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Pristimerin protects against inflammation and metabolic
disorder in mice through inhibition of NLRP3 inflammasome
activation
Qun Zhao1,2, Yun Bi1, Jian Guo1, Ying-xiang Liu1, Jing Zhong1,3, Long-rui Pan1, Yan Tan1 and Xian-jun Yu1

Excessive activation of NLRP3 inflammasome is associated with the pathogenesis of inflammatory diseases. Pristimerin (Pri) is a
quinonoid triterpene derived from traditional Chinese medical herb Celastraceae and Hippocrateaceae. Pri has shown antifungal,
antibacterial, antioxidant, and anticancer activities. In this study we investigated whether NLRP3 inflammasome was associated with
the anti-inflammatory activity of Pri. We showed that Pri (0.1−0.4 μM) dose-dependently blocked caspase-1 activation and IL-1β
maturation in LPS-primed mouse bone-marrow-derived macrophages (BMDMs). Pri specifically inhibited NLRP3 inflammasome
activation, had no visible effects on NLRC4 and AIM2 inflammasome activation. Furthermore, we demonstrated that Pri blocked the
assembly of the NLRP3 inflammasome via disturbing the interaction between NEK7 and NLRP3; the α, β-unsaturated carbonyl
moiety of Pri was essential for NLRP3 inflammasome inactivation. In LPS-induced systemic inflammation mouse model and MSU-
induced mouse peritonitis model, preinjection of Pri (500 μg/kg, ip) produced remarkable therapeutic effects via inhibition of NLRP3
inflammasome in vivo. In HFD-induced diabetic mouse model, administration of Pri (100 μg· kg−1 ·d−1, ip, for 6 weeks) reversed
HFD-induced metabolic disorders via suppression of NLRP3 inflammasome activation. Taken together, our results demonstrate that
Pri acts as a NLRP3 inhibitor, suggesting that Pri might be useful for the treatment of NLRP3-associated diseases.
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INTRODUCTION
The NOD-like receptor protein 3 (NLRP3) inflammasome is a cytosolic
protein complex composed of NLRP3, apoptosis-associated speck-like
protein containing a CARD (ASC), and cysteinylaspartate-specific
proteinase 1 (caspase-1) [1, 2]. After stimulation by diverse damage-
associated molecular patterns and pathogen-associated molecular
patterns, these proteins oligomerize followed by promotion of NLRP3
inflammasome assembly and activation, which leads to caspase-1
activation and the maturation of the pro-inflammatory cytokines IL-1β
and IL-18 [3, 4]. Excessive activation and gain-of-function mutations of
the NLRP3 inflammasome are essential for the pathogenesis of
several inflammatory diseases, including endotoxin shock, ulcerative
colitis, obesity, type-2 diabetes, Alzheimer’s disease, atherosclerosis,
and gout [5–11]. Considerable evidence has demonstrated that
pharmacological suppression of NLRP3 inflammasome activation is a
promising therapeutic strategy for the treatment of inflammation-
related diseases [12]. Therefore, activation of the NLRP3 inflamma-
some should be tightly controlled, and NLRP3 is an attractive target
for therapeutic intervention in inflammatory diseases.
A few endogenous compounds have recently shown potential

inhibition of NLRP3 inflammasome activation, including omega-3

fatty acids, dopamine, β-hydroxybutyrate, and bile acids [13–16].
Several small molecules directly or indirectly target the NLRP3
inflammasome and alleviate inflammasome-mediated disease,
such as dimethyl sulfoxide [17], MCC950 [18], glyburide [19], CY-
09 [20], and tranilast [21]. Many active components from
traditional Chinese medicine exert preventive or therapeutic
effects on NLRP3-related diseases. The natural diterpenoid
andrographolide triggered mitophagy-mediated NLRP3 inflamma-
some inhibition in colitis and colitis-associated cancer models [22].
Cardamonin, a medicinal herb from Alpinia katsumadai (Caodou-
kou in Chinese), prevents septic shock via NLRP3 inflammasome
inactivation [23]. The bioactive diterpenoid oridonin blocks the
assembly and activation of the NLRP3 inflammasome by directly
targeting the NLRP3 protein [24]. Therefore, the identification of
NLRP3 inflammasome inhibitors from traditional Chinese medicine
is important for clinical application.
Pristimerin (Pri) is a quinonoid triterpene isolated from

