3 inflammasome components. Efforts 
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to develop pharmacologic inhibitors of the NLRP3 inflammasome 
have been reported with sulforaphane, β- hydroxybutyrate, CY- 09, 
and MCC950 (3–6). We first reported directly targeting ASC with 
a small molecule to inhibit the activation of the NLRP3 inflam-
masome (7). While searching for inhibitors that directly target the 
NLRP3 inflammasome, we intended to find small molecules that 
directly bind to NLRP3.

Upon activation, NLRP3 with a pyrin domain (PYD), a 
nucleotide- binding and oligomerization (NACHT) domain, and a 
leucine- rich repeat (LRR) domain, self- oligomerizes and recruits 
ASC containing a PYD and a caspase recruitment domain (CARD) 
through PYD–PYD interactions (8) (Supplementary Figure 1A, 
available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41245/ abstract), induc-
ing a helical assembly of the ASC PYD filaments (9). ASC fibrils 
form into large ASC speck structures, which recruit procaspase 
1 through CARD–CARD interactions, leading to autoproteolytic 
activation (9–11). We hypothesized that the PYD of NLRP3 would 
be an efficient target since its inhibition would block the initia-
tion phase of NLRP3 inflammasome activation (Supplementary 
Figure 1A). To identify novel candidate inhibitors that directly 
bind to the NLRP3 PYD, we performed a structure- based virtual 
screening with molecular docking calculations using the NLRP3 
PYD structure 3QF2 in the Protein Data Bank (12). The scores of 
~62,800 compounds were analyzed with affinity-  and efficiency- 
based metrics, such as binding energy (ΔG) and Glide score 
(Supplementary Figure 1B). Among the 11 compounds that were 
chosen for their high in silico binding affinity scores and commer-
cial availability, β- carotene was selected for further study in the 
development of an NLRP3 inhibitor.

MATERIALS AND METHODS

Study design. Our study was designed to examine the 
efficacy of the NLRP3 inhibitor, β- carotene, in cell systems 
and animal disease models. Cell studies with mouse primary 
bone marrow–derived macrophages (BMMs) were performed 
with at least 3 replicates per experiment, in addition to prelimi-
nary optimization studies for dose and time determination. Ani-
mal disease models include foot gout, gouty arthritis, and air 
pouch inflammation relevant to acute gout inflammation. Age- 
matched mice were randomly grouped for β- carotene or vehi-
cle treatment. Animal numbers for each group or experiment 
were empirically determined based on pilot studies or previous 
 experiments.

Human synovial fluid samples. Synovial fluid was 
obtained from the knee joints of gout patients with serum uric 
acid levels of >400 μmoles/liter and joint effusion. Experiments 
were approved by the Institutional Review Board (IRB) of human 
subjects at Bucheon St. Mary’s Hospital (no. HC18TESI0098) at 
The Catholic University of Korea, and were carried out in accor-

dance with IRB guidelines and regulations and the Declaration 
of Helsinki. Written informed consent was obtained from all 
patients.

Animals and cell culture. Mice (C57BL/6; Orient Bio) 
were maintained under specific pathogen–free conditions in an 
animal facility with relative humidity of 40–60% and controlled 
temperature of 23°C (±3°C). Animal care and the experimental 
procedures were conducted under the approval of the Institutional 
Animal Care and Use Committee (IACUC) of The Catholic Univer-
sity of Korea (permission no. 2014- 015). BMMs and 293T cells 
(human embryonic kidney cells) were prepared and cultured as 
described previously (13).

Virtual screening analysis and molecular dock-
ing modeling. For virtual screening, we used the commercially 
available ZINC natural compounds database (http://zinc.docki ng. 
org/), which contains more than 6 million compounds in ready- 
to- dock, 3- dimensional formats. Chemical structures for 
docking analysis were generated using the LigPrep module in 
Schrodinger. A crystal structure of the human NLRP3 PYD in 
the RCSB Protein Data Bank (PDB code: 3QF2) was employed 
in the docking calculations with the Glide module in the Schro-
dinger molecular simulation package. After the cocrystal ligand 
was removed, the resulting structure was used as the recep-
tor model. The structure was subjected to restrained minimiza-
tion to remove steric clashes by the application of an optimized 
potential for liquid simulations force field using the Protein 
Preparation Wizard. The minimization was terminated when 
the root mean square deviation came to a maximum value of  
0.3 Å. The computational docking of all the compounds was 
performed with the Glide program.

