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Abstract

The activation of the nucleotide oligomerization domain (NOD)-
like receptor (NLR) family, pyrin domain-containing protein 3
(NLRP3) inflammasome is related to the pathogenesis of a wide
range of inflammatory diseases, but drugs targeting the NLRP3
inflammasome are still scarce. In the present study, we demon-
strated that Licochalcone B (LicoB), a main component of the tradi-
tional medicinal herb licorice, is a specific inhibitor of the NLRP3
inflammasome. LicoB inhibits the activation of the NLRP3
inflammasome in macrophages but has no effect on the activation
of AIM2 or NLRC4 inflammasome. Mechanistically, LicoB directly
binds to NEK7 and inhibits the interaction between NLRP3 and
NEK7, thus suppressing NLRP3 inflammasome activation. Further-
more, LicoB exhibits protective effects in mouse models of NLRP3
inflammasome-mediated diseases, including lipopolysaccharide
(LPS)-induced septic shock, MSU-induced peritonitis and non-
alcoholic steatohepatitis (NASH). Our findings indicate that LicoB is
a specific NLRP3 inhibitor and a promising candidate for treating
NLRP3 inflammasome-related diseases.
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Introduction

The nucleotide oligomerization domain (NOD)-like receptor (NLR)

family, pyrin domain-containing protein 3 (NLRP3) inflammasome,

is a protein complex formed by the NLR family member NLRP3,

adaptor protein apoptosis-associated speck-like protein containing a

CARD (ASC), and pro-caspase-1 (Mariathasan et al, 2004; Jo et al,

2016; Song et al, 2017). Upon activation, the NLRP3 inflammasome

mediates the activation of caspase-1 and the subsequent cleavage of

pro-interleukin (IL)-1b and pro-IL-18, leading to the release of the

pro-inflammatory cytokines IL-1b and IL-18, respectively (Lim et al,

2020). Recent studies have reported that never in mitosis A (NIMA)-

related kinase-7 (NEK7) can directly bind to NLRP3, and NEK7 is an

essential for the activation of the NLRP3 inflammasome (He et al,

2016; Shi et al, 2016; Nozaki & Miao, 2019; Sharif et al, 2019). The

NLRP3 inflammasome is the best-characterised inflammasome that

can be activated by factors derived not only from pathogens but also

from the environment or host; thus, its dysregulation is related to

the pathogenesis of a variety of human diseases. Several mutations

in the NLRP3 gene can result in spontaneous activation of the

NLRP3 inflammasome, which is central to the development of

cryopyrin-associated auto-inflammatory syndromes (CAPS, a rare,

hereditary, auto-inflammatory disease; Broderick et al, 2015; Coll

et al, 2015). In addition, the NLRP3 inflammasome also responds to

some host-derived danger signals, including monosodium urate

crystals (MSU), amyloid starch, cholesterol crystals, high glucose,

unsaturated fatty acids, and ceramide. These risk factors may result

in the development and deterioration of a variety of chronic

inflammatory diseases such as gout (Dalbeth et al, 2016, 2019),

neurodegenerative diseases (Wu et al, 2021), atherosclerosis
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(Zhuang et al, 2019), and NASH (Mridha et al, 2017; Thomas, 2017;

Gaul et al, 2021). Thus, NLPR3 inflammasome has been regarded as

a potential drug target for the treatment of inflammatory diseases.

In recent years, some small-molecule compounds, such as Trani-

last (Huang et al, 2018), oridonin (He et al, 2018), MCC950 (Coll

et al, 2015, 2019; Tapia-Abellan et al, 2019), OLT1177 (Marchetti

et al, 2018; Lonnemann et al, 2020), CY-09 (Jiang et al, 2017),

sulforaphane (Greaney et al, 2016), cardamonin (Wang et al,

2019b), carnosol (Shi et al, 2020), dehydrocostus lactone (Chen

et al, 2020), echinatin (Xu et al, 2021), and cryptotanshinone (Liu

et al, 2021), have been shown to have a potential inhibitory effect

on the activation of the NLRP3 inflammasome in vitro. The above

compounds have been tested in animal models of human diseases

and showed potential therapeutic effects. Among these compounds,

MCC950 is the best-characterised NLRP3 inhibitor and was tested in

a phase II clinical trial for rheumatoid arthritis, but was not devel-

oped further because its application resulted in hepatotoxicity (Man-

gan et al, 2018). Sulforaphane is an isothiocyanate found in broccoli

sprout extracts (Fahey et al, 1997) and has been tested in humans

with autism and exhibited negligible toxicity (Singh et al, 2014).

Sulforaphane has been demonstrated to inhibit the NLRP1b, NLRP3,

NAIP/NLRC4, and AIM2 inflammasomes independent of Nrf2 (Gre-

aney et al, 2016), so it may not be a specific inhibitor of the NLRP3

inflammasome. OLT1177 (also known as dapansutrile) has been

reported to specifically inhibit the NLRP3 inflammasome (Marchetti

et al, 2018), and its safety and efficacy in the treatment of gout flares

in an open-label, proof-of-concept, phase 2a trial has been demon-

strated (Kl€uck et al, 2020). Moreover, OLT1177 has been tested in a

phase 1B trial and the result showed that treatment with OLT1177

for 14 days was safe and well tolerated in patients with heart failure

and reduced ejection fraction (Wohlford et al, 2020). Further studies

are needed to confirm the clinical potential of OLT1177. Overall,

inhibitors of NLRP3 inflammasome show great potential in the treat-

ment of NLRP3-mediated diseases.

Licochalcone B (LicoB) is a flavonoid bioactive ingredient found

in licorice, the age-old and widely used traditional herbal medicinal

plant (Wang et al, 2015). Modern pharmacological research reports

that LicoB has various biological activities (Wang et al, 2020),

including anti-inflammatory (Fu et al, 2013), anti-oxidant (Fu et al,

2013) and anti-tumour (Wang et al, 2019a) effects. LicoB has been

shown to protect liver cells from alcohol-induced cell damage by

inhibiting cell apoptosis (Yuan et al, 2014), upregulating extracellu-

lar signal-regulated kinase (Erk)-nuclear factor erythroid related

factor 2 (Nrf2) (Gao et al, 2017) and significantly inhibiting

lipopolysaccharide (LPS)-induced inducible nitric oxide synthase

(iNOS) expression, nitric oxide (NO) production and expression of

tumour necrosis factor-a (TNF-a) and monocyte chemotactic protein

1 (MCP-1) (Furusawa et al, 2009). It has been shown that LicoB can

inhibit the production of IL-6, prostaglandin E2 (PGE2) and superox-

ide anions in the xanthine oxidase system and has a significant inhi-

bitory effect on lipid peroxidation, and a strong scavenging effect on

2,2’-azinobis-(3-ethylbenzthiazoline-sulphonate) (ABTS) (+) radi-

cals and 1,1-Diphenyl-2-picrylhydrazyl radical and 2,2-Diphenyl-1-

(2,4,6-trinitrophenyl)hydrazyl (DPPH) free radical activity (Hara-

guchi et al, 1998; Furusawa et al, 2009; Thiyagarajan et al, 2011).

Although LicoB exhibits obviously beneficial effects, its underlying

mechanism and direct targets remain to be elucidated.

