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Abstract The NLRP3 inflammasome’s core and most specific protein, NLRP3, has a variety of func-

tions in inflammation-driven diseases. Costunolide (COS) is the major active ingredient of the traditional

Chinese medicinal herb Saussurea lappa and has anti-inflammatory activity, but the principal mechanism

and molecular target of COS remain unclear. Here, we show that COS covalently binds to cysteine 598 in

NACHT domain of NLRP3, altering the ATPase activity and assembly of NLRP3 inflammasome. We

declare COS’s great anti-inflammasome efficacy in macrophages and disease models of gouty arthritis

and ulcerative colitis via inhibiting NLRP3 inflammasome activation. We also reveal that the a-methy-

lene-g-butyrolactone motif in sesquiterpene lactone is the certain active group in inhibiting NLRP3 acti-

vation. Taken together, NLRP3 is identified as a direct target of COS for its anti-inflammasome activity.

COS, especially the a-methylene-g-butyrolactone motif in COS structure, might be used to design and

produce novel NLRP3 inhibitors as a lead compound.
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1. Introduction

The nucleotide-oligomerization domain-like receptor (NLR)
family pyrin domain-containing 3 (NLRP3) inflammasome, con-
sisting of an innate immune sensor NLRP3, adaptor protein
apoptosis-associated speck-like protein containing a CARD
(ASC), and effector protein caspase-1, belongs to NLR family1,2.
Assembly of NLRP3 inflammasome results in the cleavage of
caspase-1 (p20), which promotes the cleavage of pro-interleukin
(IL)-1b and pro-IL-18 to generate mature and functional IL-1b
and IL-183, respectively. Cleaved caspase 1 also cleaves gasder-
min D (GSDMD), which forms the lytic pore as the pyroptotic
effector4. NLRP3 inflammasome can be activated by the stimu-
lation of pathogen-associated molecular patterns (PAMPs) and
death-associated molecular patterns (DAMPs)5, which can further
induce NLRP3 inflammasome activation via intracellular ionic
fluxes6,7, mitochondrial reactive oxygen species generation8, or
lysosomal damage9. NLRP3 consists of three domains, LRR,
NACHT, and PYD domain. Generally, the assembly of NLRP3 is
triggered in NLRP3 NACHT domain self-oligomerization induced
by DAMPs and PAMPs. Next, the PYD domain of NLRP3 in-
teracts with the PYD of adaptor protein ASC, which then leads to
the formation of ASC speck. ASC speck recruits pro-caspase-1 via
their homotypic CARD domains, eventually leading to the auto-
cleavage and maturation of pro-caspase-1. The activation of
caspase-1 causes the cleavage of IL-1b and IL-1810. In addition,
never in mitosis A-related kinase-7 (NEK7) has recently been
characterized as a key component of NLRP3 inflammasome,
which directly binds to and activates NLRP3 inflammasome11.
Aberrant activation of NLRP3 inflammasome by DAMPs and
PAMPs is associated with the progression of various
inflammation-related diseases, such as colitis12, gout arthritis13,
atherosclerosis14, diabetic cardiomyopathy15, and type 2 dia-
betes16. Pharmacological inhibition of NLRP3 can significantly
alleviate inflammatory diseases17. However, only few small-
molecule inhibitors of NLRP3 inflammasome are currently
available for clinical use. Therefore, identification of small mol-
ecules targeting NLRP3 will aid in the development of novel
NLRP3 inhibitors for the treatment of inflammatory diseases.

Natural products play a crucial role in drug discovery by
providing a large number of lead compounds for drug design18.
Costunolide (COS), a well-known sesquiterpene lactone, is
divided from Saussurea lappa, a traditional Chinese herb often
used to treat gastrointestinal diseases19. Recently, COS has been
shown to possess antioxidative, anti-inflammatory, antiallergic,
bone remodeling, neuroprotective, anticancer, and antidiabetic
properties20,21. The anti-inflammatory activity of COS has been
reported to be mainly attributed to its inhibition of the nuclear
factor (NF)-kB signaling pathway20. However, whether COS in-
hibits NLRP3 inflammasome activation and alleviates the NLRP3-
mediated inflammatory diseases remains unclear. More impor-
tantly, the precise molecular targets of COS remain unknown.

In this study, we identified COS as an effective and selective
inhibitor of NLRP3 inflammasome in an in-house bank of 119
natural compounds. We demonstrated that COS covalently binds
to cysteine 598 (C598) of NACHT domain of NLRP3, inhibiting
the ATPase activation of NLRP3 and exerting high anti-
inflammasome activity in NLRP3-driven diseases. We also
discovered that the a-methylene-g-butyrolactone motif in
sesquiterpene lactone is an active group for binding to NLRP3,
which may contribute to the design and development of novel
NLRP3 inhibitors.

2. Materials and methods

2.1. Reagents

Lipopolysaccharides (LPS, #L2880), adenosine triphosphate (ATP,
#A3377), and aluminum potassium sulfate dodecahydrate (Alum,
#237086) were purchased from Sigma (St. Louis, MO, USA). COS
was bought from Abphyto Biotech Co., Ltd. (Chengdu, China).
MitoSOX (#M36008) was obtained from Invitrogen (Carlsbad,
CA, USA). MitoTracker (#C1049B) and protein A þ G agarose
(#P2012) were supplied by Beyotime (Shanghai, China). Anti-
NLRP3 (#AG-20B-0014) and anti-mouse caspase-1 (#AG-20B-
0042) antibodies were purchased from Adipogen (San Diego, CA,
USA). Anti-NEK7 (#ab133514) and anti-GSDMD (#ab209845)
antibodies were obtained from Abcam (Cambridge, UK). Anti-
mouse IL-1b (#AF-401-NA) antibody was from R&D Systems
(Minneapolis, MN, USA). Anti-Flag (#20543-1-AP), anti-HA
(#66006-2-Ig), and anti-b-actin (#66009-1-Ig) antibodies were
purchased from Proteintech (Rosemont, IL, USA).

2.2. Cell culture

Bone marrow-derived macrophages (BMDMs) were isolated and
cultured as described22. In brief, an 8-week-old mouse was
sacrificed and the femoral and tibial bones were cut off. The bone
marrow cells were flushed out and cultured for 7 days in Dul-
becco’s modified Eagle’s medium (DMEM, #C11995500BT;
Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS, #10270-106; Gibco), 20% supernatants of L929
mouse fibroblasts, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin (#C100C5; NCM Biotech, Suzhou, China). On Day 3 and
Day 5, fresh media was added. L929 mouse fibroblasts (#GNM28)
and HEK-293T cells (#GNHu17) were purchased from the
Shanghai Institute of Biochemistry and Cell Biology (Shanghai,
China). HEK-293T cells were cultured in DMEM supplemented
with 10% FBS and antibiotics. L929 cells were cultured in min-
imum essential medium-a (#SH30265.01; Hyclone, Logan, UT,
USA) supplemented with 10% FBS and antibiotics. Human pe-
ripheral blood mononuclear cells (PBMCs) were isolated from
healthy volunteers using Human Peripheral Blood Monocyte
Isolation Solution Kit (#P8680; Solarbio, Beijing, China). PBMCs
were cultured overnight before stimulation in the Roswell Park
Memorial Institute 1640 medium (#C11875500BT; Gibco) sup-
plemented with 10% FBS and antibiotics. The procedures
involving human PBMC samples were approved by the First
Affiliated Hospital of Wenzhou Medical University in China and
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all samples were obtained with informed consent (the ethical
approval No. 2018-201).

