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Sapidolide A alleviates acetaminophen-induced acute liver
injury by inhibiting NLRP3 inflammasome activation in
macrophages
Jin-cheng Wang1, Qi Shi1,2, Qian Zhou3, Lu-lu Zhang1, Yue-ping Qiu1, Da-yong Lou4, Li-qin Zhou4, Bo Yang1,2, Qiao-jun He1,2,
Qin-jie Weng1,2 and Jia-jia Wang1

Macrophages play a critical role in the pathogenesis of acetaminophen (APAP)-induced liver injury (AILI), a major cause of acute
liver failure or even death. Sapidolide A (SA) is a sesquiterpene lactone extracted from Baccaurea ramiflora Lour., a folk medicine
used in China to treat inflammatory diseases. In this study, we investigated whether SA exerted protective effects on macrophages,
thus alleviated the secondary hepatocyte damage in an AILI. We showed that SA (5–20 μM) suppressed the phosphorylated
activation of NF-κB in a dose-dependent manner, thereby inhibiting the expression and activation of the NOD-like receptor protein
3 (NLRP3) inflammasome and pyroptosis in LPS/ATP-treated mouse bone marrow-derived primary macrophages (BMDMs). In
human hepatic cell line L02 co-cultured with BMDMs, SA (10 μM) protected macrophages from the pyroptosis induced by APAP-
damaged L02 cells. Moreover, SA treatment reduced the secondary liver cell damage aggravated by the conditioned medium (CM)
taken from LPS/ATP-treated macrophages. The in vivo assessments conducted on mice pretreated with SA (25, 50mg/kg, ip) then
with a single dose of APAP (400 mg/kg, ip) showed that SA significantly alleviated inflammatory responses of AILI by inhibiting the
expression and activation of the NLRP3 inflammasome. In general, the results reported herein revealed that SA exerts anti-
inflammatory effects by regulating NLRP3 inflammasome activation in macrophages, which suggests that SA has great a potential
for use in the treatment of AILI patients.
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INTRODUCTION
Drug-induced liver injury is a growing medical problem worldwide
[1, 2], and more than 40%–50% of cases are caused by accidental
or intentional (suicidal) intake of high doses of acetaminophen
(APAP) [3]. APAP-induced liver injury (AILI) is developed via two
pathological stages: APAP-induced direct cellular damage and
sterile inflammation-mediated disease progression [4, 5]. First,
APAP undergoes catalytic degradation by a P450 cytochrome,
mainly CYP2E1, to form a reactive metabolite, N-acetyl-p-
benzoquinoneimine (NAPQI), that causes glutathione depletion
and mitochondrial dysfunction in hepatocytes [5]. The dysfunc-
tional mitochondria lead to cellular ATP depletion, DNA fragmen-
tation and cell necrosis [5]. Meanwhile, the necrotic hepatocytes
can release damage-associated molecular patterns (DAMPs),
resulting in the abnormal activation of the innate immune system,
which further contributes to the development of AILI [6, 7]. So far,
N-acetyl cysteine (NAC) is the only agent for AILI treatment
approved by the Food and Drug Administration [8], and since it
works mainly by detoxifying NAPQI in the initial stage, this

treatment is only effective if administered within 8 h of APAP
ingestion [9, 10]. Therefore, the development of alternative
treatments that target the second stage of AILI is of great
importance.
Liver macrophages, including resident Kupffer cells (KCs) and

infiltrated monocyte-derived macrophages (MoMFs), play major
roles in the pathogenesis of AILI [11, 12]. Specifically, DAMPs recruit
and activate macrophages to release various pro-inflammatory
cytokines and chemokines, thereby promoting immune cell
infiltration and enhancing immune response [13–15]. However,
the activated macrophages may also act as phagocytes that
remove necrotic cell debris, which promotes liver regeneration in
AILI [16, 17]. These contrasting roles of macrophages mainly
depend on whether they are polarized towards pro-inflammatory
M1 or anti-inflammatory M2 phenotypes in response to multiple
stimuli [18]. M1 macrophages produce pro-inflammatory cytokines
and chemokines that contribute to the development of AILI, while
M2 macrophages release anti-inflammatory cytokines and are
involved in the phagocytosis of dying cells [19]. Therefore, the
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therapeutic strategies that rely on macrophage targeting have
great potential for the treatment of AILI.
Interestingly, dysregulation of macrophage inflammasome

activation and pyroptosis has been observed during AILI devel-
opment, as reported in a recent study [20]. Pyroptosis is a newly
identified inflammatory form of caspase-1-dependent cell death,
with biochemical and morphological features of apoptosis and
necrosis. This process is driven by NOD-like receptor protein 3
(NLRP3) inflammasome activation, one of the core mechanisms for
innate immune defense, which induces the release of interleukin
(IL)‑1β and IL‑18 pro-inflammatory cytokines [21, 22]. IL-1β is a
powerful pro-inflammatory mediator whose levels increase during
APAP hepatotoxicity, resulting in the activation and infiltration of
leukocytes in the liver, which aggravates hepatocyte damage [23].
So far, different views have been held on the roles of NLRP3 and
caspase-1 in AILI. Some studies suggested that NLRP3-mediated
pyroptosis contributes to AILI and caspase-1 deficiency suppresses
it [4, 20, 23]. Meanwhile, another study reported that the mild
endogenous formation of IL-1β and NLRP3 deficiency have little
impact on APAP hepatotoxicity [24, 25]. Although the relevance of
pyroptosis in AILI remains controversial, many studies show that
AILI may be alleviated by interfering with NLRP3 inflammasome
activation [20, 26–28].
Baccaurea ramiflora Lour., a tall evergreen tree belonging to the

