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Koumine (KM), one of the primary constituents of Gelsemium elegans, has been used for
the treatment of inflammatory diseases such as rheumatoid arthritis, but whether KM
impacts the activation of the NOD-like receptor protein 3 (NLRP3) inflammasome remains
unknown. This study aimed to explore the inhibitory effect of KM on NLRP3 inflammasome
activation and the underlying mechanisms both in vitro usingmacrophages stimulated with
LPS plus ATP, nigericin or monosodium urate (MSU) crystals and in vivo using an MSU-
induced peritonitis model. We found that KM dose-dependently inhibited IL-1β secretion in
macrophages after NLRP3 inflammasome activators stimulation. Furthermore, KM
treatment efficiently attenuated the infiltration of neutrophils and suppressed IL-1β
production in mice with MSU-induced peritonitis. These results indicated that KM
inhibited NLRP3 inflammasome activation, and consistent with this finding, KM
effectively inhibited caspase-1 activation, mature IL-1β secretion, NLRP3 formation and
pro-IL-1β expression in LPS-primedmacrophages treated with ATP, nigericin or MSU. The
mechanistic study showed that, KM exerted a potent inhibitory effect on the NLRP3
priming step, which decreased the phosphorylation of IκBα and p65, the nuclear
localization of p65, and the secretion of TNF-α and IL-6. Moreover, the assembly of
NLRP3 was also interrupted by KM. KM blocked apoptosis-associated speck-like protein
containing a CARD (ASC) speck formation and its oligomerization and hampered the
NLRP3-ASC interaction. This suppression was attributed to the ability of KM to inhibit the
production of reactive oxygen species (ROS). In support of this finding, the inhibitory effect
of KM on ROS production was completely counteracted by H2O2, an ROS promoter. Our
results provide the first indication that KM exerts an inhibitory effect on NLRP3
inflammasome activation associated with blocking the ROS/NF-κB/NLRP3 signal axis.
KM might have potential clinical application in the treatment of NLRP3 inflammasome-
related diseases.
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INTRODUCTION

Inflammation plays a key role in triggering host defense
responses by clearing pathogens. However, uncontrolled
inflammation may cause tissue damage and lead to serious
disorders by massive inflammatory cytokines production,
especially the IL-1β. The activation of NOD-like receptor
protein 3 (NLRP3) inflammasome is the major mechanism
in IL-1β maturation and secretion (Pedraza-Alva et al., 2015).
Inflammasomes, which are multiprotein complexes, are key
mediators of inflammatory responses and serve as signaling
platforms to orchestrate host defense in response to pathogen-
associated molecular patterns (PAMPs) and danger-associated
molecular patterns (DAMPs) released by infectious agents or
noninfectious damage (Martinon et al., 2002). The NLRP3
inflammasome has been widely studied and contains the
sensor protein NLRP3, an adaptor protein named
apoptosis-associated speck-like protein containing a
caspase-containing domain (ASC), and effector protein the
proforma of caspase-1 (pro-caspase-1) (Broz and Dixit, 2016;
Mangan et al., 2018). The classical activation of the NLRP3
inflammasome requires two signals (Guo et al., 2015): for
signal 1 (also called priming), toll-like receptors (TLR)
agonists such as LPS activate the NF-κB pathway and
induce the expression of NLRP3 and pro-IL-1β; and for
signal 2, PAMPs or DAMPs, such as extracellular adenosine
triphosphates (ATP), nigericin and monosodium urate (MSU)
crystals, disrupt cellular physiology, which initiates the
assembly of the inflammasome protein complex. The
assembled NLRP3 inflammasome leads to the activation of
caspase-1, which autocleaves pro-caspase-1 into p20 and p10
subunits and then cleaves pro-IL-1β to generate mature IL-1β
(Huang et al., 2018). Excessive and persistent activation of the
NLRP3 inflammasome leads to loss of the control of IL-1β
processing and contributes to several immune diseases, such as
rheumatoid arthritis, systemic lupus erythematosus, gout and
colitis (Martinon et al., 2006; Yang et al., 2015; Guo et al., 2018;
Mai et al., 2019). Thus, disturbing the molecular compounds of
the NLRP3 inflammasome and inhibiting NLRP3
inflammasome activity constitute a promising approach for
the treatment of inflammatory disorders.

The exact molecular events leading to the activation of
NLRP3 remain elusive. Various molecular mechanisms have
been proposed to explain the activation of the NLRP3
inflammasome, and these include reactive oxygen species
(ROS) generation, pore formation, intracellular ionic fluxes
and lysosomal destabilization (Petrilli et al., 2007; Heid et al.,
2013; Elliott and Sutterwala, 2015; Gurung et al., 2015).
Among these mechanisms, ROS, which are unstable and
highly reactive molecules produced by the reduction of
oxygen mainly during mitochondrial oxidative
phosphorylation (Harijith et al., 2014), are considered a
common trigger of NLRP3 inflammasome activation
(Harijith et al., 2014). ROS provide a priming signal for
NLRP3 inflammasome activation by activating the NF-κB
signaling pathway and increasing NLRP3 and proIL-1β
expression (Elliott and Sutterwala, 2015; Long et al., 2020).

Moreover, ROS provide an activation signal for the assembly
and activation of the NLRP3 inflammasome. Treatment with
NLRP3 agonists triggers ROS production and promotes the
dissociation of oxidoreductase thioredoxin/thioredoxin-
interacting protein (TXNIP), which leads to the binding of
TXNIP to NLRP3 and thus NLRP3 activation (Zhou et al.,
2010; Zhou et al., 2011; Abais et al., 2015).

Koumine (KM) is a type of alkaloid derived from
Gelsemium elegans, which is used as a traditional medicinal
plant in China and other Asian countries (Jin et al., 2014).
Recent studies have demonstrated that KM has diverse
pharmacological activities, including anti-psoriatic, anti-
inflammatory, anti-tumor, analgesic, antioxidant and
anxiolytic activities (Xu et al., 2012; Chen et al., 2017; Jin
et al., 2018b; Jin et al., 2019; Yuan et al., 2019a; Yuan et al.,
2019b; Wu et al., 2020). Numerous studies have shown that
KM exerts anti-inflammatory effects by inhibiting the
production of reactive oxygen species (ROS), regulating the
Nrf2/NF-κB signaling pathway and decreasing the production
of IL-1β, IL-6, TNF-α and nitric oxide (Yuan et al., 2016a; Wu
et al., 2020). Our studies also found that KM exerts an anti-
inflammatory effect in inflammatory pain and rheumatoid
arthritis by inhibiting IL-1β and TNF-α production (Xu
et al., 2012; Yang et al., 2016; Jin et al., 2019). Thus,
because KM can inhibit ROS production and NF-κB
activation, which are both upstream of NLRP3
inflammasome activation, we hypothesized that KM would
exert anti-inflammatory effects by inhibiting ROS-induced
activation of NF-κB and the NLRP3 inflammasome. The
aim of this study was to investigate the potential role of
KM in NLRP3 inflammasome activation and explore the
molecular mechanism related to the ROS/NF-κB/NLRP3
pathway.

FIGURE 1 | The chemical structures of koumine (KM). The molecular
formula is C20H22N2O. The molecular weight is 306.40. The CAS registry
number is 1358-76-5.
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MATERIALS AND METHODS

Animals
C57BL/6 male mice (20 ± 2 g) were purchased from the Shanghai
Laboratory Animal Center (Shanghai, China; certificate number
SCXK2017-0005). After a one-week acclimatization period, the
mice were maintained at 24 ± 2°C under a 12-h light/12-h dark
cycle and given free access to food and water. The animal
experiments were performed at the Experimental Animal
Center of Fujian Medical University and were conducted in
accordance with the Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 8023, revised 1978) and with
prior approval from the ethics committee at Fujian Medical
University (approval number: 2019-0057).

Chemicals and Antibodies
Koumine (PubChem CID: 91895267, KM, Figure 1, purity
>99%; HPLC) was isolated from G. elegans Benth. via pH-
zone-refining countercurrent chromatography, as described
previously (Su et al., 2011). KM was dissolved in PBS to a
concentration of 20 mM, and each solution was then serially
diluted to specific concentrations. ATP and MSU were
purchased from Sigma (St. Louis, MO, United States).
Nigericin, MCC950 and phorbol 12-myristate 13-acetate
(PMA) were obtained from Meilunbio® Co., Ltd. (Dalian,
China). LPS was purchased from InvivoGen (tlrl-smlps, San
Diego, CA, United States). Anti-β-actin (1:5,000) was
purchased from Thermo Fisher (Waltham, MA,
United States), and anti-NLRP3 (1:1,000, AG-20B-0014)
was procured from AdipoGen Life Science (San Diego, CA,
United States). Anti-caspase-1 (1:1,000, ab179515) was
purchased from Abcam (Cambridge, MA, United States),
and anti-mouse ASC (1:1,000, 67824), anti-human ASC (1:
1,000, 13833), anti-IL-1β (1:1,000, 12242), anti-p-IκBα (1:
1,000, 2859), anti-IκBα (1:1,000, 4814), anti-p-p65 (1:1,000,
3033), anti-p65 (1:1,000, 6956), and anti-rabbit IgG isotype
control (8726) were obtained from Cell Signaling Technology
(Waltham, MA, United States). Protein A/G plus agarose (SC-
2003) was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, United States).

Cell Culture and Stimulation
The L929 cell line was obtained from Cellcook (Guangzhou,
China), and the THP-1 cell line was obtained from Stem Cell
Bank, Chinese Academy of Sciences (Shanghai, China). L929 and
THP-1 cells were cultured in complete Dulbecco’s modified
Eagle’s medium (DMEM) and RPMI 1640 medium (HyClone,
South Logan, UT, United States), respectively. Each medium was
supplemented with 10% fetal bovine serum (FBS, Gibco, CA,
United States) and 1% penicillin-streptomycin (P/S, GA3502,
GENVIEW, Tallahassee, FL, United States). The cells were
maintained in a humidified incubator at 37°C with 5% CO2.

