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Abstract
Background: Nonalcoholic fatty liver disease (NAFLD) is one of the most common chronic liver diseases and has
become a huge public health issue worldwide. Inhibition of nucleotide oligomerization domain-like receptors
containing pyrin domain 3 (NLRP3) inflammasome is a potential therapeutic strategy for NAFLD. Currently, there are
no drugs targeting NLRP3 inflammasome for clinical treatment of NAFLD. In this study, we explored the efficacy and
mechanism of rhubarb free anthraquinones (RFAs) in treating NAFLD by inhibiting NLRP3 inflammasome.
Methods: First, NLRP3 inflammasome was established in mouse bone marrow-derived macrophages (BMDMs),
Kuffer cells and primary hepatocytes stimulated by lipopolysaccharide (LPS) and inflammasome inducers to evaluate
the effect of RFAs on inhibiting NLRP3 inflammasome and explore the possible mechanism. Further, Mice NAFLD were
established by methionine and choline deficiency diet (MCD) to verify the effect of RFAs on ameliorating NAFLD by
inhibiting NLRP3 inflammasome.
Results: Our results demonstrated that RFAs including rhein/diacerein, emodin, aloe emodin and 1,8-dihydroxyanthraquinone inhibited interleukin-1 beta (IL-1β) but had no effect on tumor necrosis factor-alpha (TNF-α). Similar results
were also showed in mouse primary hepatocytes and Kuffer cells. RFAs inhibited cleavage of caspase-1, formation of
apoptosis-associated speck-like protein containing a CARD (ASC) speck, and the combination between NLRP3 and
ASC. Moreover, RFAs improved liver function, serum inflammation, histopathological inflammation score and liver
fibrosis.
Conclusions: RFAs including rhein/diacerein, emodin, aloe emodin and 1,8-dihydroxyanthraquinone ameliorated
NAFLD by inhibiting NLRP3 inflammasome. RFAs might be a potential therapeutic agent for NAFLD.
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Diacerein/rhein as NLRP3 blockers used in treating osteoarthritis clinically.
RFAs including rhein/diacerein are main components of Rhubarb contained in yinchenhao decoction.
RFAs inhibited the transcription and assembly of NLRP3 inflammasome.
RFAs, Rhubarb and yinchenhao decoction improved NAFLD probably by inhibiting NLRP3 inflammasome.
RFAs are the potential NLRP3 inflammasome blockers for treating NAFLD clinically.
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Introduction
Nonalcoholic fatty liver disease (NAFLD) is characterized
by steatosis in more than 5% of hepatocytes, which can be
divided into simple steatosis, nonalcoholic steatohepatitis
(NASH), cirrhosis and hepatocellular carcinoma according to the course of disease [1]. NAFLD affects approximately 25% of the global population and has become a
huge public health issue [2]. NASH, as the progressive
stage of NAFLD, contributes to the incidence of cirrhosis and hepatocellular carcinoma [3, 4]. Notably, NASH
not only promotes the risk of type 2 diabetes mellitus,
metabolic syndrome and cardiovascular events [4–6], but

also increases the annual mortality rate of liver diseases
and the all-cause mortality rate [4]. Although healthy eating and lifestyle, intestinal flora replacement and surgery
have played a certain role in the prevention and treatment of NAFLD [7], the efficacy is not satisfactory due
to the limitations of compliance, perseverance and tolerance, as well as surgery indications. Furthermore, weight
control is the most important goals of these treatments,
while about 40% of NAFLD patients are non-obese and
nearly 25% of them are lean [8]. Recently, several drugs
have entered different clinical trial stages: six compounds
have completed phase 2 clinical trials and transferred to
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phase 3; dozens of additional treatment methods are in
phase 2 clinical trials. Unfortunately, no clinical trials has
shown that more than 50% of NAFLD patients achieve
the primary treatment endpoint [9], so finding safe and
effective drugs to ameliorate NAFLD remains an urgent
clinical challenge.
Inflammasome activation in liver can lead to caspasedependent cleavage of IL-1 and the pore-forming protein gasdermin D (GSDMD) which aggravates NFLAD
through IL-1 induced inflammation and GSDMD mediated pyroptosis [10, 11]. First, NLRP3 inflammasome
plays a vital role in the progression of NAFLD because it
senses a wide range of danger signals related to metabolism such as cholesterol [10]. Secondly, NLRP3 knock in
or knockout mouse provided important evidence about
the role of NLRP3 inflammasome in the occurrence and
development of NAFLD [12]. Finally, the number of discovered chemical compounds targeting inflammasomes
increased, and animal experiments have been employed
to assess the efficacy of these inflammasome inhibitors
[13, 14], such as MCC950 and oridonin which showed
the potential role in treating NAFLD [12, 15]. Although
some inhibitors targeting NLRP3 inflammasome including MCC950 [16] and dapansutrile [17], and even some
clinical drugs such as tranilast [18] and metformin [19],
have shown regulatory effects on NLRP3 inflammasome,
there are currently no drugs approved for clinical treatment of NFLAD.
Diacerein is a mature anti-inflammatory drug used in
clinical treatment of osteoarthritis by inhibiting IL-1
through NLRP3 inflammasome, and rhein is the active
product of diacerein [20, 21]. In addition, rhein is a vital
component of rhubarb free anthraquinones (RFAs) which
all share the similar molecular structure [22]. Therefore,
we hypothesized that RFAs may prevent the progression
of NAFLD by inhibiting NLRP3 inflammasome. Besides,
we explored the effect of rhubarb and yinchenhao decoction (YCHD) on improving NAFLD by inhibiting NLRP3
inflammasome for the following reasons: (1) RFAs are the
vital components of Chinese herb rhubarb (rheum palmatum L.) [22] which are used in many Chinese medicine formulas including rhubarb zhechong pill, YCHD,
et al. for the treatment of liver diseases [23]; (2) YCHD is
first recorded in Shanghanlun or Treatise on Cold Damage Diseases during the Eastern Han Dynasty and is beneficial to the treatment of liver diseases today because of
its good and safe efficacy in clinical setting [24].