Euphorbiaceae family, is widely distributed in the Karst region of
southwest China [29]. Considering the analgesic, anti-inflamma-
tory, and free radical scavenging effects of this tree, it has been
used as a folk medicine in China to treat rheumatoid arthritis,
cellulitis, apostema and injury from falls [30]. Rosmarinic acid is the
only identified anti-inflammatory component in Baccaurea rami-
flora Lour., and little is known about the single functional
monomer [30]. Recently, a type of sesquiterpene lactone called
Sapidolide A (SA) has been isolated from the berries of B.ramiflora
and exhibits antifungal activity [31]. The anti-inflammatory activity
of this compound is yet to be explored.
In this study, we show that SA significantly inhibits the

expression and activation of the NLRP3 inflammasome and
suppresses pyroptosis in macrophages, without affecting macro-
phage polarization. Then, SA can protect macrophages from
pyroptosis caused by APAP-damaged liver cells, and SA-treated
macrophages reduce the secondary death of liver cells. Moreover,
functional studies indicate that SA significantly improves AILI and
blocks inflammation in vivo and it inhibits the activation of NLRP3
inflammasomes in AILI mice. Overall, our findings reveal for the
first time that SA plays a role in inhibiting NLRP3 inflammasome
activation in macrophages, thereby protecting liver cells from AILI.
This suggests that SA can be used as an alternative approach or
even a supplementary agent for the treatment of AILI patients.

MATERIALS AND METHODS
Animals and drug treatments
Male C57BL/6 mice (7–8 weeks old, specific pathogen-free) were
purchased from Beijing Vital River Laboratory Animal Technology
Co., Ltd. All mice were maintained in specific pathogen-free and
temperature-controlled individual ventilated cages with a 12-h
light and dark cycle. All animal use and studies were performed in
compliance with all relevant ethical regulations and were
approved by the Institutional Animal Care and Use Committee
at Zhejiang University.
After fasting for 14 h, mice received a single intraperitoneal

injection with APAP (400 mg/kg, Aladdin) dissolved in warm sterile
saline. SA (purity > 99%) was kindly gifted from Professor Lishe
Gan. Mice were pretreated with SA (25, 50 mg/kg, dissolved in
saline) by intraperitoneal injection 1 h before APAP challenge.
Control mice were treated with an injection of vehicle (normal
saline). Standard chow and wet mash were returned to mice 2 h
post-APAP administration. The mice were sacrificed 6 or 24 h after

normal saline or APAP injection, and serum and liver tissues were
collected and stored at −80 °C for further analysis.

Cell culture
Bone marrow-derived primary macrophages (BMDMs) were
generated by culturing bone marrow cells isolated from femurs
and tibias of C57BL/6 mice in DMEM (Gibco, ThermoFisher)
containing 10% fetal bovine serum (Gibco) plus macrophage
colony-stimulating factor (M-CSF, 50 ng/ml, Peprotech) for 7 d.
Human hepatic cell line L02 cells were purchased from Shanghai
Institute of Biochemistry and Cell Biology (Shanghai, China),
cultured in RPMI- 1640 (Gibco, ThermoFisher) containing 10% fetal
bovine serum (Gibco).

Cell viability assay
Cell viability was measured by sulforhodamine B (SRB) assay.
Briefly, 100 μL cold trichloroacetic acid (10%) was added into each
well to fix the adherent cells and the plates were incubated at 4 °C
for 1 h. The plates were then washed five times with deionized
water and dried in the air. Each well was then added with 50 μL
SRB solution (0.4% w/v in 1% acetic acid) and incubated for 30 min
at room temperature. The plates were washed five times with 1%
acetic acid to remove the unbound SRB completely and then dried
in the air. The residual bound SRB was solubilized with 100 μL of
10mM Tris base buffer. The absorbance was measured at 495 nm
on a multiscan spectrum (Thermo Multiskan Spectrum, Thermo
Electron Corporation, USA).

NLRP3 inflammasome activation assay and application of
conditioned medium (CM)
BMDMs were stimulated with LPS (250 ng/mL, Sigma-Aldrich) for
4 h as the first signal for NLRP3 inflammasome action. Medium
was replaced with serum-free medium and then the indicated
doses of SA were added for 1 h. Cells were then stimulated with
ATP (5 mM, MedChemExpress) for 1 h to activate the NLRP3
inflammasome. The CM from LPS/ATP-stimulated BMDMs with or
without SA treatment (Ctrl-CM or SA-CM) were collected and
centrifuged to remove the cell debris and then added to L02 cells
at a ratio of 1 volume of CM: 1 volume of RPMI-1640 containing
10% fetal bovine serum [32].

