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Bergapten inhibits NLRP3 inflammasome activation and
pyroptosis via promoting mitophagy

Tong Luo’, Xin Jia?, Wan-di Feng?, Jin-yong Wang?, Fang Xie', Ling-dong Kong?, Xue-jiao Wang', Rui Lian, Xia Liu’, Ying-jie Chu',

Yao Wang'™ and An-long Xu'™

Inhibition of NLRP3 inflammasome activation produces potent therapeutic effects in a wide array of inflammatory diseases.
Bergapten (BeG), a furocoumarin phytohormone present in many herbal medicines and fruits, exibits anti-inflammatory activity. In
this study we characterized the therapeutic potential of BeG against bacterial infection and inflammation-related disorders, and
elucidated the underlying mechanisms. We showed that pre-treatment with BeG (20 pM) effectively inhibited NLRP3 inflammasome
activation in both lipopolysaccharides (LPS)-primed J774A.1 cells and bone marrow-derived macrophages (BMDM:s), evidenced by
attenuated cleaved caspase-1 and mature IL-1p release, as well as reduced ASC speck formation and subsequent gasdermin D
(GSDMD)-mediated pyroptosis. Transcriptome analysis revealed that BeG regulated the expression of genes involved in
mitochondrial and reactive oxygen species (ROS) metabolism in BMDMs. Moreover, BeG treatment reversed the diminished
mitochondrial activity and ROS production after NLRP3 activation, and elevated the expression of LC3-Il and enhanced the co-
localization of LC3 with mitochondria. Treatment with 3-methyladenine (3-MA, 5 mM) reversed the inhibitory effects of BeG on IL-
1B, cleaved caspase-1 and LDH release, GSDMD-N formation as well as ROS production. In mouse model of Escherichia coli-induced
sepsis and mouse model of Citrobacter rodentium-induced intestinal inflammation, pre-treatment with BeG (50 mg/kg) significantly
ameliorated tissue inflammation and injury. In conclusion, BeG inhibits NLRP3 inflammasome activation and pyroptosis by
promoting mitophagy and maintaining mitochondrial homeostasis. These results suggest BeG as a promising drug candidate for

the treatment of bacterial infection and inflammation-related disorders.
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INTRODUCTION

The nucleotide-binding domain and leucine-rich repeat-contain-
ing (NLR) family pyrin domain-containing protein 3 (NLRP3)
inflammasome, which has been implicated in the pathogenesis
of inflammatory disorders, can be triggered by a variety of
stimuli, including microbial pathogen-associated molecular
patterns (PAMPs) or endogenous damage-associated molecular
patterns (DAMPs), and therefore needs to be regulated [1, 2].
NLRP3 inflammasome is a multi-protein heteromeric complex
existing in the cytoplasm, which is composed of intracellular
receptor NLRP3, apoptosis-associated speck-like protein contain-
ing a CARD (ASC), and the downstream protease caspase-1. After
NLRP3 inflammasome activation, pro-IL-13, pro-IL-18, and
gasdermin D (GSDMD) are cleaved by active caspase-1,
generating mature-IL-13, mature-IL-18 and N-terminal cleavage
product (GSDMD-N), thereby triggering a specific form of
inflammatory cell death called pyroptosis [3-5]. Additionally, a
number of pro-inflammatory factors are released, resulting in an
intensified inflammatory response [6]. Thus, blocking NLRP3
inflammasome activation is an effective treatment strategy for
treating inflammatory diseases.

Mitochondrial dysfunction induced by NLRP3 stimuli, adenosine
5'-triphosphate disodium (ATP) or nigericin, causes NLRP3
inflammasome activation through the dissipation of mitochondrial
membrane potential and the release of MtDAMP, such as
mitochondrial reactive oxygen species (ROS) [7-9]. Thus, mito-
chondrial dysfunction plays the central role in NLRP3 inflamma-
some activation through multiple mechanisms [1, 10]. Further,
studies have demonstrated that mito-TEMPO, a scavenger of
mitochondrial ROS, reduces NLRP3 inflammasome activation in
macrophage [11]. This suggests that during inflammatory
processes, a positive correlation exists between oxidative stress
induced by mitochondrial dysfunction and NLRP3 inflammasome
activation. Mitophagy eliminates dysfunctional mitochondria and
is therefore necessary for maintaining mitochondrial homeostasis
and improving the mitochondrial mass [12]. Through early
endosomal-dependent mitophagy, the NLRP3 inflammasome’s
activation could be restricted in macrophages [13]. Furthermore,
binding of LC3B to mitochondria and mitophagy is inhibited by
pro-IL-1a binding to mitochondrial cardiolipin, and the subse-
quent accumulation of impaired mitochondria promotes NLRP3
inflammasome activation, leading to increased IL-1(3 release [14].
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Therefore, pathophysiological factors such as mitochondrial
dysfunction, oxidative stress, and impaired mitophagy contribute
to NLRP3 inflammasome activation. Hence, suppressing NLRP3
inflammasome activation and pyroptosis by maintaining mito-
chondrial homeostasis and promoting mitophagy could be a
promising strategy for controlling inflammatory diseases.