Materials and methods
Cell experiment
Isolation and culture of rat BMDMs

Mouse bone marrow cells were isolated from rat hind leg
bone and differentiated (7 days) into macrophages in murine
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L929 media (diluted 1:10 in DMEM/RPMI with 10% FBS)
within a humidified incubator containing 5% CO2 at 37 °C.
Isolation and culture of mouse primary hepatocytes
and Kuffer cells

C57 mice were anesthetized with chloral hydrate. The
abdominal cavity was opened and the portal vein was
exposed. Portal vein puncture was performed with intravenous indwelling needle and the venous indwelling
needle was fixed. 20 ml Hank’s solution (without Ca2+
and Mg2+) was used for portal vein perfusion for 5 min
and the 50 ml Hank’s solution (with C
 a2+, Mg2+, 1 mg/
ml IV collagenase) was used for portal vein perfusion for
10–15 min. The liver was shredded, and 1640 medium
was aspirated through a dropper to gently blow the liver
tissue to separate single cell. The cell suspension was filtered with a 100mesh filter. The cell supernatant was then
discared after centrifugation at 300 rpm for 5 min. (1) Isolation and culture of mouse primary hepatocytes: the cell
precipitation was washed twice with 20 ml 1640 media
and cell supernatant was discarded after centrifugation at
300 rpm for 5 min. Mouse hepatocytes were cultured in
1640 media with 10% FBS within a humidified incubator
containing 5% C
 O2 at 37 °C for 2 h and then changed the
media to remove the dead cell. Related experiments were
carried out after 24–48 h of culture of adherent hepatocytes. (2) Isolation and culture of mouse Kuffer cells: the
cell supernatant was centrifuged at 1500 rpm for 5 min,
and the cell precipitation was collected for gradient centrifugation with percoll separation solution (up to down:
2 ml cell supernatant, 2 ml 25% percoll separation solution, 2 ml 50% percoll separation solution) at 2000g for
20 min. Kuffer cells were collected and cultured for 2 h
in 1640 media with 10% FBS within a humidified incubator containing 5% CO2 at 37 °C for 2 h and then cleaned
and changed. Related experiments were carried out when
Kuffer cells ware cultured for 24–48 h. The Kuffer cells
were identified by immunofluorescence through detecting F4/80 with the cell purity more than 90%.
Drug preparation

RFAs was dissolved in DMSO and filtered using a 0.2 μm
cell filter. Artemisia capillaris granule (3.4 g), gardenia
granules (1 g), rhubarb granules (1.4 g) were dissolved in
5 ml DMSO respectively and centrifuged at 1000 rpm/
min for 15 min, and then the drug supernatant was filtered by 0.2 μm cell filter. YCHD: Artemisia capillaris
granule (3.4 g), gardenia granules (1 g) and rhubarb granules (1.4 g) were dissolved in 5 ml DMSO together and
centrifuged at 1000 rpm/min for 15 min, and then the
drug supernatant was filtered by 0.2 μm cell filter.
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Establishment of NLRP3 inflammasomes

Mouse BMDMs were activated by LPS (100 ng/ml) for
4 h and then stimulated by different inflammasome
inducers: nigericin (2.5 μM) for 2 h, alum (100 μg/ml)
for 12 h, S
 iO2 (100 μg/ml) for 12 h, CPPD (100 μg/ml)
for 12 h, uric acid (100 μg/ml) for 12 h, cholesterol
(100 μg/ml) for 12 h. Mouse primary hepatocytes were
activated by LPS (1 μg/ml) for 4 h and then stimulated
by cholesterol (100 μg/ml) for 12 h. Mouse Kuffer cells
were activated by LPS (100 ng/ml) for 4 h and then
stimulated by cholesterol (100 μg/ml) for 12 h.
Measurement of TLR4 pathway

Mouse BMDMs were activated by 100 ng/ml LPS for 0 min,
20 min and 40 min and then p-P65/P65, p-JNK/JNK, p-ERK/
ERK and p-P38/p38 were detected by western blot.
Cell immunofluorescence for ASC specks detection

Mouse BMDMs were activated by 100 ng/ml LPS for
4 h and then then stimulated by nigericin (2.5 μM) for
2 h with or without the change of LPS-stimulated cell
culture media. Mouse Kuffer cells were activated by
LPS (100 ng/ml) for 4 h and then stimulated by cholesterol (100 μg/ml) for 12 h. The cells were fixed with 4%
paraformaldehyde fix solution for 1 h and then blocked
with 5% bovine serum albumin (BSA) solution for 1 h.
The cells were incubated with ASC antibody for 24 h
and then incubated with anti-rabbit IgG-Cy3 for 2 h.
The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 15 min.
RT‑qPCR

RNA was isolated by RNAfast200 kit. Reverse transcription and amplification were performed with the TAKARA
reverse transcription kit and Toyobo amplification kit.
Mouse primers provided as follows: 5′-AGTGTGACGTTG
ACATCCGT-3′ (sense) and 5′-GCAGCTCAGTAACAG
TCCGC-3′ (antisense) for β-actin; 5′-TGGATGGGTTTG
CTGGGAT-3′ (sense) and 5′-CTGCGTGTAGCGACTGTT
GAG-3′ (antisense) for NLRP3.
Western blot

Collected samples were first electrophoresed at 80 V,
then at 120 V. The condition of protein transmembrane
was 18 V for 2.5 h. The first antibody was incubated at 4
℃ overnight, and the second antibody was incubated at
room temperature for 2 h.
Measurements of factors in cell culture supernatant

Lactate Dehydrogenase (LDH) was measured using
LDH kit. IL-1β and TNF-α in supernatant were measured using IL-1β/TNF-α ELISA kits.
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Animal experiment
Experimental process

(A) 65 C57BL/6 mice were randomly divided into 13
groups (n = 5/group): control group was given methionine and choline supplemented (MCS) diet, model group
was given methionine and Choline deficient (MCD) diet.
The treatment groups were given MCD diet and different drugs including YCHD, artemisia capillaris, gardenia,
rhubarb, rhein, diacerin, emodin, aloe emodin, 1,8-dihydroxyanthraquinone, MCC950 and VX765. This experiment lasted for 3 weeks and the mice were sacrificed by
carbon dioxide anesthesia to obtain serum and liver tissue. (B) 96 C57BL mice were randomly divided into 13
groups: control group (n = 5/group) was given MCS diet,
model group (n = 14/group) was given MCD diet. The
treatment groups (n = 7/group) were given MCD diet
and different drugs including YCHD, artemisia capillaris, gardenia, rhubarb, rhein, diacerein, emodin, aloe
emodin, 1,8-dihydroxyanthraquinone, MCC950 and
VX765. This experiment lasted for 9 weeks and the mice
were sacrificed by carbon dioxide anesthesia to obtain
serum and liver tissue. All C57BL male mice (20 ± 2 g,
SPF grade) were provided by the Experimental Animal
Center of Fudan University and Experimental Animal
Center of Shanghai University of traditional Chinese
Medicine. All mice were maintained at an animal facility under pathogen-free conditions. The handling of mice
and experimental procedures were conducted in accordance with experimental animal guidelines. This study
was approved by the laboratory animal ethics committee of Fudan University: 2019–02-SGYY-SMY-01 as well
as Shanghai University of traditional Chinese Medicine:
PZSHUTCM201820005.
Drugs intervention

Artemisia capillaris granule (3.4 g), gardenia granules
(1 g), rhubarb granules (1.4 g) rhubarb (15 mg), rhein
(15 mg), diacerin (15 mg), emodin (15 mg), aloe emodin
(15 mg), 1,8-dihydroxyanthraquinone (15 mg), MCC950
(10 mg) and VX765 (10 mg) were dissolved in 10 ml 0.4%
sodium carboxymethyl cellulose solution respectively.
YCHD is the mixture of artemisia capillaris granule
(3.4 g), gardenia granules (1 g), rhubarb granules (1.4 g)
which were dissolved in 10 ml 0.4% sodium carboxymethyl cellulose solution together. All drugs were given by
gavage every 2 days.
Hematoxylin and eosin (H & E) stain and sirius red staining

The largest lobe of liver was fixed in 4% paraformaldehyde
and paraffin embedded, then 4 mm thick sections were cut
and stained with H&E stain as well as sirius red staining.
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Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured using ALT/AST kit.
Serum IL-1β and TNF-α were measured using IL-1β/
TNF-α ELISA kits.

including rhein/diacerein, emodin, aloe emodin and
1,8-dihydroxyanthraquinone were the vital components
of rhubarb, rhubarb and YCHD to inhibit NLRP3 inflammasome by inhibiting IL-1β (Fig. 1H, J), but had no effect
on TNF-α (Fig. 1I, K).