Immunoblot analysis of inflammasome activation. 
BMMs cultured in 6- well plates (2 × 106 cells/ml) were primed with 
purified lipopolysaccharide (LPS) from Escherichia coli (100 ng/
ml; List Biological Laboratory) for 4 hours. LPS was washed out 
with phosphate buffered saline (PBS), and β- carotene (Sigma- 
Aldrich) was added. After 1 hour, cells were stimulated with the 
inflammasome activators as follows: 500 μg/ml of monosodium 
urate (MSU) crystals for 4.5 hours, 5 mM of ATP for 1 hour, 10 μM 
of nigericin for 1.5 hours, 1 μg/ml of poly(dA- dT) for 5.5 hours, 
and 10 μg/ml of flagellin for 5.5 hours in serum- free medium. 
Cell lysates were processed for immunoblot assays as previously 
described (7).

Enzyme- linked immunosorbent assays (ELISAs). Cell 
supernatants were analyzed for IL- 1β and IL- 18 using specific 
ELISA kits (R&D Systems), and for IL- 1α, IL- 18, IL- 6, and kerati-
nocyte chemoattractant (KC), and monocyte chemotactic protein 
1 (MCP- 1) using a Milliplex MAP Mouse Cytokine/Chemokine Kit 
(Millipore) (14).

http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
http://zinc.docking.org/
http://zinc.docking.org/
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Surface plasmon resonance (SPR) analysis. Recombi-
nant PYD protein of NLRP3 was prepared as previously described 
(12). The PYD protein of NLRP3 was covalently immobilized to a 
CM5 sensor chip (catalog no. BR- 1005- 30; GE Healthcare). Beta- 
carotene cultured in PBS with 0.005% Tween 20 and 5% DMSO 
was run in the flow cell with a 5 μl/minute flow rate at 25°C. The 
association/dissociation phases were monitored using a Biacore 
T200 system (GE Healthcare), and the affinity constants were cal-
culated with T200 evaluation software (version 2.0), as described 
previously (7).

Transient transfection and luciferase assay. A 
pcDNA3.1 nV5- hNLPR3 plasmid was kindly provided by Dr. 
You- Me Kim (Pohang University of Science and Technology, 
Pohang, South Korea). ASC-  and caspase 1–expression plas-
mids were generously provided by Dr. Giulio Superti- Furga (Aus-
trian Academy of Sciences, Vienna, Austria) and an iGLuc plasmid 
was generously provided by Dr. Veit Hornung (University of Bonn, 
Bonn, Germany). A pCMV- proIL- 1β plasmid was obtained from 
Addgene. Transfection procedure and luciferase assays were per-
formed as previously described (13).

Immunoprecipitation (IP) and immunoblot assays. 
Cell lysates were incubated with an anti- NLRP3 antibody (Adipo-
gen), followed by incubation with Protein A–Sepharose beads (GE 
Healthcare). Coimmunoprecipitated proteins were processed for 
immunoblot assays.

Confocal microscopy analysis. For confocal microscopy, 
293T cells were incubated with an anti- NLRP3 antibody (Adipo-
gen) or an anti- ASC antibody (Santa Cruz Biotechnology), fol-
lowed by incubation with a secondary antibody, such as an Alexa 
Fluor 488–conjugated anti- mouse IgG antibody and a fluorescein 
isothiocyanate–conjugated anti- rabbit IgG antibody. Cells were 
observed using an LSM 710 confocal microscope (Carl Zeiss AG) 
(15).

Air pouch inflammation model. An air pouch was 
formed in the back of each 7-  to 8-  week- old C57BL/6 mouse 
by subcutaneous injection of sterile air, as previously described 
(6). On day 4, 0.2 ml of sterilized water containing vehicle 
(0.02% DMSO) or 30 mg/kg of β- carotene was administered 
via oral gavage. After 1 hour, 3 mg of MSU crystals suspended 
in 1 ml of sterile, endotoxin- free PBS was injected into the 
pouch. Six hours later, the air pouch lavages were collected 
and processed for ELISAs, immunoblot assays, and histologic 
analysis (6).

In vitro caspase 1 activity assay. Caspase 1 activity 
was measured with a fluorometric caspase 1 assay kit (Abcam) 
with recombinant human caspase 1 (BioVision). Fluorescence 
was measured at 400 nm after 505 nm excitation.

Myeloperoxidase (MPO) activity assay. MPO  activity 
was measured with an MPO Colorimetric Activity Assay Kit 
 (BioVision).