Cell co-culture experiments
For transwell co-culture experiments, cells were performed in 24-
well cultured plates with 8 μm pore size transwell chamber inserts
(Falcon). L02 cells were seeded into the upper chambers and
treated with APAP (10 mM) for 24 h. Then the L02 cells were co-
cultured with BMDMs seeded into the bottom chambers and
treated with SA (10 μM) for 24 h.

Western blotting
Cells were lysed in a RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% NP-
40, 0.25% sodium deoxycholate, 150mM NaCl, 1 mM EGTA, 1 mM
PMSF, 1 mM Na3VO4, 10 μg/mL aprotinin, 10 μg/mL leupeptin),
and the supernatants were precipitated with methanol/chloro-
form, followed by centrifugation at 20,000 × g for 10 min. The
upper phase was discarded, and one volume of methanol was
added. The mixture was centrifuged at 20,000 × g for 10 min to
obtain a protein pellet that was dried at room temperature and
then resuspended in Laemmli buffer (0.25 M Tris-HCl, pH 6.8, 0.4%
glycerol, 10% SDS, 0.2% 2-mercaptoethanol, 0.64% bromophenol
blue). The protein samples were separated by 10% SDS‐PAGE gels
and transferred onto polyvinylidene difluoride membrane using a
wet transfer system. Membranes were blocked in 5% (wt/vol) non‐
fat milk in T-PBS (20 mM Tris-HCl, pH 7.6, 150mM NaCl, and 0.1%
(vol/vol) Tween‐20) for 1 h at room temperature. Membranes were
incubated with primary antibody diluted in T-PBS at 4 °C
overnight. After being washed with T-PBS, the membrane was
incubated with the appropriate horseradish peroxidase‐
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conjugated secondary antibody diluted in 5% non‐fat milk in
T-PBS for 1 h at room temperature. The membranes were further
developed with AI100. Primary antibodies used were as follows:
anti-cleaved-caspase‐1 (#89332), anti-IL‐1β (#31202), anti-p-NF-κB
p65 (#3033), anti-NF-κB p65 (#8242), anti-PARP (#9542) and anti-
HMGB1 (#6893) were from Cell Signaling Technology; anti-pro-
caspase-1 (ab179515) was from Abcam; anti-p-JNK (sc-6254) and
anti-JNK (sc-7345) were from Santa Cruz; anti-GAPDH (db106) was
from Diagbio. Secondary HRP‐conjugated antibodies used were
goat anti‐mouse IgG (70-GAM0072), goat anti‐rabbit IgG (70-
GAR0072) (Multi Sciences).

Real-time quantitative PCR (qRT-PCR)
Total RNA was isolated from kidney tissues using Trizol reagent
(Invitrogen, Carlsbad, California, USA) in accordance with the
manufacturer’s protocol, and cDNA was prepared using a cDNA
preparation supermix (TransGen Biotech, Beijing, China). qRT-PCR
was carried out using SYBR Green Supermix (Bio-Rad, Hercules,
California, USA) with 20 μL reaction mixtures. PCR reactions were
performed on the Quant Studio 6 Flex Real-Time PCR System
(Applied Biosystems, Carlsbad, California, USA) with the following
program: step 1, 95 °C for 3 min to activate the Taq polymerase;
step 2, 95 °C for 3 s to denaturize DNA; step 3, 60 °C for 31 s for
annealing/extension (39 cycles for steps 2 and 3). The relative
mRNA levels were quantified by the 2−ΔΔCt method and all data
were normalized to GAPDH (the internal control).

Hematoxylin and eosin (H&E) staining
Liver tissues from the mice were fixed in 10% formalin, embedded
in paraffin wax and cut into 3 μm-thick tissue sections. Sections of
paraffin-embedded tissues were stained with H&E. H&E staining
signals were quantified by NIH ImageJ software.

Blood biochemical analysis for liver function
Serum alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) levels were measured by the Infinity ALT Kit (Thermo
Scientific) and AST Kit (Bioo Scientific), respectively.

Enzyme-linked immunosorbent assay (ELISA)
The IL-18 and IL-1β levels in culture media and serum were
determined using a DuoSet ELISA kit (eBioscience Technology,
Shenzhen, China) according to the manufacturer’s protocols.

Immunostaining analysis
Liver cryosections (8 μm) were incubated with a blocking buffer
(PBS with 5% normal goat serum and 0.3% Triton-100) for 1 h.
Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) staining was conducted as protocol (Beyotime).
Apoptosis-associated speck-like protein containing a CARD (ASC)
staining was performed with rabbit anti‐ASC (Adipogen, AG-25B-
0006), CD68 staining was performed with rabbit anti-CD68 (Santa
Cruz, sc-20060). The secondary antibodies were as follows: anti-
rabbit secondary antibody (Beijing Zhongshan Biotechnology, PV-
6001), Alexa Fluor® 488 anti-rabbit IgG secondary antibody
(Invitrogen, A-11008), with DAPI (4′,6-diamidino-2-phenylindole,
dihydrochloride; Vector Laboratories) for nuclear counterstaining.
Images were acquired using an Olympus BX51 system microscope
equipped with SPOT camera and SPOT Advanced 5.1 software.
TUNEL, ASC, CD68 staining signals were quantified by NIH Image J
software. Specifically, ASC specks were counted in five random
areas of each image in triplicate experiments, and a minimum of
100 cells from each treatment condition were quantified.

