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Abstract Aberrant activation of NLRP3 inflammasome has been implicated in the pathogenesis of
diverse inflammation-related diseases, and pharmacological molecules targeting NLRP3 inflammasome
are of considerable value to identifying potential therapeutic interventions. Cardamonin (CDN), the major
active ingredient of the traditional Chinese medicinal herb Alpinia katsumadai, has exerted an excellent
anti-inflammatory activity, but the mechanism underlying this role is not fully understood. Here, we show
that CDN blocks canonical and noncanonical NLRP3 inflammasome activation triggered by multiple
stimuli. Moreover, the suppression of CDN on inflammasome activation is specific to NLRP3, not to
NLRC4 or AIM2 inflammasome. Besides, the inhibitory effect is not dependent on the expression of NF-
κB-mediated inflammasome precursor proteins. We also demonstrate that CDN suppresses the NLRP3
inflammasome through blocking ASC oligomerization and speckle formation in a dose-dependent manner.
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Importantly, CDN improves the survival of mice suffering from lethal septic shock and attenuates IL-1β
production induced by LPS in vivo, which is shown to be NLRP3 dependent. In conclusion, our results
identify CDN as a broad-spectrum and specific inhibitor of NLRP3 inflammasome and a candidate
therapeutic drug for treating NLRP3 inflammasome-driven diseases.

& 2019 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Inflammation is the body's defense responses to specific stimuli. A
moderate inflammatory response contributes to alleviating infec-
tions, removing damaged cells, and initiating tissue recovery.
Excessive inflammation, however, may exacerbate tissue damage
or even induce serious diseases1,2. Recent studies have proved the
crucial role of nod-like receptor family pyrin domain-containing 3
(NLRP3) inflammasome in inflammatory responses3. The NLRP3
inflammasome is a multiprotein complex consisting of NLRP3,
ASC [apoptosis-associated speck-like protein containing CARD
(caspase activation and recruitment domain)], and cysteinyl
aspartate-specific proteinase-1 (caspase-1)4. NLRP3 inflamma-
some activation requires double activation signal: priming and
activation5. Pathogen-associated molecular patterns (PAMPs) are
molecules associated with groups of pathogens, and most of which
are recognized by Toll-like receptors (TLRs). Lipopolysaccharide
(LPS) is the prototypical class of PAMPs, and the recognition of it
by TLR4 will result in the activation of NF-κB and up-regulation
of pro-IL-1β and NLRP3 protein expression, which is called the
priming phase. During the activation step, the inflammasome
complex is assembled and activated by various inducers, such as
adenosine triphosphate (ATP), nigericin, monosodium urate crys-
tals (MSU), and SiO2. Once activated, caspase-1 cleaves several
protein substrates, including pro-IL-1β and pro-IL-18, to their
mature forms, IL-1β and IL-18, respectively6.

The dysregulation of NLRP3 inflammasome activation leads to
the occurrence and development of many inflammatory diseases7,8.
Cryopyrin-associated periodic fever syndromes (CAPS), Muckle–
Wells syndrome (MWS) and familial cold-induced autoinflamma-
tory syndrome (FCAS) are associated with a predisposition for
activation or genetic activation of the NLRP3 inflammasome9,10.
In addition, NLRP3 inflammasome is involved in human complex
diseases and chronic inflammation, including gout, type 2 diabetes
(T2D), atherosclerosis, and nonalcoholic steatohepatitis (NASH)11–14.
Therefore, targeting NLRP3 inflammasome is of great significance in
the treatment of these diseases15. In recent years, a few active
ingredients have been reported to have inhibitory effects on the
NLRP3 inflammasome in animal models of human diseases.
MCC950 treatment inhibits LPS-induced NLRP3 inflammasome
activation and rescues NLRP3 dependent non-alcoholic fatty liver
disease (NAFLD) pathology in obese diabetic mice13,16. Oridonin has
both preventive and therapeutic effects on mouse models of
NLRP3-mediated diseases like peritonitis, gouty arthritis, and
T2D17. β-Hydroxybutyrate suppresses caspase-1 activation and
IL-1β secretion in mouse models of MWS and FCAS18.