2.3. Animal experiments

C57BL/6J mice used in the studies were obtained from Gem-
pharmatech Co., Ltd. (Nanjing, Jiangsu, China). C57BL/6-
Nlrp3KO mice (strain No.: VSM40005) and the littermate control
mice were purchased from Beijing Viewsolid Biotech Co., Ltd.
(Beijing, China). Mice were housed on a strict 12 h/12 h light/dark
cycle (lights on at 8:00 a.m. and off at 8:00 p.m.) at 23 � 2 �C and
fed a standard rodent diet in a specific pathogen-free environment.
All animal experimental protocols were approved by the Wenzhou
Medical University Animal Policy and Welfare Committee
(approved No.: wydw-2021-147).

To model and evaluate dextran sulfate sodium (DSS)-induced
colitis, ten-week-old male C57BL/6 (littermate control mice) and
Nlrp3KO mice were treated with 2.5% DSS (#0216011080; MP
Biomedicals, Santa Ana, CA, USA) dissolved in the drinking
water for six days and were then provided with normal drinking
water for four days. Mice in the normal group were provided
regular water. COS (40 mg/kg) was intraperitoneally injected into
mice every day for 10 days. Control mice were injected with
vehicles containing 95% phosphate buffered saline (PBS, #P1020;
Solarbio) and 5% dimethyl sulfoxide (DMSO, #D8371; Solarbio)
at the same time points. Body weight was measured at the same
time every day. The disease activity index (DAI) was scored on a
scale of 0e4 as follows: 0, normal stool; 1, soft stools; 2, dark
mucoid stool; 3, liquid stool with slight bleeding; and 4, gross
bleeding. Mice were sacrificed on Day 10 to measure the colon
length and the colonic tissue was harvested. Sections of paraffin-
embedded colon tissues were stained with hematoxylin and eosin
(H&E) staining. 5 mg of colon tissue was weighed and added
0.2 mL of Tissue Protein Extraction Reagent (#AR0101; Boster,
Wuhan, China). After grinding, the level of IL-1b and caspase-1 in
the tissue homogenate were tested by using enzyme-linked
immunosorbent assay (ELISA) and Western blotting, respectively.

To establish and assess monosodium urate (MSU, #U2875;
Sigma)-induced acute gouty arthritis, 8e10-week-old male
C57BL/6 (littermate control) mice and Nlrp3KO mice were
injected intraperitoneally with COS (40 mg/kg) twice at an in-
terval of 30 min before the subcutaneous injection of MSU into
the footpad. Footpad size was measured with a Vernier caliper at
the indicated time points. After 6 h, the mice were sacrificed and
the footpad tissues were harvested. The tissues were cultured in
1 mL of Opti-MEM (#31985070; Gibco) for 1 h at 37 �C and the
protein levels of murine IL-1b and caspase-1 were measured using
ELISA and caspase-1 activity assay kit (#C1101; Beyotime),
respectively.

To model and evaluate Alum-induced peritonitis, 8e10-week-
old male C57BL/6 mice and Nlrp3KO mice received daily gavage
with COS (40 mg/kg) dissolved in 0.5% carboxymethylcellulose
sodium three times before intraperitoneal injection of Alum (1 mg
per mouse). After 12 h, the mice were sacrificed and 5 mL of PBS
was used to wash the peritoneal cavities. The neutrophils in
peritoneal were analyzed by flow cytometry by staining Per-CP-
Ly6G antibody (#127653; BioLegend, San Diego, CA, USA)
and FITC-CD45.2 antibody (#103108; BioLegend). The protein
levels of murine IL-1b and p20 in the peritoneal cells were
measured using Western blotting.

To model and assess LPS-challenged mice, 8e10-week-old
male C57BL/6 mice were intraperitoneally injected with COS
(40 mg/kg) or vehicles containing 95% PBS and 5% DMSO. After
1 h, mice were intraperitoneally injected with LPS (10 mg/kg).
After 4 h, serum samples were collected, and cytokines were
measured using ELISA.

2.4. Inflammasome stimulation

To activate NLRP3 inflammasome, 1 � 106/mL of BMDMs or
PBMCs were plated in 6-well plates. After overnight incubation,
the BMDMs were primed with 500 ng/mL LPS for 3 h. Subse-
quently, the cells were treated with COS for 30 min, and then
stimulated with ATP (2.5 mmol/L) and nigericin (10 mmol/L) for
30 min or Alum (300 mg/mL) for 4 h. PBMCs were treated with
COS for 30 min and then stimulated with LPS for 16 h after
overnight culture.

To stimulate the absence in melanoma 2 (AIM2) and NLR
family CARD domain containing 4 (NLRC4) inflammasomes,
after LPS priming and treatment with COS, BMDMs were
transfected with poly (dA:dT) (#tlrl-patn; InvivoGen, Hong Kong,
China) for 4 h using Lipofectamine 2000 (#11668500; Invitrogen)
or stimulated with Salmonella typhimurium for 4 h.

2.5. Fluorescence staining

BMDMs were plated overnight in glass-bottom cell culture dishes
at 1 � 106/mL density. In the following days. The next day,
BMDMs were primed with 500 ng/mL of LPS for 3 h, treated with
COS for 30 min, stimulated with 2.5 mmol/L ATP, and stained
with MitoSOX (5 mmol/L) and MitoTracker (20 nmol/L) for
30 min. The cells were then washed thrice with PBS and fixed
with 4% paraformaldehyde for 20 min at room temperature. After
washing thrice with PBS containing 0.05% Tween-20 (PBST) and
counterstaining with 40,6-diamidino-2-phenylindole (DAPI,
#36308ES11; Yeasen, Shanghai, China), the cells were observed
under a fluorescence microscope (Nikon, Tokyo, Japan).

2.6. ELISA for cytokine examination

Supernatants from cell culture, footpad tissue culture, colon ho-
mogenate, and serum were detected for mouse IL-1b (#88-7013-
77), IL-6 (#88-7064-76), tumor necrosis factor (TNF)-a (#88-
7324-76), and human IL-1b (#88-7046-86) using commercial
ELISA kits (Invitrogen) according to the manufacturer’s
instructions.

2.7. Intracellular chloride detection

BMDMs (5 � 105/mL) were plated in a 12-wells plate and
prepared following treatment and then stimulated with ATP at
different times. After washing with PBS, the cells were lysed
with ultrapure water for 15 min at 37 �C. After collection
and centrifugation, 5 mmol/L N-(ethoxycarbonylmethyl)-6-
methoxyquinolinium bromide (MQAE, #S1082; Beyotime) was
added to the supernatants and the fluorescence intensity was
measured using SpectraMax iD3 (Molecular Devices, San Jose,
CA, USA).