In this study, we found that LicoB is a potential and effective

NLRP3 inflammasome inhibitor. Our results demonstrated that

LicoB directly binds to NEK7, interfering with the interaction

between NLRP3 and NEK7, resulting in the inhibition of NLRP3

inflammasome activation. Moreover, LicoB displays significant ther-

apeutic effects in several mouse models of NLRP3-mediated diseases

and may be developed as a promising candidate for the treatment of

NLRP3 inflammasome-related inflammatory diseases.

Results

LicoB inhibits both canonical and non-canonical NLRP3 activation

To identify potential candidates for the treatment of NLRP3-

mediated diseases, we screened inhibitors of NLRP3 and found

that LicoB could block NLRP3 inflammasome activation

(Fig EV1A). To further study the effect of LicoB on the activation

of the NLRP3 inflammasome (Fig 1A), we first tested the cytotoxic-

ity of LicoB in mouse bone marrow-derived macrophages

(BMDMs). Cell viability assays showed that LicoB did not exhibit

any cytotoxicity at doses below 80 lM in BMDMs (Fig 1B). The

BMDMs were first primed with LPS and then pre-treated with a

range of LicoB concentrations before being stimulated with niger-

icin at a dose of 10 lM or ATP at a dose of 5 mM, to induce NLRP3

inflammasome activation. The results showed that LicoB dose-

dependently inhibited caspase-1 activation or IL-1b secretion trig-

gered by nigericin (Fig 1C–E) or ATP (Fig 1G–I) in LPS-primed

BMDMs, and the half-maximal inhibitory concentration (IC50) of

LicoB was approximately 18.1 lM (Fig 1E). Correspondingly, the

protein levels of NLRP3 and pro-IL-1b in the whole cell lysates

were not affected (Fig 1C and G).

Meanwhile, nigericin or ATP stimulation induced lactate dehy-

drogenase (LDH) release (marker of cell death) and gasdermin D

(GSDMD) cleavage (indicator of pyro ptosis), and the release of

▸Figure 1. Licochalcone B (LicoB) inhibits NLRP3 inflammasome activation.

A Licochalcone B (LicoB) structure.
B Cell Counting Kit 8 (CCK-8) was used to assess the viability of BMDMs treated with different doses of LicoB for 24 h.
C–I BMDMs were primed with LPS for 4 h and then treated with LicoB for 1 h, prior to stimulation with nigericin for 45 min or ATP for 1 h. Western blot analyses of

pro-caspase-1 (p45), pro-IL-1b, NLRP3 and ASC (the arrow indicates ASC in the whole cell lysate (WCL); activated caspase-1 (p20) and cleaved IL-1b (p17) in the
culture supernatants (SN) of BMDMs (C, G). Caspase-1 activity (D, H), IL-1b secretion (E, I), and LDH release (F, J) in the SN were measured. Coomassie Blue staining
was used as the supernatant loading control, while lamin B was used as the lysate loading control.

Data information: Error bars, mean � SEM from three biological replicates. **P < 0.01, ***P < 0.001, and n.s.: not significant (one-way ANOVA with Dunnett’s post hoc
test).
Source data are available online for this figure.
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LDH (Fig 1F and J) or GSDMD cleavage (Fig EV1B and C) was

significantly blocked by LicoB. LicoB also impaired nigericin-

induced IL-1b secretion and caspase-1 cleavage in phorbol-12-

myristate-13-acetate (PMA)-differentiated THP-1 cells (Fig EV1D–F)

and human peripheral blood mononuclear cells (hPBMCs)

(Fig EV1G and H). In summary, LicoB effectively blocks the
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Figure 1.
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nigericin- or ATP-induced activation of the NLRP3 inflammasome in

mouse and human immune cells.

To test whether LicoB has a broad-spectrum anti-NLRP3

inflammasome effect, we investigated the effect of LicoB on NLRP3

inflammasome activation induced by multiple agonists. First, the

effect of LicoB on canonical NLRP3 inflammasome activation was

evaluated. It was found that LicoB effectively inhibited caspase-1

activation and IL-1b secretion induced by the canonical NLRP3

inflammasome agonists (Youm et al, 2013), such as nigericin, ATP,

poly(I:C) or MSU (Fig 2A–C). We then evaluated the effect of LicoB

on the activation of the non-canonical NLRP3 inflammasome (Kaya-

gaki et al, 2011, 2013, 2015). The results showed that LicoB dose-

dependently inhibited caspase-1 cleavage and IL-1b secretion

induced by LPS transfection in Pam3CSK4-primed BMDMs. Next,

we evaluated the effect of LicoB on K+ efflux-independent NLRP3

inflammasome activation induced by imiquimod (Groß et al, 2016).

The results showed that LicoB dose-dependently inhibited caspase-1

cleavage and IL-1b secretion induced by the K+ efflux-independent

NLRP3 inflammasome agonist imiquimod (Fig EV2). These results

indicated that LicoB is a broad-spectrum inhibitor of the NLRP3

inflammasome.

LicoB is a specific inhibitor of the NLRP3 inflammasome

We then investigated whether LicoB specifically inhibits the activa-

tion of the NLRP3 inflammasome. We conducted experiments on

the influence of LicoB on the activation of AIM2 and NLRC4

inflammasomes (which can also mediate the cleavage of caspase-1

and secretion of IL

-1b; Fernandes-Alnemri et al, 2009; Hornung et al, 2009; Miao

et al, 2010; Zhao et al, 2011). LPS-primed BMDMs were transfected

with the dsDNA analog poly(dA:dT), to activate the AIM2 inflamma-

some, or stimulated with Salmonella typhimurium, to activate the

NLRC4 inflammasome. The results showed that LicoB did not

inhibit AIM2- or NLRC4-mediated caspase-1 activation and IL-1b
secretion (Fig 2D–F). The results showed that LicoB specifically

inhibited the activation of the NLRP3 inflammasome.

LicoB blocks NLRP3-dependent ASC oligomerization

After recognising that LicoB can specifically inhibit the activation of

the NLRP3 inflammasome, we further explored the mechanism

underlying this effect. First, an experiment was conducted to deter-

mine whether LicoB affects ASC oligomerization (a key step in

NLRP3 inflammasome activation) (Lu et al, 2014). LPS-primed

BMDMs were stimulated with ATP, and the higher-order complexes

were detected using Western blot analysis. The results showed that

LicoB attenuated the ATP-induced oligomerisation of ASC in a dose-

dependent manner (Fig 3A), which is consistent with the blocking

effect of LicoB on caspase-1 cleavage and IL-1b secretion (Fig 3B

and C). Further investigation showed that LicoB effectively blocked

ASC oligomerisation induced by other NLRP3 agonists, such as

nigericin, poly(I:C), MSU and cytosolic LPS (Fig 3D). However,

LicoB did not affect ASC oligomerisation induced by AIM2 or NLRC4

agonists (Fig 3E), which is consistent with previous results. These

results suggested that LicoB might affect upstream events of ASC

oligomerisation, to block NLRP3 inflammasome activation.