Nonparenchymal cell isolation and flow cytometry
Livers from mice were digested by collagenase type IV (Gibco),
and intrahepatic leukocytes were isolated by multiple differential
centrifugation steps. Then the cells were incubated for 30 min at 4
°C with 3% BSA, and then stained with the following antibodies:

CD45 (PerCP-Cy5.5, Biolegend, 5300727), CD11b (FITC, Biolegend,
5274805), F4/80 (PE/Cy7, Biolegend, 123114), Gr-1 (FITC, Biole-
gend, 108405). After staining, all cells were subjected to red cell
lysis by home-made Split red liquid (8.29 g NH4Cl, 1 g KHCO3, 37.2
mg EDTA 2Na, dissolved in 1 L deionized water, pH= 7.2) before
analyzing in a BD FACS-Calibur cytometer (Becton Dickinson, San
Jose, CA).

Co-immunoprecipitation (Co-IP)
For Co-IP of endogenous interaction between NLRP3 and ASC/
Caspase 1, BMDMs were stimulated with LPS (250 ng/mL) for 4 h.
After that, SA (10 μM) or CY-09 (10 μM, TopScience, USA, T4164)
was added into the culture for another 30 min, and then the cells
were stimulated with ATP (5 mM) for 1 h. Cells were lysed in a RIPA
buffer and whole cell lysates were incubated with NLRP3
(Adipogen, AG-20B-0014-C100) or control IgG (Santa Cruz),
followed by IP using Protein A/G magnetic beads (Bimake,
B23201) and detection of ASC and pro-caspase-1 using specific
antibodies.

Statistical analysis
Statistical analysis was performed using Image J (version 1.8.0) and
GraphPad Prism Software (Version 8.0.1). Unpaired two-tailed
Student’s t-test or one-way ANOVA Tukey’s post-hoc analysis was
performed to determine statistical significance between two
samples or for multiple comparisons, respectively. All data were
from at least three independent experiments and presented as
means ± SD. A value of P < 0.05 was considered statistically
significant (represented as *P < 0.05, **P < 0.01, ***P < 0.001, or
not significant (n.s.)).

RESULTS
SA prevents cell pyroptosis in macrophages
To understand whether SA affects the activation of macrophages
in response to proinflammatory stimuli, mouse BMDMs were
treated with this compound. It was confirmed that SA was not
toxic to macrophages (Fig. 1a, b). Using LPS (250 ng/mL) and ATP
(5 mM) stimulation in BMDMs, the NLRP3-inflammasome-
activation-driven cell pyroptosis model was established, and
analysis of these cells indicated that SA treatment increased cell
viability in a concentration-dependent manner (Fig. 1c). In
addition, SA treatment blocked the expression of pyroptosis
markers, the cleavage of caspase-1 (cleaved-CASP-1), and the
degradation of pro-IL-1β to mature IL-1β (cleaved-IL-1β) (Fig. 1d,
e). Overall, these data suggested that SA can inhibit the
macrophage pyroptosis induced by NLRP3 inflammasome
activation.
Given that macrophage polarization plays a key role in immune

response, the effect of SA treatment on the polarization of
macrophages was also investigated. For this purpose, LPS-induced
M1-polarized BMDMs and IL-4-induced M2-polarized BMDMs were
treated with SA, and the levels of macrophage polarization
markers in these cells were detected. The administration of SA did
not alter the mRNA levels of M1 (Il6 and Inos) and M2 markers
(Mrc1 and Arg1) in polarized BMDMs (supplementary Fig. 1a, b),
which suggested that this compound has no effect on macro-
phage polarization.

SA suppresses the expression and activation of the NLRP3
inflammasome in macrophages
The NLRP3 inflammasome is canonically activated via two parallel
and independent steps: priming (transcription) and activation
(oligomerization) [33, 34]. LPS stimulation first induces the
activation of nuclear factor κB (NF-κB) signaling. Then, the active
NF-κB primes the NLRP3 inflammasome for activation by
promoting the transcription of NF-κB-dependent genes, such as
Nlrp3, Il1β, and Il18 [35–38]. To assess the effect of SA on the
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expression and activation of NLRP3 inflammasome, the levels of
active NF-κB p65 (p-NF-κB p65) in LPS-stimulated BMDM lysates
were assessed by Western blotting in the presence or absence of
SA. The results indicated that SA decreased the phosphorylation of
NF-κB p65 in macrophages (Fig. 1f, g) and blocked the LPS-
induced transport of NF-κB p65 into the nucleus to regulate
transcription (Fig. 1h). Therefore, in SA-treated macrophages, NF-
κB p65 was retained in the cytoplasm (Fig. 1h). The qRT-PCR
results demonstrated that, as expected, the mRNA levels of Nlrp3,
Il1β, and Il18 were downregulated by SA treatment (Fig. 1i). This
implied that SA can suppress the expression and activation of the
NLRP3 inflammasome in macrophages by inhibiting the first signal
in the initial stage.
The second signal is NLRP3 activation and inflammasome

assembly, which can be initiated by an array of DAMPs.