Cardamonin (20,40-dihydroxy-60-methoxychalcone, CDN) is a
chalcone found mainly in the seeds of Alpinia katsumadai
(Caodoukou in Chinese), a medicinal herb that has been widely
used to treat digestive system-related diseases for thousands of
years. CDN has shown considerable anti-inflammatory, anti-
cancer, anti-oxidative, and vasorelaxant activities19–23. Studies
have been demonstrated that CDN exerts anti-inflammatory
activity mediated by blocking NF-κB and MAPK signaling path-
ways24–27. The suppression of CDN on NLRP3 inflammasome and
inflammatory colitis has been investigated in a recent preliminary
research28. However, the broad-spectrum and specific inhibitory
effect of CDN on NLRP3 inflammasome has not been investi-
gated. In this study, we found that CDN could inhibit NLRP3
inflammasome activation specifically both in murine macrophages
and human monocytes and prevent NLRP3-depedent septic shock
in vivo.

2. Materials and methods

2.1. Mice

6–8-week-old female C57BL/6 mice were purchased from SPF
Biotechnology Co., Ltd. (Beijing, China). All animals were
maintained under 12-h light/dark conditions at 22–24 1C with
unrestricted access to food and water for the duration of the
experiment. All animal protocols in this study were performed
according to the guidelines for care and use of laboratory animals
and approved by the animal ethics committee of 302 Military
Hospital (Beijing, China).

2.2. Reagents and antibodies

MSU, nigericin, ATP, poly(deoxyadenylic-thymidylic) acid sodium
salt (poly (dA:dT)), polyinosinic:polycytidylic acid (poly (I:C)),
phorbol-12-myristate-13-acetate (PMA), dimethyl sulfoxide (DMSO),
and ultrapure LPS were purchased from Sigma–Aldrich (Munich,
Germany). Pam3CSK4 was obtained from InvivoGen (Toulouse,
France). MCC950 and CDN were from TargetMol (Boston, MA,
USA). Lfn-Flic was kindly provided by Dr. Tao Li from National
Center of Biomedical Analysis. Anti-mouse CASPASE-1 (1:1000,
AG-20B-0042) was bought from Adipogen (San Diego, CA, USA).
Anti-human cleaved IL-1β (1:2000, 12242), anti-human CASPASE-1
(1:2000, 4199 S), anti-mouse IL-1β (1:1000, 12507), anti-NLRP3
(1:2000, 15101S) were obtained from Cell Signaling Technology
(Boston, MA, USA). Anti-ASC (1:1000, sc-22514-R) was from Santa
Cruz Biotechnology (Dallas, TX, USA). Anti-GAPDH (1:2000,
60004-1-1g) was purchased from Proteintech (Chicago, IL, USA).

2.3. Cell culture

Bone-marrow-derived macrophages (BMDMs) were isolated from
femoral bone marrow of 10-week-old female C57BL/6 mice and
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cultured in Dulbecco's modified Eagle's medium (DMEM) com-
plemented with 10% fetal bovine serum (FBS), 1% penicillin/
streptomycin (P/S) and 50 ng/mL murine macrophage colony-
stimulating factor (M-CSF). Human THP-1 cells were grown in
RPMI 1640 medium and stimulated by 100 nmol/L PMA over-
night to differentiate into macrophages. Immortalized BMDMs
(iBMDMs) were kindly provided by Dr. Tao Li from National
Center of Biomedical Analysis (Beijing, China) and grown in
DMEM containing 10% FBS, 1% P/S. Human peripheral blood
mononuclear cells (PBMCs) were obtained from healthy donors
and grown in RPMI 1640 medium and the experimental protocols
were performed according to the approved guidelines established
by the 302 Military Hospital (Beijing, China). All cell lines were
cultured under a humidified 5% (v/v) CO2 atmosphere at 37 1C.

2.4. Inflammasome activation

We seeded BMDMs at 4� 105 cells/well, THP-1 cells at
0.75� 106 cells/well, PBMCs at 2.5� 106 cells/well and iBMDMs
at 2.5� 105 cells/well in 24-well plates overnight. The following
day, the medium was replaced, and cells were stimulated with
50 ng/mL LPS for 4 h. Then the medium was changed to Opti-
MEM containing CDN for 1 h. For inducing NLRP3 inflamma-
some activation, cells were then stimulated with ATP (5 mmol/L),
nigericin (7.5 μmol/L) for 1 h, or with MSU (200 μg/mL) for 6 h,
poly(I:C) (2 μg/mL) transfected with Lipofectamine 2000 for 6 h
according to the manufacturer's instructions. For absent in
melanoma 2 (AIM2) inflammasome activation, poly (dA:dT)
(2 μg/mL) was transfected using Lipofectamine 2000 for 6 h. For
nod-like receptor containing a caspase activating and recruitment
domain 4 (NLRC4) inflammasome activation, cells were
stimulated with Lfn-Flic (200 ng/mL) for 6 h. For noncanonical
inflammasome activation, BMDMs were primed with Pam3CSK4
(1 μg/mL) for 4 h, after which the medium was removed and
replaced with Opti-MEM containing CDN for 1 h and 1 μg/mL
LPS was transfected using Lipofectamine 2000 for 6 h.