Bergapten (5-methoxypsoralen, BeG) is a bioactive coumarin-
derived compound extracted from Cnidium monnieri (L.) Cusson,
Citrus bergamia Risso and Heracleum nepalense [15-17]. BeG has
attracted considerable interest in research owing to its biological
activities, including organ protective, neuro-protective, anti-
diabetic, anti-cancer, and anti-inflammatory properties [18-20].
BeG also helps in treating asthma by enhancing the activities of
superoxide dismutase and catalase. The pro-inflammatory cyto-
kines are suppressed by BeG via the regulation of JAK/STAT
pathway [19, 21]. However, as a promising drug candidate for
treating inflammatory diseases, the therapeutic efficacy of BeG
against bacterial infection and inflammation-related disorders
along with the underlying molecular mechanism remain poorly
understood.

In this study, we showed that BeG dose-dependently restrained
NLRP3 inflammasome activation and pyroptosis, which was
accompanied by the reduction in caspase-1 cleavage, mature IL-
1B release, and formation of ASC specks. The inhibitory effect of
BeG treatment on the NLRP3 inflammasome activation was
mediated by mitophagy and improved mitochondrial home-
ostasis. We also demonstrated that BeG exhibited therapeutic
effects in mouse models with bacterial-infected sepsis and
intestinal inflammation.

MATERIALS AND METHODS

Antibodies and reagents

ATP salt hydrate (A6419), ultrapure lipopolysaccharides (L4391),
Hoechst33342 (B2261) and propidium iodide (P4170) were
purchased from Sigma-Aldrich (Munich, Germany);
3-methyladenine (A8353) was from APExBIO (Houston, TX, USA);
JC-1 (65-0851-38), MitoTracker Green (M7514), MitoTracker Deep
Red (M22426), MitoSOX (M36008) and Penicillin-Streptomycin
(15140122) were from Invitrogen (Carlsbad, CA, USA); Pam3CSK4
(tirl-pms) and nigericin (TLRL-NIG) were from InvivoGen (San
Diego, CA, USA); and Bergapten (HY-N0370, C;,HgO,4, Mw: 216.19,
>99.77%) was from MedChemExpress (Monmouth Junction, NJ,
USA). Cytotoxicity LDH (CK12) assay and cell counting kit-8 (CK04-
100) were obtained from Dojindo (Kumamoto, Japan). Mouse IL-13
enzyme-linked immunosorbent assay kits (KE10003-96T) and
mouse tumor necrosis factor (TNF-a) ELISA kits (KE10002-96T)
were purchased from Proteintech (Chicago, IL, USA). Evo M-MLV
RT-PCR Kit (AG11601) and SYBR Green Premix Pro Tag HS gPCR Kit
(AG11701) were from Accurate Biology (Changsha, China).
Dulbecco’s Modification of Eagle’s Medium (C11995500BT) and
Fetal Bovine Serum (1600044) were purchased from Gibco
(Carlsbad, CA, USA). Murine M-CSF (315-02) was from PeproTech
(Rocky Hill, NJ, USA). Anti-GSDMD (1:1000, ab209845), anti-
caspase-1 (1:2000, ab179515), anti-LC3B (1:1000, ab48394)
antibodies were obtained from Abcam (Cambridge, MA, USA).
Anti-NLRP3 (1:1000, AG-20B-0014-C100) and Anti-ASC (1:1000, AG-
25B-0006-C100) antibodies were obtained from Adipogen (San
Diego, CA, USA). Escherichia coli (ATCC 11303) was purchased from
ATCC (Manassas, VA, USA), and Citrobacter rodentium was supplied
by Prof. Chen Dong (Tsinghua University, Beijing, China).

Mice

Male C57BL/6J mice (age, 8 weeks) were obtained from SPF
Biotechnology Co., Ltd. and allowed to acclimatize for 1 week in a
specific pathogen-free (SPF) environment before the experimental
procedures (Approval No. BUCM-4-2022041304-2017).
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Cell culture

For the isolation of BMDMs, femur and tibias were removed from
wild-type mice. Using a 5mL syringe needle, a small hole was
made at the bottom of a 0.6 mL microcentrifuge tube. The
epiphysis was carefully cut off and the isolated tibia and femur
were placed in a 0.6 mL microcentrifuge tube nested in a 1.5 mL
microcentrifuge tube. Marrow was then transferred to the bottom
tube by centrifugation at 10,000 x g for 30 s. Primary BMDMs were
cultured for seven days at 37 °C in DMEM supplemented with 20%
FBS, M-CSF (25 ng/mL), and 1% penicillin-streptomycin (P/S). The
medium was supplemented on day 3 and replaced on day 5.
Immortalized BMDM (iBMDM) cells and mouse macrophage cell
line J774A.1 were cultured in DMEM supplemented with 10% FBS
and 1% P/S.

Inflammasome activation

For NLRP3 inflammasome stimulation, J774A.1 cells were pre-
treated with BeG (20 uM) for 2 h and primed with LPS (500 ng/mL)
for 4 h before NLRP3 stimulus was added: nigericin (20 uM) or ATP
(4 mM) for 1 h unless otherwise specified. To activate the canonical
NLRP3 inflammasome, BMDMs or iBMDM were pre-treated with
BeG (20 uM) for 2 h and primed with LPS (100 ng/mL for BMDM,
500 ng/mL for iBMDM) for 4 h before NLRP3 stimulus was added:
nigericin (10 uM) for 1 h or ATP (4 mM) for 1h. To activate non-
canonical NLRP3 inflammasome, BMDMs were primed with
Pam3CSK4 (100 ng/mL) for 4 h. The medium was replaced and a
dose of 1ug/mL LPS was transfected for 16 h with FUGENE HD
transfection reagent. To study the effects of BeG treatment on
NLRP3 priming, BMDMs were incubated with BeG (20 uM) for 2 h
before LPS (500 ng/mL) stimulation for 4 h. THP-1 was incubated
with BeG (20 uM) and LPS (500 ng/mL) for 4, 8, and 12 h.