Bone marrow-derived macrophages (BMDMs) were obtained
through the differentiation of bone marrow progenitors from the
tibia and femur in DMEM containing 30% L929-conditioned
medium (BM-medium), 10% FBS, and 1% P/S for 7 days. The
culture medium was replaced every other day. The BMDM purity

was detected by flow cytometry using CD11b and F4/80
antibodies and was routinely >95%.

To activate the NLRP3 inflammasome, BMDMs or THP-1
cells were plated in 24- or 6-well plates and cultured overnight.
The following day, the medium was changed to Opti-MEM. The
cells were primed with 300 ng/ml LPS for 3 h and then treated
with 5 mM ATP for 1 h, 10 µM nigericin for 1 h, or 150 μg/ml
MSU for 6 h. THP-1 cells were differentiated by 100 nM PMA
treatment for 3 h and then incubated overnight with fresh
medium before treatment with NLRP3 inflammasome
activators. The supernatants and cell lysates were collected for
ELISA and western blotting assays.

Flow Cytometry Analysis
Flow cytometry analysis was performed as previously described
(Li et al., 2019). After 7 days of differentiation in culture
conditions, BMDMs were collected, washed with PBS,
resuspended in 100 μl of binding buffer (BD Pharmingen, San
Diego, CA, United States), labeled with 5 μl of CD11b-APC
(561690, BD Biosciences, San Jose, CA, United States) and 5 μl
of F4/80-PE (565410, BD Biosciences, San Jose, CA,
United States) and incubated for 15 min in the dark. Binding
buffer (400 μl) was added, and the fluorescence was detected with
the CytoFLEX platform (Beckman Coulter, Miami, FL,
United States). The cells retrieved from the peritoneal lavage
fluid were labeled with CD11b-PE (557397, BD Biosciences, San
Jose, CA, United States) and Ly6G-FITC (553126, BD
Biosciences, San Jose, CA, United States) and then analyzed by
flow cytometry. Data were acquired from 10,000 gated events.

Enzyme-Linked Immunosorbent Assay
(ELISA)
IL-1β (88-7013-88), TNF-α (88-7324-88) and IL-6 (88-7064-88)
were detected using ELISA kits (Invitrogen, Carlsbad, CA,
United States) according to the manufacturer’s instructions.

Proliferation Assay
The viability of the treated cells was evaluated with the MTT
assay. Briefly, THP-1 and BMDMs were seeded in 96-well plates
at 1 × 104 per well. After incubation with KM at the indicated
concentration for 24 h, 20 μl of 5 mg/ml MTT (ST316, Beyotime,
Shanghai, China) was added to each well, and the plate was
incubated for another 4 h. The supernatants were removed, and
the formazan crystals were dissolved in 150 μl of DMSO. The
absorbance was measured at 570 nm.

The proliferation of the treated cells was evaluated with the
CCK-8 assay. The cells were seeded in 96-well plates at 1 × 104
per well. After incubation with KM at the indicated concentration
for 24 h, 10 μl of CCK-8 (C0039, Beyotime, Shanghai, China) was
added to each well, and the plate was incubated for another 4 h.
The absorbance at 450 nm was measured.

MSU-Induced Peritonitis
KM (0.8, 2.4, 7.2 mg/kg) or MCC950 (10 mg/kg) was
administered intraperitoneally 1 h prior to MSU injection
(1 mg in 500 μl of PBS). After 6 h, the mice were sacrificed,
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and peritoneal lavage was conducted with 5 ml of cold PBS. The
cells collected from the peritoneal fluid were subsequently
analyzed by flow cytometry. The concentrations of IL-1β in
the supernatants of the peritoneal lavage fluid samples were
determined by ELISA.

Western Blotting
Total protein from the tissues and cells was collected and lyzed in
NP-40 buffer (P0013F, Beyotime, Shanghai, China) with 1 mM
PMSF. The nuclear and cytosolic proteins were extracted with a
Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime,
Shanghai, China) according to the manufacturer’s instructions.
The protein concentration was measured using a BCA protein
assay kit (P0009, Beyotime, Shanghai, China). Equal amounts
(30 μg) of protein were separated by 10–15% SDS-PAGE and
then transferred to a PVDF membrane. Subsequently, the PVDF
membrane was blocked with 5% (w/v) BSA in Tris-buffered saline
containing 0.1% Tween-20 (TBST) buffer for 1 h at room
temperature and incubated with the corresponding primary
antibodies overnight at 4°C. Subsequently, the membrane was
washed three times with TBST and incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies for 1 h at
room temperature. Finally, the membrane was washed and
visualized with the BeyoECL Star reagent (P0018AM,
Beyotime, Shanghai, China). The relative optical densities of
the bands were quantified using ImageJ gel analysis software.

Quantitative Real-Time PCR (RT-qPCR)
Total RNA was extracted from cultured cells with the BIOZOL
reagent (BSC51M1, BioFlux) and reverse transcribed into cDNA
using a Takara Prime Script RT Reagent Kit (RR047A, Takara).
RT-qPCR was performed using a TB Green PCR Kit (RR420A,
Takara, Kyoto, Japan) with a QuantStudio 6 Flex Real-Time PCR
System. The GAPDH gene was used as an endogenous control.
The relative gene expression levels were calculated using the 2-
ΔΔCT method. The primer sequences used in this study were as
follows: NLRP3, 5′-GAGCTGGACCTCAGTGACAATGC-3′
(forward) and 5′-ACCAATGCGAGATCCTGACAACAC-3′
(reverse); pro-caspase-1, 5′-AGAGGATTTCTTAACGGATGC
A-3′ (forward) and 5′-TCACAAGACCAGGCATATTCTT-3′
(reverse); ASC, 5′-ACAATGACTGTGCTTAGAGACA-3′
(forward) and 5′-CACAGCTCCAGACTCTTCTTTA-3′
(reverse); pro-IL-1β, 5′-TCGCAGCAGCACATCAACAAGAG-
3′ (forward) and 5′-TGATCATGTCCTCATCCTGGAAGG-3′
(reverse); and GAPDH, 5′-CGCTGAGTACGTCGTGGAGTC-
3′ (forward) and 5′-GCTGATGATCTTGAGGCTGTTGTC-3′
(reverse).

Immunofluorescence Staining
For the analysis of p65 nuclear translocation, BMDMs or PMA-
differentiated THP-1 cells were incubated with KM for 1 h and
then treated with LPS (300 ng/ml) for 1 h. The cells were washed
with PBS, fixed with 4% paraformaldehyde (PFA) for 30 min, and
permeabilized with 0.5% Triton X-100 for 10 min. The cells were
then blocked with 5% BSA for 1 h, incubated with anti-p65
antibody (1:100) overnight at 4°C, and stained with CoraLite488-
conjugated anti-mouse IgG antibody (1:100, Proteintech,Wuhan,

China) for 1 h. The cells were subsequently stained with Hoechst
33342 (Sigma, St. Louis, MO, United States) for 15 min. Images
were captured with a Leica DMi8 fluorescence microscope.

For assays of NLRP3 and ASC colocalization, BMDMs or
PMA-differentiated THP-1 cells on confocal dishes were fixed,
permeabilized and blocked. The cells were stained with anti-
NLRP3 and anti-ASC antibodies overnight and then with
CoraLite594-conjugated anti-mouse IgG and CoraLite488-
conjugated anti-rabbit IgG antibodies (1:100, Proteintech,
Wuhan, China) for 1 h. The cells were incubated with Hoechst
33342 and imaged with a Leica DMi8 fluorescence microscope.

ASC Oligomerization and ASC Speck Assay
BMDMs were pretreated with KM for 1 h and then treated as
mentioned above to activate the NLRP3 inflammasome. The
supernatants were discarded, and the cells were lyzed with
0.5% Triton X-100 for 30 min. The lysates were centrifuged at
6,000 × g and 4°C for 15 min. The pellets were washed,
resuspended in 500 μl of PBS and combined with 2 mM
disuccinimidyl suberate (DSS, Sigma, St. Louis, MO,
United States), and the samples were incubated at room
temperature for 30 min with rotation and centrifuged at
6,000 × g and 4°C for 15 min. The cross-linked pellets were
resuspended in 30 μl of sample buffer, boiled and then analyzed
by immunoblotting.

For the ASC speck assay, BMDMs were stimulated to induce
NLRP3 inflammasome activation, fixed with 4% PFA for 30 min
and permeabilized with 0.5% Triton X-100 for 10 min. The
BMDMs were incubated with anti-ASC antibody overnight at
4°C and then stained with CoraLite488-conjugated anti-mouse
IgG antibody (1:100, Proteintech, Wuhan, China) for 1 h. The
nuclei were stained with Hoechst 33342 for 15 min.

Immunoprecipitation (IP) Assay
The cell lysates were incubated with anti-ASC antibody and
Protein A/G plus agarose overnight at 4°C. The proteins
bound by antibody were pulled down by Protein A/G beads
and subjected to immunoblotting analysis.

Measurement of Intracellular ROS
Generation
BMDMs or PMA-differentiated THP-1 cells were cultured in a 6-
well plate, treated with various concentrations of KM for 1 h and
stimulated with 300 ng/ml LPS for 3 h and then with 2.5 mM
ATP for 1 h. After cultivation, the supernatant was removed, and
the cells were washed with PBS. The cells were then incubated
with 10 μM fluorescent probes and 2,7-dichlorodi-
hydrofluorescein diacetate (DCFH-DA, S0033S, Beyotime,
Shanghai, China) for 30 min at 37°C and immediately washed
3 times with 1 ml of PBS. Fluorescence images were captured with
a multifunctional fluorescence microscope.

For the flow cytometry assay, BMDMs were treated with
200 μM KM with or without 10 mM H2O2 for 1 h and
stimulated with 300 ng/ml LPS for 3 h and then with 2.5 mM
ATP for 1 h. The cells were subsequently incubated with DCFH-
DA probes, washed with 1 ml of PBS and resuspended in PBS.
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Flow cytometric analysis was performed with the CytoFLEX
platform. At least 10,000 events were analyzed, and the data
were analyzed using FlowJo statistical software.