2.5. Western blotting

Protein extraction method of cell culture supernatant has been
described previously29. Immunoblot was used to test the expres-
sion of caspase-1 p20, IL-1β p17, pro-IL-1β, caspase-1 p45,
NLRP3, and ASC. GAPDH served as a loading control in cell
lysates. The samples were boiled at 105 1C for 15 min, then the
protein samples were resolved in 12% or 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membrane via a wet-transfer system.
Later, the membranes were incubated with 5% fat-free milk for 1 h
at room temperature and incubated overnight with primary
antibodies at 4 1C. Blots were washed three times with Tris-
buffered saline Tween-20 (TBST) and incubated with correspond-
ing horseradish peroxidase-conjugated secondary antibody
(1:5000) for 1 h at room temperature, followed by another three
times of washing, and the signals were analyzed using the
enhanced chemiluminescent reagents (Promega, Beijing, China)
detection system.

2.6. Cell viability assay

The cell counting kit-8 (CCK-8) assay was applied to detect the
viability of cells. IBMDMs, PMA-primed THP-1 cells and
BMDMs were seeded in 96-well growth-medium plate overnight
at 1� 105, 2� 105 and 1� 105 cells/well, respectively30,31. Then,
iBMDMs and BMDMs were primed with LPS for 4 h. Next,
LPS-primed iBMDMs, PMA-primed THP-1 cells and LPS-primed
BMDMs were incubated at 37 1C followed by treatment with CDN
for 24 h, then these cells were cultured with CCK-8 for 30 min.
The optical density (O.D.) values at the wavelength of 450 nm
were determined. The half-maximal inhibitory concentration (IC50)
of CDN was performed using the software Prism 6 (GraphPad
Software, San Diego, CA, US).

2.7. Caspase-1 activity assay

The Caspase-Glos 1 Inflammasome Assay (Promega, Beijing,
China), which is a homogeneous and bioluminescent method to
measure the activity of caspase-1 selectively, was used to assess
caspase-1 activity in cell culture supernatants according to the
manufacturer's instructions.

2.8. Enzyme-linked immunosorbent assay (ELISA)

Supernatants from cell culture and mouse serum were assayed for
mouse IL-1β, TNF-α, and human IL-1β according to manufac-
turer's instructions (Dakewei, Beijing, China).

2.9. Lactate dehydrogenase (LDH) assay

LPS-primed BMDMs were treated with inflammasome stimulants
in the presence of CDN. The release of LDH into the culture
supernatants was determined by LDH cytotoxicity assay kit
(Beyotime, Shanghai, China) according to the manufacturer's
instructions.

2.10. ASC oligomerization and speck staining detection

The assay for ASC oligomerization and speck staining detection
has been described previously29.

2.11. LPS-induced septic shock in vivo

To induce septic shock, 6–8-week-old female C57BL/6 mice
(n¼10/group) were injected intraperitoneally (i.p.) with CDN
(50 mg/kg), MCC950 (50 mg/kg) or MCC950 (50 mg/kg) plus
CDN (50 mg/kg) 1 h before injection of LPS (20 mg/kg), and the
mortality rate was monitored at regular intervals. In the second
experiment, to induce inflammatory cytokines secretion, mice
(n¼6/group) were injected with LPS (20 mg/kg) after CDN or
MCC950 (25 and 50 mg/kg) treatment 1 h. After 6 h, serum
samples were collected, and the cytokines were measured
by ELISA.

2.12. Statistical analyses

Statistical analysis was performed using the software Prism 6
(GraphPad Software, San Diego, CA, US). All experimental data
were expressed as means7standard error of mean (SEM). The
significant differences were statistically assessed using an unpaired
Student's t-test and the difference was considered statistically
significant when Po0.05.