Results

RFAs inhibited the transcription and assembly of NLRP3

RFAs inhibited NLRP3 inflammasome

The effect of rhein, diacerein, emodin, aloe emodin,
and 1,8-dihydroxyanthraquinone on the transcription
of NLRP3 was explored. Effective RFAs significantly
inhibited NLRP3 protein expression (Fig. 2A) in a dose
dependent manner as well as the NLRP3 mRNA expression in mouse BMDMs stimulated by LPS (Fig. 2B,
Additional file 1: Fig. S3). LPS-activated TLR4 pathway
including nuclear factor kappa-B (NF-κ B) pathway and
mitogen-activated protein kinase (MAPK) pathway were
associated with the transcription of NLRP3 [30, 31].
While these effective RFAs had little effect on both NF-κ
B pathway and MAPK pathway with little effect on the
phosphorylation of P65, JNK, ERK and P38 (Fig. 2C).
Overall, rhein, diacerein, emodin, aloe emodin, and
1,8-dihydroxyanthraquinone inhibited the NLRP3 transcription independent of TLR4 signaling pathway.
The direct role of rhein, diacerein, emodin, aloe
emodin, and 1,8-dihydroxyanthraquinone in regulating the assembly of NLRP3 inflammasome was
explored by changing cell culture medium with LPS
before the treatment of these abovementioned anthraquinones and the stimulation of nigericin. All these
effective RFAs inhibited the cleavage of pro-caspase-1
in a dose dependent manner but had no effect on
NLRP3 protein expression (Fig. 2D). All these effective
RFAs inhibited the secretion of IL-1β in a dose-depend
manner (Fig. 2E, Additional file 1: Fig. S4). These
effective RFAs also inhibited the formation of ASC
specks (Fig. 2F, G) and the protein binding between
NLRP3 and ASC (Fig. 2H). These results showed that
these RFAs directly inhibited the assembly of NLRP3
inflammasome.

Measurements of factors in serum

Diacerein is a mature anti-inflammatory drug by inhibiting NLRP3 inflammasome and rhein is the active product
of diacerein [20, 21]. Here we verified this result in mouse
BMDMs stimulated by LPS + nigericin which activates
NLRP3 inflammasome [25]. Rhein and diacerein inhibited IL-1β (Fig. 1A), but had no effect on TNF-α (Fig. 1B).
Furthermore, rhein is a vital component of RFAs which
all have the similar molecular structure [22]. Therefore,
we explored the role of these RFAs in inhibiting NLRP3
inflammasome. RFAs including rhein/diacerein, emodin,
aloe emodin and 1,8-dihydroxyanthraquinone inhibited
NLRP3 inflammasome by inhibiting IL-1β (Fig. 1C), the
cleavage of pro-caspase-1(Fig. 1E) and the formation of
ASC specks (Fig. 1F, G) in mouse BMDMs stimulated by
LPS + nigericin, but bad no effect on TNF-α (Fig. 1D).
NLRP3 inflammasome are also activated by LPS + alum/
SiO2/CPPD/uric acid to induce NLRP3 inflammasome [26–29], while these RFAs inhibited these inducers activated NLRP3 inflammasome by inhibiting IL-1β
(Additional file 1: Fig. S1A), but had no effect on TNF-α
(Additional file 1: Fig. S2B). These RFAs inhibited the
IL-1β (Additional file 1: Fig. S2A), LDH (Additional file 1:
Fig. S2B) and the cleavage of pro-caspase-1 (Additional
file 1: Fig. S2C) in a dose dependent manner in mouse
BMDMs stimulated by LPS + nigericin.
RFAs are the vital components of herb rhubarb used
in many Chinese medicine formulas for the treatment
of liver diseases including YCHD composed of artemisia
capillaris, gardenia and rhubarb [22, 24]. Therefore, we
explored the role of YCHD, hers and some components
of YCHD in inhibiting NLRP3 inflammasome. RFAs