2.8. Intracellular potassium detection

BMDMs (1 � 106/mL) were plated in a 6-wells plate and prepared
following treatment, and then stimulated with ATP. After washing
thrice with 0.9% normal saline, the cells were lysed with ultrapure
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water for 15 min at 37 �C. After collection and centrifugation, the
supernatant was analyzed for potassium concentration using an
AU5800 Clinical Chemistry Analyzer (Beckman Coulter, Indi-
anapolis, IN, USA).

2.9. Western blotting and co-immunoprecipitation

Total protein from cells and tissues was extracted using lysis
buffer (#AR0103; Boster). The cells culture supernatant was
added to an equal volume of methanol and one-quarter volume of
chloroform. After vortex and centrifugation, the upper solution
was removed and the same volume of methanol was added. After
vortex and centrifugation, the protein precipitation was resus-
pended in SDS sample loading buffer. The samples were separated
using 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis and then transferred to polyvinylidene fluoride
membranes. Before adding specific primary antibodies, mem-
branes were blocked in Tris-buffered saline (pH 7.4, containing
0.05% Tween 20 and 5% non-fat milk) for 1.5 h at room tem-
perature. Protein bands were then detected by incubating with
horseradish peroxidase-conjugated secondary antibodies and
enhanced chemiluminescence reagent (Bio-Rad, Hercules, CA,
USA). The density of the immunoreactive bands was analyzed
using Image J software (NIH, Bethesda, MD, USA).

In co-immunoprecipitation assays, cell lysates prepared
following treatments were incubated with decoy antibodies over-
night at 4 �C, and immunoprecipitated with protein A þ G agarose
beads at 4 �C for 4 h. Immunoprecipitation samples were further
subjected to immunoblotting for the detection of co-precipitated
proteins. Total lysates were also performed for Western blot
analysis as input control.

2.10. NLRP3 oligomerization assay

BMDMs prepared following treatments were lysed using lysis
buffer (0.5% Triton X-100, 50 mmol/L TriseHCl, 150 mmol/L
NaCl, 10% glycerol, and protease inhibitor cocktail). After
centrifugation, the precipitate was resuspended in 1 � sample
buffer (0.5 � Tris-borate EDTA [TBE], 10% glycerol, 2% SDS
containing 0.0025% bromophenol blue) and electrophoresed on a
vertical 1.5% agarose gel in running buffer (1 � TBE and 0.1%
SDS) for 1 h. The proteins were then transferred to polyvinylidene
fluoride membranes for immunoblotting.

2.11. ASC oligomerization assay

BMDMs prepared following treatments were lysed using the lysis
buffer (0.5% Triton X-100 and protease inhibitor cocktail in PBS).
After centrifugation, the precipitate was resuspended in PBS,
2 mmol/L suberic acid bis (3-sulfo-N-hydroxysuccinimide ester)
sodium salt (BS3, #S855494; Macklin, Shanghai, China) was
added for crosslinking oligomer. After incubation at room tem-
perature for 30 min and centrifugation, the pellets were resus-
pended in SDS sample loading buffer and analyzed using
immunoblotting, as previously described.

2.12. Lactate dehydrogenase (LDH) assay

The release of LDH from BMDMs was detected by the LDH
Cytotoxicity Assay Kit (#C0016; Beyotime) following the man-
ufacturer’s instructions.
2.13. Pull-down assay

Streptavidin-covered Beads (#22308-1; Beaver, Suzhou, China)
were incubated with COS or biotinylated costunolide (bio-COS)
for 30 min at room temperature. After washing with PBST, the
beads were incubated with the cell lysates of LPS-primed
BMDMs or plasmid-transfected HEK-293T cells for 6 h,
washed with PBST, and the bound and total proteins were
analyzed by Western blotting.

2.14. Cell-free surface plasmon resonance (SPR) and bio-layer
interferometry (BLI) assay

For SPR, the binding affinity of COS for rhNLRP3-NACHT
(#TP20536; Huabio, Hangzhou, China) was determined using a
Biacore T200 instrument (GE, Boston, MA, USA) with a CM7
sensor chip. Briefly, recombinant proteins were loaded to the
sensors using the Amine Coupling Kit (#BR100050; Cytiva,
Boston, MA, USA). Concentration-gradient COS samples were
prepared in a running buffer (PBS containing 0.05% P20, 5%
DMSO). The sensor and sample plates were placed on the in-
strument, and COS samples flowed over the target sensors.
Five concentrations were injected successively at a flow rate of
30 mL/min for a 200 s association phase, which was followed by
an 80 s dissociation phase at 25 �C. The final graphs were ob-
tained by subtracting blank sensor and blank samples in duplex.
Data were analyzed using Biacore T200 software EV (GE).

For BLI, the binding affinity of COS for rhNLRP3-NACHT
was determined using a ForteBio Octet Red system (ForteBio, San
Francisco, CA, USA). The recombinant protein was biotinylated
using the ReadiLink Protein Biotinylation Kit (#AAT-5520; AAT
Bioquest, Sunnyvale, CA, USA) and immobilized onto Super
Streptavidin Biosensors (#18-5057; ForteBio), and the association
and dissociation of COS were monitored for 100 s, respectively.
The final graphs were obtained by subtracting the blank sensor and
blank samples in the duplex. Data were analyzed using ForteBio’s
Data Analysis Software version 8.1 software (ForteBio).

2.15. NLRP3 ATPase activity assay

Human NLRP3 immunoprecipitated from plasmid-transfected
HEK-293T cells were incubated with different concentrations of
COS for 40 min, then ultra-pure ATP was added to the reaction
buffer and incubated at 37 �C for 40 min. The amount of ATP
converted into ADP was determined by luminescent ATP detec-
tion with ADP-Glo Kinase Assay Kit (#V6930; Promega, Madi-
son, WI, USA) according to the manufacturer’s protocol.

2.16. Identification of modified peptides using mass
spectrometry

Murine Flag-NLRP3 was transfected into HEK-293T cells using
polyethyleneimine. After 24 h, cells were collected and resus-
pended in the lysis buffer. Extracts were immunoprecipitated with
anti-Flag antibody and protein A þ G beads and then dissolved in
loading buffer. Proteins were separated using 12% SDS-PAGE and
the gel was stained with Coomassie brilliant blue. Bands between
130 and 100 kDa were cut and digested with trypsin. Tryptic
peptides were separated on a C18 column and were analyzed
using an LTQ-Orbitrap-Velos mass spectrometer. Spectral data
were then searched against the human protein RefSeq database in
Proteome Discoverer with Mascot software.
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2.17. Molecular docking

