
Citation: Kim, J.M.; Cho, S.S.;

Kang, S.; Moon, C.; Yang, J.H.;

Ki, S.H. Castanopsis sieboldii Extract

Alleviates Acute Liver Injury by

Antagonizing Inflammasome-

Mediated Pyroptosis. Int. J. Mol. Sci.

2023, 24, 11982. https://doi.org/

10.3390/ijms241511982

Academic Editor: Jun hong Park

Received: 20 June 2023

Revised: 24 July 2023

Accepted: 24 July 2023

Published: 26 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Castanopsis sieboldii Extract Alleviates Acute Liver Injury by
Antagonizing Inflammasome-Mediated Pyroptosis
Jae Min Kim 1, Sam Seok Cho 1, Sohi Kang 2, Changjong Moon 2 , Ji Hye Yang 3,* and Sung Hwan Ki 1,*

1 College of Pharmacy, Chosun University, Gwangju 61452, Republic of Korea; kjm4994@naver.com (J.M.K.);
messicho@naver.com (S.S.C.)

2 College of Veterinary Medicine, Chonnam National University, Gwangju 61186, Republic of Korea;
shrloveu@chonnam.ac.kr (S.K.); moonc@chonnam.ac.kr (C.M.)

3 College of Korean Medicine, Dongshin University, Naju 58245, Republic of Korea
* Correspondence: uranus2k@dsu.ac.kr (J.H.Y.); shki@chosun.ac.kr (S.H.K.);

Tel.: +82-61-330-3518 (J.H.Y.); +82-62-230-6639 (S.H.K.)

Abstract: Castanopsis sieboldii (CS), a subtropical species, was reported to have antioxidant and an-
tibacterial effects. However, the anti-inflammatory effects of CS have not been studied. This study
aimed to investigate whether the 70% ethanol extract of the CS leaf (CSL3) inhibited lipopolysaccha-
ride (LPS)-induced inflammatory responses and LPS and ATP-induced pyroptosis in macrophages.
CSL3 treatment inhibited NO release and iNOS expression in LPS-stimulated cells. CSL3 antagonized
NF-κB and AP-1 activation, which was due to MAPK (p38, ERK, and JNK) inhibition. CSL3 success-
fully decreased NLRP3 inflammasome activation and increased IL-1β expression. CSL3 treatment
diminished LPS and ATP-induced pore formation in GSDMD. The in vivo effect of CSL3 on acute liver
injury was evaluated in a CCl4-treated mouse model. CCl4 treatment increased the activity of serum
alanine aminotransferase and aspartate aminotransferase, which decreased by CSL3. In addition,
CCl4-induced an increase in TNF-α, and IL-6 levels decreased by CSL3 treatment. Furthermore, we
verified that the CCl4-induced inflammasome and pyroptosis-related gene expression in liver tissue
and release of IL-1β into serum were suppressed by CSL3 treatment. Our results suggest that CSL3
protects against acute liver injury by inhibiting inflammasome formation and pyroptosis.
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1. Introduction

The liver is the largest solid organ in the human body and is responsible for xenobiotic
metabolism and detoxification. The liver mass is composed of 80% parenchymal cells
(hepatocytes) and 20% non-parenchymal cells (Kupffer cells, lymphocytes, hepatic stellate
cells, and endothelial cells) [1]. Kupffer cells, liver-resident macrophages, play a central
role in the pathogenesis of a variety of liver diseases, including alcoholic liver disease,
nonalcoholic steatohepatitis, intrahepatic cholestasis, viral hepatitis, and liver fibrosis [2].
During liver injury, activated Kupffer cells are a major source of inflammatory mediators,
including nitric oxide, cytokines, chemokines, superoxide, and eicosanoids [3], resulting in
excessive inflammatory response and hepatitis.

Hepatitis can be classified as acute or chronic based on the duration of inflammation in
the liver. The majority of patients with acute hepatitis recover spontaneously within several
days [4]; however, treatment is necessary if symptoms persist. The treatment of choice for
patients with severe alcoholic hepatitis (AH) or autoimmune hepatitis is corticosteroids.
However, the use of corticosteroids in patients with acute hepatitis is still controversial [5].
In contrast, chronic hepatitis can cause chronic liver diseases, including liver fibrosis,
cirrhosis, and liver cancer, leading to significant morbidity and mortality [6]. Current
treatments for late-stage liver diseases, such as decompensated cirrhosis and hepatocellular
carcinoma, are still limited, and liver transplantation is the only available approach to
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improve survival. Thus, the identification of new drug targets and candidate drugs that
can regulate the early stages of liver diseases, such as hepatitis, is crucial.

Kupffer cells are responsible for immune and repair functions in the liver and are
polarized into the M1 (a pro-inflammatory form) or M2 phenotype (an anti-inflammatory
form) [7]. Polarization into the M1 phenotype induced by IFN-γ, TNF-α, and/or lipopolysac-
charide (LPS) increases pro-inflammatory cytokine release, which is associated with liver
inflammation. When Kupffer cells are stimulated by LPS and/or IFN-γ, the NLR family
pyrin domain containing 3 (NLRP3) induces the inflammasome formation and cleavage of
gasdermin D (GSDMDC1), leading to pyroptosis. Pyroptosis is a type of lytic programmed
cell death that is stimulated by proinflammatory signals [8,9]. Accumulating evidence
shows that pyroptosis in Kupffer cells also contributes to sterile inflammatory liver diseases
by increasing the release of pro-inflammatory cytokines, including IL-18 or IL-1β [10].
However, there are no candidate drugs for the prevention or treatment of acute hepatitis
that target pyroptosis in Kupffer cells.

Castanopsis sieboldii (CS), a warm-temperature tree species, is native to the southern
part of the Korean Peninsula and Jeju Island. Warm-temperature tree species distributed
in subtropical regions are gradually expanding on the Korean Peninsula due to global
warming and climate change. The fruits of CS have been used as food since ancient times,
and their branches have been recently used as wood. In addition, the leaf extract of CS
has high antioxidant and antibacterial activities [11]. Recently, we determined that the 70%
ethanol (EtOH) extract of the CS leaf (CSL3) has cytoprotective and antioxidant effects in
keratinocytes against UV-irradiated photodamage [12]. However, the effects of CSL3 on
acute hepatitis and Kupffer cell activation remain unknown.