Stimulation with an NLRP3 agonist, such as ATP, activates NLRP3
oligomerization and recruits pro-caspase-1 via the ASC adapter
[33, 34]. Therefore, ASC speck formation is a prerequisite for pro-
caspase-1 degradation and auto-activation [39]. To examine
whether SA can interfere with NLRP3 inflammasome assembly,
endogenous Co-IP assays were performed on NLRP3-
inflammasome-activated BMDMs. The obtained results showed
that SA did not affect the interaction between NLRP3 and ASC/
caspase-1; however, the direct NLRP3 inhibitor CY-09 suppressed
NLRP3/ASC/caspase-1 interaction in LPS/ATP-primed BMDMs
(Fig. 1j, k). Therefore, it may be concluded that SA does not affect
the second signal of inflammasome activation. Instead, it reduced
ATP-induced formation of ASC specks in BMDMs (Fig. 1l, m),
resulting in decreased levels of active caspase-1 (cleaved-CASP-1)
(Fig. 1d, e). The active caspase-1 then cleaves pro-IL-1β and pro-IL-

Fig. 1 SA inhibits NLRP3 inflammasome-mediated pyroptosis in macrophages. a Chemical structure of SA. b BMDMs were treated with SA
(0.625, 1.25, 2.5, 5, 10, 20, 40 μM) for 24 h. SRB assay for cell viability. c BMDMs were primed with LPS (250 ng/mL) for 4 h. The cells were treated
with or without SA for 1 h and then stimulated with ATP (5mM) for 1 h. SRB assay for cell viability. d, e BMDMs were primed with LPS (250 ng/
mL) for 4 h. Medium was replaced with serum-free medium and then the indicated doses of SA were added for 1 h, and then stimulated with
ATP (5mM) for 1 h. Western blotting for expression of pro-caspase-1 (pro-CASP-1) and pro-IL-1β in cell lysates, and cleaved-CASP-1 and cleaved-
IL-1β in cell supernatants. Relative protein levels compared with GAPDH were shown as line graphs. f, g BMDMs were pre-treated with SA for
1 h and then stimulated with LPS (250 ng/mL) for 4 h. Western blotting for expression of (p)-NF-κB p65 in cell lysates. Relative p-NF-κB p65 level
compared with NF-κB p65 was shown as a line graph. h Immunostaining of NF-κB p65 (red) and DAPI (blue) in BMDMs. Scale bar: 10 μm. i qRT-
PCR assays for Nlrp3, Il1β and Il18 in cell lysates of BMDMs. j, k Co-IP and Western blotting for the interaction of endogenous NLRP3 and ASC in
LPS-primed BMDMs treated with SA (10 μM) or CY-09 (10 μM) and then stimulated with ATP (5mM). l,m BMDMs were primed with LPS (250 ng/
mL) for 4 h. The cells were treated with or without SA for 1 h and then stimulated with ATP (5mM) for 1 h. Immunostaining of ASC (red) and
DAPI (blue) in BMDMs. The arrows indicate ASC specks. Scale bar: 25 μm. Quantification of ASC-positive cells/total cells by Image J software. n=
3 independent experiments. Data are presented as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001; n.s. no significance.
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18 into their mature forms, leading to the secretion of these
cytokines [40, 41]. Mature IL-1β and IL-18 are thus considered
hallmarks of NLRP3 inflammasome activation, and the results
showed that they were blocked by SA treatment (Fig. 1d, e). In
general, the results obtained herein suggested that SA suppresses
the expression and activation of the NLRP3 inflammasome in
macrophages by inhibiting NF-κB signaling.

SA inhibits damaged hepatocyte-induced NLRP3 inflammasome
activation in macrophages
Considering that APAP-induced liver injury involves severe
immune response, such as NLRP3 inflammasome activation, the
impact of SA on AILI-stimulated inflammasome activation was also
evaluated. To mimic the direct effect of APAP-damaged hepato-
cytes on macrophages, a transwell coculture system of BMDMs
and human hepatic cell line L02 was set up (Fig. 2a). The BMDMs
cocultured with APAP-damaged L02 cells exhibited massive death
(Fig. 2b). However, SA treatment increased the viability of BMDMs
compared to the control cells, which indicated that SA reduced
the rate of macrophage death caused by damaged hepatocytes
(Fig. 2b). Based on the immunostaining results, SA treatment also
suppressed the formation of ASC specks in BMDMs by APAP-
damaged L02 cells (Fig. 2c, d). In addition, the Western blots of SA-
treated BMDMs supernatants demonstrated that SA decreased the
expression of cleaved-caspase-1 (Fig. 2e, f). As expected, the levels

of IL-18 in SA-treated BMDM supernatants were lower than those
detected in the control group (Fig. 2g). Together, these data
suggested that SA inhibits APAP-damaged hepatocyte-induced
NLRP3 inflammasome activation in macrophages.