The molecular docking of NLRP3 NACHT domain oligomeriza-
tion or COS to NACHT domain was performed using HADDOCK
and AutoDock 4.2.6, respectively. The crystal structure of human
NLRP3 NACHT domain (PDB ID: 7ALV) was obtained from
Protein Data Bank (PDB). The AutoDock Tools version 1.5.6
package was applied to generate the docking input files and to
analyze the docking results. We implemented a 60 � 60 � 60-
point grid box with 0.375 Å spacing between the grid points. The
affinity maps of NACHT were calculated by AutoGrid. One
hundred Lamarckian genetic algorithm runs with default param-
eter settings were processed. Then the interactions of the protein
and the ligand in the complex were analyzed by Independent
Gradient Model23,24.
2.18. Chemical synthesis of COS derivatives

For synthesis of reduced Costunolide (r-COS), COS (100 mg,
0.43 mmol) was dissolved in methanol. After adding 20 eq. so-
dium borohydride (325.68 mg), the mixture was stirred for 1 h at
room temperature. After extraction by dichloromethane, the
extract was purified by column chromatography, eluting with
petroleum ether-ethyl acetate (v/v Z 2:1), to give the desired
product r-COS (47.00 mg, 46.60%) as a white solid. HPLC purity
of r-COS: 98.5%. Structural characterization of r-COS: 1H NMR
(400 MHz, chloroform-d ) d 4.85 (dd, J Z 11.4, 4.4 Hz, 1H), 4.68
(d, J Z 10.0 Hz, 1H), 4.59 (dd, J Z 9.9, 8.5 Hz, 1H), 2.42 (dd,
J Z 13.4, 6.3 Hz, 1H), 2.36e2.16 (m, 4H), 2.06 (tdd, J Z 13.1,
9.8, 2.9 Hz, 2H), 1.90 (ddd, J Z 13.9, 6.3, 2.1 Hz, 1H), 1.72 (s,
3H), 1.70e1.66 (m, 1H), 1.65e1.60 (m, 1H), 1.45 (s, 3H), 1.29 (d,
J Z 6.9 Hz, 3H).

For synthesis of bio-COS, COS (50.00 mg, 0.22 mmol) was
mixed with 1.5 eq. 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide and 0.2 eq. 4-dimethylaminopyridine in acetonitrile, and D-
biotin (73.79 mg, 0.30 mmol) was added into the mixture. The
reaction was stirred at reflux temperature for 4 h. After extraction
by dichloromethane, the extract was purified by column chroma-
tography, eluting with dichloromethane-methanol (v/v Z 20:1) to
give bio-COS (23.00 mg, 24.07%) as a white solid. HPLC purity
of bio-COS: 97.9%. Structural characterization of bio-COS: 1H
NMR (400 MHz, chloroform-d ) d 6.21 (d, J Z 3.4 Hz, 1H), 5.58
(t, J Z 8.3 Hz, 1H), 5.49 (d, J Z 3.1 Hz, 1H), 5.10 (d,
J Z 10.2 Hz, 1H), 4.71e4.58 (m, 2H), 4.54 (t, J Z 6.3 Hz, 1H),
4.47 (d, JZ 12.3 Hz, 1H), 4.34 (dd, JZ 7.9, 4.5 Hz, 1H), 3.18 (q,
J Z 6.6, 5.3 Hz, 1H), 3.01e2.90 (m, 1H), 2.77 (d, J Z 12.8 Hz,
1H), 2.63 (ddd, J Z 12.5, 9.1, 3.6 Hz, 1H), 2.36 (t, J Z 7.4 Hz,
2H), 2.33e1.99 (m, 7H), 1.97e1.90 (m, 1H), 1.89 (d, J Z 1.3 Hz,
3H), 1.80e1.63 (m, 5H), 1.58 (dt, J Z 14.5, 2.9 Hz, 1H), 1.47 (t,
J Z 7.9 Hz, 2H).
2.19. Statistical analysis

Data are presented as the mean � standard error of the mean
(SEM). The statistical significance of differences between groups
was determined using the Student’s t-test or ANOVA multiple
comparisons in GraphPad Prism 8 (GraphPad, San Diego, CA,
USA). Differences are significant at P < 0.05.
3. Results

3.1. COS inhibits NLRP3 inflammasome activation

To uncover the anti-inflammatory compounds targeting pyrop-
tosis, 119 natural compounds housed in our lab (Supporting
Information Table S1) were screened for their inhibitory activ-
ity against NLRP3-driven IL-1b production in LPS/ATP-
challenged BMDMs (Fig. 1A). Interestingly, COS (Fig. 1B)
showed the highest inhibitory rate (87.6%) on IL-1b release
among the 119 natural compounds. The cell viability assay
showed that COS was not cytotoxic at concentrations below
10 mmol/L (Supporting Information Fig. S1A). Then we exam-
ined whether COS (at 1, 2, and 5 mmol/L) inhibited p20 cleavage
and IL-1b secretion in BMDMs to validate the inhibitory effects
of COS on inflammasome activation. We found that COS sup-
pressed p20 cleavage and IL-1b release in a dose-dependent
manner (Fig. 1C, D, and Fig. S1B). In addition, COS at 1, 2,
and 5 mmol/L did not alter TNF-a and IL-6 levels in the culture
supernatants of BMDMs (Fig. 1E and Fig. S1C). Actually, COS
could decrease IL-1b in LPS-primed BMDMs at lower doses
(IC50 Z 0.66 mmol/L) than TNF-a (IC50 > 10 mmol/L)
(Supporting Information Fig. S2A and S2B). Furthermore, COS
inhibited inflammasome-induced GSDMD activation and LDH
release in BMDMs (Fig. 1F and G, and Supporting Information
Fig. S3). Similar inhibition of IL-1b production by COS was
observed in human PBMCs (Fig. 1H). These data indicate that
COS prevents NLRP3 inflammasome activation rather than
regulating the production of NLRP3, pro-IL-1b, and
inflammasome-independent inflammatory cytokines. These re-
sults were validated in mouse serum. The data in Supporting
Information Fig. S4A and S4B show that COS administration
significantly reduced serum IL-1b production, but not TNF-a
production, in LPS-challenged mice.

COS has been reported to have anti-inflammatory effects in
LPS-challenged macrophages25,26. We then examined whether
COS affected LPS-induced priming for NLRP3 inflammasome
activation. When BMDMs were treated with COS at 1e5 mmol/L
before LPS challenge, COS significantly suppressed LPS-induced
pro-IL-1b and NLRP3 expression, which is consistent with the
previous report that COS could reduce LPS-induced pro-IL-1b
expression via inhibiting NF-kB25. However, COS treatment after
LPS challenge reduced p20 and pro-IL-1b levels but failed to
suppress LPS-induced pro-IL-1b and NLRP3 expression, sug-
gesting that COS could independently suppress NLRP3 activation
without inhibiting LPS-induced priming signal (Fig. 1C, and
Supporting Information Fig. S5A and S5B).

To explore the effects of COS on the activation of other
inflammasomes, we also tested whether COS could inhibit IL-1b
secretion and p20 cleavage induced by the activators of other
inflammasomes. As shown in Supporting Information
Fig. S6AeS6D, COS failed to inhibit the activation of NLRC4
and AIM2 inflammasomes. Next, we explored whether COS could
suppress NLRP3 inflammasome activation induced by other ac-
tivators, such as nigericin and Alum9. We found that COS treat-
ment also inhibited IL-1b and p20 secretion triggered by nigericin
and Alum in BMDMs (Fig. 1I and J, Supporting Information S7A
and S7B). These findings indicate that COS may be a selective and
effective inhibitor of NLRP3 inflammasome.