Statistical Analysis
The data are presented as the mean ± standard deviation (SD).
The normality of the distribution of the data and the homogeneity
of their variance were assessed, and one-way analysis of variance
(ANOVA) with Bonferroni analysis was then used to compare the
means from the different groups by GraphPad Prism 7.0
(GraphPad Software, SanDiego, CA, United States). The data
were considered statistically significant if p < 0.05.

RESULTS

KM Attenuates IL-1β Production in
Macrophages
The structure of KM is shown in Figure 1. BMDMs were
successfully isolated from bone marrow progenitors and then

purified by culture in BM medium for 7 days (Supplementary
Figure S1). To investigate whether KM affects NLRP3
inflammasome activation, we induced BMDM macrophages
with three stimuli (ATP, nigericin, and MSU) for the indicated
times, as previously described (Swanson et al., 2019). The
results showed that LPS plus any of the three stimuli
promoted a robust increase in IL-1β secretion in the culture
supernatants, and NLRP3 inflammasome inhibitor MCC950
potently inhibited IL-1β production (Figures 2A–C).
Moreover, the pretreatment of cells with KM suppressed the
release of IL-1β in a dose-dependent manner (Figures 2A–C).
The inhibitory action of KM on IL-1β secretion from PMA-
differentiated THP-1 macrophages was further confirmed
(Figures 2D–F). MTT and CCK-8 assays were conducted to
exclude the cytotoxicity of KM to macrophages. The results
indicated that KM (50, 100, and 200 μM) did not affect the
vitality and proliferation of BMDMs (Figure 2G) or PMA-
differentiated THP-1 macrophages (Figure 2H), which
suggests that the inhibitory effect on IL-1β production was
not due to cytotoxicity.

FIGURE 2 | Koumine (KM) attenuates IL-1β production induced by multiple triggers in macrophages. (A–C) BMDMs were pretreated with KM or MCC950 for 1 h
and then incubated with LPS (300 ng/ml) for 3 h and ATP (5 mM) for 1 h (A), nigericin (10 μM) for 1 h (B) or MSU (150 μg/ml) for 6 h (C). (D–F) PMA-differentiated THP-1
macrophages were pretreated with KM or MCC950 for 1 h and then incubated with LPS (300 ng/ml) for 3 h and ATP (5 mM) for 1 h (D), nigericin (10 μM) for 30 min (E)
or MSU (150 μg/ml) for 6 h (F). The release of IL-1β in the culture supernatants was analyzed by ELISA. (G,H) BMDMs or PMA-differentiated THP-1 macrophages
were incubated with KM for 24 h. The cell viability was detected by the MTT assay, and cell proliferation was detected by the CCK-8 assay. Mean ± SD of three
independent experiments are shown. *p < 0.05.
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KM Attenuates IL-1β Production in
MSU-Induced Peritonitis
Because KM inhibited IL-1β production upon NLRP3
inflammasome activation in vitro, we further examined the
activity of KM in vivo. A mouse model of MSU-induced
peritonitis characterized by massive neutrophil influx and IL-
1β production was established to define the suppressive effects of
KM on the NLRP3 inflammasome in vivo (Martinon et al., 2006;
Jiang et al., 2020). Peritoneal exudate cells were collected, and the
MSU-induced recruitment of inflammatory cells was analyzed by
flow cytometry. The results showed that the MSU-induced
recruitment of CD11b+/Ly6G+ neutrophils was strongly
inhibited by KM or MCC950 (Figures 3A,B). We
consequently analyzed the MSU-induced production of IL-1β
in the lavage fluid and found that the MSU challenge greatly
upregulated the IL-1β secretion level in the lavage fluid and that
this upregulation was potently suppressed by KM and MCC950
pretreatment (Figure 3C). These results indicate that KM
suppresses NLRP3 inflammasome-induced IL-1β production
in vitro.

KM Inhibits NLRP3 Inflammasome
Activation
To verify whether the inhibition of IL-1β secretion by KM
contributed to the inhibition of the NLRP3 inflammasome, we
further investigated the effects of KM in BMDMs and PMA-
differentiated THP-1 stimulated with activators of the NLRP3
inflammasome. LPS can induce the expression of NLRP3, pro-IL-
1β, NLRP3 inflammasome activators (ATP, nigericin, or MSU)

further lead to the assembly of the inflammasome protein
complex, which cleaves pro-caspase-1 and pro-IL-1β to
activate caspase-1 (p20 and p10) and mature IL-1β (p17),
respectively (Bauernfeind et al., 2009; Huang et al., 2018).

Immunoblotting and RT-qPCR analysis showed that the
expression of NLRP3 and pro-IL-1β was significantly
increased in macrophages stimulated with LPS, which were
significantly inhibited by KM pretreatment. Meanwhile,
MCC950 had no effect on LPS-induced NLRP3 and pro-IL-
1β expression (Supplementary Figure S2), suggesting that the
inhibition mechanism of KM-induced NLRP3 inflammasome
was different from MCC950. We then investigated how KM
inhibited NLRP3 inflammasome activation. Immunoblotting
results showed that LPS and multiple NLRP3 inflammasome
activators stimulated cells express high levels of NLRP3 and
pro-IL-1β (Figures 4A–H). KM did not affect the expression of
pro-caspase-1 and ASC but markedly decreased the protein
levels of NLRP3 and pro-IL-1β (Figures 4A–H). The
upregulation and activation of NLRP3 promoted caspase-1
activation and thereby induced the processing of mature IL-
1β (Bauernfeind et al., 2009). Upon activators treatment, both
active caspase-1 p20 and mature IL-1β p17 were released into
the culture supernatant. Interestingly, KM robustly suppressed
the release of both active caspase-1 p20 and mature IL-1β p17
(Figures 4A–H). Moreover, the RT-qPCR results showed that
KM substantially inhibited the LPS+ATP-induced elevation of
the mRNA levels of NLRP3 and pro-IL-1β in BMDMs but has
no effect on pro-caspase-1 and ASC (Figure 4I). Taken together,
these results indicate that KM inhibits NLRP3 inflammasome
activation.

FIGURE 3 | Koumine (KM) attenuates MSU-induced NLRP3 inflammasome activation in vivo. C57BL/6 mice were intraperitoneally pretreated with KM (0.8, 2.4,
and 7.2 mg/kg), MCC950 (10 mg/kg) or vehicle for 1 h and then given an intraperitoneal injection of MSU crystals (1 mg dissolved in 500 µl of PBS). Six hours later, (A,B)
the frequency of CD11b+Ly6G+ neutrophils retrieved from the peritoneal lavage fluid was analyzed by flow cytometry. (C) The amounts of IL-1β in the lavage fluid were
quantified by ELISA. The data are representative of those obtained from eight mice in each treatment group. The graph presents the mean ± SD and each symbol
represents an individual mouse. *p < 0.05.
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KM Inhibits the Activation of NF-κB
Signaling
Emerging evidence has demonstrated that NF-κB plays a pivotal
role in the inflammatory response and NLRP3 inflammasome
activation (Liu et al., 2017a; Mahmoud et al., 2019). Moreover,
KM is reportedly effective in inhibiting NF-κB signaling (Yuan
et al., 2019a; Wu et al., 2020). To investigate whether the KM-
induced suppression of NLRP3 inflammasome activation
depends on the NF-κB pathway and affects LPS-induced
priming, we analyzed the protein levels and nuclear
localization of molecules related to the NF-κB pathway. As
shown in Figures 5A,B, the pretreatment of BMDMs with
KM markedly suppressed the LPS-induced phosphorylation of
IκBα and p65. We also found that KM effectively inhibited the
nuclear localization of p65 (Figures 5C–E). The inhibitory action

of KM on p65 nuclear localization from PMA-differentiated
THP-1 macrophages was further confirmed (Supplementary
Figure S3). These data supported the previous finding that
KM suppressed both the protein and mRNA levels of NLRP3
pro-IL-1β (Figure 4; Supplementary Figure S2). We then further
examined the effect of KM on TNF-α and IL-6 expression, which
is dependent on NF-κB activation (Wang et al., 2019). ELISA
results showed that KM reduced the secretion of TNF-α and IL-6
from BMDMs stimulated with LPS (Figure 5F). Additionally,
KM decreased the production of TNF-α and IL-6 (Figure 5G) in
BMDMs stimulated with LPS plus ATP as well as the production
of IL-1β (Figure 2A). These results suggest that KM decreases
LPS-primed NLRP3 expression and inhibits NLRP3
inflammasome activation associated with suppressing NF-κB
activation.

FIGURE 4 | Koumine (KM) inhibits NLRP3 inflammasome activation in macrophages. (A–F) BMDMs were pretreated with KM for 1 h and then incubated with LPS
(300 ng/ml) for 3 h and ATP (5 mM) for 1 h (A,B), nigericin (10 μM) for 1 h (C,D) or MSU (150 μg/ml) for 6 h (E,F). (G,H) PMA-differentiated THP-1 macrophages were
pretreated with KM for 1 h and then incubated with LPS (300 ng/ml) for 3 h and ATP (5 mM) for 1 h. Supernatants (Sup.) and cell extracts (Lys.) were analyzed by
immunoblotting. (I) The mRNA levels of NLRP3, pro-caspase-1, ASC, and pro-IL-1β in (A) were analyzed by RT-qPCR. Mean ± SD of three independent
experiments are shown. #p < 0.05 vs. vehicle group, *p < 0.05 vs. LPS plus ATP, nigericin or MSU group.
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FIGURE 5 | Koumine (KM) prevents NF-κB activation in BMDMs stimulated by LPS. BMDMs were pretreated with various concentrations of KM for 1 h and then
incubated with LPS (300 ng/ml) for 1 h. (A,B) The protein levels of total p65, IκBα and their phosphorylated forms (p-p65 and p-IκBα) were analyzed by western blotting.
(C,D) p65 nuclear translocation was determined by Western Blot. Mean ± SD of three independent experiments are shown. #p < 0.05 vs. vehicle group, *p < 0.05 vs.
LPS group. (E) The nuclear location of p65 in BMDM macrophages was visualized by immunofluorescence analysis with an anti-p65 (green) antibody. The nuclei
(blue) were stained with Hoechst 33324. KM, 200 μM, Scale bars, 50 μm. (F) BMDMs were pretreated with KM for 1 h and then incubated with LPS (300 ng/ml) for 3 or
12 h. The release of TNF-α and IL-6 in the culture supernatants was analyzed by ELISA. Mean ± SD of three independent experiments are shown. #p < 0.05 vs. vehicle
group, *p < 0.05 vs. LPS group. (G) BMDMs were pretreated with KM for 1 h and then incubated with LPS (300 ng/ml) for 3 h and ATP (5 mM) for 1 h. The release of
TNF-α and IL-6 in the culture supernatants was analyzed by ELISA. Mean ± SD of three independent experiments are shown. #p < 0.05 vs. vehicle group, *p < 0.05 vs.
LPS plus ATP group.
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KM Hampers the Assembly of the NLRP3
Inflammasome
During NLRP3 inflammasome activation, ASC protein
oligomerization is critical for subsequent caspase-1 activation
(Dick et al., 2016; Pan et al., 2020). Consistent with the inhibitory
effects of KM on caspase-1 activation and IL-1β secretion