(See figure on next page.)
Fig. 1 RFAs inhibited NLRP3 inflammasome. Mouse BMDMs were pretreated by diacerein (40 μM) and rhein (40 μM) for 30 min and then stimulated
with LPS (100 ng/ml) for 4 h and nigericin (2.5 μM) for 2 h. IL-1β (A) and TNF-α (B) in cell culture supernatant were detected by ELISA (n = 3/group).
Mouse BMDMs were pretreated by RFAs (40 μM rhein/40 μM diacerein, 40 μM emodin, 40 μM aloe emodin, 40 μM 1,8-dihydroxyanthraquinone,
20 μM chrysophanol, 4 μM emodin methyl ether, 4 μM anthraquinone) for 30 min and then stimulated with LPS (100 ng/ml) for 4 h and nigericin
(2.5 μM) for 2 h. IL-1β (C) and TNF-α (D) in cell culture supernatant were detected by ELISA (n = 3/group), the cleavage of procaspase-1 (E) was
detected by western blot, the ASC specks (F, G) were detected by immunofluorescence. Mouse BMDMs were pretreated with some important
pharmaceutical ingredients derived from artemisia capillaris (green columns), gardenia (blue columns) and rhubarb (red columns) for 30 min and
then stimulated with LPS (100 ng/ml) for 4 h. Nigericin (2.5 μM) was added for 2 h. IL-1β (H) and TNF-α (I) in cell culture supernatant were detected
by ELISA (n = 3/group). Mouse BMDMs were pretreated by YCHT (5 μl/ml), artemisia capillaris (5 μl/ml), gardenia (5 μl/ml) and rhubarb (5 μl/ml)
for 30 min and then stimulated with LPS (100 ng/ml) for 4 h and nigericin (2.5 μM) for 2 h. IL-1β (J) and TNF-α (K) in cell culture supernatant were
detected by ELISA (n = 3/group). Data are presented as mean ± SEM. For multiple comparisons, one-way ANOVA coupled with LSD’s post hoc
testing was performed. &: p < 0.05; &&: p < 0.01; &&&: p < 0.001. ANOVA, analysis of variance; ASC, apoptosis-associated speck-like protein containing
CARD; BMDMs, bone marrow-derived macrophages; DAPI, 4′,6-diamidino-2-phenylindole; ELISA, enzyme linked immunosorbent assay; IL-1β,
interleukin-1 beta; LPS, lipopolysaccharide; TNF-α, tumor necrosis factor-alpha
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Fig. 2 RFAs inhibited both the transcription and assembly of NLRP3 inflammasome. Mouse BMDMs were pretreated by rhein, diacerein, emodin,
aloe emodin and 1,8-dihydroxyanthraquinone with the concentrations of 40 μM, 20 μM, 10 μM, and 5 μM for 30 min and then stimulated with LPS
(100 ng/ml) for 4 h. NLRP3, ASC and pro-caspase-1 (A) were detected by western blot. Moue BMDMs were pretreated with rhein, diacerein, emodin,
aloe emodin, 1,8-dihydroxyanthraquinone (all 40 μM) for 30 min and then stimulated with LPS (100 ng/ml) for 1 h. NLRP3 mRNA (B) was detected
by RT-qPCR (n = 3/group). Mouse BMDMs were pretreated by rhein, diacerein, emodin, aloe emodin and 1,8-dihydroxyanthraquinone (all 40 μM)
for 30 min and then stimulated with LPS (100 ng/ml) for 0 min, 20 min and 40 min. The phosphorylation of P65, P38, JNK and ERK (C) were detected
by western blot. Mouse BMDMs were stimulated by LPS (100 ng/ml) for 4 h and then changed the media. Rhein, diacerein, emodin, aloe emodin
and 1,8-dihydroxyanthraquinone with the concentrations of 40 μM, 20 μM, 10 μM, and 5 μM were added for 30 min and then the BMDMs were
stimulated with nigericin (2.5 μM) for 2 h. The protein expression of NLRP3, ASC and pro-caspase-1 as well as the cleavage of pro-caspase-1 (D) were
detected by western blot. Mouse BMDMs were stimulated by LPS (100 ng/ml) for 4 h before the media was changed. Rhein, diacerein, emodin,
aloe emodin and 1,8-dihydroxyanthraquinone (all 40 μM) were added for 30 min and then stimulated with nigericin (2.5 μM) for 2 h. IL-1β (E) in cell
culture supernatant was detected by ELISA (n = 3/group); The ASC specks (F, G) was detected by immunofluorescence; the combination of NLRP3
and ASC (H) was detected by immunoprecipitation. Data are presented as mean ± SEM. For multiple comparisons, one-way ANOVA coupled with
LSD’s post hoc testing was performed. &: p < 0.05; &&: p < 0.01; &&&: p < 0.001. ANOVA, analysis of variance; ASC, apoptosis-associated speck-like
protein containing CARD; BMDMs, bone marrow-derived macrophages; DAPI, 4’,6-diamidino-2-phenylindole; ELISA, enzyme linked immunosorbent
assay; IL-1β, interleukin-1 beta; LPS, lipopolysaccharide; RT-qPCR, quantitative reverse transcription polymerase chain reaction; TNF-α, tumor necrosis
factor-alpha

RFAs inhibited cholesterol induced NLRP3 inflammasome

Metabolites such as cholesterol can activate NLRP3
inflammasome in the pathological process of NAFLD
[32]. Therefore, the role of RFAs including rhein/
diacerein, emodin, aloe emodin and 1,8-dihydroxyanthraquinone, rhubarb and YCHT in regulating NLRP3
inflammasome was explored in mouse BMDMs, Kuffer
cells and primary hepatocytes stimulated by LPS + cholesterol. In mouse BMDMs, these effective RFAs, rhubarb

and YCHD inhibited IL-1β (Fig. 3A, B, Additional file 1:
Fig. S5A), but had no effect on TNF-α (Fig. 3A, B, Additional file 1: Fig. S5B); besides, these effective RFAs also
inhibited the cleavage of pro-caspase-1 (Fig. 3C). Mouse
Kuffer cells were identified by immunofluorescence
through detecting F4/80 (Additional file 1: Fig. S6A). In
mouse Kuffer cells, these effective RFAs, rhubarb and
YCHD inhibited IL-1β (Fig. 3D, E, Additional file 1: Fig.
S6B), but had no effect on TNF-α (Fig. 3D, E, Additional
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file 1: Fig. S6C); besides, these effective RFAs also inhibited the formation of ASC specks (Fig. 3F, G). In mouse
primary hepatocytes, cholesterol resulted in the increase
of LDH (Additional file 1: Fig. S7A), IL-1β (Additional
file 1: Fig. S7B), TNF-α (Additional file 1: Fig. S7C),
ALT (Additional file 1: Fig. S8A) and AST (Additional
file 1: Fig. S8B), while these effective RFAs, rhubarb and
YCHD inhibited the LDH (Fig. 3H, I, Additional file 1:
Fig. S7D), IL-1β (Fig. 3H, I, Additional file 1: Fig. S7E),
ALT (Fig. 3K, L, Additional file 1: Fig. S8C) and AST,
(Fig. 3K , L, Additional file 1: Fig. S8D), but had no effect
on TNF-α (Fig. 3H, I, Additional file 1: Fig. S7F). Besides,
these effective RFAs also inhibited the cleavage of procaspase-1 (Fig. 3J) in mouse primary hepatocytes.
RFAs improved MCD diet induced mice NAFLD
by inhibiting NLRP3 inflammasome

Regulation of NLRP3 inflammasome improved hepatic
inflammation and fibrosis in NAFLD [33]. The role of
these effective RFAs, rhubarb and YCHD in improving
MCD diet induced mice NAFLD by inhibiting NLRP3
inflammasome was explored. NAFLD mice established by
MCD diet for 9 weeks were administered by these effective RFAs, rhubarb and YCHD as well as inflammasome
inhibitors MCC950 [34] and VX765 [35]. All these drugs
improved liver function including ALT (Fig. 4A) and AST
(Fig. 4B), serum inflammation such as IL-1β (Fig. 4C) and
TNF-α (Fig. 4D) as well as histopathological inflammation score (Fig. 4E) according to Knodell scoring system
[36] and collagen deposition (Fig. 4F). Similar results
were also showed in NAFLD mice established by MCD
diet for 3 weeks that all these drugs improved liver function including ALT (Additional file 1: Fig. S9A) and AST
(Additional file 1: Fig. S9B) as well as serum inflammation such as IL-1β (Additional file 1: Fig. S9C) and TNF-α
(Additional file 1: Fig. S9D). These effective RFAs also
improved some main pathological changes including fat
deposition and steatosis of hepatocytes (Additional file 1:
Fig. S9E, Fig. 4G). Sirius red staining showed rhubarb
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and RFAs and inflammasome inhibitors had significantly
improved liver fibrosis: the fibrous septa of liver tissue in
the model group were connected with each other to form
pseudolobules, while these effective RFAs, rhubarb and
YCHD inhibited the interconnection between fibrous
septa and the formation of pseudolobules (Fig. 4H).