Celastraceae and Hippocrateaceae [25]. Pri exhibits antifungal,
antibacterial, antioxidant, and anticancer activities [26–28]. Pri also
exerts anti-inflammatory activity via suppression of the NF-κB and
MAPK signaling pathways [29–32]. Pri has exhibited protective
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effects against colitis, sepsis, and neuroinflammation [30, 33, 34].
Although the use of Pri for the treatment of inflammatory
disorders is promising, the underlying mechanism is not well
understood.
The present study showed that Pri selectively inhibited NLRP3

inflammasome activation in vitro and in vivo. Further studies
demonstrated that Pri blocked the assembly of the NLRP3
inflammasome by disturbing the interaction of (never in mitosis
gene a)-related kinase7 (NEK7) and NLRP3. Notably, Pri prevented
acute inflammation and metabolic disorder by inhibiting NLRP3
inflammasome activation. Our findings suggest that the NLRP3
inflammasome is an important target of Pri to exert its anti-
inflammatory activity.

MATERIALS AND METHODS
Mice
All mice were of a C57BL/6J background and housed under
specific pathogen-free conditions. NLRP3 knockout (Nlrp3-/-) mice
with a C57BL/6J background were kindly provided by Yu Li
(Shanghai Institute of Nutrition and Health, Chinese Academy of
Sciences, Shanghai, China). All animal experiments were approved
by the Animal Care Committee of the Hubei University of
Medicine in China (approval number: 2016-005).

Reagents and antibodies
Adenosine triphosphate (ATP), monosodium urate (MSU) crystals,
nigericin, lipopolysaccharide (LPS), dexamethasone (Dex), and D-
glucose were purchased from Sigma (St. Louis, MO, USA). Poly (dA:
dT) was obtained from Thermo Fisher Scientific (Waltham, MA,
USA). Pri (B20098) was purchased from Yuanye Bio-Technology
(Shanghai, China). Protein G agarose was supplied by Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-Flag (F2555) and anti-
VSV (V4888) were purchased from Sigma. The anti-mouse caspase-
1 (p20) (AG-20B-0042) antibody was purchased from AdipoGen
(San Diego, CA, USA). Anti-mouse IL-1β (p17) (AF-401-NA) was
purchased from R&D Systems (Minneapolis, MN, USA). Anti-NEK7
(SC-50756) and anti-ASC (sc-22514-R) antibodies were obtained
from Santa Cruz Biotechnology. The anti-GAPDH antibody was
obtained from Servicebio (Wuhan, China). A standard high-fat diet
(HFD) (D12492, 60% kcal fat) was obtained from Research Diet
Company (New Brunswick, NJ, USA).

Cell isolation and culture
Bone-marrow cells were collected from C57BL/6J mouse femurs
and tibias and lysed in ACK lysis buffer. Bone-marrow cells were
cultured and differentiated for 7 days in RPMI-1640 medium
(Thermo Fisher Scientific) containing 10% fetal bovine serum
(FBS, Biological Industries, Kibbutz Beit Haemek, Israel), 2-mM
L-glutamine, 1-mM sodium pyruvate, and 50-ng/mL murine
macrophage colony-stimulating factor (Antgene, Wuhan, China)
to obtain bone-marrow-derived macrophages (BMDMs). Bone-
marrow dendritic cells (BMDCs) were differentiated from bone-
marrow cells in RPMI-1640 medium complemented with 10% FBS,
2-mM L-glutamine, 1-mM sodium pyruvate, and 50-ng/mL murine
granulocyte-macrophage colony-stimulating factor (Antgene,
Wuhan, China). To obtain peritoneal macrophages, C57BL/6J mice
were intraperitoneally injected with 4% thioglycollate (MP
Biologicals, Irvine, CA, USA). After 3 days, the cells were isolated
from the peritoneal cavity and plated in RPMI-1640 medium
supplemented with 10% FBS and 1% penicillin/streptomycin for 6
h. Floating cells were removed, and the remaining adherent cells
were used as peritoneal macrophages [35].

NLRP3 inflammasome activation
For activation of the NLRP3 inflammasome, 1 × 106 cells were
preincubated with LPS (200 ng/mL) for 3 h. The cells were treated
with the indicated concentrations of Pri for another 30 min and

then stimulated with nigericin (10 μM) and ATP (1 mM) for 30 min
or MSU (200 μg/mL) for 6 h. For NLRC4 inflammasomes, cells were
infected with Salmonella typhimurium (Salmonella) for 3 h. For
AIM2 inflammasome activation, poly (dA: dT) (1 μg/mL) was
transfected for 4 h using Lipofectamine 2000 (Thermo Fisher)
according to the manufacturer’s protocol.

Enzyme-linked immunosorbent assay (ELISA)
Supernatants from cell culture, tissue culture, or serum for mouse
IL-1β, IL-18, and TNF-α were detected as described previously [35].