Figure 1 CDN suppresses caspase-1 activation and IL-1β secretion. (A) CDN structure. (B) Cytotoxicity of CDN in LPS-primed iBMDMs,
PMA-primed THP-1 cells, and LPS-primed BMDMs. (C) LPS-primed iBMDMs were treated with various doses of CDN and then stimulated with
ATP. Western blot analysis of IL-1β (p17), caspase-1 (p20) in culture supernatants (SN) and pro- IL-1β, caspase-1 (p45), NLRP3, ASC in whole
cell lysates (WCL). (D and E) Activity of caspase-1 (D), secretion of IL-1β (E) in SN from iBMDMs described in (C). (F) PMA-primed THP-1
cells were stimulated with nigericin after treated with CDN. Western blot analysis of IL-1β (p17), caspase-1 (p20) in SN and pro-IL-1β, caspase-1
(p45), NLRP3, ASC in WCL. (G and H) Activity of caspase-1 (G), secretion of IL-1β (H) in SN from THP-1 cells described in (F). RLU,
recombinant luciferase, which is proportional to caspase-1 activity. Coomassie blue staining was provided as the loading control for the SN
(C and F). GAPDH served as a loading control in WCL (C) and (F). Data are expressed as mean7SEM (n¼3) from three independent
experiments with biological duplicates in (B, D, E, G, and H). Statistics differences were analyzed using an unpaired Student's t-test: ***Po0.001
vs. the control. NS, not significant.
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3. Results

3.1. CDN suppresses caspase-1 activation and IL-1β secretion

NLRP3 inflammasome activation leads to caspase-1 activation,
which processes inactive cytoplasmic precursors (pro-IL-1β, pro-
IL-18) into the mature active form (IL-1β, IL-18). Before
investigating the role of CDN (Fig. 1A) on inflammasome, we
first tested the toxicity of CDN by CCK-8 cytotoxicity assay in
LPS-primed immortalized bone-marrow-derived macrophages
(iBMDMs), PMA-primed THP-1 cells and LPS-primed bone-
marrow-derived macrophages (BMDMs). After being exposed to
CDN for 24 h, the half-maximal inhibitory concentration (IC50) of
CDN were 32.16, 55.05, and 61.03 μmol/L, respectively. CDN
promoted cell viability at low concentrations, and no toxic effect
was observed at the concentration below 20 μmol/L (Fig. 1B).
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Therefore, 0–20 μmol/L was chosen to test the inhibitory effect of
CDN on the caspase-1 cleavage and IL-1β secretion. IBMDMs
were primed with LPS, then treated with CDN, and finally
stimulated with ATP. Results showed that CDN treatment
markedly reduced the caspase-1 cleavage and IL-1β maturation
in a dose-dependent manner (Fig. 1C–E). NLRP3, ASC,
pro-IL-1β, and caspase-1 (p45) expression in whole cell lysates
were not affected by CDN (Fig. 1C). Similarly, PMA-primed
THP-1 cells were pretreated with CDN and then stimulated with
nigericin. Results also showed that caspase-1 cleavage and mature
IL-1β secretion were dose-dependently inhibited by
CDN (Fig. 1F–H). Taken together, these results demonstrate that
CDN could inhibit caspase-1 activation and IL-1β secretion in
both mouse and human macrophages.

3.2. CDN inhibits NLRP3 inflammasome activation in primary
mouse bone-marrow-derived macrophages (BMDMs) and human
peripheral blood mononuclear cells (PBMCs)

We used primary mouse bone-marrow-derived macrophages
(BMDMs) from femoral bone marrow of 10-week-old female
C57BL/6 mice to illuminate the inhibitory effect of CDN on
NLRP3 inflammasome. We pretreated LPS-primed BMDMs with
CDN and then stimulated them with nigericin. CDN exhibited
dose-dependently inhibitory effects on caspase-1 cleavage, IL-1β
secretion, and LDH release, but no significant effect was found on
inflammasome-independent cytokine TNF-α production (Fig. 2A–E
and Supporting Information Fig. S1A and B). Besides, CDN
treatment did not affect the expression of NLRP3, ASC, pro-IL-1β,
and caspase-1 p45 in whole cell lysates (Fig. 2A and Supporting
Information Fig. S1C–F).