Cell death assays

Lactate dehydrogenase (LDH) release assay and propidium iodide
(Pl) incorporation were used to analyze cell death. The culture
medium was analyzed for LDH release as directed by the assay
kit's manufacturer. To examine the inflammatory cell death, the
cells were stained for 10 min with Pl (4 pg/mL) and Hoechst33342
(5 pg/mL). Images of pyroptotic cells were acquired using an
INCell Analyser 2500 with High Content Analysis (GE Healthcare,
Pittsburgh, PA, USA).

Enzyme-linked immunosorbent assay (ELISA)

Conditioned media or serum was collected and mouse IL-13 and
TNF-a was quantified using the respective ELISA kits following the
manufacturer’s instructions (Proteintech, Chicago, IL, USA).

Immunoblotting

As described previously, an equal volume of medium was
collected and precipitated for detecting secreted caspase-1 p10
in J774A.1 cells or BMDMs [22, 23]. The protein samples were
separated by SDS-PAGE electrophoresis, followed by their
electrophoretic transfer onto nitrocellulose filter membranes. After
overnight incubation at 4°C with primary antibodies, the
membranes were incubated with appropriate secondary horse-
radish peroxidase (HRP) conjugated antibodies for 1h. Protein
expression was assessed using a Tanon (Shanghai, China) 5200
automatic chemiluminescence image analysis system.

Flow cytometric analyses

The mitochondrial mass of J774A.1 cell was detected by staining
with MitoTracker Deep Red (150nM) and MitoTracker Green
(100 nM) for 30 min. Mitochondria-associated ROS levels of
J774A.1 cells were measured at 37 °C by staining cells with 5 uM
MitoSOX for 30 min. J774A.1 cells were then washed and
resuspended in a 500uL PBS containing 2% FBS for
fluorescence-activated cell sorting (FACS).
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Confocal microscopy

To observe the formation of ASC specks, BMDMs were fixed for
20 min in 4% paraformaldehyde and permeabilized with 0.5%
Triton X-100 for 20 min. Nonspecific binding was blocked using
10% goat serum. Cells were incubated with anti-ASC (1:100) at
4°C, followed by incubation with Alexa Fluor 488 for 1h and
Hoechst 33342 for 10 min. To detect the co-localization of LC3 and
mitochondria, BMDMs were incubated with anti-LC3B (1:150),
followed by staining with Alexa Fluor 647 and MitoTracker Green
(100 nM). JC-1 staining (2pM) was used to measure the
mitochondrial membrane potential. Confocal images were imme-
diately captured using an Olympus confocal microscope (FV3000,
Tokyo, Japan) and rendered using vendor-supplied software.

Transmission electron microscope

The BMDMs were treated as described above, following which the
samples were dehydrated and embedded in acrylic resin. Ultrathin
samples were mounted on nickel grids, stained with lead citrate
and uranyl acetate, and rinsed with distilled water. Images were
acquired on an electron microscope and rendered using vendor-
supplied software.

DNA and RNA isolation and real-time qPCR

The experiments were conducted following the protocols
described previously [24]. DNeasy kits (Qiagen) were used for
the purification of cellular DNA. To quantify the mitochondrial
DNA (mtDNA)/nuclear DNA (nDNA) ratio, one gene from the
mitochondrial genome (D-loop) and one from the nuclear genome
(Tert) were amplified by qPCR. Whole-cell RNA was extracted from
BMDMs or THP-1 cells using the TRIzol reagent. RNA was reverse-
transcribed with the Evo M-MLV RT-PCR Kit for cDNA synthesis.
cDNA was amplified by qPCR with SYBR Green Premix Pro Tag HS
gPCR Kit. Primer sequences are listed in Table 1.

RNA sequencing and bioinformatics analyses

After LPS-ATP stimulation, the cellular RNA was extracted from
BMDMs using the TRIzol reagent. Samples that passed the basic
quality metrics were used for RNA-Seq analysis. The sequencing
quality was assessed with FastQC (v0.11.5) and low-quality data
were filtered using NGSQC (v2.3.3). The gene expression analyses
were carried out by StringTie (v1.3.3b). DESeq (v1.28.0) was used
to analyze the differentially expressed genes (DEGs) between
samples. Parameters for identifying DEGs were >2-fold differences
(logFC| =1, FC: fold change in expression) in the transcript
abundance and P<0.05. The volcano plot and heatmap were
generated using R 4.0.3 software. Gene Ontology (GO) functional
enrichment analysis was conducted via the R package ‘cluster-
Profiler. Gene set enrichment analysis (GSEA) was performed on
the GSEA 4.1.0 software with gene sets sourced from the MSigDB
database.
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E. coli-iinduced bacteremia model

For E. coli-induced septic shock, mice (n=12) were injected
intraperitoneally (i.p.) with BeG (50 mg/kg) or PBS 24h and 1h
before injecting E. coli (1 x 10" CFU/kg). The mortality rate of mice
was monitored regularly. To induce inflammatory cytokine
secretion, mice (n =5) were i.p. injected with BeG (50 mg/kg) or
PBS for 24h and 1h before injecting E. coli (5x10'® CFU/kg).
Serum samples were collected 6 h post-infection and cytokine
levels were measured using ELISA. The mice were sacrificed. The
lungs were removed for haematoxylin and eosin (H&E) staining or
Western blot, and colon and liver were removed for H&E staining.

