
ARTICLE

Atranorin inhibits NLRP3 inflammasome activation by
targeting ASC and protects NLRP3 inflammasome-driven
diseases
Hao-yu Wang1,2, Xi Lin3, Guan-gen Huang2,3, Rong Zhou2, Shu-yue Lei1,2, Jing Ren2,3, Kai-rong Zhang2,4, Chun-lan Feng2,
Yan-wei Wu2,5 and Wei Tang1,2,3

Aberrant NLRP3 activation has been implicated in the pathogenesis of numerous inflammation-associated diseases. However, no
small molecular inhibitor that directly targets NLRP3 inflammasome has been approved so far. In this study, we show that Atranorin
(C19H18O8), the secondary metabolites of lichen family, effectively prevents NLRP3 inflammasome activation in macrophages and
dendritic cells. Mechanistically, Atranorin inhibits NLRP3 activation induced cytokine secretion and cell pyroptosis through binding
to ASC protein directly and therefore restraining ASC oligomerization. The pharmacological effect of Atranorin is evaluated in
NLRP3 inflammasome-driven disease models. Atranorin lowers serum IL-1β and IL-18 levels in LPS induced mice acute
inflammation model. Also, Atranorin protects against MSU crystal induced mice gouty arthritis model and lowers ankle IL-1β level.
Moreover, Atranorin ameliorates intestinal inflammation and epithelial barrier dysfunction in DSS induced mice ulcerative colitis
and inhibits NLRP3 inflammasome activation in colon. Altogether, our study identifies Atranorin as a novel NLRP3 inhibitor that
targets ASC protein and highlights the potential therapeutic effects of Atranorin in NLRP3 inflammasome-driven diseases including
acute inflammation, gouty arthritis and ulcerative colitis.
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INTRODUCTION
NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) is an
intracellular sensor that monitors diverse risk factors including
pathogen associated molecular patterns (PAMPs) and damage
associated molecular patterns (DAMPs) [1]. The activation of
NLRP3 inflammasome needs double signals: the priming signal
(Signal 1), which is mediated by nuclear factor kappa-B (NF-κB)
activation, and the activation signal (Signal 2), which is stimulated
by extracellular ligands like adenosine 5′-triphosphate (ATP),
Nigericin or Monosodium Urate (MSU) crystal. Upon activation,
NLRP3 recruits the adapter molecule apoptosis-associated speck-
like protein containing CARD (ASC) and subsequently the effector
molecule Pro Caspase-1 to form a large protein complex called
NLRP3 inflammasome. Afterward, Pro Caspase-1 self-cleaves and
leads to the secretion of IL-1β and IL-18 and pyroptosis.
Being an important part of innate immunity, the activation of

NLRP3 inflammasome helps resist pathogen infection and stress
damage, whereas the uncontrolled activation would cause the
amplification of inflammatory effects and organ damage. The
abnormal activation of NLRP3 inflammasome is closely related to
the occurrence and development of systemic and multi-organ
diseases like acute inflammation [2], gouty arthritis [3] and
ulcerative colitis (UC) [4]. Thus, targeting the aberrant activation

of NLRP3 inflammasome is applicable for treating these inflam-
matory diseases [5].
So far, the FDA has not approved any compound that directly

targets the NLRP3 inflammasome. Most of the existing interven-
tion strategies target the upstream signals or downstream effector
factors rather than NLRP3 inflammasome complex itself [6, 7]. For
example, inhibiting priming, which is mediated by NF-κB pathway
activation, would produce many off-target effects or even
exacerbate NLRP3 inflammasome dependent inflammation since
NF-κB pathway has a broad-spectrum impact on innate immunity
and adaptive response [8–10]. On the other hand, targeting the
downstream effector factors like IL-1β with neutralizing antibody
might increase the risk of infection [11, 12]. Hence, there is still
urgent need for searching novel inhibitors that directly targeting
NLRP3 inflammasome.
Lichens are the symbiotic complex that consists of a fungus and

autotrophic photosynthetic species and can grow in diverse and
extreme environmental conditions [13]. Atranorin (C19H18O8) is
among the secondary metabolites of lichen family with the
depside structure (Fig. 1a). The anti-inflammatory activities of
Atranorin has been reported, including inhibiting nitric oxide (NO)
production [14], inhibiting Leukotriene B4 (LTB4) biosynthesis [15],
inhibiting Cyclooxygenase-1 (COX-1) activity [16] and alleviating
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carrageenan induced paw edema [17]. At the same time, the acute
toxicity assay and the subchronic toxicity assay carried on rats
confirm the safety of Atranorin in vivo [17]. However, mechanism
study on how Atranorin exerts its anti-inflammatory activity is
lacking. Also, the potential application of Atranorin on disease
models has not been sufficiently studied.
In this article, we would study the action of Atranorin on NLRP3

inflammasome and attempt to uncover the potential mechanism.
We would also test the pharmacologic effect of Atranorin on
NLRP3 driven disease models, including Lipopolysaccharide (LPS)
induced acute inflammation, MSU crystal induced gouty arthritis
and Dextran Sulfate Sodium (DSS) induced UC, so as to explore
the clinical applications.