A foot gout model in mice. For induction of foot gout, 
30 mg/kg of β- carotene in 0.2 ml of sterilized water was orally 
administered to 7-  to 8-  week- old C57BL/6 mice. As a control, 
0.02% DMSO vehicle was used. After 1 hour, either MSU crystals 
in 2 mg/0.1 ml of sterile, endotoxin- free PBS or PBS alone was 
administered via subcutaneous injection on the right paw plantar 
surface (16). Changes in paw thickness were measured for 24 
hours. The foot tissues were homogenized in radioimmunopre-
cipitation assay (RIPA) buffer (50 mM Tris HCl, pH 7.4; 1% NP- 
40; 0.25% sodium deoxycholate; 150 mM NaCl; 1 mM EGTA; 
1 mM PMSF; 1 mM Na3VO4; 10 μg/ml of aprotinin; 10 μg/ml of 
leupeptin), and centrifuged at 12,000 revolutions per minute for 
10 minutes. Supernatants were used for MPO assays, ELISAs, 
immunoblot assays, and histologic analysis (16).

A gouty arthritis model in mice. A knee joint gouty arthri-
tis model in mice was performed as previously described (17). For 
induction of gout, 30 mg/kg of β- carotene in 0.2 ml of sterilized 
water was orally administered to 7-  to 8- week- old C57BL/6 mice. 
As a control, 0.02% DMSO vehicle was used. After 1 hour, either 
MSU crystals in 100 μg/20 μl of PBS or PBS alone was injected 
into the right knee joint of each mouse. After 24 hours, joint tissue 
was homogenized in RIPA buffer and centrifuged at 12,000 rpm 
for 30 minutes. Supernatant was collected for MPO assays and 
cytokine ELISAs.

Statistical analysis. Data are presented as the mean ±  
SEM. Statistically significant differences were analyzed by one- 
way analysis of variance followed by Duncan’s test for multiple 
comparisons using GraphPad Prism 7.0 (GraphPad). P values 
less than 0.05 were considered significant.

RESULTS

Suppression of the NLRP3 inflammasome by 
 β- carotene in BMMs. We first confirmed the inhibitory effect of 
β- carotene on the NLRP3 inflammasome in a cell- based system 
stimulated with representative NLRP3 activators. Beta- carotene 
suppressed ATP- induced cleavage of procaspase 1 and proIL- 1β 
to caspase 1- p10 and mature IL- 1β, respectively, in mouse BMMs, 
as shown by immunoblotting (Figure  1A). Similarly, β- carotene 
prevented the production of caspase 1- p10 and IL- 1β induced 
by nigericin or MSU crystals in BMMs (Figure  1A). Consistent 
with this, secretion of mature IL- 1β induced by ATP, nigericin, or 
MSU crystals was suppressed by β- carotene, as measured by an 
ELISA of cell culture supernatants (Figure 1B). The results demon-
strate that β- carotene suppresses activation of the NLRP3 inflam-
masome induced by various activators. In contrast, β- carotene 
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did not inhibit the production of caspase 1 and IL- 1β induced by 
poly(dA- dT) or flagellin in BMMs (Figures 1C and D), showing that 
β- carotene did not inhibit the activation of AIM2 and NLRC4.

Direct binding of β- carotene to the PYD of NLRP3. 
ATP, nigericin, and MSU crystals have different activation path-
ways upstream of NLRP3. The common inhibitory effects of β- car-
otene on different activators suggest that the target of β- carotene 
is not signaling molecules or events upstream of NLRP3. Thus, 
we investigated whether β- carotene directly inhibited the NLRP3 
inflammasome complex independently of the activators. NLRP3 
inflammasome activation was induced by overexpression of the 
NLRP3 inflammasome components in 293T cells along with the 
iGLuc luciferase reporter gene, which responds to  inflammasome 
activation (18). Beta- carotene suppressed the expression of the 
iGLuc luciferase reporter when 293T cells were transfected with  
NLRP3, ASC, and caspase 1 (Supplementary Figure 2A, avail able 
on the Arthritis & Rheumatology web site at http://onlin e libr ary. 
wiley.com/doi/10.1002/art.41245/ abstract). The results sug-
gest that β-  carotene directly inhibits the NLRP3 inflammasome 

 complex independently of activators. Interestingly, β- carotene was 
not able to inhibit the expression of the iGLuc luciferase reporter 
induced by ASC+ caspase 1 or caspase 1 alone in 293T cells 
(Supplementary Figures 2B and C), suggesting that the inhibitory 
effect of β- carotene requires the presence of NLRP3.