SA inhibits NLRP3 inflammasome activation in macrophages to
alleviate secondary hepatocyte damage
Given that the expansion of inflammation in AILI aggravates the
secondary damage of hepatocytes, we next investigated whether
SA-induced macrophage pyroptosis reduction could relieve this
damage. First, the influence of SA on the survival rate of APAP-
stimulated L02 cells was assessed (Fig. 2h). Then, BMDMs were
treated with LPS/ATP to induce NLRP3 inflammasome activation.
The conditioned medium (CM) of macrophage pyroptosis in the
induced cells was subsequently collected, with or without SA
treatment. The collected CM was primed and added to L02 cells,
along with APAP, to investigate its effect on hepatocyte survival
after 24 h of exposure (Fig. 2i). Based on the SRB assay results, Ctrl-
CM severely aggravated the death of APAP-induced L02 cells;
however, SA-CM significantly increased the viability of these cells
(Fig. 2j). Similar results were also observed for the expression of
cleaved-PARP in L02 cells treated with CM (Fig. 2k, l). Overall, these
results suggested that SA treatment protects hepatocytes against
APAP-induced damage by inhibiting the activation of the NLRP3
inflammasome in macrophages.

Fig. 2 SA suppresses APAP-induced NLRP3 inflammasome activation in macrophages, which promotes hepatocyte damage. a
Experimental scheme of SA and APAP treating strategy in BMDM and L02 cells. L02 cells were seeded into the upper chambers and treated with
APAP (10mM) for 24 h. Then the L02 cells were co-cultured with BMDMs seeded into the bottom chambers and treated with SA (10 μM) for
24 h. b SRB assay for viability of BMDMs. c, d Immunostaining of ASC (red) and DAPI (blue) in BMDMs. The arrows indicate ASC specks. Scale bar:
25 μm. Quantification of ASC-positive cells/total cells by Image J software. e, f Western blotting for expression of pro-caspase-1 (pro-CASP-1) in
cell lysates, and cleaved-CASP-1 in cell supernatants. Relative cleaved-CASP-1 level compared with GAPDH was shown as a line graph. g Levels
of IL-18 in cell supernatants were detected by ELISA. h L02 cells were treated with APAP (10mM) with or without SA (0.625, 1.25, 2.5, 5, 10,
20 μM) for 24 h. SRB assay for cell viability. i Experimental scheme of SA and APAP treating strategy in BMDMs and L02 cells. L02 cells were
cultured with Ctrl-CM or SA-CM of BMDMs with an additional APAP (10mM) for 24 h. j SRB assay for viability of L02 cells. k, lWestern blotting for
expression of (cleaved)-PARP in L02 cells. Relative cleaved-PARP level compared with GAPDH was shown as a line graph. n= 3 independent
experiments. Data are presented as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001; n.s. no significance.
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SA protects against APAP-induced acute liver injury
To assess the potential protective function of SA against APAP-
induced hepatotoxicity in vivo, an AILI mouse model was pre-
treated with different doses of SA (25 and 50mg/kg). Blood
samples and liver tissues were collected from the treated mice at
different time intervals (Fig. 3a). Biochemistry and histopathology
analyses of these samples and tissues showed that without SA
treatment, the mice suffering from AILI exhibited severe liver
damage, as evidenced by their significantly elevated ALT and AST
plasma levels after 6 and 24 h of APAP administration (Fig. 3b).
Pre-treatment with SA substantially lowered the high concentra-
tions of ALT and AST in AILI mice at 24 h, but not at 6 h (Fig. 3b).
The H&E staining results demonstrated that the hepatocytes of
AILI mice exhibited obvious cell ballooning, degeneration, and
necrosis at 6 and 24 h; however, SA pre-treatment dramatically
reduced the necrosis area at 24 h (Fig. 3c, d). In general, the
obtained results indicated that SA can prevent liver injury at an
advanced stage rather than at an early stage. This suggested that
SA alleviates AILI by regulating the immune response instead of by
directly interfering with APAP metabolism.
The TUNEL staining analyses of cell apoptosis and the Western

blot analyses of cleaved-PARP performed after 24 h of APAP
treatment showed that this treatment promoted the phosphoryla-
tion of c-Jun kinase (JNK) (Fig. 3e–h), which is correlated with liver
injury [42, 43]. SA limited APAP-induced JNK phosphorylation, as
determined by the Western blots of whole liver homogenates from
SA-treated mice (Fig. 3g, h). In AILI, the death of hepatocytes

triggered the release of DAMPs, such as high mobility group box-1
(HMGB1), a key injury mediator in APAP-induced liver toxicity [44–
46]. The released DAMPs activate the production of pro-
inflammatory cytokines by immune cells, thereby initiating immune
response and aggravating hepatocyte damage [6, 47]. The Western
blots demonstrated that SA reduced HMGB1 expression in AILI mice
(Fig. 3i, j). Overall, the results suggested that SA attenuates APAP-
induced hepatotoxicity.