To further clear the inhibitory effect of CDN on NLRP3
inflammasome activation, we tested other NLRP3 agonists in
BMDMs. The results showed that CDN also blocked caspase-1
cleavage and IL-1β secretion triggered by ATP, MSU and poly(I:C)
but had no effects on TNF-α production (Fig. 2F–I, Fig. 3A, C–E and
Supporting Information Fig. S2A–F), suggesting that CDN is a potent
and broad inhibitor for NLRP3 inflammasome activation. Intracellular
LPS is sensed by a noncanonical NLRP3 inflammasomes pathway,
which produces caspase-11-dependent IL-1β maturation and secre-
tion4,32. We then activated noncanonical NLRP3 inflammasome in
BMDMs pretreated with Pam3CSK4 and transfected with LPS16,33,
and the results showed that CDN significantly blocked caspase-11-
dependent caspase-1 cleavage and IL-1β secretion (Fig. 3B, F–H and
Supporting Information Fig. S3A–F). These results suggest that CDN
could inhibit canonical and noncanonical NLRP3 inflammasome
activation in BMDMs. We next detected whether CDN inhibits
NLRP3 inflammasome activation in response to human cells.
LPS-primed PBMCs were stimulated with ATP after pretreated with
CDN. The results showed that caspase-1 activity and IL-1β produc-
tion were also suppressed by CDN (Fig. 2J and K).

3.3. CDN does not inhibit NLRC4 and AIM2 inflammasome
activation

In addition to NLRP3 inflammasome, other inflammasomes, such as
NLRC4 and AIM2 which can activate caspase-1 in response to
endogenous and exogenous danger signals have been character-
ized34,35. We further investigated the specificity inhibition effect of
CDN on NLRP3 inflammasome as compared with other inflamma-
somes. LPS-primed BMDMs were infected with Lfn-Flic to activate
NLRC4 inflammasomes, and results indicated that CDN did not
inhibit caspase-1 activation, IL-1β or TNF-α production in response
to Lfn-Flic treatment (Fig. 3B, F–H and Supporting Information Fig.
S3A and B). The expression of NLRP3, ASC, caspase-1 (p45) in
whole cell lysates was not substantially affected by CDN either
(Fig. 3B, Supporting Information Fig. S3C–F). The effect of CDN on
AIM2 inflammasome was examined by transfecting BMDMs with
poly (dA:dT), and CDN did not attenuate the caspase-1 activation,
IL-1β or TNF-α production in response to the AIM2 inflammasome
activator poly (dA:dT) (Fig. 3B, F–H and Supporting Information
Fig. S3A and B). Taken together, these results demonstrate that
CDN could specifically inhibit NLRP3 but not NLRC4 or AIM2
inflammasome activation.
3.4. CDN does not inhibit LPS-induced NLRP3 priming but
blocks ASC oligomerization

Previous studies have demonstrated that CDN could inhibit NF-κB
activation24–26. We then examined whether CDN could affect the
priming phase of NLRP3 inflammasome activation via blocking
NF-κB-dependent NLRP3 or pro-IL-1β expression according to
the described method previously36,37. When BMDMs were stimu-
lated with CDN after LPS treatment, NLRP3 and pro-IL-1β
expression were not affected by CDN, as well as TNF-α
production (Fig. 4A and B), suggesting that CDN does not affect
LPS-induced priming phase of NLRP3 inflammasome activation
in this condition. In contrast, when BMDMs were stimulated with
CDN before LPS treatment, CDN inhibited pro-IL-1β expression
while little effect was observed on NLRP3 expression and TNF-α
production (Fig. 4A and B). These results suggest that CDN could
suppress NLRP3 inflammasome activation without affecting the
expression of NF-κB-mediated inflammasome precursor proteins.

During NLRP3 inflammasome activation, ASC oligomeriza-
tion is a critical step for the subsequent caspase-1 activation38.
We further examined whether the inhibitory effect of CDN on
NLRP3 inflammasome activation was mediated by inhibition of
ASC oligomerization. Immunoblot analysis was used to test ASC
oligomerization in BMDMs treated or untreated with CDN and
then BMDMs were stimulated with different stimuli. Cytosolic
fractions from cell lysates were cross-linked, and ASC monomers
and higher order complexes were observed after co-stimulation
with LPS and nigericin, but ASC-complex formation was
attenuated by CDN in a dose dependent manner (Fig. 4E and
Supporting Information Fig. S4A and B). Upon NLRP3 inflam-
masome activation by nigericin, ASC condenses into a large
speck in cells. Therefore, ASC oligomerization was also
observed when we used BMDMs stably to express ASC tagged
with green fluorescent protein, but pretreatment with CDN dose-
dependently inhibited speck formation (Fig. 4C and D). Further
results showed that CDN had a favorable inhibitory effect on
ASC oligomerization of NLRP3 inflammasome activators, such
as ATP, nigericin, poly(I:C), MSU and intracellular LPS
(Fig. 4F, G and Supporting Information Fig. S4C and D).
Whereas, ASC oligomerization of NLRC4 and AIM2 inflamma-
some, stimulated by Lfn-Flic and poly (dA:dT), were not affected
by CDN (Fig. 4G, Supporting Information Fig. S4E and F).
These results indicate that CDN inhibits canonical and noncano-
nical NLRP3 inflammasome activation by attenuating NLRP3-
dependent ASC oligomerization.