MATERIALS AND METHODS
Reagents and antibodies
Atranorin was kindly provided by Wei-min Zhao (PhD). Iscove’s
Modified Dulbecco’s Medium (IMDM) and Dulbecco’s Modified
Eagle’s Medium (DMEM) were purchased from Gibco (Grand
Island NY, USA). Fetal bovine serum (FBS) was purchased from
Hyclone (Logan, UT, USA). LPS, ATP, MSU, pronase, FITC-CM-
Dextran (average mol wt 4,000), collagenase IV and dispase were
purchased from Sigma Aldrich (St. Louis, MO, USA). Val-BoroPro
(VbP) was purchased from Aladdin (Shanghai, China). Poly (dA:
dT) was purchased from Invivogen (Carlsbad, CA, USA). Recom-
binant Murine M-CSF, Recombinant Murine IL-4 and Recombi-
nant Murine GM-CSF were purchased from Peprotech (London,
UK). DSS (molecular weight 36–50 kDa) was purchased from MP
Biomedicals (Irvine, CA, USA). Cell Counting Kit-8 (CCK-8) was
purchased from Dojindo (Kumamoto, Japan). ELISA kit for mouse
IL-1β, Pierce BCA Protein Assay Kit, AF594 cross-adsorbed
secondary antibody were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). ELISA kits for mouse TNF-α, IL-6,
IL-18 were purchased from eBioscience (San Diego, CA, USA).
LDH kit, SDS lysis buffer and NP-40 lysis buffer were purchased
from Beyotime (Shanghai, China). Lipofectamine™ 2000 Transfec-
tion Reagent (Lipo2000) was purchased from Invitrogen (Wal-
tham, MA, USA). BCA protein assay kit, proteinase and
phosphatase inhibitor were purchased from Thermo Scientific
(Pittsburgh, PA, USA). Fecal occult blood test kit was purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). RNA simple total RNA kit was purchased from Tiangen
(Beijing, China). Hifair™ II 1st Strand cDNA Synthesis SuperMix
and Hifair™ qPCR SYBR Green Master Mix were purchased from
Yeasen (Shanghai, China). Rabbit anti-mouse NLRP3 (15101S),
rabbit anti-mouse ASC (67824S), rabbit anti-mouse Caspase-1
(89332S), rabbit anti-mouse IL-1β (31202S) and rabbit anti-mouse
E-cadherin (3195S), and HRP-conjugated anti-α Tubulin (9099S)
were purchased from Cell Signaling Technology (Danvers, MA,
USA). Rabbit anti-mouse GSDMD (ab209845) was purchased from
Abcam (Cambridge, MA, USA). HRP-conjugated anti-GAPDH (KC-
5G5) was purchased from Kangcheng (Shanghai, China). HRP-
conjugated goat anti-rabbit IgG (1706515) was purchased from
Bio-Rad (Richmond, CA, USA).

Cell cultures and in vitro activation of NLRP3 inflammasome
For the differentiation of bone marrow-derived macrophages
(BMDM), bone marrow from the tibia and femur bones of C57BL/6
mice was stimulated with Recombinant Murine M-CSF (10 ng/ml)
in sterile IMDM supplemented with 10% FBS, 1% penicillin/
streptomycin at 37 °C with humidified 5% CO2 for 7 d. On day 4,
the supernatants were removed and replaced with fresh Medium
supplemented with stimulators. For the differentiation of bone
marrow-derived dendritic cells (BMDC), bone marrow was
stimulated with mouse IL-4 and Recombinant Murine M-CSF in
sterile RPMI-1640 supplemented with 10% FBS, 1% penicillin/

streptomycin at 37 °C with humidified 5% CO2 for 7 d. On d 3 and
d 5, the supernatants were removed and replaced with fresh
Medium supplemented with stimulators. After 7 d, BMDM and
BMDC were washed with cold PBS, suspended and seeded at the
required density for all experiments. The purity of macrophages
(CD11b+, F4/80+) and dendritic cells (CD11b+, CD11c+) was
consistently >98%.
BMDM or BMDC or RAW264.7 cells were seeded at 4 × 105 cells

/ml in 12-well plates. For the activation of NLRP3 inflammasome,
cells were primed with LPS (10 ng/ml) for 3 h. Then the medium
was removed and replaced with serum-free medium containing
Atranorin (100 μM, 50 μM and 25 μM) for 30 min. Cells were
subsequently stimulated with the different inflammasome activa-
tors for indicated time: ATP (5 mM) for 1 h, Nigericin (10 μM) for
1 h or MSU crystal (300 ng/ml) for 5 h. For the activation non-
canonical NLRP3 inflammasome, BMDM were primed with
Pam3CSK4 (400 ng/ml) for 3 h. Then the medium was removed
and replaced with serum-free medium containing Atranorin
(100 μM, 50 μM and 25 μM) for 30 min. Cells were subsequently
transfected with LPS (1.5 μg/ml) in Lipo2000 for 16 h. For the
activation of AIM2 inflammasome, BMDM were primed with LPS
(10 ng/ml) for 3 h. Then the medium was removed and replaced
with serum-free medium containing Atranorin (100 μM, 50 μM and
25 μM) for 30 min. Cells were subsequently transfected with Poly
(dA: dT) (1 μg/ml) in Lipo2000 for 5 h. For the activation of NLRP1B
inflammasome, RAW264.7 cells were stimulated with Val-boroPro
(2 μM) for 24 h in the presence or absence of Atranorin (100 μM,
50 μM and 25 μM). To study the influence of Atranorin on the
priming stage of NLRP3 inflammasome activation, BMDM were
primed with LPS (10 ng/ml) in the presence or absence of
Atranorin (100 μM, 50 μM and 25 μM) for 3 h. After washing for 3
times, cells were stimulated with ATP (5 mM) or Nigericin (10 μM)
for 1 h. Supernatants were collected for ELISA and LDH
analysis. Cells were collected for Western blot, RT-PCR or
immunofluorescence assay.

CCK-8 assay
BMDM (4 × 104 cells) were cultured in 96-well plates with 200 μl of
IMDM supplemented with 10% FBS, 1% penicillin/streptomycin at
37 °C with humidified 5% CO2. After adhesion, Cells were treated
with or without indicated concentrations of Atranorin for 24 h.
Subsequently, a total of 20 μl CCK-8 was added to each well. After
2 h incubation, the absorbance value at 450 nm (570 nm calibra-
tion) was measured by a microplate reader (Molecular Devices,
Sunnyvale, CA, USA) and the cell viability was calculated.

Enzyme-linked immunosorbent assay (ELISA)
Cytokines in cell culture supernatants, serum, tissue explant
culture supernatants and tissue homogenates were determined
by ELISA kit according to the manufacturer’s instructions. The
absorbance value at 450 nm (650 nm calibration) was measured
by a microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Tissues from mice were homogenized with PBS and centrifuged,
supernatants were taken for measurement. The concentration of
total protein was determined by BCA protein assay kit. The
cytokine levels in tissue homogenates were expressed as ng/mg
protein and others were expressed as pg/ml or ng/ml.