(Figures 2A–F, 4A–H, the immunofluorescence results
showed that KM markedly reduced the formation of ASC
specks in response to stimulation with LPS plus ATP (Figures
6A,B). Furthermore, we crosslinked ASC using DSS and analyzed
ASC oligomerization by immunoblotting (Fernandes-Alnemri
and Alnemri, 2008; Green et al., 2018). Similar results were

FIGURE 6 | Koumine (KM) blocks NLRP3 inflammasome assembly in BMDMs. BMDMs were pretreated with KM (200 μM) for 1 h and then incubated with LPS
(300 ng/ml) for 3 h and ATP (5 mM) for 1 h. (A) Representative immunofluorescence images of ASC speck formation are shown. The white arrows indicate ASC specks
(green), and the nuclei (blue) were stained with Hoechst 33324. Scale bars, 20 μm. (B) Quantification of cells with ASC specks in six random images. (C) ASC
oligomerization in Triton-X100-insoluble pellets cross-linked with DSS was analyzed by western blotting. (D) The interaction between NLRP3 (red) and ASC (green)
in BMDMs were assayed by immunofluorescence. Scale bars, 25 μm. (E,F) Cell lysates from cultured cells were analyzed by immunoprecipitation using an antibody
against ASC and then analyzed by immunoblotting, and IgGwas used as the isotype control. Mean ± SD of three independent experiments are shown. #p < 0.05 vs. LPS
group, *p < 0.05 vs. LPS plus ATP group.
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obtained: KM suppressed ASC oligomerization in response to
stimulation with LPS plus ATP (Figure 6C), LPS plus nigericin,
and LPS plus MSU (Supplementary Figure S4A). We then
investigated whether KM inhibited the assembly of the NLRP3
inflammasome. Recruitment of ASC to NLRP3 has been
proposed as an essential step for NLRP3 inflammasome
assembly (Martinon et al., 2009; He et al., 2018).
Immunofluorescence results revealed that KM inhibited the
association of ASC with NLRP3 (Figure 6D). The inhibitory
action of KM on the association of ASC with NLRP3 from PMA-
differentiated THP-1 macrophages was further confirmed
(Supplementary Figure S4B). Immunoprecipitation analysis

further demonstrated that KM affected the binding between
ASC and NLRP3 but slightly affected the binding between
ASC and pro-caspase1 (Figures 6E,F). Thus, these results
indicate that KM blocks NLRP3-ASC complex formation and
further inhibits NLRP3 inflammasome activation.

KM Inhibits ROS Generation
The above-described findings indicated that the activities of both
NF-κB and NLRP3 are suppressed by KM, which suggests that an
upstream regulator of these two signaling pathways might
mediate these effects. ROS are signaling intermediates that can
drive both NLRP3 inflammasome and NF-κB activation

FIGURE 7 | Koumine (KM) inhibits ROS generation triggered by LPS and ATP. (A,B) BMDMs were pretreated with various concentrations of KM for 1 h and then
incubated with LPS (300 ng/ml) for 3 h and ATP (5 mM) for 1 h. Intracellular ROS were labeled with the DCFH-DA probe and examined by fluorescence microscopy.
Scale bars, 25 μm. Mean ± SD of three independent experiments are shown. #p < 0.05 vs. vehicle group, *p < 0.05 vs. LPS plus ATP group. (C,D) BMDMs were
pretreated with KM (200 μM) for 1 h and then incubated with LPS (300 ng/ml) for 3 h and ATP (5 mM) for 1 h. H2O2 (10 mM) was added to cells at the same time as
KM. Intracellular ROSwere labeled with a DCFH-DA probe and examined by flow cytometry. #p < 0.05 vs. vehicle group, *p < 0.05 vs. LPS plus ATP group, $p < 0.05 vs.
KM plus LPS and ATP group. (E,F) The protein levels of total AMPK and its phosphorylated forms (p-AMPK) were analyzed by western blotting. Mean ± SD of three
independent experiments are shown. #p < 0.05 vs. vehicle group.
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(Tschopp and Schroder, 2010; Wu et al., 2018; Wang et al., 2020).
Herein, we measured production of ROS in marophages
stimulated with LPS plus ATP. Both fluorescence microscopy
analysis (Figures 7A,B; Supplementary Figure S5) and flow
cytometry analysis (Figures 7C,D) showed that high levels of
ROS were produced after treatment with LPS plus ATP and that
KM significantly reduced the production of ROS. Exogenous
H2O2 can promote ROS (Liu et al., 2017b). We found that the
effect of KM on suppressing the release of ROS in response to
stimulation with LPS plus ATP was reversed by H2O2 treatment.
To elucidate the mechanism underlying the inhibitory effects of
KM on ROS, we investigated whether KM disturbed adenosine
monophosphate-activated protein kinase (AMPK) activation
because AMPK regulates the production of ROS (Wang et al.,
2010). Although KM upregulated the ATP-induced
phosphorylation of AMPK slightly, but no statistical difference
was found between the LPS+ATP group and KM pretreatment
group (Figures 7E,F). These data suggest that KM inhibits
NLRP3 inflammasome activation by inhibiting ROS generation
may independent of the AMPK pathway.

DISCUSSION

Although many studies have attempted to explore the therapeutic
effect and mechanism of KM in diseases (Qiu et al., 2015; Yang
et al., 2016; Yuan et al., 2016b; Chen et al., 2017; Jin et al., 2018a;
Jin et al., 2018b; Jin et al., 2019; Yuan et al., 2019a; Yuan et al.,
2019b; Yue et al., 2019), its effect on NLRP3 inflammasome
activation and the underlying mechanism remain unknown. In
this study, we identified KM as a broad-spectrum inhibitor of
NLRP3 inflammasome activation that inhibited NLRP3
inflammasome activation both in vitro and in vivo. KM
hampered LPS priming and NLRP3 inflammasome assembly
in macrophages. Furthermore, our results showed that this
inhibitory action of KM might occur by mediating the
elimination of ROS. In summary, our results demonstrate a
previously unrecognized novel mechanism through which KM
suppresses inflammation.

Inflammation is a tightly regulated process, and the innate
immune system must integrate multiple signals to determine
whether a response will be initiated. This coordination is
particularly apparent in the pathway controlling the
proinflammatory cytokine IL-1β (Mishra et al., 2013). The
transcription of pro-IL-1β is induced through TLRs, which
recognize conserved microbial structures, such as LPS. The
subsequent processing of pro-IL-1β into its active form is
mediated by inflammasomes, particularly the NLRP3
inflammasome (Lamkanfi and Dixit, 2009). The NLRP3
inflammasome can be activated by a wide range of activators,
including ATP, nigericin and MSU, in LPS-primed macrophages
(Swanson et al., 2019). We found that KM inhibited the production
of IL-1β in BMDMs and PMA-differentiated THP-1 macrophages
after simulation with LPS plus ATP, nigericin and MSU. Further
study found that KM also robustly inhibited neutrophil infiltration
and IL-1β production in an MSU-induced peritonitis model. MSU-
induced peritonitis is regarded as a typical animal model of NLRP3-

IL-1β axis-dependent inflammation (Martinon et al., 2006). These
results suggest that the anti-inflammatory effect of KMmight occur
through the regulation of NLRP3 inflammasome activation.

The activation of the NLRP3 inflammasome requires two steps:
1) LPS or another TLR agonist first induces NLRP3 and pro-IL-1β
synthesis in an NF-κB-dependent manner, and 2) a second signal
then leads to NLRP3 inflammasome assembly mediated cleaved
caspase-1 and IL-1β secretion (Guo et al., 2018). We observed that
KM decreased NLRP3 and pro-IL-1β protein expression and
inhibited the production of IL-1β stimulated by ATP, nigericin
andMSU in LPS-primedmacrophages. Upon LPS stimulation, IkBα
is phosphorylated and thus degraded by ubiquitin-dependent
proteasomes, which further allows p65 phosphorylation and
disassembly from the heterodimer. Subsequently, p65 translocates
to the nucleus and upregulates NLRP3 and IL-1βmRNA expression
(Afonina et al., 2017). Researchers have found that KM can inhibit
NF-κB activation and mediate the expression of proinflammatory
cytokines in RAW264.7, IPEC-J2 and hepatocellular carcinoma cells
(Yuan et al., 2016b; Yuan et al., 2019a; Wu et al., 2020). Our study
confirmed that the pretreatment of BMDMs with KM reduced the
phosphorylation of IκBα and p65 and suppressed the translocation
of p65 to the nucleus and the secretion of TNF-α and IL-6. These
results indicate that the pretreatment of BMDMs with KM inhibits
the transcriptional upregulation of NLRP3 and pro-IL-1β by
interfering with NF-κB activity. ASC is critical for the assembly
and subsequent activation of the NLRP3 inflammasome by yielding
ASC dimers and/or oligomers that localize to a detergent-insoluble
fraction in the cells (Zhou et al., 2011; Jiang et al., 2020).
Immunofluorescence and immunoblotting analyses confirmed
that treatment with LPS plus ATP resulted in the formation of
ASC specks and oligomerization, and these effects were significantly
reduced in the presence of KM. These results showed that KMmight
act in the assembly step to inhibit NLRP3 inflammasome activation.
Consistent with this hypothesis, our further studies showed that KM
hampered the formation of NLRP3-ASC complexes and suppressed
caspase-1 processing.