LicoB has no effect on K+ efflux, Ca2+ signalling or mitochondrial
reactive oxygen species (mtROS) production during NLRP3
inflammasome activation

Since it has been reported that LicoB can inhibit nuclear factor

kappa-B (NF-jB) signalling (Furusawa et al, 2009), we tested

whether LicoB could affect LPS-induced priming for NLRP3

inflammasome activation, according to a previously described

method (Wang et al, 2019b). When BMDMs were treated with LicoB

at a dose of 0–40 lM before or after LPS stimulation, we found that

administration of LicoB before LPS treatment had a slight inhibitory

effect on the production of pro-IL-1b and TNF-a, while administra-

tion of LicoB after LPS had no effect on the production of pro-IL-1b,
NLRP3 or TNF-a (Fig 4A and B); in this case, LicoB inhibited IL-1b
secretion and caspase-1 activation (Fig 1C and D). Collectively,

these data suggested that LicoB has an inhibitory effect on the acti-

vation step (signal 2) of the NLRP3 inflammasome.

To further clarify the mechanism underlying the effect of LicoB

on the activation of the NLRP3 inflammasome, we further investi-

gated the effect of LicoB on K+ efflux, which is an important

upstream event in NLRP3 activation (Mu~noz-Planillo et al, 2013; He

et al, 2016). Our data showed that there was a significant decrease

in the intracellular K+ concentration upon nigericin stimulation in

LPS-primed BMDMs, while LicoB treatment had no effect on this

nigericin-induced intracellular K+ reduction (Fig 4C and D). We

further studied the effect of LicoB on Ca2+ flow during the activation

of NLRP3 inflammasomes (Murakami et al, 2012). When we used

ATP to stimulate LPS-induced BMDM, there was a significant

increase in the Ca2+ flow, but LicoB treatment did not inhibit it

(Fig 4E). In addition, we tested whether LicoB influences mtROS

production, which is another important upstream signalling path-

way for NLRP3 inflammasome assembly (Zhou et al, 2011; Zhao

et al, 2020). In this experiment, N-acetyl-L-cysteine (NAC), a

reported ROS inhibitor, was used as the positive control (Sayin et al,

▸Figure 2. Licochalcone B is a specific inhibitor of the NLRP3 inflammasome.

A–C BMDMs were primed with LPS and then treated with LicoB (20 lΜ) for 1 h, followed by stimulation with nigericin, ATP, poly (I:C) or MSU. Pam3CSK4-primed
BMDMs were treated with LicoB (20 lM) and then transfected with LPS. Western blot analyses of pro-caspase-1 (p45), pro-IL-1b, NLRP3 and ASC in the whole cell
lysate (WCL), and activated caspase-1 (p20) and cleaved IL-1b (p17) in the culture supernatants (SN) of BMDMs (A). Caspase-1 activity (B) and IL-1b secretion (C) in
the SN were measured.

D–F LPS-primed BMDMs were treated with LicoB (20 lM) for 1 h and then stimulated with nigericin for 45 min, or poly(dA:dT)/Salmonella for 6 h. Western blot
analyses of pro-caspase-1 (p45), pro-IL-1b, NLRP3 and ASC in the whole cell lysate (WCL); and activated caspase-1 (p20) and cleaved IL-1b (p17) in the culture
supernatants (SN) of BMDMs (D). Caspase-1 activity (E) and IL-1b secretion (F) in the SN were measured.

Data information: Error bars, mean � SEM from three biological replicates. ***P < 0.001 and n.s.: not significant (unpaired Student’s t-test).
Source data are available online for this figure.
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2014). The results showed that NAC inhibited nigericin-induced

mtROS production, but LicoB had no such effect (Fig 4F–H). There-

fore, these results indicated that the inhibitory effect of LicoB on

NLRP3 inflammasome activation may be unrelated to K+ efflux,

Ca2+ flux or mtROS production.

LicoB directly binds to NEK7 and inhibits NEK7-NLRP3 interaction

We then examined whether LicoB directly binds to NLRP3 inflamma-

some components to block inflammasome assembly. LicoB was incu-

bated with cyanogen bromide-activated Sepharose� 4B overnight to

form a complex (sepharose-LicoB), which was incubated with LPS-

primed BMDMs cell lysate, PMA-primed THP-1 cell lysate or LPS-

primed hPBMCs cell lysate with or without nigericin stimulation. The

proteins that interacted with LicoB were analysed and detected by

means of immunoblotting. The results showed that NEK7, which is

considered to be an essential component of the NLRP3 inflammasome

(He et al, 2016; Schmid-Burgk et al, 2016; Shi et al, 2016), was pulled

down, but NLRP3 and ASC were not (Figs 4I and EV3A and C), and

the binding of LicoB to NEK7 was not affected by nigericin (Figs 4I

and EV3EA and C). Moreover, free LicoB interfered with the interac-

tion between NEK7 and sepharose-LicoB (Figs 4J and EV3EB and D),

suggesting that LicoB directly binds to NEK7.

The interaction between NEK7 and NLRP3 is an important step

in the assembly of the NLRP3 inflammasome, which is crucial for

NLRP3 oligomerisation and recruitment of ASC to NLRP3 (He et al,

2016; Schmid-Burgk et al, 2016; Shi et al, 2016; Sharif et al, 2019;

Yang et al, 2020). Next, to further study how LicoB inhibits the acti-

vation of the human classic NLRP3 inflammasome, we conducted a

semi-endogenous co-immunoprecipitation experiment to investigate

whether LicoB affects the interaction between NEK7 and NLRP3.

The results showed that the interaction between NLRP3 and NEK7

in HEK-293T cells was inhibited upon LicoB treatment (Fig 4K).

This suggests that LicoB can directly bind to NEK7 and inhibit the

interaction between NEK7-NLRP3, thus blocking the activation of

the NLRP3 inflammasome.

Moreover, we investigated whether LicoB affected the kinase

activity of NEK7. The in vitro kinase assay was performed with

NEK7 and b-casein as a substrate, with a Universal Kinase Activity

Kit. Our experimental results showed that LicoB did not affect the

kinase activity of NEK7 (Fig EV3E). It has been reported that

Licochalcone A inhibits the NLRP3 inflammasome by blocking the

production of mtROS (Yang et al, 2018). Licochalcone A and LicoB

show very high structural similarity. So we tested whether Licochal-

cone A bound to NEK7, and the result showed that LicoA did not

interact with NEK7 (Fig EV3F).

LicoB inhibits alternative inflammasome activation

Gaidt et al (2016) demonstrated the alternative inflammasome acti-

vation in human monocytes, lipopolysaccharide alone induced an

alternative inflammasome, and the activation was propagated by

TLR4-TRIF-RIPK1-FADD-CASP8 signalling upstream of NLRP3. We

tested the effect of LicoB on alternative NLRP3 inflammasome acti-

vation in human monocytes. The result showed that pre-treatment

of LicoB inhibited the IL-1b secretion induced by 14 h of LPS treat-

ment in human monocytes, but the expression of pro-IL-1b was also

inhibited (Fig EV3G and H), suggesting that LicoB may affect the

alternative NLRP3 inflammasome in human monocytes at least

partially via inhibition of production of pro-IL-1b (LPS-induced tran-

scriptional priming).