Immunoprecipitation
For endogenous interaction, BMDMs were stimulated to activate
the NLRP3 inflammasome and lysed in NP-40 buffer with a cocktail
of protease inhibitors. The cell lysates were incubated with
primary antibodies overnight at 4 °C. Protein G-agarose beads
were added followed by incubation for another 4 h. Protein G
beads pulled down the target protein for detection using Western
blotting. For exogenous interaction, HEK-293T cells were trans-
fected with plasmids using Lipofectamine 2000 according to the
manufacturer’s instructions. After 24 h, cells were harvested and
lysed in NP-40 buffer with a cocktail of protease inhibitors. Cell
lysates were immunoprecipitated with the Flag-bead antibody
and detected using Western blotting.

ASC oligomerization assay
BMDMs were primed with 200-ng/mL LPS for 3 h and then
stimulated with nigericin for 30 min. The supernatants were
removed, and the cells were rinsed in ice-cold PBS and lysed in
200 μL of buffer containing 20-mM HEPES-KOH (pH 7.5), 150-mM
KCl, 1% NP-40, 0.1-mM PMSF, and a protease inhibitor mixture
followed by shearing ten times using a 21-gauge needle. Lysates
were centrifuged at 330 × g for 10 min at 4 °C, and the pellets were
washed twice with ice-cold PBS and resuspended in 500 μL of PBS.
Disuccinimidyl suberate (2 mM) was added followed by incubation
for 30 min with rotation at room temperature. Samples were
centrifuged at 330 × g for 10 min at 4 °C. The cross-linked pellets
were collected via centrifugation and boiled in 30 μL of SDS
sample buffer [36].

Semidenaturing detergent agarose gel electrophoresis (SDD-AGE)
NLRP3 oligomerization was performed according to a published
protocol [21]. BMDMs were primed with 200-ng/mL LPS for 3 h
and then stimulated with nigericin for 30min. Then, the cells were
lysed with Triton X-100 lysis buffer (0.5% Triton X-100, 50-mM
Tris–HCl, 150-mM NaCl, 10% glycerol, 1-mM PMSF, and protease
inhibitor cocktail), resuspended in 1× sample buffer (0.5× TBE,
10% glycerol, 2% SDS, and 0.0025% bromophenol blue), and
loaded onto a vertical 1.5% agarose gel followed by electrophor-
esis in running buffer (1× TBE and 0.1% SDS) for 1 h at 4 °C.
Proteins were transferred to Immobilon membranes (Millipore) in
1× TBE buffer containing 89-mM Tris (pH 8.3), 89-mM boric acid,
and 2-mM EDTA for Western blotting.

NLRP3 ATPase activity
For ATPase activity assays, human NLRP3 proteins were incubated
with the indicated concentrations of Pri for 15 min at 37 °C. ATP
(25 μM) was added followed by incubation for another 40 min. The
ATPase activity was measured using an ADP-Glo kinase assay kit
(Promega, Madison, MI, USA) according to the manufacturer’s
protocol.

LPS-induced systemic inflammation
C57BL/6J mice were intraperitoneally injected with Pri (500 μg/kg),
Dex (1 mg/kg), or vehicle 2 h before intraperitoneal injection of
LPS (20 mg/kg) (n= 6 mice per group). After 4 h, the mice were
euthanized, and blood was collected. The levels of serum IL-1β, IL-
18, and TNF-α were measured using ELISA.
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MSU-induced peritonitis
C57BL/6J mice were intraperitoneally injected with Pri (500 μg/kg),
Dex (1 mg/kg), or vehicle 2 h before intraperitoneal injection of
MSU (1mg of MSU per mouse) (n= 6 mice per group). After 4 h,
the mice were euthanized, the peritoneal cavities underwent
lavage with PBS, blood was collected, and the number of
neutrophils was determined. The levels of IL-1β in serum and
peritoneal lavage fluid were measured by ELISA.

HFD model
C57BL/6J mice (6-week-old males) were randomized into various
groups. For the HFD-induced diabetic mouse model, Nlrp3+/+ and
Nlrp3-/- mice were fed a 60-kcal% HFD (Medicience Ltd, China) for
12 weeks and used in subsequent experiments. Pri (100-μg/kg body
weight) was intraperitoneally injected daily for another 6 weeks. The
mice were maintained on the HFD during Pri treatment.

Blood glucose assay
Glucose levels in blood collected from the tail vein were detected
using a blood glucose test system kit.