Therefore, the current study investigated whether CSL3 inhibits inflammatory re-
sponses and inflammasome-mediated pyroptosis in activated Kupffer cells. Furthermore,
we examined the in vivo effects of CSL3 on CCl4-treated acute hepatitis mice by mea-
suring the activities of marker enzymes for hepatic functioning in plasma and analyzing
histopathological profiles of hepatic damage.

2. Results
2.1. Suppression of LPS-Induced Inflammatory Response by CSL3

Kupffer cells, also known as Kupffer–Browicz cells, are liver-resident macrophages
located in the lumen of the liver sinusoids. It was well-established that Kupffer cells
(KCs), resident liver macrophages, play a major role in the pathophysiology of acute liver
injury [13,14]. Thus, ImKC cells, a murine immortalized Kupffer cell line, were adopted to
investigate the effect of CSL3 on acute liver injury and its molecular mechanism. We also
used the RAW264.7 cell line, the most popular murine macrophage cell line, to confirm the
effect of CSL3 on ImKC cells. First, we evaluated the cytotoxicity of CSL3 in both cell lines
using a WST-1 cell viability assay. There was no cytotoxicity at CSL3 concentrations of up
to 100 µg/mL in either cell line (Figure 1A,B).
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Figure 1. The enhibitory effect of CSL3 on iNOS expression and NO production in LPS-activated 
Kupffer cells. (A,B) The effect of CSL3 (10–100 µg/mL, 24 h) on cytotoxicity was estimated using 
WST-1 assays in ImKCs and Raw264.7 cells. Data represent the mean ± S.E. of three replicates; ** p 
< 0.01, significant versus vehicle-treated control. (C,D) The expression of iNOS protein in macro-
phages. ImKC (C) or Raw264.7 cells (D) were pretreated with CSL3 for 0.5 h, treated with LPS, and 
incubated for 12 h. iNOS protein expression was visualized by immunoblotting and results were 
confirmed by repeated experiments. (E,F) The enhibition of iNOS mRNA by CSL3 treatment in mac-
rophages. ImKC (E) or Raw264.7 cells (F) were pretreated with CSL3 for 1 h and treated with LPS. 
After 3 h, the expression level of iNOS was evaluated by PCR analysis, and the results were con-
firmed by repeated experiments. (G) iNOS luciferase assays were performed in cells stably trans-
fected with pGL-miNOS-1588, which contains murine iNOS promoters from −1588 to +165bp and 
exposed to LPS and/or CSL3 in cells for 12 h. (H) NO production was measured by a Griess reagent. 
ImKCs were pretreated with CSL3 for 1 h and then incubated with LPS for 15 h. Data represent the 
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Figure 1. The enhibitory effect of CSL3 on iNOS expression and NO production in LPS-activated
Kupffer cells. (A,B) The effect of CSL3 (10–100 µg/mL, 24 h) on cytotoxicity was estimated using WST-
1 assays in ImKCs and Raw264.7 cells. Data represent the mean ± S.E. of three replicates; ** p < 0.01,
significant versus vehicle-treated control. (C,D) The expression of iNOS protein in macrophages.
ImKC (C) or Raw264.7 cells (D) were pretreated with CSL3 for 0.5 h, treated with LPS, and incubated
for 12 h. iNOS protein expression was visualized by immunoblotting and results were confirmed
by repeated experiments. (E,F) The enhibition of iNOS mRNA by CSL3 treatment in macrophages.
ImKC (E) or Raw264.7 cells (F) were pretreated with CSL3 for 1 h and treated with LPS. After 3 h,
the expression level of iNOS was evaluated by PCR analysis, and the results were confirmed by
repeated experiments. (G) iNOS luciferase assays were performed in cells stably transfected with
pGL-miNOS-1588, which contains murine iNOS promoters from −1588 to +165bp and exposed to
LPS and/or CSL3 in cells for 12 h. (H) NO production was measured by a Griess reagent. ImKCs were
pretreated with CSL3 for 1 h and then incubated with LPS for 15 h. Data represent the mean ± S.E. of
three replicates; * p < 0.05, ** p < 0.01, significant versus vehicle-treated control; ## p < 0.01, # p < 0.05,
significant versus LPS alone.

Induction of iNOS is a direct outcome of the inflammatory response [15]. Therefore,
we investigated whether CSL3 can inhibit LPS-induced iNOS expression in ImKCs and
RAW264.7 cells. The LPS-stimulated iNOS protein levels were decreased by CSL3 in a dose-
dependent manner (Figure 1C,D). In agreement with protein expression, CSL3 inhibited
LPS-induced mRNA levels of iNOS in ImKCs and RAW264.7 cells (Figure 1E,F). Also, CSL3
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treatment suppressed the increase in iNOS promoter activity by LPS in stably transfected
RAW264.7 cells (Figure 1G). NO produced by iNOS is involved in DNA damage and
aberrant cell signaling in various tissues [16]. The LPS-induced increase in NO production
was reduced by CSL3 treatment in a dose-dependent manner in ImKCs (Figure 1H). The
effects of CSL3 were comparable in both cells; further experiments were thus conducted
only in ImKC cells.

Next, we investigated whether CSL3 inhibits the expression of inflammatory cytokines
and genes. The RT-PCR analysis showed that the increased inflammatory gene expression
of Il-6 and TNF-α was inhibited by CSL3 (Figure 2A). The release of cytokines by LPS into
the medium was abolished by CSL3. The elevated cytokine levels were also significantly
reduced by CSL3 treatment (Figure 2B,C). Our results showed that CSL3 alleviated LPS-
induced inflammatory gene expression in the macrophages.
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performed. LPS increased the phosphorylation of c-Jun and c-Fos in the cell lysates, which 
were markedly inhibited by CSL3 pretreatment in ImKC cells (Figure 3D).  
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Figure 2. Suppression of inflammatory gene expression by CSL3 in LPS-activated Kupffer cells.
ImKC cells were pretreated with CSL3 for 1 h and then treated with LPS for 3 h. (A) mRNA levels of
inflammatory cytokines (Il-6 and TNF-α) were evaluated by RT-PCR using GAPDH as a control, and
the results were verified by three repeated experiments. (B,C) IL-6 and TNF-α release into the cell
supernatant was determined by ELISA. Data represent the mean ± S.E. of three replicates; ** p < 0.01,
* p < 0.05, significant versus vehicle-treated control; ## p < 0.01, # p < 0.05, significant versus LPS alone.