LicoB inhibits the activation of the NLRP3 inflammasome in vivo
and protects against LPS-induced septic shock

Next, we tested whether LicoB has a protective role in LPS-induced

septic shock mediated by NLRP3 inflammasome activation (Sutter-

wala et al, 2006; Hou et al, 2020). To assess the effect of LicoB on

LPS-induced lethality, mice were pre-treated with LicoB or MCC950

for 1 h, then intraperitoneally (i.p.) injected with LPS, and the

survival was observed. We found that pre-treatment with LicoB

improved mouse survival in a dose-dependent manner, as compared

to that in the control group (Fig 5A). Interestingly, mice pre-treated

with the combination of LicoB and MCC950 (the two compounds

were dissolved and mixed together for i.p.) exhibited the same level

of resistance to LPS-mediated lethality, as compared to that upon

treatment with the well-known NLRP3 inhibitor MCC950 alone

(Fig 5A), suggesting that LicoB effectively attenuated LPS-induced

lethality by targeting the NLRP3 inflammasome. Furthermore, we

tested the effect of LicoB on pro-inflammatory cytokine secretion

in vivo. Mice were pre-treated with LicoB or MCC950 for 1 h

followed by i.p. injection of LPS. The levels of pro-inflammatory

cytokines in the peritoneal lavage fluid and serum were then

measured. The results showed that LicoB effectively inhibited the

production of IL-1b (Fig 5B and C) induced by LPS, but had no

significant effect on the release of TNF-a (Fig 5D and E). At the

same time, LicoB reduced the number of peritoneal exudative cells

(Fig 5F) and peritoneal macrophages (Fig 5G). Taken together,

these data demonstrated that LicoB inhibits the activation of the

NLRP3 inflammasome in vivo and protects against LPS-induced

septic shock. In addition, we evaluated the safety of LicoB in vivo.

Compared to the control group, the mice that received 40 mg/kg of

LicoB for 34 days did not show any changes in biochemical

◀ Figure 3. Licochalcone B inhibits ASC oligomerisation during NLRP3 inflammasome activation.

A–C LPS-primed BMDMs were pre-treated with the indicated dose of LicoB for 1 h and then stimulated with ATP for 1 h. Western blot analysis was used to detect
cross-linked ASC in the Triton X-insoluble pellet, the arrow indicates ASC (A). Caspase-1 activity (B) and IL-1b secretion (C) in the SN were measured again to verify
NLRP3 activation.

D Western blot analysis of cross-linked ASC in the Triton X-insoluble pellet from LPS-primed BMDMs pre-treated with LicoB (20 lM) or vehicle and then stimulated
with nigericin, ATP, poly(I:C) and MSU. Pam3CSK4-primed BMDMs were treated with LicoB (20 lM) and then stimulated with LPS.

E Western blot analysis of cross-linked ASC in the Triton X-insoluble pellet from LPS-primed BMDMs pre-treated with LicoB (20 lM) or vehicle and then stimulated
with nigericin, poly(dA:dT) or Salmonella.

Data information: Error bars, mean � SEM from three biological replicates. ***P < 0.001, and n.s.: not significant (one-way ANOVA with Dunnett’s post hoc test).
Source data are available online for this figure.
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parameters such as serum alanine aminotransferase (ALT) (Fig 5H),

aspartate aminotransferase (AST) (Fig 5I) and creatinine (CRE)

(Fig 5J) levels and body weight (Fig 5K), indicating that LicoB is

well tolerated in mice and may be safe for use in the treatment of

related diseases.

LicoB suppresses MSU-induced peritonitis

Intraperitoneal injection of MSU-induced peritonitis, which is

NLRP3-dependent, characterized by IL-1b production and neutrophil

influx (Martinon et al, 2006). Mice were pre-treated with LicoB or

A
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Figure 4.
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MCC950 for 1 h followed by i.p. injection of MSU. The levels of pro-

inflammatory cytokines in the peritoneal lavage fluid and serum

were then measured. As expected, LicoB treatment significantly

reduced MSU-induced IL-1b production (Fig 6A and B), as well as

the number of peritoneal exudates (Fig 6C) and neutrophils (Fig 6D)

in mice. These results indicate that LicoB prevents MSU-induced

peritonitis via inhibition of the NLRP3 inflammasome in vivo.

LicoB exhibits therapeutic effects in a NASH mouse model

It has been reported that the NLRP3 inflammasome is an important

mediator of NASH induced by a methionine- and choline-deficient

(MCD) diet (Szabo & Petrasek, 2015), and blocking the activation of

the NLRP3 inflammasome can effectively reduce liver inflammation

and liver fibrosis, while improving the pathological characteristics of

NASH (Mridha et al, 2017). We tested the protective effects of LicoB

on MCD-induced NASH, a novel mouse NASH model that shows

several features of human NASH, such as hepatic steatosis, inflamma-

tory cell infiltration and fibrosis (Varela-Rey et al, 2009; Huang et al,

2018). The mice were continuously fed with MCD for 6 weeks, and

LicoB and/or MCC950 at a dose of 40 mg/kg were administered to

them by gavage every two days. MCC950 treatment alone was used

as a positive control (Mridha et al, 2017). As compared to the mice

fed with methionine- and choline-sufficient (MCS) feed, mice fed with

MCD showed obvious liver morphological changes, liver steatosis,

balloon dilatation and fibrosis (Fig 7A) and significantly increased

serum ALT (Fig 7B) and AST (Fig 7C) levels. As expected, the afore-

mentioned disease phenotypes were robustly alleviated or amelio-

rated upon LicoB or MCC950 treatment (Fig 7A–C). In addition, we

found that the therapeutic effect of the combined administration on

MCD diet-induced NASH pathology and fibrosis was similar to that of

LicoB or the well-characterised NLRP3 inhibitor MCC950 (Fig 7A–C).

To test whether LicoB blocks NLRP3 inflammasome activation in

livers with NASH, the protein level of active caspase-1 in liver tissue

treated with or without LicoB was analysed. The results showed that

as compared to those in the model group, treatment of MCD diet-fed

mice with LicoB or MCC950 significantly inhibited the activation of

caspase-1 and expression of the pro-fibrotic marker alpha smooth

muscle actin (a-SMA) in the liver (Fig 7D). In addition, we evaluated

the transcription levels of genes involved in liver fibrogenesis. The

results showed that the MCD-induced mRNA expression of col1a1

(Fig 7E), and pro-inflammatory genes TNF-a (Fig 7F), IL-1b (Fig 7G)

and IL-18 (Fig 7H) were inhibited upon LicoB treatment. The activa-

tion of NLRP3 inflammasomes is accompanied by the maturation and

secretion of IL-18, which is an important indicator protein for specific

inhibitors of NLRP3 inflammasomes. For this, we also detected the

amount of IL-18 in serum of mice by ELISA and the data showed that

LicoB reduced the serum level of IL-18 (Fig 7I). Overall, these results

suggested that LicoB alleviates liver inflammation and improves

NASH pathology in an experimental NASH mouse model via inhibi-

tion of the NLRP3 inflammasome.

Discussion

The NLRP3 inflammasome participates in a variety of infections and

sterile triggers, which seem to be closely related to common human

inflammatory and degenerative diseases (Diehl & Day, 2017;

Kazankov et al, 2019; Younossi et al, 2019; Sheka et al, 2020). In

view of its role in pathogenesis, blocking the activation of the NLRP3

inflammasome is considered a promising intervention strategy for the

treatment of related complex human diseases (Shi et al, 2016; Huang

et al, 2018). The findings of the present study demonstrated that

LicoB specifically inhibits NLRP3 inflammasome activation both

in vitro and in vivo, suggesting that LicoB can be a potent candidate

for the treatment of NLRP3-mediated inflammatory diseases.