Figure 2 CDN inhibits NLRP3 inflammasome activation in primary BMDMs and PBMCs. (A) LPS-primed BMDMs were treated with various
doses of CDN and then stimulated with nigericin. Western blot analysis of IL-1β (p17), caspase-1 (p20) in SN and pro-IL-1β, caspase-1 (p45),
NLRP3, ASC in WCL. (B–E) Activity of caspase-1 (B), production of IL-1β (C), TNF-α (D) and LDH (E) in SN from BMDMs described in (A).
(F) LPS-primed BMDMs were treated with various doses of CDN and then stimulated with ATP. Western blot analysis of IL-1β (p17), caspase-1
(p20) in SN and pro-IL-1β, caspase-1 (p45), NLRP3, ASC in WCL. (G–I) Activity of caspase-1 (G), secretion of IL-1β (H), TNF-α (I) in SN from
BMDMs described in (F). (J and K) Activity of caspase-1 (J), secretion of IL-1β (K) in SN from LPS-primed PBMCs treated with various doses of
CDN and then stimulated with ATP. Coomassie blue staining was provided as the loading control for the SN (A and F). GAPDH served as a
loading control in WCL (A and F). Data are expressed as mean7SEM (n ¼ 3) from three independent experiments with biological duplicates in
(B–E, G–K). Statistics differences were analyzed using an unpaired Student's t-test: *Po0.05, **Po0.01, ***Po0.001 vs. the control. NS, not
significant.
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3.5. CDN ameliorates LPS-induced septic shock and IL-1β produc-
tion in vivo

The septic shock and production of IL-1β induced by intraper-
itoneal (i.p.) injection of LPS is shown to be NLRP3
inflammasome-dependent16,39–42. Therefore, LPS-induced lethality
was chosen for the evaluation of the effect of CDN in vivo.
Meanwhile, administration of MCC950, which is the most
selective tool inhibitor available for investigation of NLRP3-
related effects in vitro and in vivo15,16, was used to mimic the
consequences of NLRP3 knock-down in our study. Results
showed that pretreatment with MCC950 greatly improved the
survival of mice suffering from septic shock (Fig. 5A), which
indicated that NLRP3 inflammasome plays an important role in
septic shock. And there was no significant difference between
CDN- and MCC950-treated group (Fig. 5A). Furthermore, the



Figure 3 CDN inhibits canonical and noncanonical NLRP3 activation, but does not inhibit NLRC4, AIM2 inflammasome. (A) LPS-primed
BMDMs were treated with CDN (10 μmol/L) and then stimulated with ATP, nigericin, poly(I:C), and MSU. Western blot analysis of IL-1β (p17),
caspase-1 (p20) in SN and pro-IL-1β, caspase-1 (p45), NLRP3, and ASC in WCL. (B) LPS-primed BMDMs were treated with CDN (10 μmol/L)
and then stimulated with ATP, poly (dA:dT), Lfn-Flic, or Pam3CSK4-primed BMDMs were treated with CDN (10 μmol/L) and then stimulated
with LPS. Western blot analysis of IL-1β (p17), caspase-1 (p20) in SN and pro-IL-1β, caspase-1 (p45), NLRP3, and ASC in WCL. (C–E) Activity
of caspase-1 (C), secretion of IL-1β (D), and TNF-α (E) in SN from BMDMs described in (A). (F–H) Activity of caspase-1 (F), secretion of IL-1β
(G), and TNF-α (H) in SN from BMDMs described in (B). Coomassie blue staining was provided as the loading control for the SN (A and B).
GAPDH served as a loading control in WCL (A and B). Data are expressed as mean7SEM (n ¼ 3) from three independent experiments with
biological duplicates in (C–H). Statistics differences were analyzed using an unpaired Student's t-test: ***Po0.001 vs. the control. NS, not
significant.
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survival rate of LPS-induced septic shock after CDN treatment
combined with MCC950 was not significantly better than the
group of MCC950 or CDN alone (Fig. 5A), suggesting that CDN
ameliorates LPS-induced septic shock mainly through suppressing
NLRP3 inflammasome. Owing to the inflammatory disorder of
septic shock, we also examined whether CDN could suppress the
inflammatory cytokines through the inhibitory effect of NLRP3
inflammasome in septic shock. We pretreated mice with CDN for
1 h before intraperitoneal injection of LPS for 6 h, and the result
indicated that CDN treatment resulted in significant reduction of