Discussion
RFAs as NLRP3 inflammasome blockers

On the one hand, NLRP3 inflammasome activation characterized by the cleavage of pro-caspase-1 results in the
cleavage and the secretion of IL-1 family such as IL-1 and
IL-18 [5, 12]. On the other hand, macrophages activated
by LPS can induce membranous TNF-α, while the cleavage of membranous TNF-α is just regulated by a disintegrin and metalloproteases (ADAMs) [13, 14]. Therefore,
differential expression of IL-1β and TNF-α can identify
the drugs to target NLRP3 inflammasome. RFAs including rhein/diacerein, emodin, aloe emodin and 1,8-dihydroxyanthraquinone inhibited NLRP3 inflammasome
by inhibiting IL-1β, but had no effect on TNF-α. Besides
these effective RFAs inhibited not only the cleavage of
pro-caspase-1 and but also the formation of ASC specks
which is regarded as one of the most important characteristics of NLRP3 inflammasome [37]. These results
also supported the role of RFAs in regulating NLRP3
inflammasome.
YCHD showed potential role in treating many liver diseases, such as hepatitis, liver fibrosis and liver cirrhosis
[24], and NLRP3 inflammasome takes the vital role in
the process of hepatitis, liver fibrosis and liver cirrhosis
in different liver diseases including NAFLD, Alcoholic
fatty liver disease (ALD) and viral hepatitis [38, 39]. Furthermore, RFAs are the vital components of herd rhubarb
and rhubarb is one of the most important herds involved
in YCHD [22, 24]. Therefore, we suppose NLRP3 inflammasome probably is one of the most important targets
of YCHD to treat liver diseases and RFAs from rhubarb
are the main components of YCHD to make the vital role

(See figure on next page.)
Fig. 3 RFAs inhibited cholesterol induced NLRP3 inflammasome. Mouse BMDMs and Kuffer cells were pretreated with YCHT (5 μl/ml), artemisia
capillaris (5 μl/ml), gardenia (5 μl/ml) and rhubarb (5 μl/ml) as well as RFAs (rhein/diacerein, emodin, aloe emodin, 1,8-dihydroxyanthraquinone, all
40 μM) for 30 min and then stimulated with LPS (100 ng/ml) for 4 h and cholesterol (100 μg/ml) for 12 h. In mouse BMDMs, IL-1β and TNF-α in cell
culture supernatant were detected by ELISA (A, B) (n = 3/group), and the cleavage of procaspase-1influced by RFAs was detected by western blot
(C). In mouse Kuffer cells, IL-1β and TNF-α in cell culture supernatant were detected by ELISA (D, E) (n = 3/group), and the ASC specks influenced
by RFAs were detected by immunofluorescence (F, G). Mouse primary hepatocytes were pretreated with YCHT (5 μl/ml), artemisia capillaris (5 μl/
ml), gardenia (5 μl/ml) and rhubarb (5 μl/ml) as well as RFAs (rhein/diacerein, emodin, aloe emodin, 1,8-dihydroxyanthraquinone, all 40 μM) for
30 min and then stimulated with LPS (1 μg/ml) for 4 h and cholesterol (100 μg/ml) for 12 h. IL-1β and TNF-α in cell culture supernatant were
detected by ELISA and LDH were detected by LDH kits (H, I), ALT and AST were detected by ALT/AST kits (K, L), and the cleavage of procaspase-1
influenced by RFAs was detected by western blot (J). Data are presented as mean ± SEM. For multiple comparisons, one-way ANOVA coupled
with LSD’s post hoc testing was performed. &: p < 0.05; &&: p < 0.01; &&&: p < 0.001. ANOVA; analysis of variance; ALT, alanine aminotransferase;
ASC, apoptosis-associated speck-like protein containing CARD; AST, aspartate aminotransferase; BMDMs, bone marrow-derived macrophages;
DAPI, 4′,6-diamidino-2-phenylindole; ELISA, enzyme linked immunosorbent assay; IL-1β, interleukin-1 beta; LDH, lactate dehydrogenase; LPS,
lipopolysaccharide; TNF-α, tumor necrosis factor-alpha
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in inhibiting NLRP3 inflammasome and the results also
confirmed our hypothesis.
Rhubarb and RFAs inhibited the transcription
and assembly of NLRP3

On the one hand, these effective RFAs inhibited the
expression of NLRP3 protein and mRNA in a dosedependent manner, indicating that RFAs inhibited the
transcription of NLRP3. On the other hand, LPS binds to
macrophage TLR4 and then activates the phosphorylation of TLR4 signaling pathway signaling proteins such as
P65 in NF-κ B pathway and p38, ERK and JNK in MAPK
signaling pathway [30, 31], while these effective RFAs had
no effect on the phosphorylation of p65, p38, ERK and
JNK. Therefore, RFAs directly regulate the transcription
of NLRP3 independent of TLR4 signaling pathway.
The cascade reaction of NLRP3, ASC and pro-caspase-1 leads to the cleavage of pro-caspase-1, which
further leads to the cleavage of IL-1 family and GSDMD
which contribute to inflammation and pyroptosis [40,
41]. In order to study the effect of effective RFAs on
NLRP3 assembly, cell culture medium with LPS was
changed and then mouse BMDMs were pretreated with
the abovementioned anthraquinones and stimulated by
nigericin. Effective RFAs inhibited cleavage of pro-caspase-1, the formation of ASC specks and the secretion
of IL-1β, but had no effect on NLRP3 protein expression.
These results predicted the role of these effective RFAs in
regulating NLRP3 assembly. Besides, these effective RFAs
directly inhibited the binding between NLRP3 and ASC.
This result furthermore indicated that effective RFAs
inhibited the assembly of NLRP3.
RFAs improved NAFLD by regulating NLRP3 inflammasome