2.2. Inhibition of LPS-Induced Inflammatory Signaling Pathway by CSL3

NF-κB and AP-1 can be activated by a variety of inflammatory stimuli and regulate the
transcriptional activation of inflammatory genes [17,18]. Nuclear translocation of NF-κB
is activated by phosphorylation and subsequent degradation of IκB-α [19]. Phosphory-
lation and degradation of IκB-α were increased by LPS but were completely blocked by
pretreatment with CSL3 (Figure 3A,B). Furthermore, treatment with CSL3 inhibited the LPS-
induced increase in nuclear translocation of p65 protein levels (Figure 3C). The inducible
transcriptional complex AP-1 (composed of c-Jun and c-Fos proteins) is also important for
cellular adaptation in response to many exogenous stimuli [20]. To determine the inhibitory
effect of CSL3 on LPS-induced AP-1 activation, a western blot analysis was performed. LPS
increased the phosphorylation of c-Jun and c-Fos in the cell lysates, which were markedly
inhibited by CSL3 pretreatment in ImKC cells (Figure 3D).
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Figure 3. The enhibitory effect of CSL3 on NF-κB and AP-1 activation in LPS-activated Kupffer cells.
(A,B) Immunoblotting for total (A) or phosphorylated IκB-α (B). The cells were pretreated with CSL3
for 1 h before LPS stimulation for 15 min. Total or phosphorylated IκB-α was immunoblotted in the
cell lysate. (C) The expression level of p65 protein in ImKCs with nuclear fraction. Lamin A/C was a
control for nuclear fraction and β-tubulin was a control for cytosolic fraction. ImKCs were pretreated
with CSL3 for 1 h and then incubated with LPS for 30 min. (D) The expression of phosphorylated
c-Jun and c-Fos protein in ImKCs. Cells were pretreated with CSL3 for 1 h before LPS stimulation for
2 h. c-Jun and c-Fos phosphorylation were immunoblotted with the cell lysate. (E) The expression
level of MAPK phosphorylation in ImKCs. Cells were treated with LPS and/or CSL3 in ImKC cells
for 1 h. MAPK proteins were visualized using immunoblotting. Data represent the mean ± S.E. of
three replicates; ** p < 0.01, * p < 0.05, significant versus vehicle-treated control; ## p < 0.01, # p < 0.05,
significant versus LPS alone.
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MAPKs, including ERK, p38, and JNK, initiate a downstream signaling cascade of
transcription factors, including NF-κB and AP-1, for pro-inflammatory gene expression [21].
Accordingly, we investigated whether NF-κB and AP-1 inhibition by CSL3 was due to
the MAPK signaling pathway. The phosphorylation of MAPKs (JNK, ERK, and p38) was
increased by LPS, whereas CSL3 decreased JNK, ERK, and p38 phosphorylation in the
cells (Figure 3E). These results indicate that the anti-inflammatory effect of CSL3 may be
associated with the suppression of NFκB and AP-1 via MAPK signaling.

2.3. Attenuation of Inflammasome-Mediated Pyroptosis by CSL3

Pyroptosis, a programmed cell death caused by inflammation, has some similarities
with apoptosis, including the occurrence of DNA damage and chromatin condensation [22].
However, pyroptosis possesses some unique characteristics that are distinct from apopto-
sis [23]. Pyroptosis is mediated by inflammasome accumulation, which is accompanied by
NLRP3 activation, the cleavage of caspase-1 and GSDMD, and IL-1β release [24]. Therefore,
we investigated whether CSL3 inhibited NLRP3 inflammasome activation and pyroptosis
induced by LPS and ATP in ImKCs. LPS and ATP treatments increased IL-1β maturation,
the cleavage of caspase-1 and GSDMD, and NLRP3 expression, whereas CSL3 treatment
decreased inflammasome formation (Figure 4A). In addition, CSL3 suppressed LPS and
ATP-induced IL-1β mRNA expression and IL-1β release into the medium in ImKC cells
(Figure 4B,C). These results suggest that the cytoprotective effect of CSL3 is due to the
inhibition of inflammasome-mediated pyroptosis.
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Figure 4. Attenuation of inflammasome-mediated pyroptosis by CSL3 in LPS and ATP-stimulated
Kupffer cells. (A) Protein expression of inflammasome and pyroptosis markers were evaluated by
immunoblotting. ImKC cells pretreated with CSL3 were incubated with LPS for 6 h and then treated
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with ATP for 0.5 h. (B) Il-1β mRNA levels were evaluated by RT-PCR using GAPDH as a control.
Cells pretreated with CSL3 were incubated with LPS for 3 h and then treated with ATP for 0.5 h.
(C) Enzyme-linked immunosorbent assay (ELISA). Cells pretreated with CSL3 were incubated with
LPS for 3 h and then treated with ATP for 0.5 h. IL-1β levels were measured by an ELISA kit in the
supernatant of ImKC cells. Data represent the mean ± S.E. of three replicates; ** p < 0.01, * p < 0.05,
significant versus vehicle-treated control; ## p < 0.01, # p < 0.05, significant versus LPS and ATP alone.