A previous study reported that LicoB has an inhibitory effect on

the NF-jB pathway in the RAW 264.7 cell model (Furusawa et al,

2009). In our study, we found that administration of LicoB before

LPS priming slightly inhibited the production of pro-IL-1b and TNF-

a in BMDMs, while administration of LicoB after LPS priming had

no effect on pro-IL-1b or NLRP3 expression (Fig 4A and B); in this

case, LicoB inhibited the nigericin- or ATP-induced IL-1b secretion

and caspase-1 activation (Fig 1C and G), suggesting that LicoB

indeed plays a role in the activation step (Signal 2) of the NLRP3

inflammasome.

◀ Figure 4. Licochalcone B does not affect K+ efflux, or Ca2+ signalling or mtROS production, but directly binds to NEK7 and inhibits the interaction between
NEK7 and NLRP3.

A Western blot analysis of protein in whole cell lysates (WCL) from BMDMs stimulated with LPS for 3 h and then treated with LicoB for 1 h (LicoB after LPS), or
BMDMs first treated with LicoB for 1 h and then stimulated with LPS for 3 h (LicoB before LPS).

B TNF-a production in the supernatant (SN) was measured using ELISA in the indicated samples in (A).
C, D Quantification of intracellular K+ (C) and measurement of caspase-1 activity in the SN (D) of LPS-primed BMDMs pre-treated with the indicated dose of LicoB for

1 h and then stimulated with nigericin for 45 min.
E The FLIPR Tetra® system was used to determine the effect of LicoB on ATP-induced Ca2+ flux in LPS-primed BMDMs.
F, G Percentage of mtROS-producing cells in LPS-primed BMDMs pre-treated with LicoB for 1 h and then stimulated with nigericin 45 min (F), followed by staining

with MitoSOXTM (G).
H Caspase-1 activity measurement in the supernatant (SN) of samples described in (F).
I Cell lysates of LPS-primed BMDMs treated with/without nigericin were incubated with sepharose or LicoB-sepharose. The pull-down samples and input were

analysed using Western blot analysis.
J Cell lysates of LPS-primed BMDMs were incubated with sepharose or LicoB-sepharose in the presence of different concentrations of free LicoB (0.5 and 1 mM). The

pull-down samples and input were analysed using Western blot.
K HEK-293T cells were transfected with Flag-NLRP3 or Flag-vector and then treated with LicoB (40 lM). Immunoprecipitation was performed with anti-DYKDDDDK

(Flag) affinity gel agarose beads; Western blot analysis has been shown.

Data information: Error bars, mean � SEM from three biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001, and n.s.: not significant. One-way ANOVA with Dunnett’s
post hoc test (B–D, F and H) and one-way ANOVA with Sidak’s post hoc test (E).
Source data are available online for this figure.
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In addition to the NLRP3 inflammasome, activation of NLRC4

and AIM2 inflammasomes also leads to caspase-1 activation and IL-

1b secretion (Fernandes-Alnemri et al, 2009; Hornung et al, 2009;

Miao et al, 2010; Zhao et al, 2011). By testing the effect of LicoB on

the activation of different types of inflammasomes, we found that

LicoB did not affect the activation of AIM2 or NLRC4, but only

specifically blocked NLRP3 inflammasome activation (Fig 2D), suggest-

ing that LicoB is a specific inhibitor of the NLRP3 inflammasome.

◀ Figure 5. Licochalcone B inhibits NLRP3 inflammasome activation in vivo and ameliorates LPS-induced septic shock.

A Survival of WT mice pre-treated with vehicle, LicoB (20 mg/kg), LicoB (40 mg/kg), MCC950 (40 mg/kg) or LicoB (40 mg/kg) + MCC950 (40 mg/kg), followed by i.p.
injection with LPS (20 mg/kg); mice survival was monitored for 72 h (n = 10 mice per group).

B–G Mice were pre-treated with LicoB or MCC950 for 1 h, then i.p. injected with LPS (20 mg/kg) and treated for 3 h. The levels of IL-1b (B, C) and TNF-a (D, E) in the
serum and peritoneal lavage fluid were measured using ELISA. Quantification of peritoneal exudate cells (PECs) (F) and macrophages (F4/80+ cells) (G) using flow
cytometry (n = 8 mice per group).

H–K C57BL/6 mice received vehicle or LicoB (40 mg/kg) for 17 consecutive doses, once every two days for 34 days. Following that treatment, the serum levels of ALT (H),
AST (I) and CRE (J) were measured, along with the body weight (K) (n = 8 mice per group).

Data information: Error bars, mean � SEM from biological replicates. The significance of the differences was analysed using log-rank test (A), one-way ANOVA with
Sidak’s post hoc test (B–G), unpaired Student’s t-test (H–K). *P < 0.05, **P < 0.01, ***P < 0.001, and n.s.: not significant vs. control group.

A B

C D

Figure 6. LicoB suppresses NLRP3-dependent peritonitis.

A–D Mice were pre-treated with LicoB or MCC950 for 1 h, then i.p. injected with MSU (50 mg/kg) and treated for 6 h (n = 6 mice per group). The levels of IL-1b in the
peritoneal lavage fluid (A) and serum (B) were measured using ELISA. Quantification of peritoneal exudate cells (PECs) (C) and neutrophils (Ly6G and CD11b) (D)
using flow cytometry.

Data information: Error bars, mean � SEM from biological replicates. ***P < 0.001, and n.s.: not significant vs. control group (one-way ANOVA with Sidak’s post hoc test).
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Recent studies have reported that NEK7 is an essential component

of the NLRP3 inflammasome; it interacts with NLRP3 and mediates

NLRP3 inflammasome assembly and activation (Fry et al, 2012; He

et al, 2016; Schmid-Burgk et al, 2016; Van Hauwermeiren & Lamkanfi,

2016). By identifying the target protein of LicoB, we found that LicoB

can bind to NEK7 and inhibit the interaction between NLRP3 and

NEK7, which is essential for the activation of the NLRP3 inflamma-

some (Cover art). This may explain why LicoB specifically inhibits the

activation of the NLRP3 inflammasome. NEK7 specifically mediates

only NLRP3 inflammasome activation, but does not participate in the

activation of NLRC4 and AIM2 inflammasomes. It has been demon-

strated that oridonin covalently binds to Cys279 of NLRP3 and block

NEK7-NLRP3 interaction (He et al, 2018). A recent study demonstrates

that berberine directly targets NEK7 to inhibit the interaction between

NLRP3 and NEK7 (Zeng et al, 2021). These studies demonstrate that

inhibition of NEK7-NLRP3 interaction may be a good strategy (Shi

et al, 2016) to inhibit NLRP3 inflammasome activation.