Western blot
Cells and tissues were lysed with SDS lysis buffer containing
proteinase and phosphatase inhibitor. Protein concentration was
determined by BCA protein assay Kit. Equal amounts of proteins
(10–60 μg) were separated by 10%/12.5% SDS-PAGE and trans-
ferred to nitrocellulose membranes. After blocking with 5% BSA, the
precut membranes were incubated overnight at 4 °C with primary
antibodies. After washing with TBS with Tween-20 (TBST), HRP-
conjugated anti-rabbit IgG or HRP-conjugated monoclonal mouse
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anti-GAPDH or HRP-conjugated monoclonal mouse anti-α tubulin
were added at room temperature for 1 h. Signals were detected
with Super Signa West Femto Maximum Sensitivity Substrate
(Thermo) under ChemiDoc™ MP Imaging System (Bio-Rad).

LDH detection
BMDC (4 × 105 cells) were cultured in 12-well plates with 1 ml of
IMDM supplemented with 10% FBS, 1% penicillin/streptomycin
at 37 °C with humidified 5% CO2. Cells were treated with or
without indicated concentrations of Atranorin for 24 h. Then LDH
level in supernatants was detected according to the manufac-
turer’s instruction to indicate cell viability. After in vitro activation
of inflammasome, LDH level in supernatants was detected
according to the manufacturer’s instruction to indicate pyropto-
sis. The absorbance value at 490 nm (650 nm calibration) was
measured by a microplate reader (Molecular Devices, Sunnyvale,
CA, USA).

Reconstitution of NLRP3 inflammasome in HEK293T cells
This assay was carried out according to a previously described
protocol [18]. Briefly, HEK293T cells were transfected with
plasmids encoding murine NLRP3 inflammasome components
(HA-ASC (20 ng, Addgene, 41553), HA-NEK7 (200 ng, Addgene,
75142), FLAG-Pro caspase-1 (100 ng, Addgene, 75128), FLAG-
NLRP3 (200 ng, Addgene, 75127), FLAG-Pro IL-1β (200 ng,
Addgene, 75131)) using Lipo2000. Six hours after transfection,
medium was replaced with DMEM containing FBS (10%) and
penicillin–streptomycin (1%). After 24 h, Atranorin was added to
incubate for 0.5 h. Then, Nigericin (10 mM) was added to cells in
order to activate the inflammasome. Supernatants were collected
45min later for ELISA analysis.

RNA extraction and quantitative real-time polymerase chain
reaction (RT-qPCR)
Total RNA was isolated from BMDM cells using RNA simple total
RNA kit (Tiangen). Then cDNA was derived from 10 μg total RNA
by Hifair™ II 1st Strand cDNA Synthesis SuperMix. Real-time PCR
was performed on reverse transcription products with specific
primers and Hifair™ qPCR SYBR Green Master Mix. Primer
sequences were listed in Table S1.

ASC oligomerization assay
BMDM (4 × 106 cells) were seeded in 75 cm2 dish. After in vitro
activation of NLRP3 inflammasome, cells were collected for ASC
complex isolation according to a previously described protocol
[19]. Briefly, 500 μl of ice-cold buffer (20 mM HEPES-KOH, pH 7.5,
150mM KCl, 1% NP-40, 0.1 mM PMSF, proteinase and phospha-
tase inhibitor) was added to cells. Fifty microliters lysates were
separated for the detection of uncross-linked ASC and the
residues were centrifuged at 330 × g for 10 min at 4 °C. Then the
pellets were washed twice in ice-cold PBS and incubated with
2 mM disuccinimydyl suberate (dissolved in 500 μl of PBS) at room
temperature for 30 min with rotation. Afterward, the cross-linked
pellets were centrifuged at 330 × g for 10min at 4 °C and
resuspended in 30 μl of SDS-PAGE Loading buffer. Samples were
boiled for 5 min at 100 °C and analyzed by Western blot.

Immunofluorescence
For the detection of ASC speck, BMDM on coverslips were treated
according to our in vitro activation of NLRP3 inflammasome
protocol and then fixed with fixing solution (Beyotime, China) for
15min at room temperature. After blocking for 1 h with the
blocking buffer (Beyotime, China), BMDM were incubated with
rabbit anti-ASC antibody overnight at 4 °C. The FITC-conjugated
anti-rabbit secondary antibody (Proteintech) was added and
incubated for 1 h at room temperature. The nuclei were counter-
stained with DAPI. The images were captured using Leica TCS SPS
CFSMP microscope (Wetzlar, Germany).

For the detection of NLRP3 activation in colon macrophages
and dendritic cells, paraffin-embedded colon slices were dewaxed
with xylene and hydrated through graded ethanol to water,
followed by unmasking epitope in 0.01 M citrate buffer solution.
The colon tissue samples were then blocked with 5% BSA and
stained with anti-Caspase-1 p20, FITC-conjugated F4/80
(eBioscience)/FITC-conjugated CD11c (eBioscience) overnight at
4 °C. Unconjugated fluoresceins were further conjugated with
AF594 cross-adsorbed secondary antibody and the nuclei were
counterstained with DAPI (Abcam). Images were subsequently
captured using Olympus VS200 Slide scanner.

Cellular thermal shift assay (CETSA)
CETSA was performed according to a previously reported protocol
[20]. Briefly, BMDM were pre-incubated with Atranorin (100 μM)
for 2 h. Cells were harvested with cell scraper and resuspended in
PBS containing protease inhibitor. Then the cell suspensions were
divided into nine aliquots and heated at various temperature via
PCR instrument, respectively. The heat-treated cell suspensions
were freezed and thawed twice in liquid nitrogen. The cell lysis
was centrifuged at 10,000 × g for 20 min at 4 °C to separate the
soluble fraction from precipitates. The supernatants were col-
lected for Western blot analysis.

Drug affinity responsive target stability (DARTS)
DARTS was performed according to a previously reported protocol
[21]. Briefly, BMDM were lysed with NP-40 lysis buffer containing
protease inhibitor on ice. The lysates were centrifuged at
10,000 × g for 10 min at 4 °C. Protein concentration was measured
with a Pierce BCA Protein Assay Kit (Thermo) and was adjusted to
2mg/ml. Lysates were incubated with Atranorin (400 or 200 or 100
or 50 or 25 μM) for 1 h at room temperature. Then, pronase (20 ng
of enzyme per μg of protein, Sigma) was added to the lysates
(20 μg of protein lysate per reaction) and incubated for 20 min at
room temperature. The reaction was stopped by the addition of
1× SDS loading buffer. Then, the samples were boiled at 95 °C for
10min followed by Western blot analysis.