2.4. Protective Effect of CSL3 on CCl4-Induced Acute Hepatitis in Mice

CCl4-induced acute hepatitis is the most popular in vivo model for studying intrinsic
chemical-induced liver injury [25,26]. Therefore, we adopted a CCl4-induced acute liver
injury model to investigate the hepatoprotective effects of CSL3. The mice were pretreated
with CSL3 five times before a CCl4 injection (Figure 5A, upper panel). The CCl4 treatment
group showed hepatic injury characteristics. However, the CSL3 group showed less hepatic
damage (Figure 5A, lower panel). Serum ALT and AST activities were increased by CCl4
treatment but were significantly reduced by CSL3 treatment (Figure 5B). Similarly, H&E
staining of the liver tissue showed that liver injury caused by CCl4 was chiefly caused
by lesions around the central vein, but CSL3 treatment protected against histological
damage (Figure 5C).
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Figure 5. The hepatoprotective effect of CSL3 in CCl4-induced acute liver injury mice model.
(A) Acute liver injury by intraperitoneal injection of CCl4 in male ICR mice. CSL3 was orally
administered to the mice at a dose of 250 or 500 mg/kg/day for five consecutive days, followed by a
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subcutaneous injection of CCl4 (1 mL/kg, dissolved in olive oil (10%)) to induce acute liver injury;
24 h later, the mice were sacrificed. (B) Activities of serum ALT and AST were measured by using
an automated blood chemistry analyzer. All values were expressed as mean ± S.E. of five mice
serum (notable compared with vehicle control ** p < 0.01; notable compared with CCl4 alone,
# p < 0.05). (C) Representative images of hematoxylin and eosin staining in the liver tissues. Scale
bars indicate 100 µm.

Next, the levels of inflammatory cytokines (TNF-α and IL-6) in the mouse serum were
investigated using an ELISA kit. The levels of TNF-α and IL-6 were significantly diminished
by CSL3 treatment (Figure 6A,B). Moreover, CSL3 treatment markedly decreased iNOS
protein expression (Figure 6C).
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Figure 6. The inhibitory effect of CSL3 on inflammatory responses in CCl4-injected mice. (A,B) TNF-α
and IL-6 release into serum was measured using ELISA. (C) The effect of CSL3 on CCl4-induced
iNOS expression. All values were expressed as mean ± S.E. of three mice (notable compared with
vehicle control, ** p < 0.01; notable compared with CCl4 alone, ## p < 0.01, # p < 0.05).
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2.5. Inhibition of Inflammasome-Mediated Pyroptosis by CSL3 in CCl4-Treated Mice

It was recently reported that CCl4 leads to acute liver injury via suppression of the
antioxidant pathway and NLRP3 inflammasome activation [27,28]. Therefore, we verified
whether CCl4-induced inflammasome and pyroptosis marker protein expression (NLRP3
and cleaved caspase-1 and GSDMD) were suppressed by CSL3 treatment (Figure 7A).
CSL3 treatment inhibited inflammasome-mediated pyroptosis by CCl4. CCl4-induced IL-1β
release in serum was significantly attenuated by CSL3 treatment (Figure 7B). These results
suggest that the hepatoprotective effect of CSL3 is due to the attenuation of inflammasome-
mediated pyroptosis in Kupffer cells.
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3. Discussion

CS fruits have been used as food and its branches as wood. In addition, it was
reported that the leaf extract of CS (CSL) had high antioxidant and antibacterial activities.
Previously, we succeeded in extracting CS under several conditions and found that the 70%
EtOH extract of CSL (CSL3) had the highest antioxidant activity [12]. Moreover, we found
that CSL3 protected against reactive oxygen species (ROS) production and cell death in
UVB-irradiated keratinocytes by inhibiting ER stress and activating autophagy. However,
the pharmacological efficacy of CSL3 in acute hepatitis remains unclear. Therefore, we
verified that CSL3 exerts a protective effect by suppressing inflammatory responses and
inflammasomes in in vitro and in vivo models of acute hepatitis.

We first examined whether CSL3 has anti-inflammatory effects on LPS-activated
macrophages (ImKC: immortalized murine Kupffer cells and Raw264.7 cell: macrophage
cell line from a tumor male mouse induced with the Abelson leukemia virus). CSL3 sig-
nificantly inhibited inflammatory responses characterized by NO production and iNOS
expression in both macrophages (Figure 1). The anti-inflammatory effect of CSL3 was com-
parable in both macrophages, and further experiments were carried out only in ImKC cells.
CLS3 treatment antagonized the LPS-induced increase in inflammatory gene expression
and pro-inflammatory cytokine levels (e.g., IL-6 and TNF-α) (Figure 2) in ImKC cells. LPS
binds and activates toll-like receptor 4 (TLR4, CD284), which causes the phosphorylation
and degradation of IκB-α [29]. Degradation of IκBα leads to NF-κB activation, causing
the translocation of p65 (a subunit of NF-κB transcription complex) into the nucleus to
produce NO and pro-inflammatory cytokines [17]. We showed that CSL3 mitigated NF-κB
and AP-1 activation, which was mediated by the inhibition of MAPK activation (ERK, JNK,
and p38) (Figure 3). These results suggested that CSL3 inhibits Kupffer cell activation and
inflammatory responses via blocking MAPK/NF-κB/AP-1.

We then examined whether CSL3 could inhibit the LPS and ATP-induced inflamma-
some and pyroptosis in ImKC. Macrophage activation by LPS can cause an increase in
oxygen uptake, resulting in the production of a range of reactive oxygen species, which
are the key factors driving oxidative stress-triggered inflammation in immune and inflam-
matory cells [30]. In the extracellular environment, ATP is markedly released in response
to tissue damage and cellular stress [31]. ATP, which is generally secreted from dying
and stressed cells, is used as a damage-activated molecular pattern (DAMP) to activate
NLRP3 inflammasome formation [32,33]. Canonical pyroptotic cell death is mediated by
NLRP3 inflammasome accumulation, which is accompanied by GSDMD cleavage and
IL-1β and IL-18 release [34]. The NLRP3 inflammasome triggers caspase-1 activation,
which results in the cleavage of GSDMD, allowing the N-terminal domain to oligomerize
and form pores in the cell membrane, causing cell membrane rupture [35]. Treatment
with LPS and ATP induces inflammasome accumulation and pyroptosis in Kupffer cells.
However, CSL3 pretreatment inhibited the expression of NLRP3, an inflammasome sensor,
and blocked the cleavage of caspase-1 and GSDMD. CSL3 also decreased the production
of pro-inflammatory cytokines, such as IL-1β, related to inflammasomes and pyroptosis
(Figure 8). There are some reports of natural compounds with mechanisms similar to CSL3,
which prevent NLRP3 inflammasome [36–38]. Nevertheless, few studies focused their
effects on acute liver injury due to inhibiting Kupffer cell inflammasome.