Insulin tolerance test (ITT) and glucose tolerance test (GTT)
The ITT was performed via intraperitoneal injection of human
recombinant insulin at a dose of 1 IU/kg for C57BL/6J mice after 4
h of fasting. The GTT was performed via intraperitoneal injection
of glucose at 1.5 g/kg into C57BL/6J mice after 14 h of fasting.
Blood glucose levels were collected from the tail veil at 15, 30, 60,
90, and 120min after glucose or insulin injection.

Statistical analyses
The results are shown as the mean ± standard error of the mean.
Statistical analyses were performed using GraphPad Prism soft-
ware. Significant differences between the groups were assessed
using Student’s unpaired data test or one-way ANOVA. P values <
0.05 were considered significant.

RESULTS
Pri suppresses caspase-1 activation and IL-1β secretion
To determine the effects of Pri (Fig. 1a) on NLRP3 inflammasome
activation, we examined whether Pri inhibited caspase-1 cleavage
and IL-1β secretion. The results indicated that Pri dose-
dependently blocked caspase-1 activation and IL-1β maturation
in BMDMs (Fig. 1b, c). Pri also suppressed nigericin-induced IL-
18 secretion (Fig. 1d). However, Pri did not affect the secretion of
TNF-α, which suggests that Pri has no effect on LPS-induced
priming under these conditions (Fig. 1e). In addition, we found
that Pri did not affect cell growth (Fig. 1f), which suggested that
the effects of Pri on IL-1β and IL-18 release are not due to its
toxicity. Similar results were observed in mouse peritoneal
macrophages (Fig. 1g, h) and BMDCs (Fig. 1i, j). These data
indicate that Pri inhibits caspase-1 activation and IL-1β secretion.

Pri specifically inhibits NLRP3 inflammasome activation
Nigericin, ATP, and MSU activate the NLRP3 inflammasome [1]. To
assess whether Pri only inhibited nigericin-triggered NLRP3
inflammasome activation, we examined other NLRP3 agonists.
The results demonstrated that Pri also inhibited ATP- and MSU-
induced caspase-1 cleavage and IL-1β secretion (Fig. 2a, b), which
suggests that Pri is a broad inhibitor of NLRP3 inflammasome
activation. To further examine whether the inhibitory effects of Pri
were specific to the NLRP3 inflammasome, we measured the
activation of the NLRC4 and AIM2 inflammasomes, which were
triggered by Salmonella typhimurium infection and poly (dA: dT)
transfection, respectively. The results indicated that Pri did not
exhibit any visible inhibitory effects on NLRC4 (Fig. 2c, d) or AIM2
inflammasome activation (Fig. 2e, f). These results suggest that Pri
specifically inhibits NLRP3 inflammasome activation.

Pri inhibits NLRP3 inflammasome assembly
We examined the mechanism of Pri inhibition of NLRP3
inflammasome activation. ASC oligomerization is a key step in
caspase-1 activation during NLRP3 inflammasome activation
[37, 38]. The results showed that Pri markedly attenuated
nigericin-induced ASC oligomerization (Fig. 3a). The interaction
between NLRP3 and NEK7 plays a critical role in NLRP3
oligomerization and ASC recruitment [39, 40]. Therefore, we then
investigated whether Pri affected NLRP3 inflammasome complex
formation and found that Pri suppressed the endogenous
interaction between NEK7 and NLRP3 (Fig. 3b). Pri also blocked
the endogenous NLRP3-ASC interaction (Fig. 3c). To further
determine the inhibitory effects of Pri on the NEK7-NLRP3
interaction, we tested whether Pri directly inhibited the NLRP3-
NEK7 interaction. We found that Pri inhibited the NEK7-NLRP3
interaction in HEK-293T cells, which suggested that Pri directly
disturbed the NEK7-NLRP3 interaction (Fig. 3d). However, Pri did
not prevent the NLRP3-NLRP3 interaction in HEK-293T cells,
which suggested that Pri did not affect NLRP3 oligomerization
(Fig. 3e). In agreement with this result, we found that Pri had no
effect on endogenous NLRP3 oligomerization by SDD-AGE
immunoblotting (Supplementary Fig. 1a). In addition, Pri did not
suppress the ATPase activity of NLRP3 (Supplementary Fig. 1b),
which was essential for NLRP3 oligomerization. Moreover, Pri
could not block the NLRP3-ASC interaction in HEK-293T cells
(Fig. 3f). Collectively, these results indicate that Pri inhibits NLRP3
inflammasome activation via direct blockage of the NEK7-NLRP3
interaction.