Macrophage response is inhibited in SA-treated AILI mice
Macrophages are the initial and core immune cells that mediate
inflammation in AILI [48–51]. Once activated by DAMP recogni-
tion, these cells release different types of pro-inflammatory
cytokines and chemokines, thereby increasing the flux of immune
cells (e.g., bone marrow-derived monocytes and neutrophils) and
enhancing inflammation [6, 47]. To examine the effect of SA
treatment on the immune response in AILI mouse livers,
immunohistochemistry analysis of the CD68 macrophage marker
was performed. The obtained results showed that SA reduced the
number of CD68 positive cells in the livers of AILI mice (Fig. 4a, b),
which suggested that this compound is capable of blocking the
flux of macrophage. Cytometric analysis of KCs and infiltrated
MoMFs, the main liver macrophages in the AILI model, revealed
that AILI increased the number of MoMFs (identified as
CD11bintF4/80low cells) and decreased the number of KCs
(identified as CD11blowF4/80hi cells) within the CD45+ liver cell
population (Fig. 4c, d). SA treatment countered the effect of AILI

Fig. 3 SA protects against APAP-induced acute liver injury. a Experimental scheme of SA and APAP treating strategy in mice. The mice were
treated with saline (intraperitoneal injection, i.p.) or SA (i.p., 25 or 50 mg/kg) 1 h before APAP (i.p., 400mg/kg) administration and the mice
were sacrificed at 6 or 24 h after APAP. b Serum ALT and AST levels of AILI mice treated with APAP with or without SA. c, d Representative H&E
staining of liver sections from AILI mice treated with APAP with or without SA. Scale bar: 200 μm. Quantification of necrotic areas by Image J
software. e, f Representative TUNEL assay of liver sections from AILI mice treated with APAP 24 h with or without SA. Scale bar: 100 μm.
Quantification of TUNEL-positive cells by Image J software. g, h Western blotting for expression of (cleaved)-PARP and (p)-JNK of liver tissues
from AILI mice treated with APAP 24 h with or without SA. Relative cleaved-PARP level compared with GAPDH and p-JNK level compared with
JNK were shown as line graphs. i, j Western blotting for expression of HMGB1 of liver tissues from AILI mice treated with APAP 24 h with or
without SA. Relative HMGB1 level compared with GAPDH was shown as a line graph. n= 5 animals per group. Data are presented as means ±
SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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by reducing the population of MoMFs and increasing the
population of KCs (Fig. 4c, d). Moreover, SA-treated AILI mice
exhibited significantly downregulated mRNA levels of the Cd11b
macrophage marker, the Cxcl1 and Cxcl2 macrophage-related
chemokines, and the Il6, Tnf-a, and Ifn-γ pro-inflammatory

cytokines (Fig. 4e). SA treatment also decreased the population
of recruited neutrophils (Gr-1hiF4/80-), CD4+ T cells and CD80+

dendritic cells in AILI mouse livers (Fig. 4f, g). Based on the
obtained results, SA treatment relieves inflammation and blocks
macrophage response in AILI mice.

Fig. 4 SA reduces APAP-induced immune response. a, b Representative immunohistochemistry assay of CD68 in liver sections from AILI
mice treated with APAP with or without SA. Scale bar: 100 μm. Quantification of CD68-positive area/total area by Image J software. c, d Flow
cytometry analysis of MoMFs (CD11bint F4/80low) and KCs (CD11blow F4/80hi) in liver tissues from AILI mice treated with APAP with or without
SA. Quantification of the percentage of MoMFs or KCs in CD45+ cells. e qRT-PCR assays for Cd11b, Cxcl1, Cxcl2, Il6, Tnf-a and Ifn-γ in liver tissues
from AILI mice treated with APAP with or without SA. f Flow cytometry for the number of neutrophils (Gr-1hi F4/80−) in liver tissues from AILI
mice treated with APAP with or without SA. g qRT-PCR assays for Cd4 and Cd80 in liver tissues from AILI mice treated with APAP with or
without SA. n= 5 animals per group. Data are presented as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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SA suppresses NLRP3 inflammasome activation in AILI mice
The effect of SA on NLRP3 inflammasome activation in the AILI
mouse model was also investigated. The results indicated that pre-
treatment with SA lowered the expression of genes associated
with the NLRP3 inflammasome, including Nlrp3, Il1β, Asc and
Caspase 1 (Fig. 5a). The reduced Caspase 1 expression in SA-
treated AILI mice was attributed to the inhibition of the IL-1/NF-κB
pathway in hepatocytes [52]. SA obviously reduced the levels of
cleaved-caspase-1 (Fig. 5b), and it also lowered the serum levels of
IL-1β and IL-18 in AILI mice (Fig. 5c, d). These results confirmed
that SA inhibits NLRP3 inflammasome activation in the AILI mouse
model, resulting in decreased secretion of inflammatory factors
such as IL-1β and IL-18.

DISCUSSION
Natural products play increasingly important roles in drug
discovery and the treatment of many diseases and illnesses due
to their numerous advantages, including few side effects, low
toxicity, and high biological activity [53, 54]. However, the clinical
application of these products is limited by insufficient compound
quantities and the ambiguity of their precise mechanisms of
action [55]. Moreover, rigorous clinical trials require the approval
of different organizations [55]. Recently, numerous studies have
demonstrated that the protective roles of natural products against
AILI are related to multiple mechanisms, including anti-inflamma-
tion, antioxidation, and injury response mechanisms [56]. In this
study, we investigated the anti-inflammatory activity SA, a
sesquiterpenoid compound extracted from Baccaurea ramiflora
Lour. This compound has previously been shown to exhibit
antifungal activity [31]; however, to the best of our knowledge, its
macrophage regulation function has not been reported before. In
general, our results revealed that SA blocks the release of pro-
inflammatory cytokines by inhibiting the expression and activa-
tion of the NLRP3 inflammasome in macrophages. This indicates
that it can alleviate the secondary hepatocyte damage in AILI
(Fig. 6), and thus, it has great potential as a supplementary agent
for AILI treatment.