Figure 1 COS inhibits NLRP3 inflammasome activation. (A) BMDMs were primed with LPS for 3 h and stimulated with ATP for 0.5 h after

treatment with 5 mmol/L natural products library (119 compounds) for 0.5 h, ELISA of IL-1b in culture supernatant (SN). (B) Structure of COS.

(CeE) LPS-primed BMDMs were treated with or without COS in different doses for 0.5 h and then stimulated with ATP for 0.5 h. Western

blotting analysis of cleaved IL-1b and p20 levels in culture SN and pro-IL-1b, pro-caspase-1, and b-actin in lysates (Input) of BMDMs (C). IL-1b

(D) or TNF-a (E) production was assessed using ELISA in SN. (F) BMDMs were primed with LPS for 3 h and then stimulated with ATP for 0.5 h

after treatment with various doses of COS (1, 2, and 5 mmol/L) for 0.5 h. Western blotting analysis of GSDMD, or cleaved-GSDMD in lysates. (G)

Assay of LDH release in the culture supernatants of LPS-primed BMDMs treated with different doses of COS for 0.5 h and then stimulated with

ATP for 1 h. (H) ELISA of IL-1b in SN of PBMCs isolated from three healthy donors, treated with various doses of COS for 30 min, and then

stimulated with LPS for 16 h. (I, J) LPS-primed BMDMs were treated with or without COS (2 mmol/L) for 0.5 h and then stimulated with ATP for

0.5 h, nigericin for 0.5 h, or Alum for 4 h. Western blotting analysis of mature IL-1b and p20 levels in SN (I) or ELISA of IL-1b production in SN

(J). Data are presented as the mean � SEM, n Z 3; *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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Figure 2 COS inhibits NLRP3 inflammasome assembly. (A) Detection of potassium efflux in LPS-primed BMDMs treated with various doses

of COS (1, 2, and 5 mmol/L) for 0.5 h and stimulated with ATP for 0.5 h. (B) Detection of chloride efflux in LPS-primed BMDMs treated with

COS (5 mmol/L) for 0.5 h and stimulated with ATP at different time points. (C) Fluorescence analysis of LPS-primed BMDMs treated with COS

for 0.5 h and stimulated with ATP for 0.5 h, followed by staining with MitoSOX, MitoTracker, and DAPI. (D) Western blotting analysis of ASC

oligomerization in 0.5% Triton X-100 (pellets) of LPS-primed BMDMs treated with or without COS for 0.5 h and stimulated with ATP for 0.5 h.

(E) Co-immunoprecipitation (Co-IP) with ASC antibody and western blotting analysis to evaluate the NLRP3eASC interaction in LPS-primed

BMDMs treated with or without COS for 0.5 h and stimulated with ATP for 0.5 h. (F) Co-IP with NEK7 antibody and Western blotting analysis to

evaluate the NLRP3eNEK7 interaction in LPS-primed BMDMs treated with or without COS for 0.5 h and stimulated with ATP for 0.5 h. (G) Co-

IP with HA antibody and Western blotting analysis to evaluate the NLRP3eASC interaction in HEK-293T cells transfected with the high

expression plasmid and treated with COS (5 mmol/L) for 16 h. (H) Co-IP with HA antibody and Western blotting analysis to evaluate the

NLRP3eNEK7 interaction in HEK-293T cells transfected with the high expression plasmid and treated with COS (5 mmol/L) for 16 h. Data are

presented as the mean � SEM, n Z 3; **P < 0.01, ***P < 0.001; ns, not significant.
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3.2. COS inhibits NLRP3 inflammasome assembly

Next, we attempted to understand how COS blocks NLRP3 acti-
vation. We then observed the effects of COS on upstream
signaling events of NLRP3 inflammasome. The results showed
that COS failed to affect ATP-induced potassium or chloride
efflux (Fig. 2A and B) and mitochondrial damage (Fig. 2C). ASC
oligomerization participates in the assembly of NLRP3 inflam-
masome, which is an important step of the subsequent caspase-1
Figure 3 COS directly targets NLRP3 NACHT domain. (A) Structure o

with biotin and COS or bio-COS were incubated with the cell lysates of L

(Pull-down) and total proteins (Input) were determined using Western blot

were incubated with the cell lysates of HEK-293T cells transfected with

and Flag-NLRP3-LRR for 6 h. As indicated, the levels of bound proteins

blotting. (D) Binding affinity of COS with rhNLRP3-NACHT was determi

NACHT was determined using a BLI assay. (F) Western blotting analysis o

treated with COS for 0.5 h and stimulated with ATP for 0.5 h. (G) ATPa

different concentrations of COS. Data are presented as the mean � SEM,
activation27. We discovered that COS suppressed ATP-induced
ASC oligomerization (Fig. 2D, Supporting Information Fig. S8A
and S8B). These results indicate that COS inhibits NLRP3
inflammasome activation possibly by suppressing the assembly of
inflammasome components.

We further validated the inhibition of COS on the endogenous
interaction between NLRP3 and ASC in BMDMs (Fig. 2E).
Recently, NEK7 has been defined as a license for NLRP3 acti-
vation via kinase-independent activation11. We observed that COS
f biotinylated costunolide (bio-COS). (B) Streptavidin-covered beads

PS-primed BMDMs for 6 h. As indicated, the levels of bound proteins

ting. (C) Streptavidin-covered beads with biotin and COS or bio-COS

high expression plasmid of Flag-NLRP3-PYD, Flag-NLRP3-NACHT,

(Pull-down) and total proteins (Input) were determined using Western

ned using an SPR assay. (E) Binding affinity of COS with rhNLRP3-

f NLRP3 by SDD-AGE or SDS-PAGE assay in LPS-primed BMDMs

se activity assay for endogenous NLRP3 proteins in the presence of

n Z 3; ***P < 0.001.



Figure 4 COS covalently targets cysteine 598 on the NLRP3 NACHT domain. (A, B) LPS-primed BMDMs were treated with COS for 15 min

and washed out, then stimulated with ATP for 0.5 h. Western blotting analysis of cleaved IL-1b and p20 in SN (A) or ELISA of IL-1b in SN (B).