Mouse model of C. rodentium infection

For C. rodentium infection, mice (n =5) were intragastrically (i.g.)
infected with 25x10'® CFUkg 'd™' bacteria 1h after BeG
administration (50 mg/kg). Body weight was measured every
2 days. On the ninth day, the mice were sacrificed, and the colon
and jejunum were removed for H&E staining. The viscera indices
(spleen, kidney, and liver) were also measured. Liver, kidneys, and
mesenteric lymph nodes were removed and homogenized to
measure the bacterial burden.

Haematoxylin and eosin staining

After the mice were anaesthetized with isoflurane and sacrificed,
visceral tissues were isolated and fixed in 4% paraformaldehyde.
The tissue specimens were subsequently removed and embedded
in paraffin. Sample sections were stained with H&E solution.

Statistical analysis

Data were analyzed using the GraphPad Prism 8.0.2 software.
Statistical significance for experiments with multiple groups and a
single independent variable was tested with one-way analysis of
variance (ANOVA) followed by Bonferroni post-test. Two-way
ANOVA was used for analysis of multiple groups with multiple
independent variables. For the survival analysis, a log-rank test
was used. The mean represents the central tendency and error
bars represent the standard deviation (SD) in all the graphs.

RESULTS

Bergapten attenuates NLRP3 inflammasome activation

Although NLRP3 inflammasome is essential for immunity against
pathogenic infections, dysregulated activation of NLRP3 inflam-
masome can lead to various inflammatory diseases [25].
Considering that BeG (Fig. 1a) has been proven to be a natural
anti-inflammatory agent, we examined its effects on NLRP3
inflammasome activation. Firstly, the viability of J774A.1 cells is
measured using the CCK-8 assay and concentrations of BeG (5, 10,
and 20 uM) are selected for further experiments based on their
low cytotoxicity (Fig. 1b). Next, the level of caspase-1 cleavage in
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Table 1. Primer sequence (forward and reverse).
Gene Forward primer Reverse primer
IL1B 5-TTCGACACATGGGATAACGAGG-3’ 5-TTTTTGCTGTGAGTCCCGGAG-3/
IL6 5/-ACTCACCTCTTCAGAACGAATTG-3’ 5/-CCATCTTTGGAAGGTTCAGGTTG-3’
b 5/-CTGTGACTCATGGGATGATGATG-3' 5-CGGAGCCTGTAGTGCAGTTG-3'
116 5/-CTGCAAGAGACTTCCATCCAG-3’ 5-AGTGGTATAGACAGGTCTGTTGG-3’
Tnf 5/-CCTGTAGCCCACGTCGTAG-3’ 5-GGGAGTAGACAAGGTACAACCC-3’
Tgfb1 5-CTCCCGTGGCTTCTAGTGC-3/ 5-GCCTTAGTTTGGACAGGATCTG-3/
D-loop 5/-AATCTACCATCCTCCGTGAAACC-3/ 5-TCAGTTTAGCTACCCCCAAGTTTAA-3/
Tert 5/-CTAGCTCATGTGTCAAGACCCTCTT-3' 5-GCCAGCACGTTTCTCTCGTT-3'
Relative gene expression levels were analyzed by relative quantitative 27*2“T method.
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Fig. 1 Bergapten (BeG) attenuates nucleotide-binding domain and leucine-rich repeat-containing (NLR) family pyrin domain-containing

protein 3 (NLRP3) inflammasome activation. a Molecular structure of BeG. b Cytotoxicity of J774A.1 cells after 12 and 24 h of BeG treatment
(n =3 per group). c-e Western blotting analysis of NLRP3, pro-caspase1, apoptosis-associated speck-like protein containing a CARD (ASC) and
NLRP3 inflammasome activation-related protein (Casp1-p10) from the cell (J774A.1 and bone marrow-derived macrophages [BMDM:s]) lysates
and culture supernatants. f-h Effect of BeG treatment on interleukin-1p (IL-1) production in the culture supernatants of BMDMs (n = 3 per
group). i-l Images of immunofluorescence showing the subcellular distribution of ASC (green). Nuclei (blue) are shown by Hoechst 33342
(arrowheads mark ASC specks); scale bar: 20 pm. Quantification of ASC specks was done from six random fields (one field per well) (n =6 per
group). Data shown as mean £ SD (****P < 0.0001; ns not significant).

the conditioned media is measured. Immunoblotting results intracellular supramolecular complexes of inflammasomes. Upon

reveal that BeG treatment inhibits cleaved caspase-1 release in
both BMDMs and J774A.1 cells (Fig. 1c-e). In addition, BeG
treatment attenuates IL-1 secretion under nigericin and ATP
stimulation, but this does not affect non-canonical NLRP3
activation by intracellular LPS stimulation, as determined by ELISA
(Fig. 1f-h). ASC is an important component in the formation of

SPRINGER NATURE

NLRP3 activation, ASC proteins form large spherical structures
(referred to as ‘specks’) in the perinuclear region, by self-
association before the activation of downstream signaling cascade
[26]. Our results demonstrate that BeG substantially decreases the
formation of ASC specks in LPS-primed BMDMs upon ATP or
nigericin stimulation (Fig. 1i-I).