The immune response is a key element of the immune defense
system mediated by immune cells, and it plays an important role
in eliminating necrotic cells and tissue debris [16, 17]. However, it
also increases cellular damage in the late stage of AILI via
mechanisms that are poorly understood. So far, only three types of
anti-inflammatory drugs for AILI have been developed: DAMP
inhibitors [57, 58], receptor antagonists [59–61] and immune cell

Fig. 5 SA suppresses NLRP3 inflammasome activation in AILI mice. The mice were treated with saline (intraperitoneal injection, i.p.) or SA
(i.p., 25 or 50mg/kg) 1 h before the administration of APAP (i.p., 400mg/kg) and the mice were sacrificed at 24 h after APAP. a qRT-PCR assays
for Nlrp3, Il1β, Asc, and Caspase 1 in liver tissues from AILI mice treated with APAP with or without SA. b Western blotting for expression of pro-
caspase-1 (pro-CASP-1) and cleaved-CASP-1 of liver tissues from AILI mice treated with APAP with or without SA. Relative cleaved-CASP-1 level
compared with GAPDH was shown as a line graph. c, d Serum levels of IL-1β and IL-18 were detected by ELISA. n= 3 animals per group. Data
are presented as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 6 SA treats AILI by inhibiting NLRP3 inflammasome activa-
tion in macrophages. APAP causes hepatocyte necrosis, which
releases DAMPs and induces NLRP3-inflammasome-mediated
macrophage pyroptosis. This leads to the secretion of pro-
inflammatory factors, such as IL-1β and IL-18, that further recruits
immune cells and aggravates liver inflammation, as well as
hepatocyte damage. SA acts as an inhibitor of NF-κB signaling,
NLRP3 inflammasome activation, and pyroptosis in macrophages,
thereby reducing inflammation and protecting against AILI
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scavengers [47, 62, 63]. To be effective, these drugs must be
administered within a short time after APAP ingestion. For
example, the endogenous lipid mediator resolvin D2 (RvD2) can
alleviate AILI by inhibiting neutrophils only if it is administered
within 12 h of APAP ingestion [64]. The administration of RvD2
after 24 h of APAP administration is unfavorable for the
regeneration of the late phase of AILI [64]. Considering the dual
pro-inflammatory and anti-inflammatory effects of immune cells,
the role of immune response in AILI remains highly controversial
[47, 65].
In this study, we showed that SA inhibits NLRP3-inflammasome-

mediated pyroptosis in macrophages by suppressing NF-κB
signaling and the priming phase of NLRP3 inflammasome
activation. This alleviates the hepatocyte damage caused by APAP
both in vitro and in vivo. Moreover, the infiltration of neutrophils,
dendritic cells, and CD4+ T cells in AILI mice decreases after SA
treatment. Overall, the results confirmed that SA affects the
immune responses mediated by macrophages in the AILI model.
However, further studies are needed to assess the effect of this
compound on other immune cells.
Based on our findings, the immune response in AILI exhibits

both pro-inflammatory and anti-inflammatory activity. When
injury is inflicted by an ultra-high dose of APAP and the
inflammation caused by immune cells exceeds a certain threshold,
a large number of pro-inflammatory cytokines is released, which
further aggravates the death of liver parenchymal cells. However,
when the number of immune cells is relatively low and the
immune response is weaker than that required for treatment, no
pro-inflammatory or anti-inflammatory activities occur. In this
case, the immune cells fail to promote the repair and regeneration
of liver parenchymal cells in the late stage. Liver parenchymal cell
repair can only be achieved when an appropriate number of
immune cells are recruited in the late stage of AILI to secrete anti-
inflammatory cytokines.
Our results also revealed that SA can be used as a

supplementary agent with the only drug approved for AILI
treatment (NAC). In the early stage of AILI, this drug protects
liver parenchymal cells from damage by providing glutathione.
However, its therapeutic window is narrow, as it has no effect
in the late inflammatory stage of AILI. Recent studies show that
by combining NAC with the neutrophil elastase inhibitor
sivelestat, the expression of inflammatory markers and the
number of monocytes in AILI mice can be reduced [66]. The
efficacy of the combined treatment far exceeds that of NAC
monotherapy [66], which suggests that combination drug
intervention has broad prospects in AILI treatment. SA can also
be combined with the NAC drug for AILI treatment; however,
further research is needed to assess the effect of the combined
therapy.
In conclusion, SA, a new type of sesquiterpene lactone

compound extracted from Baccaurea ramiflora Lour., significantly
inhibits the expression and activation of the NLRP3 inflammasome
and pyroptosis in macrophages. It also protects macrophages
from the pyroptosis caused by APAP-damaged liver cells, and SA-
treated macrophages reduce the secondary death of liver cells.
Furthermore, SA significantly alleviates AILI in mice by blocking
inflammation and inhibiting the activation of NLRP3 inflamma-
somes. Overall, our findings reveal a previously unidentified role of
SA in inhibiting NLRP3 inflammasome activation in macrophages
and protecting liver cells from AILI, which suggests that this
natural compound can be used to treat AILI.
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