To investigate whether β- carotene could directly bind to 
NLRP3, an SPR assay was performed with recombinant human 
NLRP3 PYD. Beta- carotene directly bound to the PYD of NLRP3, 
but not to ASC, in a dose- dependent manner (Figure 2A).

Molecular modeling analysis of the crystal structure of 
dimeric human NLRP3 PYD suggests a docking model between 
β- carotene and the PYD domain of NLRP3. A single molecule 
of β- carotene bound to NLRP3 PYD, and the final model con-
tained amino acid residues 5–94 (Figures 2B and C). The elec-
tron density of β- carotene was evident in the solved NLRP3 PYD 
structure, which featured β- carotene on the surface formed by H5 
and H6 of NLRP3 PYD (Figures 2B and C). Beta- carotene bound 
to the hydrophobic groove that was composed of hydrophobic 
residues, including Ala69, Val72, Trp73, Tyr84, and Glu91, in H5 and 
H6 (Figures  2B and C and Supplementary Figure 3A, available 

Figure 1. Beta- carotene suppression of NLRP3 inflammasome activation. Mouse primary bone marrow–derived macrophages were primed 
with lipopolysaccharide for 4 hours. Cells were treated with β- carotene for 1 hour and then stimulated with the indicated agonist. A and C, Cell 
culture supernatants and cell lysates were immunoblotted for caspase 1- p10, interleukin- 1β (IL- 1β), procaspase 1, and proIL- 1β. B and D, Cell 
culture supernatants were analyzed for secreted IL- 1β by enzyme- linked immunosorbent assay. Values are the mean ± SEM (n = 3 mice per 
group). Results are representative of at least 2 independent experiments. # = P < 0.05 versus vehicle alone. * = P < 0.05 versus ATP, nigericin, 
or monosodium urate (MSU) crystals alone.

http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
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Figure 2. Beta- carotene directly binds to the pyrin domain (PYD) of NLRP3. A, Sensorgrams of β- carotene binding to the recombinant 
protein of human NLRP3 PYD or human ASC obtained from surface plasmon resonance (SPR) analysis. Tables show kinetic parameters 
of the binding between β- carotene and the recombinant proteins. Maximal expected binding level (Rmax) was calculated with Biacore 
T200 evaluation software. N.C. = not calculated. B, Proposed molecular docking model for β- carotene binding to NLRP3 PYD. C, 
Electrostatic surface binding model for β- carotene (green) and NLRP3 PYD, with negative charge (red) and positive charge (blue). D, 
Mouse primary bone marrow–derived macrophages were primed with lipopolysaccharide. Cells were treated with β- carotene for 1 hour 
and then stimulated with 500 μg/ml of monosodium urate (MSU) crystals for 6 hours. Cell lysates were analyzed by immunoprecipitation 
(IP) with an anti–NLRP3 antibody, followed by immunoblotting as indicated, to demonstrate the association of endogenous NLRP3 and 
endogenous ASC and the impact of β- carotene on that association. E, NLRP3 or ASC expression plasmids were used to transfect 293T 
cells, and 293T cells were treated with β- carotene for 16 hours. Cell lysates were immunoprecipitated with an anti–NLRP3 antibody, 
followed by immunoblotting as indicated, to demonstrate the interaction between NLRP3 and ASC induced upon exogenous expression 
in 293T cells. F, NLRP3 or ASC expression plasmids were used to transfect 293T cells, and 293T cells were treated with β- carotene. 
Cells were stained for NLRP3 (red) and ASC (green). Nuclei were stained with DAPI (blue). Results are representative of at least 2 
independent experiments.
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Figure 3. Identification of essential amino acids for the interaction between β- carotene and NLRP3 PYD. A–D, 293T cells were transiently 
transfected with expression plasmids of wild- type (WT) NLRP3, NLRP3 mutants, ASC, and caspase 1. The iGLuc luciferase reporter plasmid 
(A) and pro–interleukin- 1β (proIL- 1β) expression plasmid (B) were also transfected. After 8 hours, cells were treated with 20 μM of β- carotene 
for 16 hours. A, Cell lysates were analyzed for luciferase activity derived from iGLuc activation. Activity was normalized to the β- galactosidase 
activity transfected as an internal control in each sample. B, Cell culture supernatants were analyzed for secreted IL- 1β by enzyme- linked 
immunosorbent assay. C, Cell culture supernatants and cell lysates were immunoblotted for detection of the indicated molecules. D, Cells were 
stained for ASC (green). Nuclei were stained with DAPI (blue). The bar graph presents the number of ASC specks formed (n = 3). E, Sensorgrams 
of β- carotene binding to the recombinant protein of the human NLRP3 PYD mutant with A69K or V72K were obtained from SPR analysis as 
described in Figure 2. In A, B, and D, values are the mean ± SEM (n = 3 mice per group). # = P < 0.05 versus mock alone. * = P < 0.05 versus 
NLRP3 WT + ASC + caspase 1 without β- carotene. Results are representative of at least 2 independent experiments. See Figure 2 for other 
definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
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on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41245/ abstract). NLRP3 associates 
with ASC through PYD–PYD interactions (19). Molecular model-
ing suggested that the direct binding of β- carotene to NLRP3 
PYD interferes with the interaction between NLRP3 PYD and ASC 
PYD (Supplementary Figure 3B, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41245/ abstract).