(C) The structure of reduced-costunolide (r-COS). (D, E) LPS-primed BMDMs were treated with or without COS or r-COS for 0.5 h, then

stimulated with ATP for 0.5 h. Western blotting analysis of cleaved IL-1b, p20 in SN (D) or ELISA of IL-1b in SN (E) from BMDMs. (F) Mass

spectrogram of the modified peptide in endogenous NLRP3 treated with COS (5 mmol/L). (G) Streptavidin-covered beads with bio-COS were

incubated with the cell lysates of HEK-293T cells transfected with the high expression plasmid of WT or cysteine 598 mutation to alanine

(C598A) NACHT protein for 6 h. As indicated, the levels of bound proteins (Pull-down) and total proteins (Input) were determined using Western

blotting. (H) Proposed model for the reaction between COS and cysteine 598 (C598) residue of NLRP3 (PDB ID: 6NPY). (I) Molecular docking
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also suppressed the interaction of NLRP3 and NEK7 in BMDMs
(Fig. 2F). After co-transfection of plasmids encoding NLRP3 and
ASC or NLRP3 and NEK7 in HEK-293T cells, we confirmed that
COS inhibited the interaction of these two complexes in NLRP3
inflammasome (Fig. 2G and H). Based on these results, we
concluded that COS intervenes in the assembly of NLRP3
inflammasome and hypothesized that COS may directly target the
core components of NLRP3 inflammasome.

3.3. COS directly interacts with NLRP3 NACHT domain

In order to identify the COS-targeting protein in NLRP3 inflam-
masome, bio-COS (Fig. 3A) was used for pull-down assay in cell
lysates of BMDMs. As shown in Fig. 3B, NLRP3, rather than
NEK7 and ASC, was pulled down by bio-COS, indicating that
NLRP3 is a direct interacting target of COS. We validated the
COSeNLRP3 interaction by pulling down HEK-293T cells
transfected with Flag-labelled NLRP3 plasmid (Fig. 3C). In
addition, the pull-down assay showed that the interaction between
NLRP3 and bio-COS could be competitively reversed by free
COS in a dose-dependent manner (Supporting Information
Fig. S9).

Furthermore, we constructed plasmids encoding different do-
mains to identify the COS-targeting domain of NLRP3. Interest-
ingly, among these three domains, only NACHT domain of
NLRP3 was pulled down by bio-COS, suggesting that COS targets
NACHT domain of NLRP3 (Fig. 3C). To confirm our findings, we
used SPR and BLI to investigate the affinity between COS and
purified NACHT protein. The SPR assay showed that COS
interacted with recombinant NACHT proteins with a high affinity
(KD Z 7.615 � 10�5 mol/L) (Fig. 3D). The BLI assay showed a
similar affinity with a KD of 6.34 � 10�5 mol/L (Fig. 3E). These
data confirm the direct interaction between COS and NLRP3
NACHT domain.

NACHT is a critical domain for NLRP3 oligomerization through
its ATPase activity, which is a vital step in the assembly of NLRP3
inflammasome28. We then detected the effect of COS on oligomeri-
zation of NLRP3 using semi-denaturing detergent agarose gel elec-
trophoresis. The data showed that COS reduced NLRP3
oligomerization in BMDMs (Fig. 3F and Supporting Information
Fig. S10). The ATPase activity of endogenous NLRP3 was then
examined with or without COS treatment, which showed that COS
dose-dependently suppressed NLRP3 ATPase activity (Fig. 3G),
indicating that COS blocked NLRP3 oligomerization through an
ATPase-dependent mechanism. These data indicated that COS
directly interacts with NACHT domain, affecting its ATPase activity
and subsequent NLRP3 oligomerization.

3.4. COS covalently targets the cysteine 598 on NLRP3 NACHT
domain

Next, we investigated how COS binds to NACHT domain. Pre-
vious studies have shown the reactivity of a,b-unsaturated
carbonyl with thiols in targeted proteins via a Michael addition
reaction, which often affords a covalent and irreversible binding
between small molecules and proteins29. We can see that there is
analysis of NLRP3 NACHT domain oligomer. Two NACHT domains inte

Molecular docking analysis of COS covalently bound to NLRP3. COS (s

cartoon, PDB ID: 7ALV). Green color represents van der Waals’ interactio

not significant.
an a,b-unsaturated carbonyl group in the COS structure. Then, we
explored whether COS has an irreversible effect on NLRP3 in-
hibition. We treated COS with LPS-primed BMDMs for 15 min
and then washed the cells thrice to remove the free small mole-
cule. We found that COS keeps the inhibitory activity against IL-
1b and p20 production after washing, indicating that COS inhibits
NLRP3 in an irreversible manner (Fig. 4A and B, and Supporting
Information Fig. S11A). We then confirmed the contribution of
a,b-unsaturated carbonyl to the anti-NLRP3 activity of COS. We
reduced the ethylene bond in a, b-unsaturated carbonyl to give r-
COS (Fig. 4C). As expected, r-COS failed to inhibit p20 cleavage
and IL-1b secretion in BMDMs (Fig. 4D, E, and Fig. S11B).

To decipher the COS-binding site in NLRP3, we expressed
Flag-tagged NLRP3 in HEK-293T cells treated with COS, pulled
NLRP3 protein, and performed HPLC-tandem mass spectrometry
to detect the COS-modified peptide in NLRP3 and determine the
precise amino acid to which COS covalently bound. According to
the mass spectrometry analysis, we found that the peptide
sequence of “KLSCK” had a modified mass with addition of
233.154, which is equal to the molecular mass of COS (Fig. 4F).
BLAST analysis showed that the “KLSCK” sequence is located in
NACHT domain of both human and mouse NLRP3. COS cova-
lently binds to cysteine 598 in human NLRP3 or cysteine 596 in
mouse NLRP3. We constructed a human NACHT plasmid with a
C598 mutation to alanine (C598A). Pull-down assay using bio-
COS showed that C598A mutation significantly reduced the
interaction between COS and NACHT in HEK-293T cells
(Fig. 4G). These results indicate that COS covalently binds to
C598 in NACHT domain. We also examined the ATPase activity
of NLRP3 C598A mutant to see the functional role of C598. As
shown in Supporting Information Fig. S12A, C598A NACHT
mutant shows much lower ATPase activity than the wild-type
protein, indicating that C598 might be a critical residue for
NLRP3 inflammasome activation. No additive protective effects
were observed with COS treatment in C598A mutant (Fig. S12A).
We further tested whether C598A mutant affects NLRP3 oligo-
merization in HEK-293T. The result shows that C598A mutant
decreased NLRP3 oligomerization and COS cannot further
enhance this trend (Fig. S12B).

Based on these results, we constructed a proposed model for
the reaction between the a,b-unsaturated carbonyl of COS and
C598 residue of NLRP3 (Fig. 4H). Since we failed to obtain a
crystal structure of COSeNLRP3 or COSeNACHT complex, we
could only attempt to understand the COSeNLRP3 interaction at
the molecular level by simulating a molecular model using
docking software. The results show that an a-helix containing
C598 in NACHT plays a vital role in NLRP3 oligomerization,
whereas covalent binding of COSeC598 may hinder NLRP3
oligomerization or dimerization and alter the function of NLRP3
ATPase activity (Fig. 4I and J).