Finally, we investigated whether CSL3 protects against acute liver injury in mice with
CCl4-induced hepatitis. CCl4 is widely used in animal models to induce acute hepatitis
and liver fibrosis [39,40]. The increased levels of serum ALT and AST induced by CCl4
administration were diminished by CSL3, and H&E staining results showed that liver
damage was attenuated by CSL3 (Figure 5). Moreover, CSL3 treatment inhibited the
production of inflammatory cytokines (IL-6 and TNF-α) in the serum and expression of
iNOS in the liver tissue (Figure 6). Recently, CCl4 was reported to induce hepatitis via
inflammasome formation [25,28]. We then examined whether CSL3 inhibited the expression
of inflammasome and pyroptosis-related proteins, such as NLRP3, GSDMD, and caspase-1,
and significantly reduced the production of IL-1β in serum (Figure 7). These results indicate
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that CSL3 treatment restored CCl4-induced liver inflammation and injury by inhibiting
inflammasome-mediated pyroptosis.
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We found that CSL3 contained the highest content of phenolic compounds, and the
major constituent of CSL3 was epigallocatechin-3-gallate (EGCG), a well-known antioxidant
and anti-inflammatory polyphenol, by HPLC and LC-MS/MS analysis [12]. Surprisingly,
the EGCG content in CS was much higher than in green tea. It has been reported that EGCG
prevents liver inflammation, oxidative stress, and even fibrosis in CCl4-induced liver injury
in mice [41]. EGCG treatment suppressed NLRP3 inflammasome in Kupffer cells, which
resulted in the therapeutic effect of EGCG against HBV-induced liver injury [42]. Therefore,
we speculated that the anti-inflammatory and hepatoprotective effects of CSL3 are due
to EGCG.

Although we could observe the hepatoprotective effect of CSL3 in Kupffer cells and
CCl4-injected mice, there are some limitations in the current study. (1) We previously
reported that CSL3 had the highest antioxidative capacity. We thus cannot exclude the
possibility of whether the antioxidative efficacy of CSL3 might contribute to preventing
acute hepatitis. (2) Although CSL3 could succeed in inhibiting the inflammasome signaling
pathway, we do not have any direct clues whether the CSL3 effect was due to inflammasome
inhibition. Biochemical and genetic experimental models were still required to unveil the
concise molecular mechanism of CSL3. (3) It was reported that EGCG, a major constituent
of CSL3, inhibited the inflammasome signaling pathway. However, further studies are
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necessary to define whether EGCG and other components might contribute to the CSL3
effect against acute hepatitis. These are currently being conducted by this research team as
a separate project.

In conclusion, our data indicate that CSL3 exerts hepatoprotective effects against
CCl4-induced acute liver injury via the suppression of inflammation and pyroptosis. Based
on these results, we propose that CSL3 might be a potential therapeutic drug candidate for
the prevention and treatment of acute hepatitis.

4. Materials and Methods
4.1. Materials

IκB-α, iNOS, β-tubulin, p65, and NLRP3 antibodies were acquired from Santa Cruz
Biotechnology (Dallas, TX, USA). Antibodies against phospho-JNK1/2, JNK1/2, phospho-
ERK1/2, ERK1/2, phospho-p38, p38, phospho-IκB-α, lamin A/C, and cleaved-caspase-1
were obtained from Cell Signaling Technology (Danvers, MA, USA). The IL-1β antibody
was provided by R&D Systems (Minneapolis, MN, USA). The gasdermin D antibody
was purchased from NOVUS Biologicals (Littleton, CO, USA). ATP, LPS (Escherichia coli
055:B5). The β-actin antibody and sodium nitrite were acquired from Sigma Chemicals
(St. Louis, MO, USA). The horseradish peroxidase-conjugated goat anti-rabbit, anti-goat,
and anti-mouse antibodies were obtained from Invitrogen (Carlsbad, CA, USA).

4.2. Preparation of 70% Ethanol Extracts of CSL3

CSL3 used in this study was collected around April 2020. It was supplied by Wando
Arboretum (Wando-gun, Korea), washed, dried with hot air, stored, and ground. Dried
and ground CSL3 (1.5 kg) was added to 70% EtOH (v/v) (15.0 L) and immersed at room
temperature for 2 weeks for extraction. The immersed sample was filtered using a vacuum
filtration device and Whatman No. 1, and the residue separated by this method was
collected once under the same conditions. The filtrate obtained was concentrated in a rotary
vacuum evaporator at 37–40 ◦C, freeze-dried, and used.

4.3. Cell Culture

ImKCs (SCC119) were obtained from Sigma-Aldrich, and RAW 264.7 cells were pur-
chased from American Type Culture Collection (ATCC; Rockville, MD, USA). The cells were
grown in Dulbecco’s modified eagle medium (DMEM) (high glucose) supplemented with
50 units/mL penicillin/streptomycin and 10% fetal bovine serum at 37 ◦C in a humidified
5% CO2 atmosphere. The cells were serum-starved for 12 h before treatment, and the control
group was treated with vehicle correspondence. To induce inflammation in macrophages,
the cells were treated with 0.1 µg/mL LPS, as previously reported [43–45]. Moreover,
LPS (0.1 µg/mL)/ATP (5 mM) was adopted to induce inflammasome in macrophages, as
previously reported [46].

4.4. WST-1 Cell Viability Assay

Cell viability was estimated using an EZ-Cytox kit (DoGenBio Co., Ltd., Seoul, Korea).
The cells were plated in 12-well plates, incubated with CSL3 alone for 12 h, and then
the medium was changed with a 5% WST-1 reagent for 0.5 h. Then, 100 µL of the cell
medium was transferred to a microplate. Absorbance at 450 nm (600 nm was used as the
reference wavelength) was measured using a microplate reader (Molecular Device, San
Jose, CA, USA).