Consequently, we next investigated whether β- carotene 
blocked the association between NLRP3 and ASC using an IP assay 
with an anti- NLRP3 antibody, followed by immunoblotting with an 
anti- ASC antibody. MSU crystal stimulation of BMMs resulted in 
the association of endogenous NLRP3 and endogenous ASC 
(Figure 2D), while β- carotene prevented the MSU crystal–induced 
association of NLRP3 and ASC (Figure 2D). Furthermore, β- caro-
tene disrupted the interaction between NLRP3 and ASC induced 
upon exogenous expression in 293T cells (Figure 2E). These results 
demonstrate that the binding of β- carotene to the PYD of NLRP3 
blocks the assembly of the NLRP3 inflammasome complex.

Since ASC undergoes oligomerization upon association 
with NLRP3 (20), we further investigated whether the binding 
of β- carotene to the PYD of NLRP3 affected ASC oligomeriza-
tion. Confocal microscopy showed that exogenous expression of 
NLRP3 together with ASC in 293T cells led to speck formation of 
NLRP3 and ASC as a result of NLRP3 and ASC oligomerization 
(Figure 2F). In contrast, β- carotene blocked speck formation by 
NLRP3 and ASC (Figure 2F), demonstrating that β- carotene dis-
rupts the interaction between NLRP3 and ASC.

To confirm the significance of the interaction motif in NLRP3 
PYD revealed by molecular docking modeling, we investigated 
whether mutating the interacting amino acid residues of NLRP3 
PYD affected the inhibitory activity of β- carotene. The 5 amino 
acid residues in NLRP3 that formed the β- carotene binding pocket 
were mutated to lysine or arginine. Exogenous expression of wild- 
type (WT) NLRP3 along with ASC, caspase 1, and the iGLuc 
luciferase reporter in 293T cells resulted in increased luciferase 
expression, while β- carotene suppressed the luciferase expres-
sion induced by the NLRP3 inflammasome (Figure 3A). Exogenous 
expression of NLRP3 mutants harboring A69K, V72K, W73K, 
Y84R, or E91R induced luciferase expression to a similar degree as 
WT NLRP3 (Figure 3A). However, β- carotene failed to suppress the 
luciferase expression induced by the NLRP3 mutants (Figure 3A).

Reconstitution of WT NLRP3 with ASC and caspase 1 
induced an increase in the secretion of IL- 1β in 293T cells (Fig-
ure 3B). Beta- carotene reduced the IL- 1β secretion induced by 
the WT NLRP3 inflammasome (Figure 3B). While reconstitution of 
NLRP3 mutants with ASC and caspase 1 increased IL- 1β secre-
tion to a similar degree as WT NLRP3, β- carotene was not able 
to block the IL- 1β secretion induced by the NLRP3 mutants (Fig-
ure 3B). Additionally, exogenous expression of WT NLRP3, ASC, 
and caspase 1 in 293T cells resulted in the production of cleaved 
caspase 1 in 293T cells, while β- carotene inhibited the production 
of cleaved caspase 1 (Figure 3C). The inhibition of the  production 

of cleaved caspase 1 by β- carotene was not prominent with 
NLRP3 mutants (Figure 3C).

Furthermore, β- carotene suppressed ASC speck formation 
in 293T cells transfected with WT NLRP3 and ASC, while ASC 
speck formation by NLRP3 mutants was not blocked by β- car-
otene (Figure 3D). Finally, SPR analysis showed that β- carotene 
did not bind to recombinant human NLRP3 PYD with the A69K 
or V72K mutation (Figure 3E). The results indicate that the amino 
acids in NLRP3 PYD are essential for the interaction between 
β- carotene and NLRP3, confirming the interactive motif sug-
gested by the molecular docking model.