Pri inhibits NLRP3 inflammasome activation via a Michael acceptor
Previous results demonstrated that targeting NLRP3 is important
for the inhibition of the NEK7-NLRP3 interaction [20, 21, 24]. To
investigate the possibility of a Pri interaction with NLRP3, we
analyzed the binding properties of Pri to the NLRP3 inflamma-
some. A washing experiment indicated that Pri inhibited nigericin-
induced IL-1β secretion and caspase-1 activation after washout,
which suggests that the inhibitory effects of Pri are irreversible
(Fig. 4a, b). Pri contains an α, β-unsaturated carbonyl group, which
may function as a Michael acceptor by reacting with the cysteine
thiols of target proteins. To address whether this moiety of Pri was
essential for its inhibitory effects on NLRP3 inflammasome
activation, Pri was preincubated with dithiothreitol (DTT) or
glutathione (GSH) to reduce the disulfide bonds. Notably, DTT
and GSH completely blocked the Pri-induced inhibition of NLRP3
inflammasome activation (Fig. 4c, d). To further confirm whether
the carbon–carbon double bond of Pri was responsible for NLRP3
inflammasome inhibition, we detected the effects of wilforol A,
which is an altered quinone methide of Pri that is obtainable via
reduction of the carbon–carbon double bond (Fig. 4e). In contrast,
wilforol A did not suppress nigericin-induced IL-1β secretion,
which suggests that wilforol A had no effect on NLRP3
inflammasome activation. These results indicate that the Michael
acceptor of Pri is responsible for the inhibition of NLRP3
inflammasome activation.

Pri suppresses LPS-induced systemic inflammation and MSU-
induced peritonitis via inhibition of NLRP3 inflammasome
activation
To address whether Pri suppresses inflammatory responses via
inhibition of the NLRP3 inflammasome in vivo, we examined the
effects of Pri on NLRP3 inflammasome activation in LPS-induced
systemic inflammation. The results showed that Pri and Dex
significantly decreased the levels of serum IL-1β and IL-18
compared to the LPS group in wild-type (WT) mice (Fig. 5a, b).
However, Pri treatment had a limited effect on IL-1β and IL-18 in
Nlrp3-/- mice (Fig. 5c, d). Pri also showed a milder effect on serum
TNF-α production, which was inflammasome independent
(Fig. 5e).
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Increasing evidence suggests that the NLRP3 inflammasome is
involved in MSU-induced peritonitis and results in higher IL-1β
production and neutrophil influx in the abdominal cavity [9]. We
investigated the inhibitory effects of Pri on NLRP3 inflammasome

activation in the MSU-induced peritonitis model. Our results
showed that treatment with both Pri and Dex significantly
alleviated IL-1β production in serum and lavage fluid after
intraperitoneal injection of MSU (Fig. 5f, g) but not in Nlrp3−/−

Fig. 1 Pri suppresses caspase-1 activation and IL-1β secretion. a The chemical structure of Pri. b LPS-primed BMDMs were treated with various
concentrations of Pri for 30min and then stimulated with nigericin for 30min. Western blotting analysis of cleaved IL-1β and caspase-1 (p20) in
culture supernatants (SN) and pro-IL-1β, pro-caspase-1 and NLRP3 in lysates (input). Protein levels were quantified, and GAPDH was used as the
loading control. ELISA of IL-1β (c), IL-18 (d), and TNF-α (e) in the culture SN from LPS-primed BMDMs stimulated with nigericin for 30min with or
without Pri. f LPS-primed BMDMs were treated with the indicated concentrations of Pri for 12 h. After that, cell growth was analyzed. g, h LPS-
primed mouse peritoneal macrophages were treated with various concentrations of Pri for 30min, followed by treatment with nigericin for 30min.
SN and input were analyzed using Western blotting (g). Protein levels were quantified, and GAPDH was used as the loading control. Supernatants
were analyzed using ELISA for IL-1β (h). i, j LPS-primed BMDCs were treated with the indicated concentrations of Pri for 30min followed by
treatment with nigericin for 30min. SN and input were analyzed using Western blotting (i). Protein levels were quantified, and GAPDH was used as
the loading control. Supernatants were analyzed using ELISA for IL-1β (j). Data are expressed as the means ± SEM (n= 6) from three independent
experiments (c–f, h, j) or are representative of three independent experiments (b, g, i). *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 2 Pri specifically inhibits NLRP3 inflammasome activation. a, b LPS-primed BMDMs were treated with various concentrations of Pri for
30min and then stimulated with MSU, nigericin, or ATP. Western blotting analysis of cleaved IL-1β and caspase-1 (p20) in the SN and pro-IL-1β,
pro-caspase-1, and NLRP3 in the input (a). Protein levels were quantified, and GAPDH was used as the loading control. Supernatants were
analyzed using ELISA for IL-1β (b). c, d LPS-primed BMDMs were treated with various concentrations of Pri for 30min and then stimulated with
nigericin or infected with Salmonella typhimurium (Salmonella). SN and input were analyzed using Western blotting (c). Protein levels were
quantified, and GAPDH was used as the loading control. Supernatants were analyzed using ELISA for IL-1β (d). e, f LPS-primed BMDMs were
treated with various concentrations of Pri for 30 min and then stimulated with nigericin or transfected with poly(dA:dT). SN and input were
analyzed using Western blotting (e). Protein levels were quantified, and GAPDH was used as the loading control. Supernatants were analyzed
using ELISA for IL-1β (f). Data are expressed as the means ± SEM (n= 6) from three independent experiments (b, d, f) or are representative of
three independent experiments (a, c, e). ***P < 0.001.
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mice (Fig. 5h, i). Moreover, Pri treatment suppressed the total
number of neutrophils triggered by MSU (Fig. 5j). Taken together,
these results indicate that Pri prevents inflammation via inhibition
of the NLRP3 inflammasome in vivo.