Our results also demonstrated that LicoB displays remarkable ther-

apeutic efficacy in several experimental mouse models, such as LPS-

mediated septic shock, MSU-induced peritonitis and MCD diet-

induced NASH. As shown in Figs 5–7, when compared to treatment

with LicoB or MCC950 alone, treatment with their combination

exhibited similar protective effects in lethal LPS-induced sepsis, MSU-

induced peritonitis and MCD diet-induced NASH. Taken together,

these results suggested that LicoB administration ameliorated the

aforementioned inflammatory diseases by suppressing NLRP3

inflammasome activation. Of note, LicoB has been shown to be safe

because the mice that received the same dose as has been used for all

examined mouse models for 34 days did not exhibit any biochemical,

morphological side effects or weight changes, suggesting that LicoB is

well tolerated in mice. Collectively, our research demonstrated that

LicoB is a specific NLRP3 inflammasome inhibitor with great poten-

tial to be developed as a clinical drug for the treatment of NLRP3

inflammasome-mediated diseases. However, it may not be soon to

enter clinical trials and reach the level of development of other

NLRP3 inhibitors (such as OLT1177) that are now in clinical trials,

and further studies are needed to evaluate its therapeutic potential.

Materials and Methods

Study design

This study mainly evaluated the therapeutic effect of LicoB on

diseases mediated by the NLRP3 inflammasome and also explored

its mechanism of inhibiting the NLRP3 inflammasome. The effect of

LicoB on activation of the NLRP3 inflammasome in mouse BMDMs,

THP-1 and human PBMCs, and the underlying mechanism of action

were studied using immunoblotting, enzyme-linked immunosorbent

assay (ELISA), co-immunoprecipitation, pull-down assay and histo-

logical staining. The therapeutic effect was also evaluated in mouse

models of NLRP3 inflammasome-mediated diseases.

Mice

Eight-week-old C57BL/6 mice were purchased from SPF Biotechnol-

ogy Company Limited (Beijing, China). The investigator is blinded

to animal experiments, and the mice were randomly selected and

grouped that were housed in a specific sterile facility under

controlled conditions (12 h/12 h light/dark cycle; 20 � 2°C). All

animal experiments were approved by the Experimental Animal

Welfare and Ethics of the Fifth Medical Centre of the Chinese

People’s Liberation Army General Hospital.

Reagents

Licochalcone B (HY-N0373), MCC950 (HY-12815A), Licochalcone A

(HY-N0372), Imiquimod (HY-B0180) and NAC (HY-B0215) were

purchased from MedChemExpress (State of New Jersey, US).

Dimethyl sulfoxide (DMSO), ATP, nigericin, poly (I:C), poly (dA:

dT), b-casein, and PMA and Cyanogen bromide-activated

Sepharose� 4B (C9142-5G) were purchased from Sigma-Aldrich (Jef-

ferson City, USA). Ultrapure LPS, tlrl-msu Monosodium Urate Crys-

tals, Pam3CSK4 and MitoSOXTM were purchased from InvivoGen

(State of New Jersey, US). Penicillin-streptomycin 100× sterile

(CC004) was purchased from MacGene (Beijing, China). Salmonella

was provided by Prof. Tao Li from the National Centre of Biomedi-

cal Analysis (Beijing, China). Caspase-Glo� 1 Inflammasome Assay

(G9951) and CytoTox 96� Non-Radioactive Cytotoxicity Assay

(G1780) were purchased from Promega (Wisconsin, USA). Anti-

mouse caspase-1 antibody (1:1,500, p20, AG-20B-0042) was

purchased from Adipogen (USA). Anti-NEK7 antibody (1:1,500,

ab133514) and recombinant human NEK7 protein (ab60703) were

purchased from Abcam (UK). Anti-human cleaved IL-1b (1:1,000,

p17, 12703S), anti-mouse a-SMA (1:1,000, 19245s), anti-mouse IL-

1b (1:1,000, p17, 12242S), anti-human caspase-1 (1:1,500, 4199S)

and anti-NLRP3 (1:1,000, 15101S) antibodies were purchased from

Cell Signaling Technology (Massachusetts, USA). Anti-mouse IL-1b
(1:1,000, p17, AF-401-NA) antibody and Universal Kinase Activity

Kit (EA004) were purchased from R&D Systems (Minnesota, USA).

◀ Figure 7. Licochalcone B exhibits therapeutic effect in the non-alcoholic steatohepatitis (NASH) model.

A–H Under the same growth conditions (permitted water, free food and a 12 h/12 h dark/light cycle at 20 � 2°C), eight-week-old male C57BL/6 mice were continuously
fed with methionine- and choline-supplemented (MCS) or methionine- and choline-deficient (MCD) diets for 6 weeks, and at the same time, gavaged with LicoB,
MCC950 or a combination of LicoB and MCC950 (n = 8 mice per group (B, C and I) or n = 6 mice per group (E–H)). (A) Representative liver section images stained
with H&E, Sirius Red and Masson’s trichrome stains. Scale bar: 0.5 cm (top row) and 200 lm (3 bottom rows). (B, C) The serum levels of ALT and AST (n = 8 mice
per group) were measured using ELISA. (D) Western blot analyses of pro-caspase-1, cleaved caspase-1, a-SMA, and ASC in the mice livers, as described in (A). (E-H)
Real-time quantitative PCR was used to detect the mRNA levels of Col1a1 (E), TNF-a (F), IL-1b (G) and IL-18 (H) in the mice livers, as described in (A) (n = 6 mice
per group).

I The levels of IL-18 (I) in the serum were measured using ELISA (n = 8 mice per group).

Data information: Error bars, mean � SEM from biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001, and n.s.: not significant vs. control group (one-way ANOVA
with Dunnett’s post hoc test).
Source data are available online for this figure.
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Anti-ASC (1:1,000, sc-22514-R) antibody and Protein A/G PLUS-

Agarose (sc-2003) were purchased from Santa Cruz Biotechnology

(Delaware, USA). Blocking Buffer and Coupling Buffer were

purchased from Changzhou Tiandi Renhe Biotechnology Co., Ltd.

ImunoSep Human CD14+ cell positive selection kit, Falcon Round

Bottom Polystyrene Tubes and ImunoSep Buffer were purchased

from Beijing Nuowei Biotechnology Co., Ltd. Anti-GAPDH (1:2,000,

60004-1-1g), anti-DYKDDDDK tag (1:1,500, 20543-1-AP) and anti-

lamin B1 (1:1,500, 66095-1-Ig) antibodies were purchased from

Proteintech (Chicago, USA).

Plasmids

pCMV-Flag-vector and pCMV-NLRP3-Flag were provided by Prof.

Tao Li from the National Centre of Biomedical Analysis.

Cell preparation and stimulation

BMDMs were isolated from the bone marrow of 8-week-old mice

and cultured with 50 ng/ml recombinant M-CSF (416-ML-050, R&D

Systems) in Dulbecco’s modified Eagle’s medium (DMEM) supple-

mented with 10% foetal bovine serum (04-001-1ACS, Biological

Industries, USA) and 1% double antibiotics (penicillin-

streptomycin) for 5 days. According to the principles of the Declara-

tion of Helsinki and approved by the responsible ethics committee

(the Experimental Welfare and Ethics committee of the Fifth Medical

Centre of the Chinese People’s Liberation Army General Hospital),

written informed consent was obtained, and hPBMCs were isolated

from the peripheral blood of healthy volunteers and then seeded

into cell culture plates and cultured overnight in RPMI-1640

medium (CM10040, MacGene) supplemented with 10% foetal

bovine serum and 1% double antibiotics (penicillin-streptomycin)

before stimulation. Human primary monocytes (Gaidt et al, 2016)

isolated from fresh hPBMCs using CD14 MACS microbeads or

Monocyte Isolation Kit (711410, Precision Biomedicals) according to

the provider’s protocol and were cultivated in RPMI Medium 1640

supplemented with L-glutamine (MCE), sodium pyruvate (ATCC),

10% foetal bovine serum (04-001-1ACS, Biological Industries) and

double antibiotics (penicillin-streptomycin). THP-1 cells were

cultured overnight in RPMI-1640 medium with 100 nM PMA before

stimulation. The HEK-293T cells in our laboratory were tested to be

free of mycoplasma, frozen in liquid nitrogen and cultured in DMEM

medium after resuscitation. The cells were incubated at 37°C in a

humidified incubator (HeracellTM 150i, Thermo Scientific (Mas-

sachusetts, USA)) filled with 5% CO2 and 95% air.