Figure 4 CDN does not inhibit LPS-induced NLRP3 priming, but blocks NLRP3-dependent ASC oligomerization. (A) Western blot analysis of
the indicated proteins in WCL from BMDMs treated with LPS for 4 h and left stimulated with different doses of CDN for 1 h (CDN after LPS) or
treated with different doses of CDN for 1 h and then stimulated with LPS for 4 h (CDN before LPS). (B) secretion of TNF-α in SN from BMDMs
described in (A). (C) Live-cell imaging of ASC-green cells treated with CDN and stimulated with nigericin. At least ten different images were
taken of each condition at an original magnification of 40� . Results are representative of three independent experiments. Scale bar: 5 μm. (D) The
percentage of ASC green cells containing an ASC speck after treatment with CDN (5 and 10 μmol/L) and stimulation with nigericin. (E) LPS-
primed BMDMs were treated with various doses of CDN and then stimulated with nigericin. Western blot analysis of WCL and cross-linked
cytosolic pellets. (F) Western blot analysis of WCL and cross-linked cytosolic pellets of LPS-primed BMDMs treated with CDN (10 μmol/L) and
then stimulated with ATP, nigericin, poly(I:C), MSU. (G) Western blot analysis of WCL and cross-linked cytosolic pellets of LPS-primed
BMDMs treated with CDN (10 μmol/L) and then stimulated with ATP, poly (dA:dT), Lfn-Flic, or Pam3CSK4-primed BMDMs treated with CDN
(10 μmol/L) and then stimulated with LPS. GAPDH served as a loading control in WCL (A, E–G). Data are expressed as mean7SEM (n¼3) from
three independent experiments with biological duplicates in (B and D). Statistics differences were analyzed using an unpaired Student's t-test:
***Po0.001 vs. the control. NS, not significant.
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Figure 5 CDN ameliorates LPS-induced septic shock and IL-1β production. (A) Survival of 8-week-old C57BL/6 female mice intraperitoneally
injected with LPS (20 mg/kg) in the presence or absence of CDN, MCC950 (50 mg/kg, n¼10). Lethality was monitored for 60 h. (B and C) Serum
levels of IL-1β (B), TNF-α (C) from C57BL/6 mice pretreated with CDN, MCC950 or vehicle control (n¼6) as measured by ELISA 6 h after
intraperitoneally LPS (20 mg/kg) injection. Data are shown mean7SEM. Statistics differences were analyzed using an unpaired Student's
t-test: ***Po0.001 vs. the control. NS, not significant.
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serum IL-1β and TNF-α production, which was equivalent to the
effect of MCC950 (Fig. 5B–C). Taken together, these results
demonstrate that CDN could inhibit LPS-induced NLRP3 inflam-
masome activation in vivo and improve the survival of mice
suffering from septic shock in mice model.
4. Discussion

The inflammatory cytokine IL-1β is produced in very low amounts
under normal circumstances. However, in terms of tissue damage,
environmental stress, infection or chronic inflammation, the produc-
tion of IL-1β is highly increased43,44. The production and secretion of
IL-1β is regulated by diverse inflammasomes, including NLRP3,
NLRC4, and AIM2 inflammasomes. NLRP3 inflammasome is
involved in many inflammatory, metabolic, degenerative and aging-
related diseases45. Therefore, developing some small molecules that
target NLRP3 inflammasome specifically without inhibiting other
inflammasomes is very useful for treating various inflammatory
diseases as described above. Traditional Chinese medicines (TCMs)
have been used in China for thousands of years, and many TCMs
have obvious anti-inflammatory activity, but the active ingredients
and mechanisms remain to be studied. It has been reported that
Oridonin is the major active ingredient of Rabdosia rubescens
(Donglingcao in Chinese) and inhibits NLRP3 inflammasome
assembly and activation17. Curcumin is a common NLRP3 inflam-
masome activation inhibitor found in the herb Curcuma Longa
(Jianghuang in Chinese)46. Isoliquiritigenin from the roots and
rhizomes of Glycyrrhiza plants also inhibits NLRP3 inflammasome
activation and subsequent IL-1β production as well47.