Pri prevents HFD-induced metabolic disorders by suppressing
NLRP3 inflammasome activation
Previous studies have demonstrated that NLRP3 inflammasome
activation was involved in HFD-induced metabolic disorders [10, 11].

Fig. 3 Pri inhibits NLRP3 inflammasome assembly. a LPS-primed BMDMs were treated with Pri for 30 min and then stimulated with nigericin
for 30min. Western blotting analysis of ASCs in cross-linked pellets and lysates (input) was performed. Protein levels were quantified, and
GAPDH was used as the loading control. b LPS-primed BMDMs stimulated with nigericin in the presence or absence of Pri. Endogenous
immunoprecipitation (IP) and Western blotting analysis of the interaction of NLRP3 and NEK7. Protein levels were quantified, and GAPDH was
used as the loading control. c LPS-primed BMDMs stimulated with nigericin in the presence or absence of Pri. Endogenous
immunoprecipitation (IP) and Western blotting analysis of the interaction of NLRP3 and ASC. Protein levels were quantified, and GAPDH
was used as the loading control. d Exogenous immunoprecipitation and Western blotting analysis of the interaction of VSV-NLRP3 and Flag-
NEK7 in HEK-293T cells. Protein levels were quantified, and GAPDH was used as the loading control. e Exogenous immunoprecipitation and
Western blotting analysis of the interaction of VSV-NLRP3 and Flag-NLRP3 in HEK-293T cells. Protein levels were quantified, and GAPDH was
used as the loading control. f Exogenous immunoprecipitation and Western blotting analysis of the interaction of VSV-NLRP3 and Flag-ASC in
HEK-293T cells. Protein levels were quantified, and GAPDH was used as the loading control. Data are representative of three independent
experiments. **P < 0.01 and ***P < 0.001.
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Therefore, we assessed the possible inhibitory effects of Pri on HFD-
induced metabolic disorders. WT mice were challenged with a HFD
for 12 weeks and then treated daily with Pri (100 μg/kg) for another
6 weeks. HFD mice treated with Pri showed less weight gain and
food intake (Fig. 6a, b). To evaluate the safety of Pri in vivo, we

detected its toxicity after treatment. No notable differences in blood
biochemical parameters were observed between the vehicle and
Pri-treated groups (Supplementary Fig. 2), which indicates that the
efficacy of Pri was not due to a toxic response. After 6 weeks, Pri
treatment reduced the fasting glucose concentration (Fig. 6c). Pri

Fig. 4 Pri inhibits NLRP3 inflammasome activation via a Michael acceptor. a, b LPS-primed BMDMs were treated with various
concentrations of Pri for 15min, washed three times, and then stimulated with nigericin for 30min. Western blotting analysis of cleaved IL-1β
and caspase-1 (p20) in SN and pro-IL-1β and pro-caspase-1 in input (a). Protein levels were quantified, and GAPDH was used as the loading
control. Supernatants were analyzed using ELISA for IL-1β (b). c, d LPS-primed BMDMs were pretreated with DTT (0.05 mM), GSH (0.2 mM), Pri,
or their mixture (Pri and DTT/GSH were preincubated for 30min) and then stimulated with nigericin for 30min. Western blotting analysis of
cleaved IL-1β and caspase-1 (p20) in SN and pro-IL-1β and pro-caspase-1 in input (c). Protein levels were quantified, and GAPDH was used as
the loading control. Supernatants were analyzed using ELISA for IL-1β (d). e Chemical structure of wilforol A. f LPS-primed BMDMs were
treated with various concentrations of wilforol A (0.1, 0.5, 1.0, and 2.0 μM) for 30min and then stimulated with nigericin for 30min.
Supernatants were analyzed using ELISA for IL-1β. Data are expressed as the means ± SEM (n= 6) from three independent experiments (b, d, f)
or are representative of three independent experiments (a, c). ***P < 0.001.
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also improved insulin sensitivity and glucose tolerance (Fig. 6d, e).
We then evaluated the effects of Pri on the metabolic parameters of
healthy mice. C57BL/6J mice that fed a normal diet (chow) were
treated daily with Pri (100 μg/kg) for 6 weeks. Pri treatment