An interesting question is how KM inhibits NRP3
inflammasome activation induced by multiple stimuli. Because
KM inhibits both LPS-induced NF-κB expression and ATP-
induced NRP3 activation, these independent pathways that are
targeted by KMmight have a common feature. ATP, nigericin and
MSU crystals serve as activators of the NLRP3 inflammasome
through different mechanisms. Extracellular ATP triggers P2X7-
dependent pore formation, which induces potassium efflux and
causes NLRP3 activation (Karmakar et al., 2016). Nigericin is a
lipophilic ionophore that directly functions as a K+/H+ exchanger
upon partitioning into the plasma membrane or intracellular
organelles, which induces NLRP3 activation (Katsnelson et al.,
2015). MSU crystals lead to lysosomal damage and result in NRP3
activation (Hornung et al., 2008). Recent studies have shown that
ROS generation is a common trigger of NLRP3 inflammasome
activation (Dostert et al., 2008; Tschopp and Schroder, 2010; Zhou
et al., 2011; Sho and Xu, 2019). A number of reports have shown
that ROS have the potential to activate NF-κB (Nakajima and
Kitamura, 2013; Jiang et al., 2018; Long et al., 2020). Under LPS
challenge, TLR4 binds to nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase 4 and further promotes the
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production of ROS-induced NF-κB activation (Park et al., 2004).
KM is an antioxidant agent that maintains the mitochondrial
membrane potential in porcine intestinal epithelial cells (Yuan
et al., 2019b). We confirmed that KM can exert NLRP3 inhibitory
activity by eliminating ROS generation in response to stimulation
with LPS plus ATP. Our results revealed that ROS production in
LPS-primed BMDMs was significantly upregulated by ATP
treatment and that this effect was accompanied by obvious
upregulation of NLRP3 and pro-IL-1β expression, which was
consistent with ASC speck formation and NLRP3
inflammasome assembly. However, KM pretreatment
suppressed these transformations induced by LPS plus ATP. In
addition, H2O2, an ROS promoter, rescues the inhibitory effect of
KM in ROS production in these cells. These results indicated that
the KM-induced suppression of NLRP3 inflammasome activation
is related to regulation of the ROS/NF-κB/NLRP3 axis.

Several of our studies have explored the therapeutic effects of
KM on various disease models. Jin et al. demonstrated that KM
attenuates chronic constriction injury (CCI) induced neuropathic
pain by decreasing astrocyte-mediated neuroinflammation and
enhancing autophagy in rats (Jin et al., 2018b). Yue et al. revealed

that KM exhibits positive efficacy on modulating different
subtypes of helper T cells and preventing nonalcoholic fatty
liver disease (Yue et al., 2019). Chen et al. compared the
effects of KM and diazepam in an open-field test of mice and
a vogel conflict test of rats and found that KM exhibits anxiolytic
properties without inducing adverse neurological effects (Chen
et al., 2017). Yang et al. confirmed that KM inhibits the paw
volume, AI score, mechanical allodynia, and IL-1β and TNF-α
secretion in both adjuvant-induced and collagen-induced
rheumatoid arthritis models (Yang et al., 2016). In this study,
we further found that KM potently inhibited IL-1β production
and neutrophil influx in MSU peritonitis. Interestingly, all the
above-mentioned diseases are accompanied by abnormal
activation of the NLRP3 inflammasome (Xu et al., 2016; Guo
et al., 2018; Mi et al., 2018; Zhang et al., 2018; Xu et al., 2019; Jiang
et al., 2020). Our results support the theory that the aberrant
NLRP3 activation is involved in a range of both acute and chronic
inflammatory conditions and linked with the development of
many diseases, and it is feasible to treat these diseases by
modulating NLRP3 inflammasome activation (Mangan et al.,
2018). Although the role of KM in the regulation of the

FIGURE 8 | Proposed model of the effect of koumine (KM) on reactive oxygen species (ROS)/NF-κB/nod-like receptor NOD-like receptor protein 3 (NLRP3)
signaling. The NLRP3 inflammasome can be activated by multiple stimuli. The priming step or “signal 1” is mediated by TLR agonists such as LPS, which results in NF-
κB-dependent upregulation of NLRP3 and pro-IL-1β expression. The assembly step or “signal 2” mediated by stimulation with numerous pathogen-associated
molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs), such as ATP, nigericin and MSU, promotes ASC oligomerization, leading to
activation of the NLRP3 inflammasome complex. The stimulation of cells with LPS, ATP, nigericin or MSU leads to ROS production and activates both the priming and
assembly steps, which ultimately leads to NLRP3 inflammasome activation. The activated NLRP3 inflammasome then cleaves pro-caspase-1 into activated caspase-1
and thereby promotes mature IL-1β secretion. KM inhibits NLRP3 inflammasome activation associated with regulating the ROS/NF-κB/NLRP3 pathway and
consequently suppresses IL-1β production.
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NLRP3 inflammasome in these diseases requires further
investigation, our results highlight that KM might be used for
the treatment of NLRP3-related disorders.

Here, we found that KM showed anti-inflammation effect with
a relatively high concentration in vitro compared with MCC950,
but have comparable effect in vivo. This may be due to differences
between cell model and animal model, and KM may possess
potential anti-inflammatory properties through multiple
pathways in vivo. MSU recruits a large numbers of activated
neutrophils into the peritoneal, resulting in the production of
high levels of superoxide by the neutrophil NADPH oxidase.
Then, uperoxide rapidly undergoes spontaneous dismutation to
hydrogen peroxide and subsequently formation of highly
damaging ROS (Martin et al., 2009). We deduced that the KM
might also potently inhibits the ROS production in neutrophils
despite further studies are needed. Although the ROS inhibitory
effect of KM was defined in our study, further investigation is
needed to further identify which protein is the initial target of
KM. AMPK is an essential mediator of fatty acid metabolism
(Steinberg and Kemp, 2009) and inhibits the expression and
function of NADPH oxidase to disturb the production of ROS
(Wang et al., 2010). AMPK is involved in cellular apoptosis
pathways and mediates autophagic activity (Heidrich et al.,
2010). Additionally, recent studies have revealed an AMPK-
ROS signaling axis that regulates NLRP3 inflammasome
activation (Yang et al., 2010; Wen et al., 2011; Bullon et al.,
2016). Our previous study showed that KM can enhance
autophagy and decrease astrocyte-mediated neuroinflammation
in CCI rats (Jin et al., 2018b). We then investigated whether KM
inhibits ROS production through a mechanism dependent on
AMPK but found that KM could not facilitate ATP-induced
AMPK phosphorylation. This result suggested that the effect of
KM on ROS production and NLRP3 activation may independent
of AMPK. Recent studies have shown that a translocator protein
(18 kDa) (TSPO) plays an important role in modulating NOX1-
dependent ROS production in the retina (Wolf et al., 2020). TSPO
upregulation is concomitant with NLRP3 inflammasome
activation in bipolar disorder. Previous studies proposed that
the upregulation of TSPO and voltage-dependent anion channel
culminates in inhibition of the mitophagy pathway, which leads
to a pronounced accumulation of damaged mitochondria and
excessive NLRP3-dependent inflammation (Scaini et al., 2019).
Interestingly, the TSPO ligand Ro5-4864 can significantly inhibit
ATP-induced NLRP3 inflammasome activation (Lee et al., 2016).
In addition, our previous studies revealed that the analgesic effect
of KM is inhibited by another TSPO ligand, PK11195, in a CCI
induced neuropathic pain model (Jin et al., 2018a). A recently
research find that uric acid drives intestinal barrier dysfunction
through TSPO-mediated NLRP3 inflammasome (Lv et al., 2020).
Therefore, further investigation is needed to elucidate whether
KM modulates the ROS/NF-κB/NLRP3 signaling pathway via a
mechanism dependent on TSPO. In addition to the NLRP3
inflammasome, caspase-1 also plays an important role in
NLRP1, NLRP4 and AIM2 inflammasomes (Schroder and
Tschopp, 2010). Hence, additional studies are needed to
determine whether KM inhibits the activation of other
inflammasomes involving caspase-1.

CONCLUSION

In summary, our findings demonstrate that KM inhibits NLRP3
inflammasome activation (Figure 8). KM inhibits LPS priming
step through the block of p65 NF-κB activation. It also suppresses
the ASC specks formation, and the NLRP3 inflammasome
assembly. These effects occur associated with inhibiting ROS/
NF-κB/NLRP3 inflammasome axis. This study constitutes the
firms study aiming to explore the anti-inflammatory mechanism
of KM on the NLRP3 inflammasome. Because the NLRP3
inflammasome is involved in a variety of diseases, KM might
be a useful strategy for the treatment of NLRP3-driven diseases.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the ethics
committee of Fujian Medical University.

AUTHOR CONTRIBUTIONS

JY, CY, and YL conceived and designed the experiments. YL, BX,
HL, ZC, andHHperformed the experiments. YL and BX analyzed
the data. YL wrote the paper. JY and CY helped to proofread the
article. All the authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Nos. 81872879, 81773716, and 81973309),
theDrug InnovationMajor Project of China (No. 2018ZX09711001-
003-024), the Industry-University-Research Cooperation Project of
Fujian Province (No. 2017Y4007), the Joint Funds for the
Innovation of Science and Technology, Fujian Province (Grant
number: 2018Y9073, 2016Y9058), and the Startup Fund for
Scientific Research, Fujian Medical University (No. 2018QH2014).

ACKNOWLEDGMENTS

Wewould like to thankAJE (www.aje.cn) for English language editing.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2020.622074/
full#supplementary-material.