Acta Pharmacologica Sinica (2023) 44:1867 - 1878



It takes two steps to activate the NLRP3 inflammasome: priming
and activation. The first step (priming) enables the cell to
transcribe the NLRP3 gene and other pro-inflammatory genes,
whereas the second step occurs following the recognition of
various PAMPs or DAMPs and induces full activation and
formation of the NLRP3 inflammasome [1, 25]. Based on the
above findings that BeG inhibits NLRP3 inflammasome activation,
we suspected that priming is regulated by BeG. To evaluate the
effect of BeG on the priming step, BMDMs are stimulated with LPS.
Remarkably, upon LPS stimulation, increased messenger RNA
(MmRNA) expression levels of //1b and Il6 are detected by qPCR.
However, transcription levels of //7b and /l6 genes in BMDMs
treated with BeG does not show changes upon LPS stimulation
(Supplementary Fig. Sla, b). Consistently, similar results were
obtained from LPS-stimulated THP-1 cells, indicating that BeG that
does not inhibit the gene expression levels of IL1B and IL6
(Supplementary Fig. S1c, d). Moreover, BeG does not suppress the
expression of NLRP3, caspase-1, and ASC, upon LPS stimulation, as
determined by Western blotting (Supplementary Fig. S1e). There-
fore, these findings indicate that BeG inhibited NLRP3 inflamma-
some activation and the effects of BeG on NLRP3 inflammasome
activation were independent of inhibition of the priming step.

BeG inhibits pyroptosis

In addition to the caspase-1-dependent release of pro-
inflammatory cytokines, NLRP3 inflammasome activation can
result in GSDMD-mediated pyroptosis [27]. Considering that BeG
significantly suppressed IL-1B and formation of ASC speck, we
sought to investigate the effects of BeG on pyroptosis. Results
demonstrate that upon ATP stimulation, BeG dose-dependently
decreases the ratio of Pl-positive J774A.1 cells (Fig. 2a, b). BeG also
attenuated cell death in LPS-primed BMDMs in response to ATP or
poly (I:C) (Fig. 2¢, d, Supplementary Fig. S2a). Next, an LDH release
assay was performed to quantify pyroptosis. BeG decreases LDH
release in response to either nigericin or ATP (Fig. 2e, f). Some
characteristic morphological changes, including cell swelling,
cessation of movement, and development of ballooning cell
membranes that disintegrate abruptly to yield an atrophied
corpse, are observed in LPS-primed BMDMs stimulated with either
nigericin or ATP (Fig. 2g—j). Consistent with the reduction in LDH
release, these morphological changes are reversed by BeG
treatment (Fig. 2g-j). Moreover, BeG blocks the formation of
GSDMD-N which results in release of pro-inflammatory factors by
promoting membrane rupture in J774A.1, BMDMs, and iBMDM
cells, with ATP or nigericin stimulation (Fig. 2k-m, Supplementary
Fig. S2b). These results demonstrated that BeG suppresses
pyroptosis induced by NLRP3 stimuli, ATP, or nigericin, suggesting
its potential role in suppressing the inflammatory response.

BeG improves mitochondrial homeostasis in response to NLRP3
inflammasome activation

To determine which genes were significantly up- or down-
regulated by BeG during NLRP3 inflammasome activation, LPS-
primed BMDMs were stimulated with ATP with or without BeG
pre-treatment and subjected to RNA sequencing analysis. As
shown in Supplementary Fig. S3a, 492 DEGs are identified
between LPS + ATP + BeG and LPS + ATP groups, with 129 up-
regulated and 363 down-regulated genes.

Intriguingly, we found that genes upregulated in the BeG
treatment group, as compared with the NLRP3 inflammasome
activated group are involved in mitochondrial function such as
oxidative phosphorylation (Gpx3, prdx1, Txnrd1, etc), mitochondrial
metabolism (Cox17, Uqcrb, Vadcl, etc), and mitophagy (Becnl,
Atg4b, Atg5, etc). In contrast, oxidative stress-related genes (Nox1,
Nos2, Cdknla, etc) are down-regulated (Fig. 3a). Furthermore,
GSEA results demonstrate that DEGs are up-regulated in biological
process (BP) of mitochondrial translation but negatively enriched
in BP of oxidative damage by BeG treatment with normalized
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enrichment scores (NES) of 2.02 and -1.50, respectively (Fig. 3b).
GO enrichment analysis focusing on BP is performed to identify
DEGs that are primarily enriched in the immune response and ROS
metabolism (Supplementary Fig. S3b).