Alpinia katsumadai (Caodoukou in Chinese) is a medicinal herb
which is supposed to have potent anti-inflammatory and immu-
nomodulatory properties for the treatment of multiple inflamma-
tory disorders, including rheumatoid arthritis, colitis, ulcerative
colitis, and inflammatory edema24,26,48,49. Previous study has
demonstrated that CDN could inhibit ATP-induced NLRP3
inflammasome activation in THP-1 cells and BMDMs28. However,
since NLRP3 inflammasome can be induced by various endogen-
ous and exogenous stimuli and the activation mechanism is also
different, the specific inhibition of CDN on NLRP3 inflammasome
is not explained. In the current study, we found that CDN, the
major active constituent of Alpinia katsumadai, could inhibit
canonical and noncanonical NLRP3 inflammasome activation
and the subsequent release of mature IL-1β both in murine
macrophages and human monocytes triggered by multiple stimuli.
Our results show that CDN does not affect the activation of the
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NLRC4 or AIM2 inflammasomes, suggesting that CDN inhibits
the NLRP3 inflammasome activation specifically. Though pre-
vious studies demonstrate that CDN is an inhibitor of NF-κB
pathway, which reduces the expression of IL-1β, TNF-α and
IL-625,26, our results indicate that the doses needed for NLRP3
inflammasome inhibition does not affect NF-κB -dependent
pro-IL-1β, NLRP3 or TNF-α production. ASC-complex formation
is a key event in NLRP3 inflammasome activation38, which was
attenuated by CDN treatment, demonstrating that ablation of ASC
oligomerization is the specific inhibition effect of CDN for the
NLRP3 inflammasome.

The production of IL-1β and septic shock induced by intraper-
itoneal injection of LPS is associated with the NLRP3 inflamma-
some activation16,39–42. Our results demonstrated that CDN
improved the survival of LPS-induced septic shock in a mouse
model (Po0.05). Studies have demonstrated that CDN could
inhibit NF-κB activation24–26. The effect of CDN on LPS-induced
septic shock via NF-κB or NLRP3 inflammasome signal pathway
was not well investigated. Therefore, MCC950, a specific inhibitor
of the NLRP3 inflammasome16, was used to mimic the con-
sequences of NLRP3 knock-down. Results showed that the
survival rate after CDN treatment combined with MCC950
(in the condition of NLRP3 inflammasome knock-down) was not
significantly better than the group of MCC950 or CDN alone
(P40.05), suggesting that CDN ameliorates LPS-induced endo-
toxic shock mainly through suppressing NLRP3 inflammasome. In
addition, survival rate continued to decrease after 24 h when the
mice were injected intraperitoneally with CDN only once, which
may be related to rapid metabolism in vivo. After injection of
CDN, the content of CDN in serum reached a peak value of
1.5 μmol/L at 1 h. With the extension of time, the content of CDN
rapidly decreased (1–4 h) and became stable (4–6 h) (Supporting
Information Fig. S5). Therefore, in order to assess the therapeutic
potential of CDN, the pharmacokinetic profile in a number of
assays about in vivo absorption, distribution, metabolism and
excretion (ADME) should be tested50. In the second experiment,
both CDN and MCC950 reduced serum IL-1β and TNF-α
production induced by LPS stimulation. It has been reported that
MCC950 does not affect the NF-κB signaling pathway, as well as
TNF-α production16. However, the reason why TNF-α has a
decreasing trend after 6 h of treatment with CDN and MCC950
may be related to the subsequent immune inflammatory response
mediated by inhibition of IL-1β production51,52, but the underlying
mechanism needs further study. In short, CDN may be a suitable
drug candidate for the treatment of NLRP3-driven diseases.

In summary, our study shows that CDN is a broad-spectrum and
specific inhibitor of NLRP3 inflammasome. Importantly, CDN
significantly attenuates IL-1β secretion and TNF-α production
induced by LPS and improves the survival of mice suffering from
LPS-induced lethal endotoxic shock. These findings offer a
mechanistic basis for the therapeutic potential of CDN in septic
shock and other NLRP3 inflammasome-driven diseases, such as
CAPS, T2D, NASH and gout.
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