4.5. NO Production Assay

NO production was evaluated using a Griess reaction (Sigma, St. Louis, MO, USA).
Following the pretreatment of cells with CSL3 for 1 h, the cells were incubated with LPS for
15 h. The cell medium (100 µL) was transferred into a microplate, and then a 100 µL Griess
reagent (0.04 g/mL dissolved in distilled water (DW)) was added and allowed to react at
room temperature for 0.5 h. Absorbance at 540 nm was analyzed using a microplate reader.
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4.6. Immunoblot Analysis

Subcellular fractionation, protein extraction, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and an immunoblot analysis were performed as previously
described [47]. Protein extracts were separated into 7.5% and 12% gels by electrophoresis
and then transferred to nitrocellulose membranes. After membrane blocking was per-
formed using 5% skimmed milk for 0.5 h, they were incubated overnight with primary
antibodies at 4 ◦C and 20 rpm and then incubated with a horseradish peroxidase-conjugated
secondary antibody. The immunoreactive proteins were visualized using an enhanced
chemiluminescence (ECL) detection kit. β-actin was used as a control, and β-tubulin or
lamin A/C was used to verify the integrity of subcellular fractionation.

4.7. RNA Isolation and RT-PCR Analysis

Total RNA was isolated using a TRIzol reagent (Invitrogen), according to the man-
ufacturer’s instructions. cDNA was prepared using a cDNA synthesis kit (Bioneer, Dae-
jeon, Korea) and a thermal cycler (Bio-Rad, Hercules, CA, USA). To obtain cDNA, total
RNA (2 µg) was reverse transcribed using an oligo (dT)18 primer. Primers were synthe-
sized by Bioneer. The following primer sequences were used: mouse iNOS sense, 5′-
CCTCCTCCACCCTACCAAGT-3′ and antisense, and 5′-CACCCAAAGTGCTTCAGTCA-
3′; mouse TNF-α sense, 5′-AAGCCTGTAGCCCACGTCGTA-3′ and antisense, and 5′-
AGGTACAACCCATCGGCTGG-3′; mouse IL-6 sense, 5′-TCCATCCAGTTGCCTTCTTG-
3′ and antisense, and 5′-TTCCACGATTTCCCAGAGAAC-3′; mouse IL-1β sense, 5′-
TGGACGGACCCCAAAAGATG-3′ and antisense, and 5′-AGAAGGTGCTCATGTCCTCA-
3′; and mouse GAPDH sense, 5′-TGCCCCCATGTTTGTGATG-3′ and antisense, and 5′-
TGTGGTCATGAGCCCTTCC-3′. GAPDH was used as a control for RT-PCR.

4.8. Reporter Gene Assay

To measure the activities of the iNOS promoter constructs, luciferase reporter assays
were performed in cells stably transfected with the iNOS gene promoter pGL-miNOS-
1588, which contains the murine iNOS promoter from –1588 to +165 bp, as previously
described [48]. For the luciferase assay, the cells were incubated with 0.1 µg/mL LPS in
the presence or absence of CSL3 for 6 h. After discarding the medium, a passive lysis
buffer (Promega, Madison, WI, USA) was immediately added to the cells. Luciferase
assay reagent II (Promega, Madison, WI, USA) was added to the lysates, and luciferase
activity was analyzed using a luminometer (Promega, Madison, WI, USA). The relative
iNOS promoter-driven luciferase activity was calculated by normalizing luciferase activity
to the protein concentration.

4.9. Enzyme-Linked Immunosorbent Assay (ELISA)

IL-6, IL-1β, and TNF-α levels were quantified using an ELISA kit (Invitrogen,
Waltham, MA, USA), according to the manufacturer’s instructions. IL-6, IL-1β, and
TNF-α levels in the cell supernatant or serum were analyzed by ELISA using anti-mouse
IL-1β, TNF-α, or IL-6 antibodies and biotinylated secondary antibodies, according to the
manufacturer’s instructions.

4.10. Animals and Treatment

The protocols of all animal experiments were reviewed and approved by the Animal
Care and Use Committee of Dongshin University (DSU2021-01-06). We purchased 6-week-
old ICR male mice from Oriental Bio (Sungnam, Korea), and the mice were allowed to adapt
to the lab conditions for 1 week. The mice (5 mice per group) were housed at 20 ± 2 ◦C
under pathogen-free air filtered at a 12 h light/dark cycle and relative humidity of 50 ± 5%.
The mice were supplied with chow (G-bio, Gwangju, Korea) and water. The mice were
orally administered CSL3 (250 or 500 mg/kg CSL3) dissolved in 40% polyethylene glycol
(PEG) for 5 days. To induce acute hepatitis, CCl4 (1 mL/kg) dissolved in olive oil (10%)
was intraperitoneally injected into the mice, as previously reported [49,50]. Food intake
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and body weight were monitored daily and were not different between the groups. The
mice were sacrificed after 24 h, and blood and liver samples were collected.

4.11. Blood Chemistry

Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels
were analyzed using commercial kits (Asan Pharmaceutical, Seoul, Korea).

4.12. Histopathological Examination

The mouse liver tissue samples were fixed in a 10% formalin buffer, embedded in
paraffin wax, and cut into 3 µm thick sections, which were stained with hematoxylin and
eosin (H&E) for routine examination. To estimate histopathological changes, stained tissue
samples were identified under a light microscope. An arbitrary scope was applied to each
microscopic field viewed at magnifications of 40–200×.

4.13. Statistical Analysis

One-way analysis of variance (ANOVA) was used to evaluate the statistical signif-
icance of the differences among the treatment groups. For each statistically significant
treatment effect, the Newman–Keuls test was used for comparisons between multiple
group means. The data are expressed as mean ± standard error (S.E.).