Animals
Male and Female C57BL/6 mice (6–8 weeks, 18–20 g), and
female BALB/c mice (6–8 weeks, 18–20 g) were obtained from
Shanghai Lingchang Biotechnology Co. Ltd (Certificate No.
2013–0018, China). Mice were maintained at the specific
pathogen-free (SPF) animal facilities of Shanghai Institute of
Materia Medica with 12 h of light/12 h of dark cycle, 22 ± 1 °C
and 55% ± 5% of relative humidity, and were given free access
to food and water. All experiments performed in this article were
in accordance with the Guidelines for the Care and Use of
Laboratory Animals published by the United States National
Institutes of Health and were also approved by the Institutional
Animal Care and Use Committee (IACUC) at Shanghai Institute of
Materia Medica.

LPS induced acute inflammation model
Female BALB/c mice were randomly divided into four groups
(normal, vehicle, Atranorin 100mg/kg and Atranorin 50 mg/kg)
with five mice per group. Atranorin treated groups were
administered orally with 100 or 50 mg/kg Atranorin (dissolved in
0.2% Tween 80) and vehicle group was administered with the
solvent 0.2% Tween 80. After 1 h, the vehicle group and Atranorin
treated groups were injected intraperitoneally with 5 mg/kg LPS
(dissolved in PBS) while the normal group was injected with PBS.
After 2 h, mice were euthanatized, and serum IL-1β, IL-18, TNF-α
and IL-6 levels were measured by ELISA.

MSU crystal induced gouty arthritis model
Male C57BL/6 mice were randomly divided into five groups
(normal, vehicle, Atranorin 100 mg/kg and Atranorin 50 mg/kg)
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with five mice per group. Atranorin treated groups were
administered orally with 100 or 50 mg/kg Atranorin (dissolved
in 0.2% Tween 80) and vehicle group was administered with the
solvent 0.2% Tween 80. After 1 h, the vehicle group and
Atranorin treated groups were injected intra-articularly with
200 μg MSU crystal (dissolved in PBS) while the normal group
was injected with PBS. Ankle swelling was measured at different
time points using a precision caliper. After 24 h, mice were
euthanatized, and the ankle joints were collected for explant
culture. The IL-1β level in explant culture supernatants was
measured by ELISA.

DSS induced ulcerative colitis model
Female C57BL/6 mice were randomly divided into four groups
(normal, vehicle, Atranorin 100mg/kg and Atranorin 50 mg/kg)
with nine mice per group. Atranorin treated groups were
administered orally with 100 or 50 mg/kg Atranorin (dissolved in
0.2% Tween 80) and vehicle group was administered with the
solvent 0.2% Tween 80 daily for 7 d. UC was induced by
administration of DSS (3% in sterile water) for 5 d and then sterile
water for another 2 d. The disease activity indexes (DAI) including
body weight loss, stool consistency and fecal blood were recorded
daily. The criteria of the calculated scores of DAI is defined as
follows: body weight loss (0, none; 1, 1%–5%; 2, 6%–10%; 3,
11%–20%; 4, >20%); stool consistency (0, normal; 1, soft but still
formed; 2, soft; 3, very soft and wet; 4, watery diarrhea); fecal
blood (0, negative hemoccult; 1, weakly positive hemoccult; 2,
positive hemoccult; 3, blood traces in stool visible; 4, gross rectal
bleeding). Mice were euthanatized on d 7, then colon and spleen
were collected for the following analysis. For colon tissue explant
culture, colon was washed with cold PBS to remove fecal contents
and cut into equal fragments (1 cm long). Then the fragments
were cultured for 24 h in 0.8 ml RPMI-1640 supplemented with
10% FBS, 1% penicillin/streptomycin at 37 °C with humidified 5%
CO2. Supernatants of colon explant culture were collected for
ELISA analysis.

Colon histology
For the evaluation of colon damage, colon tissues were fixed in
4% paraformaldehyde at room temperature and H&E staining
was performed by Servicebio Company (Wuhan, China). Histolo-
gical evaluation of H&E-stained colonic sections is graded as
follows: 0, no signs of inflammation; 1, low leukocyte infiltration;
2, moderate leukocyte; 3, high leukocyte infiltration, moderate
fibrosis, high vascular density, thickening of the colon wall,
moderate goblet cell loss, and focal loss of crypts; 4, transmural
infiltrations, massive loss of goblet cell, extensive fibrosis, and
diffuse loss of crypts.

FITC-CM-dextran intestinal permeability assay
Intestinal permeability was assessed by oral gavage of nonmeta-
bolizable macromolecule FITC-CM-dextran. Mice were adminis-
tered 200 μl FITC-CM-dextran (600 mg/kg) by oral gavage 4 h
before sacrifice. Then serum was obtained for the measurement of
FITC–dextran by fluorescence plate reader (Ex: 488 nm, Em:
525 nm). For observing permeable fluorescence signal directly,
mice were exposed to the IVIS Spectrum CT system (Perkin
Elemer) and the fluorescent retentions were measured at 480 nm
excitation and 520 nm.

Statistical analysis
All experiments were repeated at least three times and data were
presented as mean ± SEM. Statistical differences were analyzed by
GraphPad Prism 8.0 software (La Jolla, CA, USA) using one-way
analysis of variance (ANOVA). P < 0.05 was considered statistically
significant, with increasing levels of confidence displayed as
*P < 0.05; **P < 0.01.