Accumulated evidence has revealed that mitochondrial
damage and mitochondrial ROS generation are upstream events
in the NLRP3 inflammasome activation [8, 28, 29]. The
bioinformatics analysis results clearly illustrated BeG treatment
may improve mitochondrial homeostasis in response to NLRP3
inflaimmasome activation. To validate this speculation, TEM is
employed to visualize mitochondrial structural features. Swollen
mitochondria with severe disruption are noted in BMDMs
treated with LPS and ATP, whereas BeG treatment significantly
improves mitochondrial morphology (Fig. 3c). To further
investigate the potential effects of BeG treatment on mitochon-
drial activity upon stimulation, the mitochondrial membrane
potential (MMP) was determined with JC-1 or MitoTracker Green
(labeling total mitochondria) and MitoTracker Deep Red (label-
ing respiratory mitochondria). Results show that the JC-1
aggregates (red)/monomer (green) ratio is much lower in LPS-
primed BMDMs stimulated with ATP, indicating that MMP is
significantly decreased, whereas BeG treatment significantly
elevates MMP (Fig. 3d, e). Consistent with this observation, the
ratio of dysfunctional mitochondria increases in LPS-primed
BMDMs in response to either ATP or nigericin, while BeG
treatment significantly reverses this change, indicating the
protective effects of BeG on mitochondrial function (Fig. 3f-h).
Owing to the lack of nucleosomes and DNA repair mechanisms,
mtDNA is highly vulnerable to damage, which can result in its
depletion [30]. Quantification of mtDNA copy number is an
indicator of mitochondrial mass and is a good biomarker for
disease progression [31]. Thus, mtDNA levels were detected by
qPCR. As expected, LPS and ATP stimulation or CCCP treatment
results in lower mtDNA levels; however, BeG treatment
significantly reverses the reduction in mtDNA levels (Fig. 3i, j).
Mitochondria are exquisitely complex regulators of cytosolic
homeostasis, and stress conditions like membrane damage can
markedly induce mitochondrial ROS production [32, 33]. As
detected by fluorescence of MitoSOX, mitochondrial superoxide
anion radical (Oy" 7) increases in by J774A.1 cells with LPS and
ATP stimulation, indicating enhanced mitochondrial ROS pro-
duction. In contrast BeG treatment significantly decreases the
mitochondrial ROS levels (Fig. 3k, 1). Therefore, our data
demonstrates that treatment with BeG improves mitochondrial
integrity and function in response to NLRP3 inflammasome
activation.

BeG promotes mitophagy to inhibit NLRP3 inflammasome
activation

Bioinformatic analysis suggests that effect of BeG treatment in
maintaining mitochondrial homeostasis is associated with mito-
phagy (Fig. 3a, b). Mitophagy is an important quality control
mechanism for mitochondria that eliminates dysfunctional mito-
chondria to maintain cellular homeostasis [32, 34]. Therefore, we
investigated whether BeG treatment affected mitophagy during
inflammasome activation. During the formation of autophago-
somes, LC3-l protein is converted to the autophagic vesicle-
associated form (LC3-ll), which is an important marker of
autophagic activity within cells [35]. Upon NLRP3 activation,
treatment with BeG enhances the protein level of LC3-Il in BMDMs
(Fig. 4a). The degree of co-localization of mitochondria and LC3
increases significantly after BeG treatment. Additionally, 3-MA,
which is an inhibitor of autophagy suppresses this effect (Fig. 4b).
Thus, the inhibition of IL-13 release and its mRNA expression by
BeG treatment is reversed by 3-MA treatment (Fig. 4c-g).
Consistent with this, BeG-mediated inhibition of cleaved
caspase-1 release, LDH release, and GSDMD-N formation is
reversed by 3-MA treatment (Fig. 4h-j). 3-MA also increases the
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lipopolysaccharides (LPS) for 4 h, and nigericin for 1 h; scale bar 250 pm. Percentages of Pl-positive cells relative to all cells were quantified by
counting four randomly chosen fields (one field per well) (n =4 per group). ¢, d Pl and Hoechst 33342 stained BMDMs cells; scale bar 200 pm.
Percentages of Pl-positive cells relative to all are quantified by counting six randomly chosen fields (one field per well) (n =6 per group).
e, f Effects of BeG treatment on lactate dehydrogenase (LDH) release of LPS-primed BMDMs stimulated with nigericin or adenosine 5’-
triphosphate disodium (ATP) in culture supernatants (n =3 per group). g-j Bright-field images of LPS-primed BMDMs upon ATP or nigericin
stimulation with or without BeG pre-treatment (arrowheads mark pyroptotic cells). The percentage of pyroptotic cells. Scale bar is 100 pm. A
total of six randomly chosen fields were counted to quantify the number of pyroptotic cells (n = 6 per group). k J774A.1 cells were pre-treated
with BeG for the indicated concentrations before LPS-ATP stimulation, followed by immunoblotting. I, m Immunoblot analysis of N-terminal
cleavage product of gasdermin D (GSDMD-N) expression in LPS-primed immortalized BMDM (iBMDM) cells treated with nigericin or ATP with
or without BeG pre-treatment. Data shown as mean +SD (**P < 0.01, ***P < 0.001, ****P < 0.0001).

frequency of MitoSOX-positive cells and enhances the fluores- BeG protects against sepsis induced by E. coli