Author Contributions: J.M.K. performed in vitro experiments; J.M.K., S.K. and C.M. performed
in vivo experiments; S.S.C. carried out HPLC analysis; J.H.Y., J.M.K. and S.H.K. prepared the
manuscript; all authors have reviewed and corrected the final version; J.H.Y. and S.H.K. admin-
istrated and supervised the whole project. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) funded by the
Ministry of Science and ICT (NRF-2022R1A5A2029546) (J.H.Y) and (NRF-2019R1A2C1004636) (S.H.K).

Institutional Review Board Statement: The protocols of all animal experiments were reviewed and
approved by the Animal Care and Use Committee of Dongshin University (DSU2021-01-06).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dixon, L.J.; Barnes, M.; Tang, H.; Pritchard, M.T.; Nagy, L.E. Kupffer cells in the liver. Compr. Physiol. 2013, 3, 785–797.
2. Neshat, S.Y.; Quiroz, V.M.; Wang, Y.; Tamayo, S.; Doloff, J.C. Liver Disease: Induction, Progression, Immunological Mechanisms,

and Therapeutic Interventions. Int. J. Mol. Sci. 2021, 22, 6777. [CrossRef] [PubMed]
3. Li, J.; Zhao, Y.R.; Tian, Z. Roles of hepatic stellate cells in acute liver failure: From the perspective of inflammation and fibrosis.

World J. Hepatol. 2019, 11, 412–420. [CrossRef] [PubMed]
4. Adams, G.; Kuntz, S.; Rabalais, G.; Bratcher, D.; Tamburro, C.H.; Kotwal, G.J. Natural recovery from acute hepatitis C virus

infection by agammaglobulinemic twin children. Pediatr. Infect. Dis. J. 1997, 16, 533–534. [CrossRef]
5. Lim, H.K.; Jeffrey, G.P.; Ramm, G.A.; Soekmadji, C. Pathogenesis of Viral Hepatitis-Induced Chronic Liver Disease: Role of

Extracellular Vesicles. Front. Cell. Infect. Microbiol. 2020, 10, 587628. [CrossRef]
6. Czaja, A.J. Hepatic inflammation and progressive liver fibrosis in chronic liver disease. World J. Gastroenterol. 2014, 20, 2515–2532.

[CrossRef] [PubMed]
7. Wan, J.; Benkdane, M.; Teixeira-Clerc, F.; Bonnafous, S.; Louvet, A.; Lafdil, F.; Pecker, F.; Tran, A.; Gual, P.; Mallat, A.; et al. M2

Kupffer cells promote M1 Kupffer cell apoptosis: A protective mechanism against alcoholic and nonalcoholic fatty liver disease.
Hepatology 2014, 59, 130–142. [CrossRef] [PubMed]

8. Evavold, C.L.; Ruan, J.; Tan, Y.; Xia, S.; Wu, H.; Kagan, J.C. The Pore-Forming Protein Gasdermin D Regulates Interleukin-1
Secretion from Living Macrophages. Immunity 2018, 48, 35–44.e36. [CrossRef]

9. Shi, J.; Zhao, Y.; Wang, K.; Shi, X.; Wang, Y.; Huang, H.; Zhuang, Y.; Cai, T.; Wang, F.; Shao, F. Cleavage of GSDMD by inflammatory
caspases determines pyroptotic cell death. Nature 2015, 526, 660–665. [CrossRef] [PubMed]

10. Wu, J.; Lin, S.; Wan, B.; Velani, B.; Zhu, Y. Pyroptosis in Liver Disease: New Insights into Disease Mechanisms. Aging Dis. 2019,
10, 1094–1108. [CrossRef]

https://doi.org/10.3390/ijms22136777
https://www.ncbi.nlm.nih.gov/pubmed/34202537
https://doi.org/10.4254/wjh.v11.i5.412
https://www.ncbi.nlm.nih.gov/pubmed/31183002
https://doi.org/10.1097/00006454-199705000-00021
https://doi.org/10.3389/fcimb.2020.587628
https://doi.org/10.3748/wjg.v20.i10.2515
https://www.ncbi.nlm.nih.gov/pubmed/24627588
https://doi.org/10.1002/hep.26607
https://www.ncbi.nlm.nih.gov/pubmed/23832548
https://doi.org/10.1016/j.immuni.2017.11.013
https://doi.org/10.1038/nature15514
https://www.ncbi.nlm.nih.gov/pubmed/26375003
https://doi.org/10.14336/AD.2019.0116


Int. J. Mol. Sci. 2023, 24, 11982 15 of 16

11. Kim, N.; Choi, M.; Yang, S.; Oh, D.; Shin, H. Evaluation of bioactivity of Castanopsis cuspidata var. sieboldii leaves extract and
isolation of polyphenolic compounds. Korean Soc. Biotechnol. Bioeng. J. 2022, 37, 64–70. [CrossRef]

12. Lee, H.R.; Yang, J.H.; Lee, J.H.; Kim, K.M.; Cho, S.S.; Baek, J.S.; Kim, J.M.; Choi, M.H.; Shin, H.J.; Ki, S.H. Protective Effect of
Castanopsis sieboldii Extract against UVB-Induced Photodamage in Keratinocytes. Molecules 2023, 28, 2842. [CrossRef] [PubMed]

13. Tacke, F. Targeting hepatic macrophages to treat liver diseases. J. Hepatol. 2017, 66, 1300–1312. [CrossRef]
14. Cheng, D.; Chai, J.; Wang, H.; Fu, L.; Peng, S.; Ni, X. Hepatic macrophages: Key players in the development and progression of

liver fibrosis. Liver Int. 2021, 41, 2279–2294. [CrossRef] [PubMed]
15. Zamora, R.; Vodovotz, Y.; Billiar, T.R. Inducible nitric oxide synthase and inflammatory diseases. Mol. Med. 2000, 6, 347–373.