RESULTS
Atranorin inhibits the activation of NLRP3 inflammasome in BMDM
To investigate the effect of Atranorin (Fig. 1a) on NLRP3
inflammasome activation, we first tested the cytotoxicity of
Atranorin on mouse BMDM and the non-cytotoxic concentrations
(25 μM, 50 μM and 100 μM) were chosen in the following
experiments (Fig. 1b). We primed BMDM with LPS followed by
Atranorin treatment. Afterward, ATP/Nigericin/MSU crystal was
added to activate NLRP3 inflammation. We observed that upon
NLRP3 inflammasome activation, BMDM lost pseudopod and
turned into round and swelled morphology while Atranorin could
prevent this process (Fig. 1c). Atranorin also inhibited the
secretion of IL-1β and IL-18 levels in BMDM culture supernatants,
whose release is the hallmark of NLRP3 inflammation activation
(Fig. 1d). IL-1β is cleaved by Caspase-1. Correspondingly, Atranorin
dose-dependently decreased the amount of Caspase-1 p20/p10
(the autoprocessed fragment of Caspase-1) and IL-1β p17 (the
active form of IL-1β) in culture supernatants, but did not inhibit
the expression of NLRP3, ASC, Pro Caspase-1 (the precursor of
Caspase-1) and IL-1β in cell lysates (Fig. 1e). Pyroptosis is another
consequence of NLRP3 inflammasome activation besides inflam-
matory cytokines release. Atranorin decreased pyroptosis induced
LDH release (Fig. 1f) and pyroptosis executor cleaved GSDMD
protein level in BMDM (Fig. 1g). Apart from canonical NLRP3
inflammasome activation, cytosolic LPS could be sensed by
Caspase-4/5/11 to induce non-canonical NLRP3 inflammasome
activation. We primed BMDM with Pam3CSK4 and then transfected
with LPS to induce non-canonical NLRP3 inflammasome activa-
tion. Atranorin also inhibited non-canonical NLRP3 inflammasome
activation induced IL-1β release (Fig. 1h). All the above results
indicate that Atranorin inhibits NLRP3 inflammasome activation
in BMDM.

Atranorin inhibits the activation of NLRP3 inflammasome in BMDC
and NLRP3 inflammasome-reconstituted HEK293T cells
Besides macrophages, NLRP3 is also widely expressed in dendritic
cells [22]. We then examined the effect of Atranorin in BMDC to
further verify the inhibition effect of Atranorin on NLRP3
inflammasome. Correspondingly, at non-toxic concentrations
(Fig. 2a), Atranorin inhibited IL-1β and IL-18 release (Fig. 2b) and
caspase-1 cleavage (Fig. 2c), as well as pyroptosis induced LDH
release in BMDC (Fig. 2d). Moreover, we reconstituted NLRP3
inflammasome in HEK293T cells by transfecting plasmids encod-
ing the components of NLRP3 inflammasome complex including
NEK7, NLRP3, ASC, Pro caspase-1, Pro IL-1β into HEK293T cells.
Atranorin also inhibited IL-1β secretion stimulated by Nigericin in
NLRP3 inflammasome-reconstituted HEK293T cells (Fig. 2e). All
these results confirm the inhibitive effect of Atranorin on NLRP3
inflammasome.

Atranorin inhibits the assembly of NLRP3 inflammasome complex
through binding to ASC
Next, we investigated the mechanism through which Atranorin
suppresses NLRP3 inflammasome activation. We first determined
if Atranorin influences the priming stage of NLRP3 inflammasome
activation. We incubated Atranorin at priming stage and washed
before the activation stage. Atranorin did not affect the transcript
of Nlrp3 and Il-1β (Fig. S1a), which is medicated by LPS induced
NF-κB activation. Also, Atranorin did not inhibit LDH release
when applied at the priming stage (Fig. S1b). These results
indicate that Atranorin acts on the activation stage rather than
the priming stage to inhibit NLRP3 inflammasome activation.
During NLRP3 inflammasome activation, ASC would self-
associate into a helical fibrillary assembly, resulting in formation
of ASC oligomer and ASC speck, which provide molecular
platform for the activation of Pro Caspase-1 autocatalytic
cleavage [23]. Atranorin treatment significantly attenuated the

Atranorin inhibits NLRP3 inflammasome activation by targeting ASC
HY Wang et al.

1690

Acta Pharmacologica Sinica (2023) 44:1687 – 1700



Fig. 1 Atranorin inhibits the activation of NLRP3 inflammasome in BMDM. a The structure of Atranorin. b The cytotoxicity of Atranorin on
BMDM was detected by CCK-8 kit. c–g BMDM were primed with LPS and then stimulated with ATP/Nigericin/MSU crystal in the presence or
absence of different doses of Atranorin. Morphology of BMDM (c) was observed under phase contrast microscope. IL-1β and IL-18 levels in
culture supernatants (d) were measured by ELISA. The protein levels of NLRP3, ASC, Pro Caspase-1 and Pro IL-1β in cell lysates and cleaved
Caspase-1 and cleaved IL-1β in resin concentrated supernatants (e) were detected by Western blot. The LDH level in cell culture supernatants
(f) was measured by LDH kit. GSDMD full length and cleaved GSDMD in cell lysates (g) were measured by Western blot. h BMDM were primed
with Pam3CSK4 and then transfected with LPS in the presence or absence of different doses of Atranorin. IL-1β level in culture supernatants
was measured by ELISA. Data were shown as Mean ± SEM from triplicate measurements. *P < 0.05, **P < 0.01 compared as indicated.
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formation of ASC oligomer induced by ATP or Nigericin in BMDM
(Fig. 3a). Meanwhile, Atranorin inhibited ASC speck formation,
indicated by immunofluorescence assay (Fig. 3b). We speculated
that Atranorin might directly bind to ASC and therefore
inhibiting ASC oligomerization. Cellular thermal shift assay
(CETSA) and drug affinity responsive target stability (DARTS)
assay are well-established techniques for determining drug-
target interactions [24, 25]. In CETSA assay, pre-incubation of
Atranorin (100 μM) with BMDM increased the thermostability of
ASC protein and retarded the heat-degradation effect on ASC
(Fig. 3c). In DARTS assay, pre-incubation Atranorin with cell

lysates of BMDM attenuated pronase induced proteolysis of ASC
protein (Fig. 3d). Combing the results of CETSA and DARTS, we
identified that Atranorin could bind to ASC protein directly. We
then determined whether Atranorin inhibits NLRP3 inflamma-
some through binding to ASC. NLRP1B inflammasome could be
activated independent of ASC since NLRP1B processes caspase
activation and recruitment domains (CARDs) and can directly
interact with Pro Caspase-1 to induce pyroptosis [26]. We used
Val-BoroPro (VbP, also known as Talabostat), a newly defined
ligand of NLRP1B [27] to activate NLRP1B inflammasome. In
RAW264.7 macrophages, which do not express ASC [28],