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 62207413

Luo et al. Koumine Inhibits NLRP3 Inflammasome Activation

http://www.aje.cn
https://www.frontiersin.org/articles/10.3389/fphar.2020.622074/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2020.622074/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Abais, J. M., Xia, M., Zhang, Y., Boini, K. M., and Li, P. L. (2015). Redox regulation
of NLRP3 inflammasomes: ROS as trigger or effector? Antioxid. Redox Signal.
22, 1111–1129. doi:10.1089/ars.2014.5994

Afonina, I. S., Zhong, Z., Karin, M., and Beyaert, R. (2017). Limiting inflammation-
the negative regulation of NF-κB and the NLRP3 inflammasome. Nat.
Immunol. 18, 861–869. doi:10.1038/ni.3772

Bauernfeind, F. G., Horvath, G., Stutz, A., Alnemri, E. S., MacDonald, K., Speert,
D., et al. (2009). Cutting edge: NF-kappaB activating pattern recognition and
cytokine receptors license NLRP3 inflammasome activation by regulating
NLRP3 expression. J. Immunol. 183, 787–791. doi:10.4049/jimmunol.0901363

Broz, P., and Dixit, V. M. (2016). Inflammasomes: mechanism of assembly,
regulation and signalling. Nat. Rev. Immunol. 16, 407–420. doi:10.1038/nri.
2016.58

Bullón, P., Alcocer-Gómez, E., Carrión, A. M., Marín-Aguilar, F., Garrido-
Maraver, J., Román-Malo, L., et al. (2016). AMPK phosphorylation
modulates pain by activation of NLRP3 inflammasome. Antioxid. Redox
Signal. 24, 157–170. doi:10.1089/ars.2014.6120

Chen, C. J., Zhong, Z. F., Xin, Z. M., Hong, L. H., Su, Y. P., and Yu, C. X. (2017).
Koumine exhibits anxiolytic properties without inducing adverse neurological
effects on functional observation battery, open-field and Vogel conflict tests in
rodents. J. Nat. Med. 71, 397–408. doi:10.1007/s11418-017-1070-0

Dick, M. S., Sborgi, L., Rühl, S., Hiller, S., and Broz, P. (2016). ASC filament
formation serves as a signal amplification mechanism for inflammasomes. Nat.
Commun. 7, 11929. doi:10.1038/ncomms11929

Dostert, C., Pétrilli, V., Van Bruggen, R., Steele, C., Mossman, B. T., and Tschopp, J.
(2008). Innate immune activation through Nalp3 inflammasome sensing of
asbestos and silica. Science. 320, 674–677. doi:10.1126/science.1156995

Elliott, E. I., and Sutterwala, F. S. (2015). Initiation and perpetuation of NLRP3
inflammasome activation and assembly. Immunol. Rev. 265, 35–52. doi:10.
1111/imr.12286

Fernandes-Alnemri, T., and Alnemri, E. S. (2008). Assembly, purification, and
assay of the activity of the ASC pyroptosome. Methods Enzymol. 442, 251–270.
doi:10.1016/S0076-6879(08)01413-4

Green, J. P., Yu, S., Martín-Sánchez, F., Pelegrin, P., Lopez-Castejon, G., Lawrence,
C. B., et al. (2018). Chloride regulates dynamic NLRP3-dependent ASC
oligomerization and inflammasome priming. Proc. Natl. Acad. Sci. U.S.A.
115, E9371–E9380. doi:10.1073/pnas.1812744115

Guo, C., Fu, R., Wang, S., Huang, Y., Li, X., Zhou, M., et al. (2018). NLRP3
inflammasome activation contributes to the pathogenesis of rheumatoid
arthritis. Clin. Exp. Immunol. 194, 231–243. doi:10.1111/cei.13167

Guo, H., Callaway, J. B., and Ting, J. P. (2015). Inflammasomes: mechanism of
action, role in disease, and therapeutics. Nat. Med. 21, 677–687. doi:10.1038/
nm.3893

Gurung, P., Lukens, J. R., and Kanneganti, T. D. (2015). Mitochondria: diversity in
the regulation of the NLRP3 inflammasome. Trends Mol. Med. 21, 193–201.
doi:10.1016/j.molmed.2014.11.008

Harijith, A., Ebenezer, D. L., and Natarajan, V. (2014). Reactive oxygen species at
the crossroads of inflammasome and inflammation. Front. Physiol. 5, 352.
doi:10.3389/fphys.2014.00352

He, H., Jiang, H., Chen, Y., Ye, J., Wang, A., Wang, C., et al. (2018). Oridonin is a
covalent NLRP3 inhibitor with strong anti-inflammasome activity. Nat.
Commun. 9, 2550. doi:10.1038/s41467-018-04947-6

Heid, M. E., Keyel, P. A., Kamga, C., Shiva, S., Watkins, S. C., and Salter, R. D.
(2013). Mitochondrial reactive oxygen species induces NLRP3-dependent
lysosomal damage and inflammasome activation. J. Immunol. 191,
5230–5238. doi:10.4049/jimmunol.1301490

Heidrich, F., Schotola, H., Popov, A. F., Sohns, C., Schuenemann, J., Friedrich, M.,
et al. (2010). AMPK-activated protein kinase and its role in energy metabolism
of the heart. Curr. Cardiol. Rev. 6, 337–342. doi:10.2174/157340310793566073

Hornung, V., Bauernfeind, F., Halle, A., Samstad, E. O., Kono, H., Rock, K. L., et al.
(2008). Silica crystals and aluminum salts activate the NALP3 inflammasome
through phagosomal destabilization.Nat. Immunol. 9, 847–856. doi:10.1038/ni.
1631

Huang, Y., Jiang, H., Chen, Y., Wang, X., Yang, Y., Tao, J., et al. (2018). Tranilast
directly targets NLRP3 to treat inflammasome-driven diseases. EMBO Mol.
Med. 10, e8689. doi:10.15252/emmm.201708689

Jiang, J., Sun, X., Akther, M., Lian, M. L., Quan, L. H., Koppula, S., et al. (2020).
Ginsenoside metabolite 20(S)-protopanaxatriol from Panax ginseng attenuates
inflammation-mediated NLRP3 inflammasome activation. J. Ethnopharmacol.
251, 112564. doi:10.1016/j.jep.2020.112564

Jiang, K., Guo, S., Yang, C., Yang, J., Chen, Y., Shaukat, A., et al. (2018). Barbaloin
protects against lipopolysaccharide (LPS)-induced acute lung injury by
inhibiting the ROS-mediated PI3K/AKT/NF-κB pathway. Int.
Immunopharmacol. 64, 140–150. doi:10.1016/j.intimp.2018.08.023

Jin, G. L., Su, Y. P., Liu, M., Xu, Y., Yang, J., Liao, K. J., et al. (2014). Medicinal plants
of the genus Gelsemium (Gelsemiaceae, Gentianales)–a review of their
phytochemistry, pharmacology, toxicology and traditional use.
J. Ethnopharmacol. 152, 33–52. doi:10.1016/j.jep.2014.01.003

Jin, G. L., Yang, J., Chen, W. Q., Wang, J., Qiu, H. Q., Xu, Y., et al. (2019). The
analgesic effect and possible mechanisms by which koumine alters type II
collagen-induced arthritis in rats. J. Nat. Med. 73, 217–225. doi:10.1007/s11418-
018-1229-3

Jin, G. L., He, S. D., Lin, S. M., Hong, L. M., Chen, W. Q., Xu, Y., et al. (2018a).
Koumine attenuates neuroglia activation and inflammatory response to
neuropathic pain. Neural Plast. 2018, 9347696. doi:10.1155/2018/9347696

Jin, G. L., Yue, R. C., He, S. D., Hong, L. M., Xu, Y., and Yu, C. X. (2018b). Koumine
decreases astrocyte-mediated neuroinflammation and enhances autophagy,
contributing to neuropathic pain from chronic constriction injury in rats.
Front. Pharmacol. 9, 989. doi:10.3389/fphar.2018.00989

Karmakar, M., Katsnelson, M. A., Dubyak, G. R., and Pearlman, E. (2016).
Neutrophil P2X7 receptors mediate NLRP3 inflammasome-dependent IL-1β
secretion in response to ATP. Nat. Commun. 7, 10555. doi:10.1038/
ncomms10555

Katsnelson, M. A., Rucker, L. G., Russo, H. M., and Dubyak, G. R. (2015). K+ efflux
agonists induce NLRP3 inflammasome activation independently of Ca2+
signaling. J. Immunol. 194, 3937–3952. doi:10.4049/jimmunol.1402658

Lamkanfi, M., and Dixit, V. M. (2009). Inflammasomes: guardians of cytosolic
sanctity. Immunol. Rev. 227, 95–105. doi:10.1111/j.1600-065X.2008.
00730.x

Lee, J. W., Kim, L. E., Shim, H. J., Kim, E. K., Hwang,W. C., Min, D. S., et al. (2016).
A translocator protein 18 kDa ligand, Ro5-4864, inhibits ATP-induced NLRP3
inflammasome activation. Biochem. Biophys. Res. Commun. 474, 587–593.
doi:10.1016/j.bbrc.2016.04.080

Li, D., Luo, Y., Chen, X., Zhang, L., Wang, T., Zhuang, Y., et al. (2019). NF-κB and
poly (ADP-ribose) polymerase 1 form a positive feedback loop that regulates
DNA repair in acute myeloid leukemia cells. Mol. Cancer Res. 17, 761–772.
doi:10.1158/1541-7786.MCR-18-0523

Liu, T., Zhang, L., Joo, D., and Sun, S. C. (2017a). NF-κB signaling in inflammation.
Signal Transduct. Target. Ther. 2, 17023. doi:10.1038/sigtrans.2017.23

Liu, X., Zhang, X., Ding, Y., Zhou, W., Tao, L., Lu, P., et al. (2017b). Nuclear factor
E2-related factor-2 negatively regulates NLRP3 inflammasome activity by
inhibiting reactive oxygen species-induced NLRP3 priming. Antioxid. Redox
Signal. 26, 28–43. doi:10.1089/ars.2015.6615

Long, Y., Liu, X., Tan, X. Z., Jiang, C. X., Chen, S. W., Liang, G. N., et al. (2020).
ROS-induced NLRP3 inflammasome priming and activation mediate PCB 118-
induced pyroptosis in endothelial cells. Ecotoxicol. Environ. Saf. 189, 109937.
doi:10.1016/j.ecoenv.2019.109937