NLRP3 inflammasome induced by metabolic stress in
NAFLD can mediate pyrosis and inflammation which
promote the progress of NAFLD [38, 42]. On the one
hand, a variety of risk signals in the process of NAFLD
such as endotoxin produced by intestinal flora migration, oxidized lipids and damage associated molecular
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patterns (DAMPs) can directly lead to the expression of
NLRP3 in liver tissue through TLR4 [32]. Although the
ligand of NLRP3 and the initial activation mechanism
of NLRP3 inflammasome are still unknown, NLRP3 can
be activated by sensing the stress stimulation of different
metabolites and the risk signals generated in hepatocyte
injury and death, for example, cholesterol can directly
induce the activation of NLRP3 inflammasome [10, 43,
44]. In mouse BMDMs, RFAs including rhein, diacerein,
emodin, aloe emodin, and 1,8-dihydroxyanthraquinone, rhubarb and YCHD just inhibited IL-1β, but had
no effect on TNF-α. Similar results were also showed in
mouse Kuffer cells and primary hepatocytes. Besides,
these effective RFAs not only inhibited the formation of
ASC in mouse Kuffer cells, but also inhibited the cleavage
of pro-caspase-1 in mouse primary hepatocytes. These
results showed rhubarb and RFAs could inhibit the metabolic stress induced NLRP3 inflammasome.
DAMPs released from injurious hepatocytes produced
inflammatory factors by activating Kuffer cells, so as
to further promoted and maintained the activation of
hepatic stellate cells (HSCs), and finally lead to the continuous secretion of collagen and fibers by HSCs, thus
forming hepatic fibrosis and even cirrhosis [45]. Inflammasome not only participate in hepatocyte injury, but
also participate in the process of activation and release of
inflammatory factors by Kuffer cells which directly promote the production of collagen and fibers by HSCs [33,
46]. These effective RFAs not noly inhibited the NLRP3
activation in mouse hepatocytes and Kuffer cells, but also
improved mice NAFLD. RFAs including rhein, diacerein,
emodin, aloe emodin, and 1,8-dihydroxyanthraquinone,
rhubarb and YCHD as well as inflammasome inhibitors
improved liver function including ALT and AST as well
as serum IL-1β and TNF-α. Furthermore, H&E staining and Sirius red staining results showed those drugs
not only improved histopathological inflammation
score but also liver fibrosis. These results predicted that
RFAs including rhein, diacerein, emodin, aloe emodin,
and 1,8-dihydroxyanthraquinone could be regarded as
NLRP3 inflammasome blockers to treat NAFLD.

(See figure on next page.)
Fig. 4 RFAs improved NAFLD by inhibiting NLRP3 inflammasome. C57 BL/6 mice were fed by MCD diet for 9 weeks. RFAs (rhein/diacerein, emodin,
aloe emodin, 1,8-dihydroxyanthraquinone), herbs in yichenhao decoction and yichenhao decoction as well as inflammasome inhibitors MCC950
and VX765 were given by gavage every 2 days when MCD diet treatment started. Serum ALT (A) and AST (B) were detected by ALT/AST kits,
serum IL-1β (C) and TNF-α (D) were detected by ELISA. Histopathological inflammation score was accessed (E) and H&E stain were also detected
(G). Collagen staining was detected semi quantitatively (F) and sirius red staining were detected (H). Control group was fed by MCS diet (n = 5/
group); Model group was fed by MCD diet (n = 14/group); Intervention groups were fed by MCD diet and different drugs (n = 7/group). For
multiple comparisons, one-way ANOVA coupled with LSD’s post hoc testing was performed. &: p < 0.05; &&: p < 0.01; &&&: p < 0.001. ALT, alanine
aminotransferase; ANOVA, analysis of variance; AST, aspartate aminotransferase; ELISA, enzyme linked immunosorbent assay; H&E, hematoxylin
and eosin; IL-1β, interleukin-1 beta; MCD, methionine and choline deficiency; MCS, methionine-choline-supplemented; TNF-α, tumor necrosis
factor-alpha
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Conclusion
RFAs including rhein/diacerein, emodin, aloe emodin and 1,8-dihydroxyanthraquinone inhibited NLRP3
inflammasome. RFAs inhibited not only the expression
of NLRP3 but also the NLRP3 inflammasome assembly.
RFAs including rhein/diacerein, emodin, aloe emodin and
1,8-dihydroxyanthraquinone improved NAFLD by inhibiting NLRP3 inflammasome. Rhubarb and YCHD also
inhibited NLRP3 inflammasome and improved NAFLD.
RFAs are the potential NLRP3 inflammasome blockers for
treating NAFLD clinically. NLRP3 inflammasome also are
important therapeutic target of rhubarb and YCHD.
Although RFAs includig rhein, diacerein, emodin, aloe
emodin, and 1,8-dihydroxyanthraquinone were screened out
as NLRP3 inflammasome blockers to treat NAFLD, while
many questions still exit in this paper and we will try to solve
these problems in our next researches: (1) there is no clinical
trial to provide more evidence for the role of RFAs in treating NAFLD; (2) the deeper mechanism that RFAs inhibited
NLRP3 inflammasome are still unkown; (3) How to choose
the clinical application of these effective RFAs or rhubarb
or prescription containing rhubarb in clinical treatment of
NAFLD? All these existing problems will inspire us to make
greater efforts to solve them in our future work.
Chemical compounds
Acrylamide (PubChem CID: 6579), Aluminum potassium sulfate (PubChem CID: 24856), Ammonium persulfate (PubChem CID: 62648), Calcium pyrophosphate
(PubChem CID: 24632), Chloroform (PubChem CID:
6212), Cholesterol (PubChem CID: 5997), Dimethyl
sulfoxide (PubChem CID: 679), Disodium hydrogen
phosphate (PubChem CID: 24203), Ethanol (PubChem
CID: 702), Formaldehyde (PubChem CID: 712), Glycine
(PubChem CID: 750), Methanol (PubChem CID: 887),
Nigericin (PubChem CID: 34230), Potassium chloride
(PubChem CID: 4873), Potassium dihydrogen phosphate
(PubChem CID: 516951), Silicon dioxide (PubChem CID:
24261), Sodium chloride (PubChem CID: 5234), Sodium
dihydrogen phosphate (PubChem CID: 23672064),
Sodium dodecyl sulfate (PubChem CID: 3423265), Tris
(PubChem CID: 6503), Uric acid (PubChem CID: 1175),
Xylene (PubChem CID: 6850715).
Abbreviations
ADAMs: A disintegrin and metalloproteases; ANOVA: Analysis of variance; ALT:
Alanine aminotransferase; Alum: Aluminum potassium sulfate; ASC: Apoptosisassociated speck-like protein containing CARD; AST: Aspartate aminotransferase; ATP: Adenosine triphosphate; BMDMs: Bone marrow-derived macrophages, BSA, bovine serum albumin; CPPD: Calcium pyrophosphate; DAPI:
4’,6-Diamidino-2-phenylindole; ELISA: Enzyme linked immunosorbent assay;
GSDMD: Gasdermin D; H&E: Hematoxylin and eosin; HSCs: Hepatic stellate
cells; IL-1β: Interleukin-1 beta; LDH: Lactate dehydrogenase; LPS: Lipopolysaccharide; MCD: Methionine and choline deficiency; MCS: Methionine-cholinesupplemented; NAFLD: Nonalcoholic fatty liver disease; NASH: Nonalcoholic