In the experiment involving activation of the inflammasome

pathway, BMDMs were seeded into 12-well cell culture plates at a

density of 1 × 106 cells/ml and allowed to grow overnight (12–

18 h), following which the cells were treated with 50 ng/ml LPS or

400 ng/ml Pam3CSK4 (for non-canonical inflammatory activation)

for 4 h. The cells were then treated with LicoB for 1 h, followed by

treatment with different stimulants, as follows: 10 lM nigericin for

45 min; 5 mM ATP or 70 lM Imiquimod for 1 h; 200 lg/ml MSU or

200 ng/ml salmonella for 6 h; 2 lg/ml poly (I:C), 1 lg/ml ultra-LPS

or 2 lg/ml poly(dA:dT) transfected into the BMDMs using Lipofec-

tamine� 2000 (11668-019, Invitrogen (California, USA)) for 6 h.

hPBMCs were seeded into 12-well cell culture plates at a density of

6 × 106 cells/ml and allowed to grow overnight. After that, the cells

were treated LPS 4 h before with LicoB for 1 h and then stimulated

with 10 lM nigericin for 45 min or 5 mM ATP for 1 h. Human

primary monocytes were seeded into cell culture plate and treated

LPS (200 ng/ml) 14 h after with LicoB for 1 h (for Alternative

inflammatory activation). THP-1 cells primed with PMA (100 nM)

were seeded into 12-well cell culture plates at a density of

5 × 106 cells/ml. After 8–12 h, the cells were treated with LicoB for

1 h and then stimulated with 10 lM nigericin for 45 min.

Immunoprecipitation and pull-down assays

Cultured HEK-293T cells were seeded into 6-well cell culture plates

and allowed to grow overnight. Following that, the cells were first

transfected with Flag-tagged plasmids (Flag-vector, Flag-NLRP3) for

24 h and then treated with LicoB for 6 h. NP-40 lysis buffer (Huang

et al, 2018) (pH 7.4, 150 mM NaCl, 50 mM Tris, 2 mM EDTA, 0.5%

Nonidet P-40) with complete protease inhibitors (1× EDTA-free

Roche protease inhibitor cocktail, TargetMol, C0001) was used to

lyse the cells, following which the lysate was collected and centri-

fuged at 15,000 × g for 15 min at 4°C. The anti-DYKDDDDK tag anti-

body was incubated with Protein A/G PLUS-Agarose at 4°C

overnight. According to the manufacturer’s instructions, for

immunoprecipitation, the supernatant was incubated with affinity

beads combined with anti-Flag-M2 (DYKDDDDK tag Antibody-

Protein A/G PLUS-Agarose) antibody for 3 h. The incubated beads

were then centrifuged at 750 × g for 5 min, spun and washed with

NP-40 lysis buffer for 5 min. The above operation was repeated five

times, after which 1× SDS–PAGE loading radio immunoprecipitation

assay (RIPA) buffer was added to the samples and they were boiled

at 105°C for 15 min. The target protein that was pulled down was

then analysed using Western blot.

For pull-down assays, LicoB was conjugated with cyanogen

bromide-activated Sepharose� 4B at 37°C overnight. BMDMs

(1.0 × 106 cells), hPBMCs (6 × 106 cells/ml) or PMA-primed THP-1

(5 × 106 cells/ml) were seeded into a medium culture dish and

allowed to grow overnight, after that BMDMs and hPBMCs were

treated with LPS for 4 h, and with or without nigericin for 45 min.

Following the treatment, the supernatant was discarded, and the

cells were lysed in RIPA lysis buffer (150 mM NaCl, 50 mM Tris–

HCl pH 7.5, 1% Triton X-100, 1% sodium deoxycholate) with

complete protease inhibitors (1× EDTA-free Roche protease inhibitor

cocktail), and the cell lysate was collected and subjected to centrifu-

gation at 15,000 × g for 15 min at 4°C. The supernatants were incu-

bated with LicoB-conjugated Sepharose� 4B or LicoA-conjugated

Sepharose� at 4°C overnight. The incubated beads were then

subjected to centrifugation at 750 × g for 5 min, spun and washed

with lysis buffer for 5 min. The above operation was repeated

approximately 12 times until the supernatant was clear and trans-

parent. The sample was then mixed with 1× SDS–PAGE loading

RIPA buffer and boiled at 105°C for 15 min. The target protein that

was pulled down was analysed using Western blot.

Caspase-1 activity assay

The Caspase-Glo� 1 (Caspase-Glo� 1 Inflammasome Assay) reagent

was prepared according to the manufacturer’s instructions, and the

assay was performed according to a previously described protocol

for the determination of caspase-1 activity (Xu et al, 2021).
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In vitro kinase assay

NEK7 (ab60703, Abcam) was incubated with b-casein (9000-71-9,

Sigma-Aldrich) as a substrate in the presence of different concentra-

tions of LicoB. NEK7 kinase activity was measured with a Universal

Kinase Activity Kit according to the manufacturer’s instructions

(R&D Systems; Shi et al, 2016).

LDH assay

According to the manufacturer’s instructions, we used the CytoTox

96� 1 Non-Radioactive Cytotoxicity Assay to assess the amount of

LDH secreted by cells into the supernatant.

Cell counting Kit 8 assay

We used the Cell Counting Kit 8 (CCK-8) to determine cell viability.

BMDMs were seeded into a 96-well plate at a density of

1 × 106 cells/ml and incubated overnight at 37°C. The cells were

then treated with different concentrations of LicoB (0–80 lM) for

24 h. CCK-8 reagent was then added to the cell culture medium and

incubated with the cells for 15 min, following which the optical

density was measured at the wavelength of 450 nm (Liu et al,

2021).

ASC oligomerisation assays

The ASC oligomerisation assay was performed as described

previously. BMDM cells were treated with 50 ng/ml LPS for 4 h,

followed by LicoB treatment for 1 h, and then stimulated with

different stimuli, as described in the “Cell preparation and stim-

ulation” section. The cell supernatant was then discarded, and

the cells were lysed in Triton lysis buffer (0.5% Triton X-100,

50 mM Tris–HCl, 150 mM NaCl) with protease inhibitors (1×

EDTA-free Roche protease inhibitor cocktail). The cell lysate

was collected and centrifuged at 6,000 g for 15 min at 4°C. The

supernatant was then discarded, and the cells were washed

twice with ice-cold phosphate-buffered saline (1× PBS) and then

re-suspended in 200 ll of 1× PBS. Four microliters of 200 mM

(100×) disuccinimidyl sulphate (DSS) was then added to the re-

suspended sample and incubated for a further 30 min at 37°C,

with gentle vortexing once every 10 min. Finally, the cross-

linked sample was centrifuged, re-suspended in 1× SDS–PAGE

loading Triton buffer, boiled at 105°C for 15 min and analysed

using Western blot.