Prevention of acute gouty arthritis by oral admin-
istration of β- carotene by blocking NLRP3 inflammas-
ome activation. We assessed the in vivo suppressive effects 
of β- carotene on the NLRP3 inflammasome using a mouse air 
pouch inflammation model. Oral administration of β- carotene 
abolished the production of caspase 1- p10 and mature IL- 1β 
induced by MSU crystals in air pouch exudates (Supplemen-
tary Figure 4A, available on the Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41245/ 
abstract). Beta- carotene reduced caspase 1 activity increased 
by MSU crystals in air pouch exudates (Supplementary Figure 
4B). Oral administration of β- carotene also prevented the MSU 
crystal–induced release of IL- 1β and IL- 18 into the air pouch 
exudates, as measured by ELISA (Supplementary Figure 4C). 
These results confirm the in vivo suppressive effects of β- caro-
tene on the activation of the NLRP3 inflammasome. Histologic 
examination and MPO activity showed that neutrophil infiltra-
tion in the air pouch tissues and exudates was reduced by 
β- carotene (Supplementary Figures 4D and E). These results 
demonstrate the in vivo suppression of NLRP3 inflammasome 
activation by β- carotene, leading to attenuated in vivo inflam-
matory responses.

We then investigated whether β- carotene exerted in vivo 
suppressive activity against NLRP3 inflammasome–related dis-
eases using acute gout mouse models. After mice were orally 
administered β- carotene, MSU crystals was injected into the 
hind feet of the mice (Figure  4A). MSU crystal injection led to 
an increase in paw thickness and neutrophil infiltration in foot 
tissues, as shown by histologic examination and MPO activity, 
while β- carotene decreased paw thickness to almost normal lev-
els and blocked MSU crystal–induced recruitment of neutrophils 
to foot tissues (Figures 4B–E). The results demonstrate that oral 
administration of β- carotene alleviates the inflammatory symp-
toms of acute gout in mice. In this experiment, β- carotene pre-
vented MSU crystal–induced production of caspase 1- p10 and 
IL- 1β in mouse foot tissues (Figure 4F). Furthermore, β- carotene 
reduced caspase 1 activity increased by MSU crystals in foot 
tissue homogenates (Figure 4G). MSU crystal–induced IL- 1β and 
IL- 18 production in foot tissues was decreased by β- carotene 
(Figure 4H).

http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
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To further investigate whether β- carotene would be 
 effective in the treatment of gouty arthritis, MSU crystals was 
injected into the knee joints of mice after oral administration of 

 β- carotene (Figure  4I). Beta- carotene prevented the increase 
of IL- 1β induced by MSU crystals in the joint tissues, demon-
strating the suppressive effects of β- carotene on the NLRP3 

Figure 4. Oral administration of β- carotene attenuates in vivo activation of the NLRP3 inflammasome and inflammatory symptoms in acute 
gout models in mice. A–H, Either 30 mg/kg of β- carotene (β- Car) or 0.02% DMSO vehicle (Veh) in water was orally administered (P.O.) in mice. 
After 1 hour, either monosodium urate (MSU) crystals in 2 mg/0.1 ml of phosphate buffered saline (PBS) or PBS alone was subcutaneously 
injected into the right hind footpad. After 24 hours, footpad tissues were collected for further analysis. A, Experimental scheme. B, Time course 
of paw thickness. C, Hematoxylin and eosin (H&E) staining of hind feet. D, H&E staining of infiltrated neutrophils. Original magnification × 400. 
E, Myeloperoxidase (MPO) activity. F, Immunoblotting for the indicated molecules in footpad tissue. G, Caspase 1 enzyme activity in footpad 
tissue. H, Levels of interleukin- 1β (IL- 1β) and IL- 18, as measured by enzyme- linked immunosorbent assay (ELISA). I–L, Either 30 mg/kg of 
β- carotene or 0.02% DMSO vehicle in water was orally administered in mice. After 1 hour, either 100 μg of MSU crystals in 10 μl of PBS or 
PBS alone was injected into the right knee joint of each mouse. After 24 hours, joint tissue homogenates were prepared for further analysis. 
I, Experimental scheme. J, IL-1β levels in the joint tissues of mice, as measured by ELISA. K, MPO activity in the joint tissues. L, IL- 1α, IL- 6, 
keratinocyte chemoattractant (KC), and monocyte chemotactic protein 1 (MCP- 1) in the joint tissues, as measured by ELISA. Values are the 
mean ± SEM (n = 6 mice per group). # = P < 0.05 versus vehicle. * = P < 0.05 versus MSU crystals alone. Results are representative of at 
least 2 independent experiments. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.41245/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41245/abstract
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 inflammasome in the joint tissues (Figure 4J). Oral administra-
tion of β- carotene in mice led to a decrease in MPO activity and 
inflammatory cytokines and chemokines, such as IL- 1α, IL- 6, 
KC, and MCP- 1, in joint tissues injected with MSU crystals (Fig-
ures 4K and L). These results show that β- carotene suppresses 
MSU crystal–induced activation of the NLRP3 inflammasome 
and subsequent inflammatory symptoms in knee joint tissues. 
The results demonstrate the in vivo suppressive effects of β- car-
otene on NLRP3- dependent inflammatory responses, correlat-
ing well with its inhibition of NLRP3 inflammasome activation in 
gouty tissues.