Fig. 2 Atranorin inhibits the activation of NLRP3 inflammasome in BMDC and NLRP3 inflammasome-reconstituted HEK293T cells. a The
cytotoxicity of Atranorin on BMDC was detected by LDH kit. b–d BMDC were primed with LPS and then stimulated with ATP in the presence or
absence of different doses of Atranorin. IL-1β and IL-18 levels in culture supernatants (b) were measured by ELISA. The protein levels of NLRP3,
ASC, Pro Caspase-1 and Pro IL-1β in cell lysates and cleaved Caspase-1 and cleaved IL-1β in resin concentrated supernatants (c) were detected
by Western blot. The LDH level in cell culture supernatants (d) was measured by LDH kit. e NLRP3 inflammasome components were
transfected into HEK293T cells followed by Nigericin stimulation. IL-1β level in culture supernatants of NLRP3 inflammasome-reconstituted
HEK293T cells was measured by ELISA. Data were shown as mean ± SEM from triplicate measurements. *P < 0.05, **P < 0.01 compared as
indicated.
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Fig. 3 Atranorin inhibits the assembly of NLRP3 inflammasome complex through binding to ASC. a, b BMDM were primed with LPS and
then stimulated with ATP/Nigericin in the presence or absence of different doses of Atranorin. ASC levels in cell lysates and cross-linked
cytosolic pellets (a) were detected by Western blot. BMDM were stained with FITC-conjugated ASC antibody and DAPI. ASC speck formation
(b) was observed by immunofluorescence, indicated by the yellow arrows (scale = 50 μm). c The thermal stability of ASC protein in BMDM
treated with or without Atranorin (100 μM) was measured by CETSA. d DARTS assay was performed with pronase (1:50) in the presence or
absence of different doses of Atranorin. ASC protein level in lysates was analyzed by Western blot. The relative band intensity was calculated
by comparing the pronase digested band with the control band after normalization with GAPDH. e, f RAW264.7 cells were stimulated with Val-
BoroPro in the presence or absence of different doses of Atranorin. LDH level in culture supernatants (e) was measured by LDH kit. GSDMD full
length and cleaved GSDMD in cell lysates (f) were measured by Western blot. g–i BMDM were primed with LPS and then transfected with Poly
(dA: dT) in the presence or absence of different doses of Atranorin. IL-1β and IL-18 levels in culture supernatants (g) were measured by ELISA.
LDH level in culture supernatants (h) was measured by LDH kit. GSDMD full length and cleaved GSDMD in cell lysates (i) were measured by
Western blot. Data were shown as mean ± SEM from triplicate measurements. *P < 0.05, **P < 0.01 compared as indicated.
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Atranorin failed to inhibit LDH release (Fig. 3e) and GSDMD
cleavage (Fig. 3f). AIM2 inflammasome shares the same assembly
and activation process as NLRP3 inflammasome where ASC
acts as the adapter molecule [29]. Atranorin suppressed
AIM2 inflammasome activation in BMDM, indicated by the
reduced IL-1β and IL-18 secretion (Fig. 3g), LDH release (Fig. 3h)
and GSDMD cleavage (Fig. 3i). All these results suggest that
Atranorin inhibits NLRP3 inflammasome assembly through
binding to ASC.

Atranorin inhibits NLRP3 inflammation activation in LPS induced
mice acute inflammation and MSU crystal induced mice gouty
arthritis
To examine the therapeutic potential of Atranorin in vivo, we
evaluated the effect of Atranorin in LPS induced mice acute
inflammation model and MSU induced mice gouty arthritis model,
which are the two most common used models for in vivo
confirmation of NLRP3 inflammasome inhibition [19, 30–34]. LPS
induced mice acute inflammation model is a well-characterized
model of NLRP3 inflammasome-driven inflammation since the
production of IL-1β was shown to be NLRP3 dependent [2]. We
found that Atranorin treatment significantly decreased serum IL-
1β and IL-18 levels (Fig. 4a). However, Atranorin did not
significantly alter serum TNF-α level and showed milder inhibitory
effect on serum IL-6 level, whose production is NLRP3 indepen-
dent (Fig. 4b). Gouty arthritis is characterized by joint MSU crystal
deposition. MSU is among the activator of NLRP3 inflammasome
and gouty arthritis is regarded to be mediated by NLRP3
inflammasome [35]. Atranorin effectively ameliorated ankle joints
swelling (Fig. 4c, d) in MSU crystal induced gouty arthritis mice.
Meanwhile, Atranorin inhibited IL-1β secretion (with tendency) in
the ankle joints explant culture supernatants (Fig. 4e). All the
above data not only confirmed the in vivo activity of Atranorin on
NLRP3 inhibition but also indicated the potential therapeutic
application of Atranorin.

Atranorin alleviates DSS induced mice ulcerative colitis
Ulcerative colitis (UC) is a chronic and relapsing inflammatory
disease characterized by epithelial barrier dysfunction and
intestinal inflammation [36]. Although the etiology of UC has
not been fully illustrated, NLRP3 inflammasome activation is
recognized to mediate the pathogenesis of UC [37]. DSS
induced colitis animal model could highly mimic human UC
[38]. Also, DSS was reported to directly stimulate NLRP3
inflammasome activation and mature IL-1β release [39]. There-
fore, DSS induced colitis was chosen in our study to further
verify the pharmacological effect of Atranorin in NLRP3
inflammasome-driven diseases (Fig. 5a). Atranorin dose‐depen-
dently reduced weight loss, fecal bleeding and improved stool
consistency as well as the DAI score during the UC progression
(Fig. 5b). Consistently, the colon shortening was restored
(Fig. 5c, d). Splenomegaly is associated with inflammation
severity. Atranorin also decreased spleen index in DSS treated
mice (Fig. 5e). We further evaluated the severity of colonic
inflammation by histopathological analysis. DSS‐treated mice
exhibited obvious mucosal ulceration, crypt loss, goblet cells
and epithelial damage, and immune cell infiltration in colon
tissue. Atranorin could reverse these manifestations (Fig. 5f) and
increase histology score (Fig. 5g). Epithelial barrier destruction
is among the main characters of UC. We used In Vivo Imaging
System (IVIS) technic to assess the intestinal permeability. FITC-
dextran is nonmetabolizable macromolecule that mainly
excreted through the intestinal tract and urethra. Once
intestinal injury occurred, intestinal retention and blood
penetration of FITC‐CM-dextran would increase. Atranorin
treatment lowered the absorption of FITC fluorescence
both at abdomen (Fig. 5h) and in serum (Fig. 5i). In accordance,
Atranorin recovered tight junction protein E-cadherin level
in colon homogenates of UC mice (Fig. 5j). All these
results indicate that Atranorin is able to alleviate DSS-induced
mice UC.