Lv, Q., Xu, D., Ma, J., Wang, Y., Yang, X., Zhao, P., et al. (2020). Uric acid drives
intestinal barrier dysfunction through TSPO-mediated NLRP3 inflammasome
activation. Inflamm. Res. doi:10.1007/s00011-020-01409-y

Mahmoud, A. M., Hussein, O. E., Abd El-Twab, S. M., and Hozayen, W. G. (2019).
Ferulic acid protects against methotrexate nephrotoxicity via activation of Nrf2/
ARE/HO-1 signaling and PPARgamma, and suppression of NF-kappaB/
NLRP3 inflammasome axis. Food Funct. 10, 4593–4607. doi:10.1039/
c9fo00114j

Mai, C. T., Wu, M. M., Wang, C. L., Su, Z. R., Cheng, Y. Y., and Zhang, X. J. (2019).
Palmatine attenuated dextran sulfate sodium (DSS)-induced colitis via
promoting mitophagy-mediated NLRP3 inflammasome inactivation. Mol.
Immunol. 105, 76–85. doi:10.1016/j.molimm.2018.10.015

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 62207414

Luo et al. Koumine Inhibits NLRP3 Inflammasome Activation

https://doi.org/10.1089/ars.2014.5994
https://doi.org/10.1038/ni.3772
https://doi.org/10.4049/jimmunol.0901363
https://doi.org/10.1038/nri.2016.58
https://doi.org/10.1038/nri.2016.58
https://doi.org/10.1089/ars.2014.6120
https://doi.org/10.1007/s11418-017-1070-0
https://doi.org/10.1038/ncomms11929
https://doi.org/10.1126/science.1156995
https://doi.org/10.1111/imr.12286
https://doi.org/10.1111/imr.12286
https://doi.org/10.1016/S0076-6879(08)01413-4
https://doi.org/10.1073/pnas.1812744115
https://doi.org/10.1111/cei.13167
https://doi.org/10.1038/nm.3893
https://doi.org/10.1038/nm.3893
https://doi.org/10.1016/j.molmed.2014.11.008
https://doi.org/10.3389/fphys.2014.00352
https://doi.org/10.1038/s41467-018-04947-6
https://doi.org/10.4049/jimmunol.1301490
https://doi.org/10.2174/157340310793566073
https://doi.org/10.1038/ni.1631
https://doi.org/10.1038/ni.1631
https://doi.org/10.15252/emmm.201708689
https://doi.org/10.1016/j.jep.2020.112564
https://doi.org/10.1016/j.intimp.2018.08.023
https://doi.org/10.1016/j.jep.2014.01.003
https://doi.org/10.1007/s11418-018-1229-3
https://doi.org/10.1007/s11418-018-1229-3
https://doi.org/10.1155/2018/9347696
https://doi.org/10.3389/fphar.2018.00989
https://doi.org/10.1038/ncomms10555
https://doi.org/10.1038/ncomms10555
https://doi.org/10.4049/jimmunol.1402658
https://doi.org/10.1111/j.1600-065X.2008.00730.x
https://doi.org/10.1111/j.1600-065X.2008.00730.x
https://doi.org/10.1016/j.bbrc.2016.04.080
https://doi.org/10.1158/1541-7786.MCR-18-0523
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1089/ars.2015.6615
https://doi.org/10.1016/j.ecoenv.2019.109937
https://doi.org/10.1007/s00011-020-01409-y
https://doi.org/10.1039/c9fo00114j
https://doi.org/10.1039/c9fo00114j
https://doi.org/10.1016/j.molimm.2018.10.015
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Mangan, M. S. J., Olhava, E. J., Roush,W. R., Seidel, H. M., Glick, G. D., and Latz, E.
(2018). Targeting the NLRP3 inflammasome in inflammatory diseases. Nat.
Rev. Drug Discov. 17, 588–606. doi:10.1038/nrd.2018.97

Martin, W. J., Herst, P. M., Chia, E. W., and Harper, J. L. (2009). Sesquiterpene
dialdehydes inhibit MSU crystal-induced superoxide production by infiltrating
neutrophils in an in vivo model of gouty inflammation. Free Radic. Biol. Med.
47, 616–621. doi:10.1016/j.freeradbiomed.2009.05.035

Martinon, F., Burns, K., and Tschopp, J. (2002). The inflammasome: a molecular
platform triggering activation of inflammatory caspases and processing of
proIL-beta. Mol. Cell. 10, 417–426. doi:10.1016/s1097-2765(02)00599-3

Martinon, F., Mayor, A., and Tschopp, J. (2009). The inflammasomes: guardians of
the body. Annu. Rev. Immunol. 27, 229–265. doi:10.1146/annurev.immunol.
021908.132715

Martinon, F., Pétrilli, V., Mayor, A., Tardivel, A., and Tschopp, J. (2006). Gout-
associated uric acid crystals activate the NALP3 inflammasome. Nature. 440,
237–241. doi:10.1038/nature04516

Mi, C., Wang, Z., Li, M. Y., Zhang, Z. H., Ma, J., and Jin, X. (2018). Zinc finger
protein 91 positively regulates the production of IL-1β in macrophages by
activation of MAPKs and non-canonical caspase-8 inflammasome. Br.
J. Pharmacol. 175, 4338–4352. doi:10.1111/bph.14493

Mishra, B. B., Rathinam, V. A., Martens, G. W., Martinot, A. J., Kornfeld, H.,
Fitzgerald, K. A., et al. (2013). Nitric oxide controls the immunopathology of
tuberculosis by inhibiting NLRP3 inflammasome-dependent processing of IL-
1β. Nat. Immunol. 14, 52–60. doi:10.1038/ni.2474

Nakajima, S., and Kitamura, M. (2013). Bidirectional regulation of NF-κB by
reactive oxygen species: a role of unfolded protein response. Free Radic. Biol.
Med. 65, 162–174. doi:10.1016/j.freeradbiomed.2013.06.020

Pan, H., Lin, Y., Dou, J., Fu, Z., Yao, Y., Ye, S., et al. (2020). Wedelolactone
facilitates Ser/Thr phosphorylation of NLRP3 dependent on PKA signalling to
block inflammasome activation and pyroptosis. Cell Prolif. 53, e12868. doi:10.
1111/cpr.12868

Park, H. S., Jung, H. Y., Park, E. Y., Kim, J., Lee, W. J., and Bae, Y. S. (2004). Cutting
edge: direct interaction of TLR4 with NAD(P)H oxidase 4 isozyme is essential
for lipopolysaccharide-induced production of reactive oxygen species and
activation of NF-kappa B. J. Immunol. 173, 3589–3593. doi:10.4049/
jimmunol.173.6.3589

Pedraza-Alva, G., Pérez-Martínez, L., Valdez-Hernández, L., Meza-Sosa, K. F., and
Ando-Kuri, M. (2015). Negative regulation of the inflammasome: keeping
inflammation under control. Immunol. Rev. 265, 231–257. doi:10.1111/imr.
12294

Pétrilli, V., Papin, S., Dostert, C., Mayor, A., Martinon, F., and Tschopp, J. (2007).
Activation of the NALP3 inflammasome is triggered by low intracellular
potassium concentration. Cell Death Differ. 14, 1583–1589. doi:10.1038/sj.
cdd.4402195

Qiu, H. Q., Xu, Y., Jin, G. L., Yang, J., Liu, M., Li, S. P., et al. (2015). Koumine
enhances spinal cord 3α-hydroxysteroid oxidoreductase expression and activity
in a rat model of neuropathic pain. Mol. Pain. 11, 46. doi:10.1186/s12990-015-
0050-1

Scaini, G., Barichello, T., Fries, G. R., Kennon, E. A., Andrews, T., Nix, B. R., et al.
(2019). TSPO upregulation in bipolar disorder and concomitant
downregulation of mitophagic proteins and NLRP3 inflammasome
activation. Neuropsychopharmacology. 44, 1291–1299. doi:10.1038/s41386-
018-0293-4

Schroder, K., and Tschopp, J. (2010). The inflammasomes. Cell. 140, 821–832.
doi:10.1016/j.cell.2010.01.040

Sho, T., and Xu, J. (2019). Role and mechanism of ROS scavengers in alleviating
NLRP3-mediated inflammation. Biotechnol. Appl. Biochem. 66, 4–13. doi:10.
1002/bab.1700

Steinberg, G. R., and Kemp, B. E. (2009). AMPK in health and disease. Physiol. Rev.
89, 1025–1078. doi:10.1152/physrev.00011.2008

Su, Y. P., Shen, J., Xu, Y., Zheng, M., and Yu, C. X. (2011). Preparative separation of
alkaloids from Gelsemium elegans Benth. using pH-zone-refining counter-
current chromatography. J. Chromatogr. A. 1218, 3695–3698. doi:10.1016/j.
chroma.2011.04.025

Swanson, K. V., Deng, M., and Ting, J. P. (2019). The NLRP3 inflammasome:
molecular activation and regulation to therapeutics. Nat. Rev. Immunol. 19,
477–489. doi:10.1038/s41577-019-0165-0

Tschopp, J., and Schroder, K. (2010). NLRP3 inflammasome activation: the
convergence of multiple signalling pathways on ROS production? Nat. Rev.
Immunol. 10, 210–215. doi:10.1038/nri2725

Wang, J., Wang, H., Zhang, H., Liu, Z., Ma, C., and Kang, W. (2019).
Immunomodulation of ADPs-1a and ADPs-3a on RAW264.7 cells through
NF-κB/MAPK signaling pathway. Int. J. Biol. Macromol. 132, 1024–1030.
doi:10.1016/j.ijbiomac.2019.04.031

Wang, M., Li, H., Wang, Y., Hao, Y., Huang, Y., Wang, X., et al. (2020). Anti-
rheumatic properties of gentiopicroside are associated with suppression of
ROS-NF-κB-NLRP3 axis in fibroblast-like synoviocytes and NF-κB pathway in
adjuvant-induced arthritis. Front. Pharmacol. 11, 515. doi:10.3389/fphar.2020.
00515