ELISA

The cytokines IL-1b, TNF-a, ALT, AST, CRE and human IL-1b in

supernatants from cell culture or serum were assayed using ELISA

kits (R&D Systems; Nanjing Jiancheng Bioengineering Institute,

China), according to the manufacturer’s instructions.

Western blot

The protein in the cell culture supernatants or tissue lysate was

extracted for Western blot analysis, as described previously (Liu

et al, 2021).

Intracellular K+ measurements

The protocol for measurement of intracellular K+ levels has been

described previously (Xu et al, 2021). To determine the intracellular

K+ concentration, BMDMs were first seeded into 12-well cell culture

plates overnight and then treated with 50 ng/ml LPS for 4 h. The

cells were then treated with LicoB for 1 h and stimulated with niger-

icin for 45 min. Following that, the cell supernatant was discarded,

and the cells were washed three times with potassium-free buffer (pH

7.2, 10 mM Na2HPO4, 1.7 mM NaH2PO4 and 139 mM NaCl). This

was followed by addition of ultrapure HNO3 to the cells for lysis and

collection of the cell lysate. The samples were boiled at 105°C for

30 min. The samples were then cooled to room temperature by addi-

tion of ddH2O to a total volume of 5 ml, following which the intracel-

lular K+ concentration of the samples was measured using inductively

coupled plasma mass spectrometry (ICP-MS).

Intracellular Ca2+ measurement

The protocol for the measurement of intracellular Ca2+ has been

described previously (Coll et al, 2015; Liu et al, 2021). BMDM cells

were seeded into a 384-well plate at a density of 2.5 × 104 cells/ml,

allowed to grow overnight and then treated with LPS for 4 h,

followed by stimulation with ATP for 45 min, with or without

LicoB. A trace showing ATP-induced Ca2+ flux was measured using

the FLIPR Tetra� system (Molecular Devices, USA).

Measurement of mtROS

We followed an experimental procedure from a previous report for

the measurement of mtROS (Liu et al, 2021). BMDM cells were

seeded in a medium culture dish at a density of 1 × 106 cells/ml

and allowed to grow overnight (12–18 h). The cells were then

treated with LPS for 4 h, collected, transferred to a test tube, treated

with or without LicoB for 1 h and stimulated with nigericin for

45 min. The samples were then subjected to centrifugation at 400 × g

for 5 min, and the cell supernatant was discarded. The cells were

then washed twice with Hank’s balanced salt solution (HBSS) and

stained with 4 lM MitoSOXTM Red mitochondrial superoxide indica-

tor (M36008, Invitrogen) at 37°C for 10 min. This was followed by

rinsing of the cells twice with HBSS again and re-suspending them

in 200 ll HBSS. The obtained samples were then subjected to flow

cytometric analysis using the FACSCantoTM II cell analyser (BD Bios-

ciences, USA).

LPS-induced septic shock

For the septic shock model, 8-week-old C57BL/6 female mice were

given i.p. injections of vehicle, LicoB (20 or 40 mg/kg), MCC950

(40 mg/kg) or LicoB (40 mg/kg) in combination with MCC950

(40 mg/kg) (n = 10) for 1 h, followed by an i.p. injection of LPS

(20 mg/kg) (O55:B5; Sigma-Aldrich). The number of deaths and

survival of the mice were monitored continuously for 72 h. To anal-

yse cytokine secretion, mice (n = 8 per group) were treated in the

same way as mentioned above. Three hours later, the mice were

sacrificed by means of cervical dislocation, blood was collected from

them, serum samples were separated, the peritoneal cavity was

washed with 10 ml ice-cold 1× PBS, and the peritoneal lavage fluid
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was collected. The levels of IL-1b and TNF-a in the serum and peri-

toneal lavage fluid were measured using ELISA. The cell counter

was used to measure the number of peritoneal exudative cells in the

peritoneal lavage fluid. Flow cytometry was used to determine the

number of peritoneal macrophages (F4/80 cells) in the peritoneal

lavage fluid.

Toxicology

Eight-week-old C57BL/6 male mice were given i.p. injections of

LicoB (40 mg/kg) or vehicle (5% DMSO, 5% Tween 80, and normal

saline) every two days for a total of 34 days. Body weight was

measured before each injection. Blood was collected from the

animals and serum samples were separated on the 34th day. ALT,

AST and CRE levels were measured according to the manufacturer’s

instructions.

MSU-induced peritonitis model in vivo

Eight-week-old C57BL/6 female mice were given i.p. injections of

vehicle, LicoB (20 or 40 mg/kg), MCC950 (40 mg/kg) or LicoB

(40 mg/kg) in combination with MCC950 (40 mg/kg) (dissolved in

vehicle containing 5% DMSO, 5% Tween-80 and 90% normal

saline) (n = 6) for 1 h, followed by an i.p. injection of MSU crystals

(50 mg/kg, dissolved in 1×PBS). 6 h later, the mice were sacrificed

by means of cervical dislocation, blood was collected from them,

serum samples were separated, the peritoneal cavity was washed

with 10 ml ice-cold 1× PBS, and the peritoneal lavage fluid was

collected. The levels of IL-1b in the serum and peritoneal lavage

fluid were measured using ELISA. The cell counter was used to

measure the number of peritoneal exudative cells in the peritoneal

lavage fluid. Flow cytometry was used to determine the number of

polymorphonuclear neutrophils (Ly6G and CD11b) by staining in

the peritoneal lavage fluid (Martinon et al, 2006; Tang et al, 2017).

MCD diet-induced NASH model

Male C57BL/6 mice aged 8 weeks were fed with MCD (MCDAA, Dytz

Biotechnology Co., Ltd. (Beijing, China)) and MCS (MCSAA, Dytz

Biotechnology Co. Ltd.) feed for six weeks. The model group was fed

an MCD diet, while the control group was fed an MCS diet. At the

same time, the different treatment groups were given vehicle (5%

DMSO, 5% Tween-80, and normal saline), LicoB (40 mg/kg, LicoB

was dissolved in DMSO and then added with 5% DMSO and then

95% (5.26% Tween-80 in saline) to prepare a 2 mg/ml solution, no

precipitation was observed during the preparation. For a 20-gram

mouse, it was gavaged with 0.4 ml, MCC950 (40 mg/kg) or LicoB

(40 mg/kg) combined with MCC950 (40 mg/kg) for six weeks by

gavage every two days (n = 8 per group). At the end of the experi-

ment, the mice were anaesthetised, liver tissues were collected from

them for analysis and detection of mRNA and protein, and the serum

was separated for detection of ALT, AST and IL-18.

Statistical analyses

For comparison of two groups, unpaired Student’s t-test was used,

and for comparison of multiple groups, one-way ANOVA with

Dunnett’s post hoc test or Sidak’s post hoc test (GraphPad Prism,

USA) was used. Data are presented as mean � SEM. Log-rank test

was used for survival analysis.

Data availability

No data were deposited in a public database.

Expanded View for this article is available online.
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