Fig. 4 Atranorin inhibits NLRP3 inflammation activation in LPS induced mice acute inflammation and MSU crystal induced mice gouty
arthritis. a, b C57BL/6 mice were treated with or without different doses of Atranorin (i.g.) for 1 h and then challenged with LPS (i.p.) for 2 h
(n= 5). Serum IL-1β and IL-18 levels (a) and serum TNF-α and IL-6 levels (b) were measured by ELISA. c–e C57BL/6 mice were pretreated with or
without different doses of Atranorin (i.g.) for 1 h and then injected intra-articularly with MSU crystal (n= 5). Ankle swelling was shot at the end
point (c) and was also measured at different time points. The orange arrow indicates the swelling of ankle joints (d). IL-1β level in ankle explant
culture supernatant (e) was measured by ELISA. These results are representative of three independent experiments. Data were shown as mean
± SEM. *P < 0.05, **P < 0.01 compared with Vehicle group or as indicated.
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Atranorin inhibits NLRP3 inflammasome activation in DSS induced
mice ulcerative colitis
We then evaluated whether Atranorin could inhibit NLRP3
inflammasome activation in UC mice. Firstly, we detected the

protein levels of NLRP3 inflammasome complex and effector
molecules in colon homogenates. In DSS treated group, the
levels of NLRP3, Pro Caspase-1, Pro IL-1β, cleaved Caspase-1
p20/p10 and IL-1β p17 increased, indicating the activation of

Fig. 5 Atranorin alleviates DSS induced mice ulcerative colitis. a The experiment design of DSS induced UC. C57BL/6 mice were treated
with 3% DSS for 5 d and then sterile water for additional 2 d (n= 10). Atranorin was administered by oral daily. b Body weight, stool
consistency, occult blood and disease activity index (DAI) were evaluated daily. c Typical appearances of colon. d The statistical analysis of
colon length. e Spleen index was calculated as spleen weight/body weight (mg/g). f Typical microscopic pictures of H&E-stained colons (scale
= 100 μm). g The statistical analysis of histological scores (n= 7). h, i FITC-dextran (600mg/kg) was administered by oral gavage at d 7.
Intestinal permeability was detected both by IVIS Spectrum (h) and by serum FITC-dextran fluorescence intensity (i). j The expression of tight
junction protein E-cadherin in colon homogenates was detected by Western blot and quantified by normalization with Tubulin. These results
are representative of three independent experiments. Data were shown as mean ± SEM. *P < 0.05, **P < 0.01 compared with Vehicle group or
as indicated.
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NLRP3 inflammasome in colon. Atranorin administration did not
influence the protein levels of NLRP3, Pro Caspase-1 and Pro IL-
1β, but reduced the cleaved Caspase-1 p20/p10 and IL-1β p17
(with tendency) levels (Fig. 6a), suggesting that Atranorin
inhibits NLRP3 inflammasome activation (Signal 2) without
interfering the expression of NLRP3 inflammasome components
(Signal 1) in colon. At the same time, the activation form of
pyroptosis executor GSDMD in colon homogenates was
decreased (Fig. 6a). In consist, Atranorin treatment lowered
the levels of IL-1β and IL-18 in serum (Fig. 6b), colon explant
culture supernatants (Fig. 6c) and colon homogenates (Fig. 6d).
Infiltration of macrophages and dendritic cells is not only the
manifestation but also the promotor of UC [40, 41]. To observe
the activation of NLRP3 inflammasome in colon macrophages
and dendritic cells, we stained macrophages and dendritic cells
with F4/80 and CD11c, respectively to indicate infiltration and
stained caspase-1 p20 subunit to indicate NLRP3 inflammasome
activation. Atranorin not only significantly reduced the infiltra-
tion of macrophages (Fig. 6e) and dendritic cells (Fig. 6f) in
colon but also inhibited the activation of NLRP3 inflammasome.
Hence, we concluded that Atranorin could inhibit NLRP3
inflammasome activation in DSS induced UC mice.

DISCUSSION
In this article, we identify Atranorin as a potential NLRP3
inflammation inhibitor. Atranorin suppresses NLRP3 inflammation
activation through binding to ASC and inhibiting ASC oligomer-
ization without influencing the priming stage. What’s more,
Atranorin effectively protects NLRP3 inflammasome mediated
diseases including acute inflammation, gouty arthritis and UC
(Fig. 7).
Atranorin is the secondary metabolite metabolites of lichen

families with multidirectional biological activities [42]. Although
the potential anti-inflammatory activity of Atranorin has been
identified, the in-depth mechanism study is lacking. In this
study, we first confirmed that Atranorin inhibits multiply
stimulus induced NLRP3 inflammasome activation in BMDM
and BMDC by applying Atranorin after the LPS priming stage
and before the activation stage, indicated by reduced Caspase-1
process, cytokines secretion and pyroptosis. The reduced IL-1β
level in NLRP3 inflammasome-reconstituted HEK293T cells
also supports this conclusion, Interestingly, when applied
at the priming stage and wash away before the activation
stage, Atranorin did not influence the transcript of NLRP3
component or LDH release, suggesting that Atranorin acts at
the activation stage rather than the priming stage of NLRP3
activation, which would avoid side effects caused by NF-κB
inhibition [8].
ASC is the central component of NLRP3 inflammasome