exhibited no significant effects on these metabolic parameters
(Fig. 6f–h). Notably, histological analyses indicated that Pri reduced
HFD-induced massive hepatic steatosis and intracellular lipid
accumulation in the liver (Fig. 6i).

Fig. 5 Pri suppresses LPS-induced systemic inflammation and MSU-induced peritonitis. a, b WT mice were intraperitoneally injected with
LPS (20mg/kg body weight) in the presence or absence of Pri (500 μg/kg) and Dex (1.0 mg/kg). IL-1β (a) and IL-18 (b) were measured in serum
by ELISA. c–e Nlrp3+/+ and Nlrp3−/− mice were intraperitoneally injected with LPS (20mg/kg) in the presence or absence of Pri (500 μg/kg). IL-
1β (c), IL-18 (d), and TNF-α (e) were measured in serum by ELISA. f, g WT mice were intraperitoneally injected with MSU crystals (1 mg per
mouse) in the presence or absence of Pri (500 μg/kg) and Dex (1.0 mg/kg). IL-1β was measured in the serum (f) and peritoneal cavity (g) by
ELISA. h, i. Nlrp3+/+ and Nlrp3−/− mice were intraperitoneally injected with MSU crystals (1 mg per mouse) in the presence or absence of Pri
(500 μg/kg). IL-1β was measured in the serum (h) and peritoneal cavity (i) by ELISA. j Neutrophil numbers in the peritoneal cavity from Nlrp3+/+

or Nlrp3−/− mice intraperitoneally injected with MSU crystals (1 mg per mouse) in the presence or absence of Pri (500 μg/kg). Data are
expressed as the mean and SEM (n= 6) from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6 Pri prevents HFD-induced metabolic disorders. a, b The HFD-induced diabetic mouse model, body weights, and food intake of 12-
week HFD-fed WTmice during 6 weeks of vehicle or Pri treatment (100 μg/kg). c Fasting blood glucose concentrations of 12-week HFD-fed WT
mice treated with vehicle or Pri (100 μg/kg) for 6 weeks. d, e The insulin tolerance test (ITT) (d) and glucose tolerance test (GTT) (e) were
performed after 12-week HFD-fed WT mice, which were treated with vehicle or Pri (100 μg/kg) for 6 weeks. f–h Body weights (f), food intake
(g), and fasting plasma glucose levels (h) of C57BL/6J mice fed a normal diet with or without intraperitoneal administration of Pri daily at a
dose of 100 μg/kg for 6 weeks. i Representative hematoxylin and eosin (H&E) and Oil Red O staining of liver sections of 12-week HFD-fed WT
mice treated with vehicle or Pri (100 μg/kg) for 6 weeks. j–l Twelve-week HFD-fed WT mice treated with vehicle or Pri for 6 weeks. IL-1β in the
serum (j) or adipose tissue and liver (k) was measured by ELISA. Western blotting analysis of caspase-1 (p20) in adipose tissue (l). The caspase-1
p20 protein was quantified, and GAPDH was used as the loading control. Data are expressed as the means ± SEM (n= 6) from three
independent experiments or are representative of three independent experiments. **P < 0.01, ***P < 0.001.
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To further determine whether Pri reversed HFD-induced
metabolic disorders via suppression of NLRP3 inflammasome
activation, we detected IL-1β production and caspase-1 activation.
As expected, Pri treatment reduced IL-1β production in the serum,
adipose, and liver tissues (Fig. 6j, k). Pri also suppressed HFD-
induced caspase-1 activation (Fig. 6l).