Wang, S., Zhang, M., Liang, B., Xu, J., Xie, Z., Liu, C., et al. (2010). AMPKα2
deletion causes aberrant expression and activation of NAD(P)H oxidase and
consequent endothelial dysfunction in vivo: role of 26S proteasomes. Circ. Res.
106, 1117–1128. doi:10.1161/CIRCRESAHA.109.212530

Wen, H., Gris, D., Lei, Y., Jha, S., Zhang, L., Huang, M. T., et al. (2011). Fatty acid-
induced NLRP3-ASC inflammasome activation interferes with insulin
signaling. Nat. Immunol. 12, 408–415. doi:10.1038/ni.2022

Wolf, A., Herb, M., Schramm, M., and Langmann, T. (2020). The TSPO-NOX1
axis controls phagocyte-triggered pathological angiogenesis in the eye. Nat.
Commun. 11, 2709. doi:10.1038/s41467-020-16400-8

Wu, J., Yang, C. L., Sha, Y. K., Wu, Y., Liu, Z. Y., Yuan, Z. H., et al. (2020). Koumine
alleviates lipopolysaccharide-induced intestinal barrier dysfunction in IPEC-J2
cells by regulating Nrf2/NF-kappaB pathway. Am. J. Chin. Med. 48, 127–142.
doi:10.1142/S0192415X2050007X

Wu, X., Zhang, H., Qi, W., Zhang, Y., Li, J., Li, Z., et al. (2018). Nicotine promotes
atherosclerosis via ROS-NLRP3-mediated endothelial cell pyroptosis. Cell
Death Dis. 9, 171. doi:10.1038/s41419-017-0257-3

Xu, L., Wang, Q., Jiang, W., Yu, S., and Zhang, S. (2019). MiR-34c ameliorates
neuropathic pain by targeting NLRP3 in a mouse model of chronic
constriction injury. Neuroscience. 399, 125–134. doi:10.1016/j.
neuroscience.2018.12.030

Xu, Y., Qiu, H. Q., Liu, H., Liu, M., Huang, Z. Y., Yang, J., et al. (2012). Effects
of koumine, an alkaloid of Gelsemium elegans Benth., on inflammatory
and neuropathic pain models and possible mechanism with
allopregnanolone. Pharmacol. Biochem. Behav. 101, 504–514. doi:10.
1016/j.pbb.2012.02.009

Xu, Y., Sheng, H., Bao, Q., Wang, Y., Lu, J., and Ni, X. (2016). NLRP3
inflammasome activation mediates estrogen deficiency-induced depression-
and anxiety-like behavior and hippocampal inflammation in mice. Brain Behav.
Immun. 56, 175–186. doi:10.1016/j.bbi.2016.02.022

Yang, C. A., Huang, S. T., and Chiang, B. L. (2015). Sex-dependent differential
activation of NLRP3 and AIM2 inflammasomes in SLE macrophages.
Rheumatology. 54, 324–331. doi:10.1093/rheumatology/keu318

Yang, J., Cai, H. D., Zeng, Y. L., Chen, Z. H., Fang, M. H., Su, Y. P., et al. (2016).
Effects of koumine on adjuvant- and collagen-induced arthritis in rats. J. Nat.
Prod. 79, 2635–2643. doi:10.1021/acs.jnatprod.6b00554

Yang, Z., Kahn, B. B., Shi, H., and Xue, B. Z. (2010). Macrophage α1 AMP-activated
protein kinase (α1AMPK) antagonizes fatty acid-induced inflammation
through SIRT1. J. Biol. Chem. 285, 19051–19059. doi:10.1074/jbc.M110.123620

Yuan, Z. H., Liang, Z. E., Wu, J., Yi, J. E., Chen, X. J., and Sun, Z. L. (2016a). A
potential mechanism for the anti-apoptotic property of koumine involving
mitochondrial pathway in LPS-mediated RAW 264.7 macrophages. Molecules.
21, 1317. doi:10.3390/molecules21101317

Yuan, Z., Matias, F. B., Wu, J., Liang, Z., and Sun, Z. (2016b). Koumine attenuates
lipopolysaccaride-stimulated inflammation in RAW264.7 macrophages,
coincidentally associated with inhibition of NF-κB, ERK and p38 pathways.
Int. J. Mol. Sci. 17, 430. doi:10.3390/ijms17030430

Yuan, Z., Liang, Z., Yi, J., Chen, X., Li, R., Wu, J., et al. (2019a). Koumine promotes
ROS production to suppress hepatocellular carcinoma cell proliferation via NF-
kappaB and ERK/p38 MAPK signaling. Biomolecules. 9, 559. doi:10.3390/
biom9100559

Yuan, Z., Liang, Z., Yi, J., Chen, X., Li, R., Wu, Y., et al. (2019b). Protective
effect of koumine, an alkaloid from Gelsemium sempervirens, on injury
induced by H(2)O(2) in IPEC-J2 cells. Int. J. Mol. Sci. 20, 754. doi:10.3390/
ijms20030754

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 62207415

Luo et al. Koumine Inhibits NLRP3 Inflammasome Activation

https://doi.org/10.1038/nrd.2018.97
https://doi.org/10.1016/j.freeradbiomed.2009.05.035
https://doi.org/10.1016/s1097-2765(02)00599-3
https://doi.org/10.1146/annurev.immunol.021908.132715
https://doi.org/10.1146/annurev.immunol.021908.132715
https://doi.org/10.1038/nature04516
https://doi.org/10.1111/bph.14493
https://doi.org/10.1038/ni.2474
https://doi.org/10.1016/j.freeradbiomed.2013.06.020
https://doi.org/10.1111/cpr.12868
https://doi.org/10.1111/cpr.12868
https://doi.org/10.4049/jimmunol.173.6.3589
https://doi.org/10.4049/jimmunol.173.6.3589
https://doi.org/10.1111/imr.12294
https://doi.org/10.1111/imr.12294
https://doi.org/10.1038/sj.cdd.4402195
https://doi.org/10.1038/sj.cdd.4402195
https://doi.org/10.1186/s12990-015-0050-1
https://doi.org/10.1186/s12990-015-0050-1
https://doi.org/10.1038/s41386-018-0293-4
https://doi.org/10.1038/s41386-018-0293-4
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1002/bab.1700
https://doi.org/10.1002/bab.1700
https://doi.org/10.1152/physrev.00011.2008
https://doi.org/10.1016/j.chroma.2011.04.025
https://doi.org/10.1016/j.chroma.2011.04.025
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1038/nri2725
https://doi.org/10.1016/j.ijbiomac.2019.04.031
https://doi.org/10.3389/fphar.2020.00515
https://doi.org/10.3389/fphar.2020.00515
https://doi.org/10.1161/CIRCRESAHA.109.212530
https://doi.org/10.1038/ni.2022
https://doi.org/10.1038/s41467-020-16400-8
https://doi.org/10.1142/S0192415X2050007X
https://doi.org/10.1038/s41419-017-0257-3
https://doi.org/10.1016/j.neuroscience.2018.12.030
https://doi.org/10.1016/j.neuroscience.2018.12.030
https://doi.org/10.1016/j.pbb.2012.02.009
https://doi.org/10.1016/j.pbb.2012.02.009
https://doi.org/10.1016/j.bbi.2016.02.022
https://doi.org/10.1093/rheumatology/keu318
https://doi.org/10.1021/acs.jnatprod.6b00554
https://doi.org/10.1074/jbc.M110.123620
https://doi.org/10.3390/molecules21101317
https://doi.org/10.3390/ijms17030430
https://doi.org/10.3390/biom9100559
https://doi.org/10.3390/biom9100559
https://doi.org/10.3390/ijms20030754
https://doi.org/10.3390/ijms20030754
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Yue, R., Jin, G., Wei, S., Huang, H., Su, L., Zhang, C., et al. (2019).
Immunoregulatory effect of koumine on nonalcoholic fatty liver disease rats.
J. Immunol. Res. 2019, 8325102. doi:10.1155/2019/8325102

Zhang, B., Xu,D., She, L.,Wang, Z., Yang,N., Sun, R., et al. (2018). Silybin inhibitsNLRP3
inflammasome assembly through the NAD+/SIRT2 pathway in mice with
nonalcoholic fatty liver disease. FASEB J. 32, 757–767. doi:10.1096/fj.201700602R

Zhou, R., Tardivel, A., Thorens, B., Choi, I., and Tschopp, J. (2010). Thioredoxin-
interacting protein links oxidative stress to inflammasome activation. Nat.
Immunol. 11, 136–140. doi:10.1038/ni.1831

Zhou, R., Yazdi, A. S., Menu, P., and Tschopp, J. (2011). A role for mitochondria in
NLRP3 inflammasome activation. Nature. 469, 221–225. doi:10.1038/nature09663

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Luo, Xiong, Liu, Chen, Huang, Yu and Yang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 62207416

Luo et al. Koumine Inhibits NLRP3 Inflammasome Activation

https://doi.org/10.1155/2019/8325102
https://doi.org/10.1096/fj.201700602R
https://doi.org/10.1038/ni.1831
https://doi.org/10.1038/nature09663
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Koumine Suppresses IL-1β Secretion and Attenuates Inflammation Associated With Blocking ROS/NF-κB/NLRP3 Axis in Macrophages
	Introduction
	Materials and Methods
	Animals
	Chemicals and Antibodies
	Cell Culture and Stimulation
	Flow Cytometry Analysis
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Proliferation Assay
	MSU-Induced Peritonitis
	Western Blotting
	Quantitative Real-Time PCR (RT-qPCR)
	Immunofluorescence Staining
	ASC Oligomerization and ASC Speck Assay
	Immunoprecipitation (IP) Assay
	Measurement of Intracellular ROS Generation
	Statistical Analysis

	Results
	KM Attenuates IL-1β Production in Macrophages
	KM Attenuates IL-1β Production in MSU-Induced Peritonitis
	KM Inhibits NLRP3 Inflammasome Activation
	KM Inhibits the Activation of NF-κB Signaling
	KM Hampers the Assembly of the NLRP3 Inflammasome
	KM Inhibits ROS Generation

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