complex that consists of the N-terminal pyrin domain (PYD)
and the C-terminal CARD. ASC would aggregate into filaments
through PYD-PYD interactions and condense as speck via CARD-
CARD interactions to promote NLRP3 inflammasome activation
[43]. In our study, we found that Atranorin could inhibit ASC
oligomerization. The results of CETSA and DARTS verified that
Atranorin directly binds to ASC. To verify whether Atranorin
inhibits NLRP3 inflammasome through binding to ASC, we
tested the influence of Atranorin on the activation of other
inflammasome that dependent or independent of ASC. NLRP1B
inflammasome could be activated independent of ASC since
NLRP1B processes CARDs and can directly interact with Pro
Caspase-1 [26, 44]. Whereas, when ASC is absent, Pro Caspase-1
does not efficiently process itself and IL-1β but only cleaves and
activates GSDMD to induce pyroptosis [45]. We found Atranorin
failed to inhibit LDH release and GSDMD cleavage induced by
NLRP1B activator Val-BoroPro in RAW264.7 macrophages that

lacking ASC [28]. In contrast, Atranorin could inhibit AIM2
inflammasome activation in BMDM, where ASC serves as the
adapter molecular [29]. These results confirmed that
Atranorin inhibits NLRP3 inflammasome activation through
binding to ASC. It is applicable to define the binding pattern
of Atranorin toward ASC protein in our future study since
human and mouse ASC-PYD filaments have been successfully
reconstituted in vitro and their structures have already been
solved [46, 47].
Considering the role of ASC in NLRP3 inflammasome, targeting

ASC with small molecular compound [48] or monoclonal antibody
[49, 50] is proposed applicable for directly inhibiting NLRP3
inflammasome as well as for treating NLRP3 related diseases. ASC
is also the adapter molecular of other inflammasome such as
AIM2, PYRIN and NLRP6 inflammasome. Therefore, Atranorin
might be feasible to treat inflammatory diseases driven by other
inflammasomes whose activation is ASC dependent. Moreover,
recent studies showed that some specific inflammatory diseases
are driven by several kinds of inflammasomes concurrently. Thus,
through targeting ASC, Atranorin might have therapeutic effects
toward complicated diseases that associated with more than one
inflammasome, such as experimental autoimmune encephalo-
myelitis (EAE) [51–53] and systemic lupus erythematosus
(SLE) [54].
In our study, we first evaluated whether Atranorin could

inhibit NLRP3 inflammasome activation in vivo by introducing
LPS induced acute inflammation and MSU crystal induced
gouty arthritis models. The doses of Atranorin used in our
experiments (100 mg/kg and 50 mg/kg) were selected accord-
ing to the published articles as well as the results of subchronic
toxicity study and acute toxicity study [17]. We showed that
Atranorin inhibited IL-1β and IL-18 production in LPS induced
acute inflammation mice and protected against MSU crystal
induced mice gouty arthritis, confirming the therapeutic
potential of Atranorin toward NLRP3 inflammasome related
diseases.
We then studied the pharmacological effect of Atranorin on DSS

induced mice UC. UC is a chronic inflammatory disorder that
occurs in colonic mucosa. NLRP3 inflammasome and its signaling
molecules are recognized to mediate the pathogenesis of UC [4].
We discovered Atranorin could alleviate DSS induced mice UC and
prevent activation of NLRP3 inflammasome in colon macrophages
and dendritic cells. IL-1β could induce the expression of adhesion
molecules and chemokines, thus promoting the infiltration of
inflammatory and immunocompetent cells from the circulation
into lesional tissues [55]. This property of IL-1β might explain the
phenomenon that Atranorin prevented the infiltration of macro-
phages and dendritic cells in colon. We also observed the
protective effect of Atranorin on the decreased intestinal
permeability. This might be owing to the results of NLRP3
inflammasome inhibition, since IL-1β could increases intestinal
tight junction permeability [56–58]. Intestinal microbiota dysbiosis
is involved in UC progress [59]. The gut microbiota was identified
to induce the expression and activation of inflammasome
proteins, which contribute to both homeostasis and disease in
UC [60]. Atranorin possesses significant antibacterial activity
[16, 61, 62]. Whether Atranorin could ameliorate UC through
regulating intestinal microbiota is an interesting topic that
remains to study.
All together, we identify that lichen secondary metabolite

Atranorin inhibits NLRP3 inflammasome activation through
binding to ASC and alleviates NLRP3 inflammasome-driven
disease models including LPS induced acute inflammation, MSU
crystal induced gouty arthritis and DSS induced colitis. Our study
not only uncover the potential pharmacological application of
Atranorin but also contribute to the development of nature
product derived NLRP3 inhibitors.
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Fig. 6 Atranorin inhibits NLRP3 inflammasome activation in DSS induced mice ulcerative colitis. a The protein levels of NLRP3, Pro IL-1β,
cleaved IL-1β, ASC, Pro Caspase-1, cleaved Caspase-1, GSDMD and cleaved GSDMD (N-terminal fragment) in colon homogenates were
detected by Western blot and quantified by normalization with GAPDH or GSDMD FL. b–d IL-1β and IL-18 levels in serum (b), colon explant
culture supernatants (c), and colon homogenates (d) were measured by ELISA. e, f Colon infiltration of macrophages (stained with F4/80) and
dendritic cells (stained with CD11c) and the activation of NLRP3 inflammasome (stained with Caspase-1 p20) in colon macrophages (e) and
dendritic cells (f) were detected by immunofluorescence. These results are representative of three independent experiments. Data were
shown as mean ± SEM. *P < 0.05, **P < 0.01 compared with Vehicle group or as indicated.
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Fig. 7 Atranorin inhibits NLRP3 inflammasome activation by targeting ASC and protects against NLRP3 inflammasome-driven diseases.
Atranorin suppresses NLRP3 inflammation activation induced cytokines release and pyroptosis through binding to ASC and inhibiting ASC
oligomerization. Atranorin also attenuates NLRP3 inflammasome-driven disease models including LPS induced acute inflammation, MSU
crystal induced gouty arthritis and DSS induced mouse colitis.
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