3.5. a-Methylene-g-butyrolactone motif is an important group
of inhibiting NLRP3 activation

The importance of a,b-unsaturated carbonyl group in a-methy-
lene-g-butyrolactone motif of COS prompted us to investigate
racted at the a-helix containing C598 (cartoon, PDB ID: 7ALV). (J)

ticks model) in the binding site C598 of NACHT domain (sticks and

ns. Data are presented as the mean � SEM, n Z 3; ***P < 0.001; ns,



Figure 5 Important role of a-methylene-g-butyrolactone motif for the inhibition of NLRP3 activation. (A) Structures of the natural compounds

screened from our in-house library, all of which have the a-methylene-g-butyrolactone motif. (B, C) LPS-primed BMDMs were treated with

various compounds for 30 min and stimulated with ATP for 30 min. ELISA of IL-1b in SN (B) or Western blotting analysis of cleaved IL-1b and

p20 in SN (C). (D) Structure of 3-methylenedihydrofuran-2(3H )-one. (E, F) LPS-primed BMDMs were treated with 3-methylenedihydrofuran-

2(3H )-one for 30 min then stimulated with ATP for 30 min. ELISA of IL-1b in SN (E) or Western blotting analysis of cleaved IL-1b and p20 in

SN (F). Data are presented as the mean � SEM, n Z 3; ***P < 0.001; ns, not significant.
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other natural compounds containing this motif. We collected
several eligible natural compounds that contain the a-methylene-
g-butyrolactone motif in our in-house compounds bank, includ-
ing arteannuin B, xanthatin, britannin, deoxyelephantopin,
inulixin, isoalantolactone (Fig. 5A). We also selected a compound
levistilide A, which contains a conformation-limited a-methylene
in the a-methylene-g-butyrolactone motif (Compd. 8, Fig. 5A).
We then examined the inhibitory effects of these compounds on
inflammasome activation at 5 mmol/L in BMDMs and found that
these compounds significantly inhibited p20 and IL-1b produc-
tion, except levistilide A (Fig. 5B and C, and Supporting
Information Fig. S13A). To confirm the role of this motif,
we used a single compound a-methylene-g-butyrolactone, 3-
methylenedihydrofuran-2(3H )-one (Fig. 5D), and showed that
this structure also significantly inhibited NLRP3 activation at
5 mmol/L in BMDMs, as evidenced by the reduced p20 and IL-1b
levels (Figs. 5E, F, and S13B). Taken together, we present a-
methylene-g-butyrolactone as a functional motif for suppressing
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NLRP3 activation and demonstrating the anti-NLRP3 activity of
natural compounds including COS.

3.6. COS inhibits NLRP3 activation in vivo and exerts
preventive effects in mouse models of gouty arthritis and
peritonitis

NLRP3 inflammasome activation has been reported to drive the
pathogenesis and development of gouty arthritis induced by
MSU13. We created a mouse model of acute gout arthritis to assess
Figure 6 COS exhibits preventive effects in mouse models of gouty ar

footpad injected with MSU for 6 h. COS (40 mg/kg) or vehicle was a

course of changes of joint swelling. (B) Representative photographs to sh

culture. (D) Activity of caspase-1 in the SN of the joint culture. (E) H&E

100�. Data are presented as the mean � SEM, n Z 6 per group; ***P <
the therapeutic efficacy of COS in vivo. As expected, MSU in-
jection caused joint swelling over time in the footpad tissue of
wild-type (WT) mice, whereas administration of COS signifi-
cantly reduced the joint swelling in MSU-challenged mice
(Fig. 6A and B). COS treatment also decreased the level of IL-1b
and p20 in the tissue culture supernatants, which was regarded as a
signal of NLRP3 inflammasome in the diseased organ (Fig. 6C
and D). H&E staining of the joint tissue showed that COS treat-
ment suppressed histopathological changes and neutrophil influx
in the footpad of MSU-challenged mice (Fig. 6E). Similar
thritis. (AeE) 8e10-week-old male WT or Nlrp3KO mice were intra-

dministered before injection three times at 1 h intervals. (A) Time

ow the swelling of joints. (C) ELISA of IL-1b in the SN of the joint

-stained histological footpad tissues sections. Original magnification

0.001; ns, not significant.
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protection against MSU-induced gouty arthritis was observed in
Nlrp3KO mice (Fig. 6AeE). Importantly, no additive protective
effects were observed when MSU-challenged Nlrp3KO mice were
treated with COS (Fig. 6AeE). Similarly, we found that COS
treatment reduced neutrophils migration in WT mice model of
Alum-induced peritonitis (Supporting Information Fig. S14A and
S14B), and decreased the level of IL-1b and p20 in the peritoneal
lavage cells harvested from the peritonitis model (Fig. S14C), but
the therapeutic efficacy of COS treatment was not observed in
Nlrp3KO mice (Fig. S14AeS14C). These data indicate that
NLRP3 mediates the anti-arthritis and anti-peritonitis effects of
COS.

3.7. COS alleviates DSS-induced ulcerative colitis in mice

Studies have reported that NLRP3 inflammasome plays an
important role in DSS-induced ulcerative colitis30. Therefore, we
examined the pharmacological effects of COS in a mouse model
of DSS-induced acute colitis. DSS challenge decreased body
Figure 7 COS inhibits NLRP3 activation in vivo and alleviates DSS-

Nlrp3KO mice were treated with 2.5% DSS dissolved in drinking water for

(40 mg/kg) or vehicle was administered daily. (A) Bodyweight loss, (B) d

Tissue homogenates from colon IL-1b levels were assessed using ELISA. (E

homogenates from the colon of WT or Nlrp3KO mice. (F) Sections of

magnification 100�. Data are presented as the mean � SEM, n Z 6 per
weight and increased DAI in mice, while COS therapy reduced
body weight loss and DAI in DSS-challenged mice (Fig. 7A and
B). Furthermore, COS prevented colon shortening, which is
characteristic of colitis severity (Fig. 7C and Supporting
Information Fig. S15A). DSS-induced IL-1b production and p20
expression were also inhibited by COS treatment in WT mice,
suggesting that COS prevents NLRP3 inflammasome activation
in vivo (Figs. 7D, E, and S15B). H&E staining of colonic histo-
pathology showed that COS therapy decreased crypt disappear-
ance and inflammatory cell influx (Figs 7F and S15C). We also
examined the protective effect of NLRP3 deficiency on colitis in
mice. Similar effects against DSS-induced colitis were observed in
Nlrp3KO mice (Figs. 7AeF and S15AeS15C). In addition, COS
treatment failed to reduce IL-1b production and p20 expression in
colon tissues, and no additive pharmacological effects were
observed when DSS-challenged Nlrp3KO mice were treated with
COS (Figs. 7AeF and S15AeS15C). These results indicate that
COS alleviates DSS-induced ulcerative colitis by inhibiting
NLRP3.
induced ulcerative colitis in mice. (AeF) 10-week-old male WT or

six days and then provided normal drinking water for four days. COS

isease activity index (DAI), and (C) colon lengths were measured. (D)

) Western blot analysis of p20 and pro-caspase-1, and b-actin of tissue

paraffin-embedded colon tissues were stained with H&E. Original

group; ***P < 0.001; ns, not significant.
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4. Discussion

In this study, we discovered that COS is a potent and selective
inhibitor that covalently and directly binds to NLRP3. COS has
remarkable anti-inflammasome activity in vitro and in vivo, sug-
gesting that it might be exploited as a lead compound for the
development of novel NLRP3-driven disease therapeutics. Ac-
cording to our results, COS directly binds to the NLRP3 NACHT
domain with high affinity and covalently binds to C598, thereby
reducing the ATPase activity of NLRP3. We also found that the a-
methylene-g-butyrolactone motif is crucial for natural products
targeting cysteines in NLRP3, as it results in a strong irreversible
anti-inflammasome action. Hence, this motif can be used to design
novel NLRP3 inhibitors. Meanwhile, the complete NLRP3
structure is unavailable in the PDB. We aim to determine the
precise mechanism of NLRP3 activation and to create a co-crystal
structure.