To address whether Pri reversed HFD-induced metabolic
disorders dependent on the NLRP3 inflammasome, Nlrp3+/+ and
Nlrp3−/− mice were fed a HFD for 12 weeks and then received Pri
(100 μg/kg) daily for 6 weeks. Pri treatment reversed the weight
gain, reduced the fasting blood glucose level and improved
insulin sensitivity and glucose tolerance in HFD-fed Nlrp3+/+ mice

Fig. 7 Pri suppression of HFD-induced metabolic disorders depends on NLRP3. a, b In the HFD-induced diabetic mouse model, the body
weights and food intake of 12-week HFD-fed Nlrp3+/+ and Nlrp3−/− mice during 6 weeks of vehicle or Pri treatment were measured. Insulin
tolerance test (ITT) (c, e) and glucose tolerance test (GTT) (d, f) performed in 12-week HFD-fed Nlrp3+/+ (c, d) and Nlrp3−/− (e, f) mice treated
with vehicle or Pri for 6 weeks. g–i Twelve-week HFD-fed WT and Nlrp3−/− mice treated with vehicle or Pri for 6 weeks. IL-1β in the serum (g)
and liver (h) was measured by ELISA. Western blotting analysis of caspase-1 (p20) in adipose tissue as indicated (i). The caspase-1 p20 protein
was quantified, and GAPDH was used as the loading control. Data are expressed as the means ± SEM (n= 6) from three independent
experiments or are representative of three independent experiments. ***P < 0.001.
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(Fig. 7a–d). However, these effects were not observed in HFD-fed
Nlrp3−/− mice after Pri treatment (Fig. 7a, b, e, f). Notably, Pri
treatment reduced serum IL-1β production, adipose tissue, and
cleaved caspase-1 activation, but it exerted minimal effects on
HFD-fed Nlrp3−/− mice (Fig. 7g–i). Taken together, our results
demonstrate that Pri reverses HFD-induced metabolic disorders
via suppression of NLRP3 inflammasome activation.

DISCUSSION
We demonstrated that Pri, an active ingredient of the traditional
Chinese medicinal herbs Celastraceae and Hippocrateaceae,
selectively inhibited NLRP3 inflammasome activation in vitro and
in vivo (Fig. 8). Pri may be a promising agent for novel
therapeutics against NLRP3-related inflammatory diseases.
Although Pri shows potential biological activity, including anti-

autoimmune arthritis and anti-inflammatory activity [29, 30, 41],
the mechanism and target of Pri are not well understood. Our
results demonstrated that Pri was a potent inhibitor of the NLRP3
inflammasome. Pri treatment significantly prevented systemic
inflammation, peritonitis, and type-2 diabetes in vivo. Notably, the
beneficial effects of Pri on inflammation-associated diseases were
absent in Nlrp3−/− mice, which suggests that the anti-
inflammatory activities of Pri depended on the NLRP3 inflamma-
some. Moreover, Pri had no obvious side effects. Therefore, Pri
may provide an improved therapeutic strategy for NLRP3-related
inflammatory diseases.
Our results demonstrated that Pri specifically inhibited the

NLRP3 inflammasome, but it had no effects on other inflamma-
somes. The multiple proteins in the NLRP3 inflammasome include
NEK7, NLRP3, ASC, and caspase-1, which contribute to NLRP3
inflammasome activation [37–40]. Our results indicated that Pri
suppressed the interaction between NEK7 and NLRP3, which
interfered with the assembly and activation of the NLRP3
inflammasome. These results demonstrated that the NEK7-
NLRP3 interaction may be targeted by small molecules to inhibit
NLRP3 inflammasome activation. How Pri blocked the NEK7-

NLRP3 interaction was an important question. Previous results
showed that the targeting nucleotide-binding and oligomerization
(NACHT) domain of NLRP3 was required for the physical
interaction between NEK7 and NLRP3 [24]. Pri contains an
electrophilic α, β-unsaturated carbonyl moiety that tends to react
with a variety of electron donors. The cysteine thiol groups that
are ubiquitously present in cellular proteins may be covalently
modified. Because the NLRP3 NACHT domain contains cysteine
residues, it is possible that Pri reacted covalently with the
thiols of the cysteine residues in the NLRP3 NACHT domain. The
present study revealed that the thiol-reducing agents DTT and
GSH reversed Pri-induced NLRP3 inflammasome inactivation.
Consistent with this finding, Pri suppressed NLRP3 inflammasome
activation, but wilforol A, which lacks an α, β-unsaturated
carbonyl moiety, was incapable of inhibiting NLRP3 inflamma-
some activation. Therefore, our findings suggest that Pri may form
a covalent bond with NLRP3 to inhibit NLRP3 inflammasome
activation. The binding site of Pri to NLRP3 protein needs to be
further identified.
In conclusion, our results demonstrated that Pri exhibited

selective and potent inhibitory activity against NLRP3 inflamma-
some activation in vitro and in vivo, which resulted in preventive
and therapeutic effects against NLRP3 inflammasome-associated
diseases. The results revealed the mechanism of Pri inhibition of
NLRP3 inflammasome activation and provide a potential pharma-
cological therapeutic strategy for the treatment of NLRP3-
associated diseases.
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