Page 12 of 13

steatohepatitis; NS: No significance; RFAs: Rhubarb free anthraquinones; ROS:
Reactive oxygen species; SiO2: Silicon dioxide; TLR4: Toll like receptor 4; TNF-α:
Tumor necrosis factor-alpha; YCHD: Yinchenhao decoction.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12967-022-03495-4.
Additional file 1. Figure S1. RFAs inhibited NLRP3 inflammasome
induced by uric acid, alum, SiO2 and CPPD. Figure S2. RFAs inhibited
NLRP3 inflammasome in a dose dependent manner. Figure S3. RFAs
inhibited the transcription of NLRP3 in a dose dependent manner. Figure
S4. RFAs inhibited the assembly of NLRP3 inflammasome in a dose
dependent manner. Figure S5. RFAs inhibited cholesterol induced NLRP3
inflammasome in mouse BMDMs in a dose dependent manner. Figure
S6. RFAs inhibited cholesterol induced NLRP3 inflammasome in mouse
Kuffer cells. Figure S7. RFAs inhibited cholesterol induced NLRP3 inflammasome in mouse primary hepatocytes. Figure S8. RFAs inhibited ALT
and AST in mouse primary hepatocytes stimulated by LPS + cholesterol.
Figure S9. RFAs improved MCD diet induced mice NAFLD by inhibiting
NLRP3 inflammasome in the third week. Table S1. Main materials.
Acknowledgements
None.
Author contributions
Study concept and design: CW, MS, FM, YB. Drug identification and quality
control: GW. Cell experiment: CW, YB, BL. Animal experiment: CW, BL, DW.
Statistical analysis: CW, YB, BL. Critical revision of the manuscript for important
intellectual content: CW, YB, BL, FM, MS. Language proofreading and retouching: NL BA. Drafting of the manuscript: CW. Obtained founding: MS, FM. All
authors read and approved the final manuscript.
Funding
This work was supported by (1) Science and technology innovation action
plan", the Major Project of Shanghai Municipal Science and Technology Commission (Grant number: 19401972300); (2) "major scientific and technological
innovation project", Key R & D plan of Shandong Province (Grant number:
2021CXGC010509); (3) The fourth batch of excellent talents in traditional
Chinese medicine, the State Administration of traditional Chinese medicine
(Grant number: 2017-124).

Declarations
Competing interests
The authors declare no competing financial interests.
Author details
1
Key Laboratory of Liver and Kidney Diseases (Ministry of Education), Institute
of Liver Diseases, Shuguang Hospital, Shanghai University of Traditional
Chinese Medicine, No.528 Zhangheng Road Pudong New District, Shanghai 201203, China. 2 Shanghai University of Traditional Chinese Medicine,
Shanghai 201203, China. 3 Guanghua Hospital Affiliated to Shanghai University
of Traditional Chinese Medicine, Shanghai, China. 4 State Key Laboratory of Genetic Engineering, Collaborative Innovation Center of Genetics
and Development, School of Life Sciences, Human Phenome Institute, Fudan
University, Shanghai, People’s Republic of China. 5 Suzhou Institute of Systems
Medicine, Chinese Academy of Medical Sciences & Peking Union Medical College, Suzhou 215123, People’s Republic of China.
Received: 25 April 2022 Accepted: 20 June 2022

References
1. Diehl AM, Day C. Cause, pathogenesis, and treatment of nonalcoholic
steatohepatitis. N Engl J Med. 2017;377(21):2063–72.

Wu et al. Journal of Translational Medicine

2.
3.

4.
5.
6.

7.
8.

9.
10.
11.
12.

13.
14.
15.
16.

17.

18.
19.

20.

21.

22.
23.

(2022) 20:294

Lonardo A, Byrne CD, Caldwell SH, Cortez-Pinto H, Targher G. Global epidemiology of nonalcoholic fatty liver disease: Meta-analytic assessment
of prevalence, incidence, and outcomes. Hepatology. 2016;64(4):1388–9.
Taylor RS, Taylor RJ, Bayliss S, Hagstrom H, Nasr P, Schattenberg JM,
Ishigami M, Toyoda H, Wai-Sun Wong V, Peleg N, et al. Association
between fibrosis stage and outcomes of patients with nonalcoholic fatty
liver disease: a systematic review and meta-analysis. Gastroenterology.
2020;158(6):1611–25.
Cotter TG, Rinella M. Nonalcoholic fatty liver disease 2020: the state of the
disease. Gastroenterology. 2020;158(7):1851–64.
Bell DS. The association of obesity, metabolic syndrome, diabetes, and
cardiovascular disease with nonalcoholic fatty liver disease. South Med J.
2009;102(10):991–2.
Ballestri S, Zona S, Targher G, Romagnoli D, Baldelli E, Nascimbeni F, Roverato A, Guaraldi G, Lonardo A. Nonalcoholic fatty liver disease is associated
with an almost twofold increased risk of incident type 2 diabetes and
metabolic syndrome. Evidence from a systematic review and metaanalysis. J Gastroenterol Hepatol. 2016;31(5):936–44.
Marjot T, Moolla A, Cobbold JF, Hodson L, Tomlinson JW. Nonalcoholic
fatty liver disease in adults: current concepts in etiology, outcomes, and
management. Endocr Rev. 2020;41:1.
Ye Q, Zou B, Yeo YH, Li J, Huang DQ, Wu Y, Yang H, Liu C, Kam LY, Tan XXE,
et al. Global prevalence, incidence, and outcomes of non-obese or lean
non-alcoholic fatty liver disease: a systematic review and meta-analysis.
Lancet Gastroenterol Hepatol. 2020;5(8):739–52.
Grajower MM. Nonalcoholic Steatohepatitis. JAMA. 2020;324(9):899.
Thomas H. NAFLD: A critical role for the NLRP3 inflammasome in NASH.
Nat Rev Gastroenterol Hepatol. 2017;14(4):197.
Kovacs SB, Miao EA. Gasdermins: effectors of pyroptosis. Trends Cell Biol.
2017;27(9):673–84.
Mridha AR, Wree A, Robertson AAB, Yeh MM, Johnson CD, Van Rooyen
DM, Haczeyni F, Teoh NC, Savard C, Ioannou GN, et al. NLRP3 inflammasome blockade reduces liver inflammation and fibrosis in experimental
NASH in mice. J Hepatol. 2017;66(5):1037–46.
Chauhan D, Vande Walle L, Lamkanfi M. Therapeutic modulation of
inflammasome pathways. Immunol Rev. 2020;297(1):123–38.
Swanson KV, Deng M, Ting JP. The NLRP3 inflammasome: molecular activation and regulation to therapeutics. Nat Rev Immunol.
2019;19(8):477–89.
He H, Jiang H, Chen Y, Ye J, Wang A, Wang C, Liu Q, Liang G, Deng X, Jiang
W, et al. Oridonin is a covalent NLRP3 inhibitor with strong anti-inflammasome activity. Nat Commun. 2018;9(1):2550.
Coll RC, Robertson AA, Chae JJ, Higgins SC, Munoz-Planillo R, Inserra MC,
Vetter I, Dungan LS, Monks BG, Stutz A, et al. A small-molecule inhibitor
of the NLRP3 inflammasome for the treatment of inflammatory diseases.
Nat Med. 2015;21(3):248–55.
Marchetti C, Swartzwelter B, Gamboni F, Neff CP, Richter K, Azam T, Carta
S, Tengesdal I, Nemkov T, D’Alessandro A, et al. OLT1177, a beta-sulfonyl
nitrile compound, safe in humans, inhibits the NLRP3 inflammasome and
reverses the metabolic cost of inflammation. Proc Natl Acad Sci U S A.
2018;115(7):E1530–9.
Huang Y, Jiang H, Chen Y, Wang X, Yang Y, Tao J, Deng X, Liang G, Zhang
H, Jiang W, et al. Tranilast directly targets NLRP3 to treat inflammasomedriven diseases. EMBO Mol Med. 2018;10:4.
Xian H, Liu Y, Rundberg Nilsson A, Gatchalian R, Crother TR, Tourtellotte WG,
Zhang Y, Aleman-Muench GR, Lewis G, Chen W, et al. Metformin inhibition
of mitochondrial ATP and DNA synthesis abrogates NLRP3 inflammasome
activation and pulmonary inflammation. Immunity. 2021;54(7):1463–77.
Moldovan F, Pelletier JP, Jolicoeur FC, Cloutier JM, Martel-Pelletier
J. Diacerhein and rhein reduce the ICE-induced IL-1beta and IL-18
activation in human osteoarthritic cartilage. Osteoarthritis Cartilage.
2000;8(3):186–96.
Chang WC, Chu MT, Hsu CY, Wu YJ, Lee JY, Chen TJ, Chung WH, Chen DY,
Hung SI. Rhein, An Anthraquinone Drug, Suppresses the NLRP3 inflammasome and macrophage activation in urate crystal-induced gouty
inflammation. Am J Chin Med. 2019;47(1):135–51.
Cao YJ, Pu ZJ, Tang YP, Shen J, Chen YY, Kang A, Zhou GS, Duan JA.
Advances in bio-active constituents, pharmacology and clinical applications of rhubarb. Chin Med. 2017;12:36.
Cao YJ. Advances in bio-active constituents, pharmacology and clinical
applications of rhubar. BChen. 2017;12:36.