Terpenoids are one of the major types of natural products
inherent in traditional Chinese herbs that exhibit a wide range of
anti-inflammatory effects31,32. COS, a well-known sesquiterpene
lactone, exhibits anti-inflammatory activity33. COS has been
reported to have anti-inflammatory effects owing to its negative
effect on NF-kB and mitogen-activated protein kinase (MAPK)
signaling, and its ability to abrogate oxidative stress by modu-
lating heme oxygenase-1 signaling34. Kang et al.25 found that
COS suppressed NF-kB activation in LPS-stimulated
RAW264.7 cells by targeting IkBa phosphorylation26. Accord-
ing to Butturini et al.35, COS reduces IL-1b expression via
MAPK phosphorylation and activator protein transcription.
Likewise, COS inhibits the phosphorylation and DNA-binding
activity of the signal transducer and activator of transcription-
3 by downregulating of the Janus-activated kinase-1 and -2
levels in human THP-1 cells. Recently, Liu et al.36 reported that
COS significantly inhibits neuroinflammation in BV2 microglial
cells by targeting the cyclin-dependent kinase 2. However, we
did not observe an evident decline in TNF-a levels in LPS/ATP-
challenged BMDMs’ supernatant and LPS-challenged mice’s
serum, suggesting that the concentrations and action time of
COS required to inhibit NLRP3-mediated IL-1b production were
substantially lower than the limits of TNF-a production. Higher
concentrations and prolonged administration periods may pro-
duce off-target effects during treatment, resulting in other un-
controllable biological activities. Therefore, it is important to
improve the bioavailability and NLRP3-targeting ability of COS
to promote its clinical application.

The NACHT domain’s ATPase activity is vital for NLRP3
self-association and function37. Several drugs targeting NLRP3
have been identified as selective inhibitors of inflammasome
activation. Coll et al.38 developed the first synthetic small-
molecule inhibitor of NLRP3, MCC950. MCC950 has been
proven to be effective in blocking NLRP3 activation at nano-
molar concentrations by inhibiting ATP hydrolysis activity of
NACHT39. Jiang et al.40 reported that CY-09, a potent inhibitor
of the NLRP3, suppresses the ATPase activity of NACHT. Tra-
nilast inhibits inflammasome activation by preventing NLRP3
self-oligomerization by targeting NACHT41. Some natural
products derived from traditional Chinese herbs, such as par-
thenolide42 and oridonin22, also have substantial and specific
inhibitory effects on NLRP3 inflammasome activation. Inter-
estingly, NACHT domain seems to be the most likely target of
molecular inhibitors, according to the finding that numerous
inhibitors target NACHT domain or affect the ATPase activity.
We also found that COS binds to NACHT domain, indicating
that NACHT is the most significant pharmacological target for
NLRP3. ATPase activity is necessary for ASC association and
NLRP3 oligomerization; thus, the inhibition of NLRP3 ATP
function might aid in the development of NLRP3 inhibitors.
COS irreversible suppressed the ATPase activity of NLRP3,
suggesting that it exhibits better inhibitory effects than the
presently available inhibitors.

Here, we identified a molecule that could suppress NLRP3
activation by covalently binding to C598 for the first time.
Although binding to cysteine 279 has been reported as a strategy
to inhibit NLRP3 activity22, the targeting potential of other cys-
teines in NACHT remains unclear. We found that C598 might be a
critical residue of NLRP3 inflammasome activation since the
ATPase activity and the self-oligomerization of C598A NLRP3
mutant was much lower than that of wild-type NLRP3. In our
simulation models, C598 was positioned near the polymerization
site of the NLRP3 homodimer, and small molecule modifications
to C598 might alter both the conformation and function of
NLRP3. We observed that C598 is located on the rear end of
NACHT, close to LRR, which might explain why COS could
block the interaction between NEK7 and NLRP3, indicating that it
could be a target for the development of inhibitors. However, the
specific function of NACHT needs to be clarified via future
structural biology studies.

We found that COS might be a potential lead compound for the
design of NLRP3-covalent inhibitors and that targeting the a-
methylene-g-butyrolactone motif could be a promising direction
for future research on the design of novel NLRP3 inhibitors. In
recent years, the US Food and Drug Administration has approved
many covalent drugs, including telaprevir (2010) for hepatitis C
virus infection targeting HCV protease43, afatinib (2013) for non-
small-cell lung cancer by inhibiting the ErbB family44, ibrutinib
(2013) for chronic lymphocytic leukemia as Bruton’s tyrosine
kinase inhibitor45, and osimertinib (2015) for non-small cell lung
cancer by targeting the epidermal growth factor receptor46. The
advantages of covalent drugs include enhanced potency and a
prolonged duration of action47. However, the indiscriminate
reactivity and off-target effects have caused many researchers to
shy away from developing covalent drugs. At higher concentra-
tions, the inhibitory effects of COS on NF-kB or MAPK signaling
may be activated during the treatment of inflammatory disease
process. Off-target effects under a higher dose can be avoided via
improvements in pharmacodynamics, pharmacokinetics, and
bioavailability, which will be explored further in future studies.
The multiple anti-inflammatory activities and possible multi-
targets of COS, especially the synergistic inhibition of
inflammation-related signals, may strengthen its development and
clinical application.

Structure-based drug modification is another method to
improve COS and discover excellent derivatives of COS. Our data
show that the a-methylene-g-butyrolactone motif is the certain
active group in binding to NACHT C598 and inhibiting NLRP3
activation, which supports it as a promising lead structural core for
designing and discovering new NLRP3 inhibitors. The a-methy-
lene-g-butyrolactone motif must be of weak selectivity since it is
just a very small and simple lead skeleton. Chemical modification
from a-methylene-g-butyrolactone motif will enhance the
NLRP3-inhibiting selectivity. We believe that, further drug design
and chemical modification based on COS will obtain specific
small-molecule inhibitors with a much higher affinity with
NLRP3.
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5. Conclusions

In summary, our study, for the first time, reported that COS
covalently binds to C598 of NLRP3 NACHT domain, altering the
ATPase activity and assembly of NLRP3 inflammasome. COS
showed great anti-inflammasome efficacy in mouse models of
gouty arthritis and ulcerative colitis by inhibiting NLRP3
inflammasome activation. We also discovered that the a-methy-
lene-g-butyrolactone motif in sesquiterpene lactone is an active
group that inhibits NLRP3 activation, which may help to design
and develop novel NLRP3 inhibitors.
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