Inhibition of the NLRP3 inflammasome by β-  carotene 
in synovial fluid cells obtained from gout patients. To 
examine the efficacy of β- carotene in human cells, synovial fluid 
cells freshly isolated from the knee joints of gout patients were 
treated with β- carotene (Figure  5 and Supplementary Figure 5, 
available on the Arthritis & Rheumatology web site at http://online 
library.wiley.com/doi/10.1002/art.41245/abstract). Production of  
caspase 1- p10 and mature IL- 1β was detected in the culture 
supernatants of synovial fluid cells obtained from gout patients, 
while β- carotene treatment reduced the production of caspase 
1- p10 and IL- 1β (Figure 5A and Supplementary 5A). Consistent 
with this, IL- 1β secretion from synovial fluid cells obtained from 
gout patients was decreased by β- carotene treatment in a dose- 
dependent manner (Figure 5B and Supplementary Figure 5B). The 
results show that β- carotene effectively suppressed the activation 
of the NLRP3 inflammasome and the secretion of mature IL- 1β in 
the synovial fluid cells of gout patients, suggesting its efficacy in 
inhibiting NLRP3 inflammasome–mediated inflammation in human 
subjects.

DISCUSSION

To the best of our knowledge, this is the first study to pres-
ent a direct binding antagonist for the PYD of NLRP3. Our results 
show that β- carotene directly binds to the PYD of NLRP3, thereby 
blocking the association between NLRP3 with ASC, and ulti-
mately suppressing NLRP3 inflammasome activation. We provide 
the interaction motif for the binding of β- carotene to NLRP3 PYD, 
suggesting a new inhibitory platform for future antagonist develop-
ment. Our study suggests that the PYD of NLRP3 could be an effi-
cient target in the screening of drug candidates for the treatment 
of NLRP3- related diseases. Our findings further demonstrate a 
novel strategy to regulate the activity of the NLRP3 inflammasome 
and the pathology of related chronic diseases.

The NLRP3 inflammasome is composed of 3 domains: an 
LRR domain, a NACHT domain, and a PYD. The LRR domain 
is located at the carboxy terminal and recognizes microbial li-
gands and endogenous danger molecules. The NACHT domain 
comprises Walker A and Walker B motifs to exert ATPase activity 
and participates in the oligomerization of the NLRP3 inflammas-
ome. The PYD domain at the amino- terminal is critical to associ-
ate with ASC via ASC via PYD–PYD interactions (21). There are 
some recent studies regarding inhibitors binding to NLRP3. CY- 09 
was reported to act as a direct inhibitor of NLRP3, thus enabling 
NLRP3 to bind to the Walker A motif of the NACHT domain, and 
thereby interfering with ATP binding to NLRP3 (5). Oridonin cova-
lently binds to the cysteine 279 of NACHT domain, interrupting 
NLRP3 to interact with NEK7 (22). MCC950 was shown to directly 
bind to the Walker B motif to block ATPase activity (23). Trani-
last directly binds to the NACHT domain to inhibit NLRP3–NLRP3 
interaction via an ATPase- independent manner (24). Additionally, 
OLT1177 inhibits ATPase activity of the NLRP3, suggesting its 