cence intensity of relative ROS expression in J774a.1 cell (Fig. 4k, I). To elucidate the physiological function of BeG treatment in
These results suggest that BeG suppresses NLRP3 inflammasome inflammatory diseases mediated by the NLRP3 inflammasome, a
activation by promoting mitophagy. mouse model of E. coli-induced sepsis is used to determine the effect
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Fig.3 BeG improves mitochondrial homeostasis in response to NLRP3 inflammasome activators. a RNA-seq heat map showing the relative
MRNA levels of genes associated with mitochondrial function, mitophagy, detoxification of ROS, and oxidative stress pathway for
LPS + ATP + BeG and LPS + ATP groups. b Gene set enrichment analysis (GSEA) of significantly up-regulated genes in the LPS + ATP + BeG
group as compared to the LPS 4 ATP group. ¢ Analysis of morphology of mitochondria in BMDMs using transmission electron microscope;
scale bar 1 pm. d, e Mitochondrial membrane potential in BMDMs was analyzed by the JC-1 using confocal microscopy (n =5 per group). Scale
bar 25 pm. f-h J774A.1 cells were stained with Mitotracker Green (labeling total mitochondria) and Mitotracker Deep Red (labeling respiratory
mitochondria) after LPS-ATP stimulation and then analyzed by flow cytometry (n = 4 per group). i, j gPCR analysis of the mtDNA/ nDNA ratio
in BMDMs (n = 3 per group). k, 1 J774A.1 cells were pre-treated with BeG, stimulated with LPS and ATP, stained with MitoSOX and analyzed by
flow cytometry (n =3 per group). Data shown as mean £ SD (*P < 0.05, ***P < 0.001, ****P < 0.0001).

of BeG treatment in vivo (Fig. 5a). Administration of BeG improve indicates that BeG treatment significantly alleviates E. coli-induced
mouse survival after E. coli infection compared to that in E. coli group overt infiltration of inflammatory cells in the lungs, colon, and liver of
(Fig. 5b). Furthermore, IL-13 levels sharply increase in the serum after mice (Fig. 5e-q). To further clarify the pharmacological function of
bacterial infection. Although, BeG administration results in a BeG on E. coliinduced sepsis, we analyzed the NLRP3-GSDMD
significant decrease in IL-13 secretion, but no significant inhibitory pathway and LC3 in lungs. The results showed that E. coli increases
effect is observed on serum TNF-a levels (Fig. 5¢, d). H&E staining also the expression of NLRP3, cleaved caspase-1 and GSDMD-N (Fig. 5h).
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Fig. 4 BeG promotes mitophagy to inhibit NLRP3 inflammasome activation. a Western blotting analysis of LC3B in BMDMs treated as
indicated in the image. b Confocal microscopy of BMDMs pre-treated with BeG stimulated with LPS and treated with ATP, stained for LC3 with
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from the BMDM s lysates and culture supernatants. i LDH release in culture supernatants (n = 3 per group). j Immunoblot analysis of GSDMD-N
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Pre-treatment with BeG significantly inhibits E. coli-induced expres- against bacterial infections by alleviating the inflammatory immune
sion of cleaved caspase-1 and GSDMD-N in lung (Fig. 5h). response and repressing NLRP3 inflammasome activation.
Simultaneously, pre-treatment with BeG also leads to increase of

LC3 1l (Fig. 5h), suggesting that BeG may also promote autophagy and BeG ameliorates C. rodentium-induced intestinal inflammation
inhibit NLRP3 inflammasome activation in mice. Collectively, these We further investigated whether BeG protects mice from
data demonstrate that pre-treatment with BeG exerted protection C. rodentium-associated intestinal inflammation, which is
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mediated by the non-canonical NLRP3 inflammasome (Fig. 6a). C.
rodentium infection resulted in significant weight loss and colon
length shortening, which are reversed by BeG treatment,
indicating its protective effects (Fig. 6b, c). Following the infection,
the bacteria grow rapidly inside the host. Thus, we determine the
bacterial loads in different organs. As shown in Fig. 6d-f, BeG
treatment leads to lower bacterial loads than that in the model
group. Furthermore, the results exhibit that C. rodentium infection
increases the spleen and kidney index and these pathological
changes are relieved by BeG administration (Fig. 6g-i). H&E
staining indicate that mice infected with C. rodentium show
inflammatory cell infiltration and severe barrier breakdown of the
colon and jejunum, whereas BeG treatment substantially attenu-
ates these pathological phenotypes (Fig. 6j, k). Together, these
results demonstrate that inflammation induced by C. rodentium is
inhibited by BeG, in vivo.

DISCUSSION

BeG is a natural psoralen derivative present in a wide range of
medicinal plants which has shown substantial anti-inflammatory
and immunomodulatory actions, however, its clinical application is

Acta Pharmacologica Sinica (2023) 44:1867 - 1878

limited because of the poorly understood mechanism of action.
The NLRP3 inflammasome plays a pivotal role in host defence
against pathogens, however, abnormal NLRP3 inflammasome
activation leads to uncontrolled infection and metabolic, auto-
immune, and neurodegenerative disorders [36, 37]. The pyroptosis
execution protein GSDMD, which is expressed in the bone
marrow, colon, intestines, spleen, kidney, and other tissues, is
cleaved by NLRP3 inflammasome-activated caspase-1 or intracel-
lular LPS-activated caspase-4/5/11 [38]. Consequently, strict
control of NLRP3 inflammasome assembly and signaling is
important for the immune system to initiate inflammatory
responses and antimicrobial activity while avoiding excessive
tissue damage [39]. In this study, we demonstrated that BeG
treatment could significantly inhibit NLRP3 inflammasome activa-
tion, cytokine release, and GSDMD-N formation in macrophage
and pyroptosis, suggesting that BeG can be used as a novel
candidate to treat NLRP3-driven diseases. Additionally, our results
suggest that the effects of BeG on NLRP3 inflammasome
activation do not rely on inhibition of the priming step.