Page 13 of 13

24. Li JY, Cao HY, Sun L, Sun RF, Wu C, Bian YQ, Dong S, Liu P, Sun MY. Therapeutic mechanism of Yin-Chen-Hao decoction in hepatic diseases. World
J Gastroenterol. 2017;23(7):1125–38.
25. Greaney AJ, Leppla SH, Moayeri M. Bacterial Exotoxins and the Inflammasome. Front Immunol. 2015;6:570.
26. Munoz-Planillo R, Kuffa P, Martinez-Colon G, Smith BL, Rajendiran
TM, Nunez G. K(+) efflux is the common trigger of NLRP3 inflammasome activation by bacterial toxins and particulate matter. Immunity.
2013;38(6):1142–53.
27. Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL, Fitzgerald KA, Latz E. Silica crystals and aluminum salts activate the NALP3
inflammasome through phagosomal destabilization. Nat Immunol.
2008;9(8):847–56.
28. Shimada K, Crother TR, Karlin J, Dagvadorj J, Chiba N, Chen S, Ramanujan VK, Wolf AJ, Vergnes L, Ojcius DM, et al. Oxidized mitochondrial
DNA activates the NLRP3 inflammasome during apoptosis. Immunity.
2012;36(3):401–14.
29. Freeman L, Guo H, David CN, Brickey WJ, Jha S, Ting JP. NLR members
NLRC4 and NLRP3 mediate sterile inflammasome activation in microglia
and astrocytes. J Exp Med. 2017;214(5):1351–70.
30. Takeda K, Akira S. TLR signaling pathways. Semin Immunol.
2004;16(1):3–9.
31. Rahimifard M, Maqbool F, Moeini-Nodeh S, Niaz K, Abdollahi M, Braidy
N, Nabavi SM, Nabavi SF. Targeting the TLR4 signaling pathway by polyphenols: A novel therapeutic strategy for neuroinflammation. Ageing Res
Rev. 2017;36:11–9.
32. Farrell GC, Haczeyni F, Chitturi S. Pathogenesis of NASH: how metabolic
complications of overnutrition favour lipotoxicity and pro-inflammatory
fatty liver disease. Adv Exp Med Biol. 2018;1061:19–44.
33. Zhang WJ, Chen SJ, Zhou SC, Wu SZ, Wang H. Inflammasomes and fibrosis. Front Immunol. 2021;12: 643149.
34. Hochheiser IV, Pilsl M, Hagelueken G, Moecking J, Marleaux M, Brinkschulte R, Latz E, Engel C, Geyer M. Structure of the NLRP3 decamer bound
to the cytokine release inhibitor CRID3. Nature. 2022;89:44.
35. Li H, Guo Z, Chen J, Du Z, Lu H, Wang Z, Xi J, Bai Y. Computational research
of Belnacasan and new Caspase-1 inhibitor on cerebral ischemia reperfusion injury. Aging (Albany NY). 2022;14(4):1848–64.
36. Desmet VJ, Knodell RG, Ishak KG, Black WC, Chen TS, Craig R, Kaplowitz
N, Kiernan TW, Wollman J. Formulation and application of a numerical scoring system for assessing histological activity in asymptomatic
chronic active hepatitis [Hepatology 1981;1:431–435]. J Hepatol.
2003;38(4):382–6.
37. Stutz A, Horvath GL, Monks BG, Latz E. ASC speck formation as a readout
for inflammasome activation. Methods Mol Biol. 2013;1040:91–101.
38. Szabo G, Csak T. Inflammasomes in liver diseases. J Hepatol.
2012;57(3):642–54.
39. Man SM, Kanneganti TD. Converging roles of caspases in inflammasome activation, cell death and innate immunity. Nat Rev Immunol.
2016;16(1):7–21.
40. Christgen S, Place DE, Kanneganti TD. Toward targeting inflammasomes:
insights into their regulation and activation. Cell Res. 2020;30(4):315–27.
41. Broz P, Pelegrin P, Shao F. The gasdermins, a protein family executing cell
death and inflammation. Nat Rev Immunol. 2020;20(3):143–57.
42. Wree A, Eguchi A, McGeough MD, Pena CA, Johnson CD, Canbay A,
Hoffman HM, Feldstein AE. NLRP3 inflammasome activation results in
hepatocyte pyroptosis, liver inflammation, and fibrosis in mice. Hepatology. 2014;59(3):898–910.
43. Tilg H, Moschen AR, Szabo G. Interleukin-1 and inflammasomes in alcoholic liver disease/acute alcoholic hepatitis and nonalcoholic fatty liver
disease/nonalcoholic steatohepatitis. Hepatology. 2016;64(3):955–65.
44. Tall AR, Yvan-Charvet L. Cholesterol, inflammation and innate immunity.
Nat Rev Immunol. 2015;15(2):104–16.
45. Kisseleva T, Brenner D. Molecular and cellular mechanisms of liver fibrosis
and its regression. Nat Rev Gastroenterol Hepatol. 2021;18(3):151–66.
46. Gautheron J, Gores GJ, Rodrigues CMP. Lytic cell death in metabolic liver
disease. J Hepatol. 2020;73(2):394–408.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