Figure 5. Efficacy of β- carotene in the suppression of the NLRP3 inflammasome in primary synovial fluid cells from a gout patient. Primary 
synovial fluid cells were isolated from a gout patient and treated with various doses of β- carotene for 16 hours. A, Levels of procaspase 1, 
caspase 1- p10, pro–interleukin- 1β (proIL- 1β), and IL- 1β were analyzed by immunoblotting. B, Human IL- 1β (hIL- 1β) was assessed in cell 
supernatants using enzyme- linked immunosorbent assay. Values are the mean ± SEM of 5 separate assays run on the sample from 1 gout 
patient, at each dose of β- carotene. * = P < 0.05 versus group that received vehicle alone.
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binding to NLRP3 (25). Mostly, these inhibitors target the NACHT 
domain of the NLRP3, resulting in the suppression of ATPase 
activity, while inhibitors targeting the PYD domain have been rarely 
studied. Therefore, our study provides a novel inhibitory method 
to suppress the NLRP3 inflammasome by directly binding to its 
PYD domain.

Beta- carotene is also called plant- derived provitamin A, 
yielding 2 molecules of vitamin A (retinol) by β- carotene 15, 
15′- monoxygenase in the intestinal mucosa (26). Although the 
antioxidant activity of β- carotene is widely reported, our study is 
the first to reveal a novel mechanism by which β- carotene exerts 
antiinflammatory activity and regulates immune responses. The 
results of our study demonstrate that β- carotene effectively pre-
vents NLRP3 inflammasome activation, linking to in vivo inhibitory 
efficacy for NLRP3- driven diseases such as gout. Our findings 
corroborate with results from an epidemiologic study of a popu-
lation in the US (27), which demonstrated that there is an inverse 
association between serum uric acid level and serum β- carotene 
level and that the intake of β- carotene may be beneficial in pro-
tecting against hyperglycemia and gout. Our findings suggest that 
pharmacologic application of β- carotene could improve inflam-
matory symptoms related to the NLRP3 inflammasome, such 
as gout. In future studies, the application of β- carotene could be 
expanded to other diseases related to NLRP3 inflammasome–
mediated autoinflammation (e.g., adult- onset Still’s disease, juve-
nile idiopathic arthritis, and Behçet’s disease) (28).

In healthy subjects, basal serum β- carotene levels are <1 
μmoles/liter. However, several intervention studies have shown the 
eminent elevation of serum β- carotene levels after supplementa-
tion of β- carotene. Micozzi et al reported that continuous intake 
of 30 mg of β- carotene each day for 6 weeks increased plasma 
β- carotene levels in healthy men from 0.303 ± 0.130 μmoles/liter 
at baseline to 7.901 ± 1.381 μmoles/liter (29). The Carotene and 
Retinol Efficacy Trial showed that the intake of 30 mg of β- carotene 
each day for 10 months resulted in a marked increase in serum 
β- carotene levels from a mean 0.13 μmoles/liter to 3.75 μmoles/
liter (30). In the Carotene Prevention Trial, with the supplementa-
tion of 50 mg of β- carotene each day, plasma β- carotene concen-
trations increased by 9–10- fold throughout the 60 month study 
period with a median of 0.225 μmoles/liter (interquartile range [IQR] 
0.125–0.355) at baseline to 2.255 μmoles/liter (IQR 1.170–4.395) 
at 3 months, 3.015 μmoles/liter (IQR 1.535–5.830) at 48 months, 
and 2.775 μmoles/liter (IQR 1.945–6.320) at 60 months (31). In 
the Skin Cancer Prevention Study, median plasma β- carotene 
levels increased from 0.335 μmoles/liter at entry to 3.163 μmoles/
liter in subjects who received a 1- year supplementation of 50 mg 
of β- carotene per day. Plasma β- carotene concentrations even 
ranged up to 16.090 μmoles/liter (32). These findings suggest that 
consistent supplementation with β- carotene may lead to the ele-
vation of serum β- carotene levels to inhibitory doses in the 10–20 
μmoles range.

In summary, the crucial role of the NLRP3 inflammasome in 
the pathology of acute gout has been confirmed in human stud-
ies (33–35). Therefore, our experimental results may further sup-
port the clinical relevance of the NLRP3 inflammasome in gout by 
demonstrating that β- carotene supplementation hampers NLRP3 
inflammasome activity and resolves the progression of acute gout. 
Although further investigation in human subjects is needed to val-
idate the therapeutic significance of our work, we present pivotal 
evidence that β- carotene acts as an antiinflammatory vitamin that 
inhibits the NLRP3 inflammasome.
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