Thus far, the exact mechanism involved in NLRP3 inflamma-
some activation and the contribution of different organelles
remains unclear [40]. One hypothesis regarding the NLRP3
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inflammasome activation mechanism is mitochondrial dysfunction Inhibition of mitophagy or autophagy by 3-MA leads to the
[41, 42]. As described earlier, NLRP3 inflammasome activation is accumulation of dysfunctional mitochondria and spontaneous
usually accompanied by the disruption of MMP and ROS activation of the NLRP3 inflammasome [42]. Genetic ablation of
generation. A lower concentration of CCCP that partially impairs autophagy-related molecules ATG5 or Beclin 1 results in
MMP can spontaneously lead to robust ROS production and IL-13 mitochondrial damage and accumulation of ROS, enhancing
release [42]. ROS, such as H,0, and superoxide anions derived NLRP3 inflammasome activation during MSU or nigericin stimula-

from mitochondria, can promote cytotoxicity and cell death, tion [42]. Therefore, we assessed whether the effects of BeG
especially in disordered situations. Mitochondrial dysfunction and treatment on mitophagy and NLRP3 inflammasome activation
ROS production have been investigated in the initiation of cell might be causal. Consistent with previous studies, 3-MA reversed
death pathway signaling, such as the formation of NLRP3 the inhibitory effects of BeG treatment on IL-1f3 release, cleaved
inflammasomes, and in mediating subsequent GSDMD oligomer- caspase-1 release, LDH release, GSDMD-N formation, ROS produc-
ization and pore formation [43, 44]. Therefore, disrupted MMP and tion, and mRNA expression of //1b, which suggests that BeG
the subsequent accumulation of ROS play vital roles in macro- treatment suppresses NLRP3 inflammasome activation by promot-
phage NLRP3 inflammasome activation and pyroptosis. Transcrip- ing mitophagy. This explains how treatment with BeG regulates

tome sequencing analysis revealed that BeG treatment regulated NLRP3 inflammasome activation and pyroptosis through intrinsic
the expression of genes involved in mitochondrial translation and signals that reflect mitochondrial physiology. Fig. 7 depicts the
ROS metabolism in LPS- and ATP-stimulated BMDMs. Mitochon- signaling pathways through which BeG treatment sequentially
dria lacking mtDNA or mitochondrial RNA granules accumulate mitigates NLRP3 inflammasome activation and pyroptosis.

ROS and have diminished membrane potential compared with To determine whether BeG inhibits inflammasome activation
those containing mtDNA or mitochondrial RNA granules [45]. in vivo, NLRP3 inflammasome-dependent septic shock mouse
Therefore, we examined the impact of BeG treatment on models were used to explore the functional relevance of BeG
mitochondrial function. Our results showed that BeG treatment treatment during NLRP3 activation. In this study, BeG treatment
alleviated mitochondrial damage, reduced the accumulation of alleviated serum IL-1B production against bacterial infection,
ROS induced by MMP depolarization, and regulated mitochondrial thereby increasing the survival of mice treated with a lethal dose
quality by promoting mitophagy, thus maintaining mitochondrial of E. coli. E. coli mediated NLRP3 inflammasome activation triggers
homeostasis. These findings reveal a potential treatment strategy acute systemic inflammation in mice during sepsis [46, 47]. H&E
for BeG in terms of immunity (pyroptosis) and metabolism staining revealed that BeG treatment significantly alleviated E. coli
(mitochondrial homeostasis). induced infiltration of inflammatory cells in the lungs, colon, and
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IL-1B release, and pyroptosis through maintenance of mitochondrial homeostasis by promoting mitophagy.

liver of mice. Western blot showed that the treatment of BeG
downregulated Casp1-P10 and GSDMD-N expression concomitantly
with the induction of LC3 Il in the lung following E. coli infection.
These results demonstrated that BeG could inhibit NLRP3
inflammasome activation-related diseases to reduce inflammation.
The mucosa of the intestine contains many resident macrophages
in humans and mice [48, 49]. Macrophages are the gatekeepers of
intestinal immune homeostasis that orchestrate innate
and adaptive immune responses [50, 51]. Therefore, we investigated
whether BeG treatment protects mice from C. rodentium induced
intestinal inflammation. C. rodentium is a mouse pathogen that
specifically activates the non-canonical NLRP3 inflammasome,
resulting in potassium efflux and pyroptosis, subsequently
causing NLRP3 inflammasome activation in macrophages
[1, 52, 53]. C. rodentium induces cleaved-caspase-1 via the NLRP3
inflammasome in BMDMs [52]. Although we found that the
activation of non-canonical NLRP3 was unaffected by BeG in vitro,
inflammation induced by C. rodentium in mice was significantly
attenuated by BeG treatment. Therefore, we speculate that the
inhibitory effects of BeG on inflammation induced by C. rodentium
not only depend on the inhibition of the NLRP3 inflammasome and
pyroptosis but also rely on its antibacterial effect since a previous
study has reported that BeG showed antibacterial activities against
several bacterial isolates [54]. As an active ingredient in a wide range
of medicinal plants, the effects of BeG on the NLRP3 inflammasome
may add new insight into the therapeutic effects of these herbal
medicines in addition to previously known benefits.

In summary, these findings collectively suggested that BeG
treatment mitigated NLRP3 inflammasome activation and pyr-
optosis by promoting mitophagy. This study provides mechanistic
insight into the immunomodulatory activity of BeG used in
inflammatory diseases and suggests BeG as a potential anti-
inflammatory drug for inflammatory diseases with dysregulated
NLRP3 activation.
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