[CrossRef] [PubMed]
16. Facchin, B.M.; Dos Reis, G.O.; Vieira, G.N.; Mohr, E.T.B.; da Rosa, J.S.; Kretzer, I.F.; Demarchi, I.G.; Dalmarco, E.M. Inflammatory

biomarkers on an LPS-induced RAW 264.7 cell model: A systematic review and meta-analysis. Inflamm. Res. 2022, 71, 741–758.
[CrossRef]

17. Lawrence, T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb. Perspect. Biol. 2009, 1, a001651. [CrossRef]
18. Ratajczak-Wrona, W.; Jablonska, E.; Garley, M.; Jablonski, J.; Radziwon, P.; Iwaniuk, A. Role of AP-1 family proteins in regulation

of inducible nitric oxide synthase (iNOS) in human neutrophils. J. Immunotoxicol. 2013, 10, 32–39. [CrossRef]
19. Mathes, E.; O’Dea, E.L.; Hoffmann, A.; Ghosh, G. NF-kappaB dictates the degradation pathway of IkappaBalpha. EMBO J. 2008,

27, 1357–1367. [CrossRef]
20. Wu, Z.; Nicoll, M.; Ingham, R.J. AP-1 family transcription factors: A diverse family of proteins that regulate varied cellular

activities in classical hodgkin lymphoma and ALK + ALCL. Exp. Hematol. Oncol. 2021, 10, 4. [CrossRef]
21. Moens, U.; Kostenko, S.; Sveinbjørnsson, B. The Role of Mitogen-Activated Protein Kinase-Activated Protein Kinases (MAP-

KAPKs) in Inflammation. Genes 2013, 4, 101–133. [CrossRef] [PubMed]
22. Bergsbaken, T.; Fink, S.L.; Cookson, B.T. Pyroptosis: Host cell death and inflammation. Nat. Rev. Microbiol. 2009, 7, 99–109.

[CrossRef]
23. Fink, S.L.; Cookson, B.T. Apoptosis, pyroptosis, and necrosis: Mechanistic description of dead and dying eukaryotic cells. Infect.

Immun. 2005, 73, 1907–1916. [CrossRef] [PubMed]
24. Coll, R.C.; Schroder, K.; Pelegrín, P. NLRP3 and pyroptosis blockers for treating inflammatory diseases. Trends Pharmacol. Sci.

2022, 43, 653–668. [CrossRef] [PubMed]
25. Boll, M.; Weber, L.W.; Becker, E.; Stampfl, A. Mechanism of carbon tetrachloride-induced hepatotoxicity. Hepatocellular damage

by reactive carbon tetrachloride metabolites. Z. Naturforschung C J. Biosci. 2001, 56, 649–659. [CrossRef]
26. Toriumi, K.; Horikoshi, Y.; Yoshiyuki Osamura, R.; Yamamoto, Y.; Nakamura, N.; Takekoshi, S. Carbon tetrachloride-induced

hepatic injury through formation of oxidized diacylglycerol and activation of the PKC/NF-κB pathway. Lab. Investig. 2013,
93, 218–229. [CrossRef] [PubMed]

27. Chen, Y.; Que, R.; Lin, L.; Shen, Y.; Liu, J.; Li, Y. Inhibition of oxidative stress and NLRP3 inflammasome by Saikosaponin-
d alleviates acute liver injury in carbon tetrachloride-induced hepatitis in mice. Int. J. Immunopathol. Pharmacol. 2020,
34, 2058738420950593. [CrossRef] [PubMed]

28. Yu, C.; Chen, P.; Miao, L.; Di, G. The Role of the NLRP3 Inflammasome and Programmed Cell Death in Acute Liver Injury. Int. J.
Mol. Sci. 2023, 24, 3067. [CrossRef]

29. Lu, Y.C.; Yeh, W.C.; Ohashi, P.S. LPS/TLR4 signal transduction pathway. Cytokine 2008, 42, 145–151. [CrossRef]
30. Simon, F.; Fernández, R. Early lipopolysaccharide-induced reactive oxygen species production evokes necrotic cell death in

human umbilical vein endothelial cells. J. Hypertens. 2009, 27, 1202–1216. [CrossRef]
31. Seeland, S.; Kettiger, H.; Murphy, M.; Treiber, A.; Giller, J.; Kiss, A.; Sube, R.; Krähenbühl, S.; Hafner, M.; Huwyler, J. ATP-induced

cellular stress and mitochondrial toxicity in cells expressing purinergic P2X7 receptor. Pharmacol. Res. Perspect. 2015, 3, e00123.
[CrossRef]

32. Zha, Q.B.; Wei, H.X.; Li, C.G.; Liang, Y.D.; Xu, L.H.; Bai, W.J.; Pan, H.; He, X.H.; Ouyang, D.Y. ATP-Induced Inflammasome
Activation and Pyroptosis Is Regulated by AMP-Activated Protein Kinase in Macrophages. Front. Immunol. 2016, 7, 597.
[CrossRef] [PubMed]

33. Carta, S.; Penco, F.; Lavieri, R.; Martini, A.; Dinarello, C.A.; Gattorno, M.; Rubartelli, A. Cell stress increases ATP release in
NLRP3 inflammasome-mediated autoinflammatory diseases, resulting in cytokine imbalance. Proc. Natl. Acad. Sci. USA 2015,
112, 2835–2840. [CrossRef] [PubMed]

34. He, W.T.; Wan, H.; Hu, L.; Chen, P.; Wang, X.; Huang, Z.; Yang, Z.H.; Zhong, C.Q.; Han, J. Gasdermin D is an executor of
pyroptosis and required for interleukin-1β secretion. Cell Res. 2015, 25, 1285–1298. [CrossRef]

35. Kelley, N.; Jeltema, D.; Duan, Y.; He, Y. The NLRP3 Inflammasome: An Overview of Mechanisms of Activation and Regulation.
Int. J. Mol. Sci. 2019, 20, 3328. [CrossRef] [PubMed]

36. Liu, Y.; Liu, N.; Liu, Y.; He, H.; Luo, Z.; Liu, W.; Song, N.; Ju, M. Ginsenoside Rb1 Reduces D-GalN/LPS-induced Acute Liver
Injury by Regulating TLR4/NF-κB Signaling and NLRP3 Inflammasome. J. Clin. Transl. Hepatol. 2022, 10, 474–485. [CrossRef]
[PubMed]

37. Liu, B.; Yu, J. Anti-NLRP3 Inflammasome Natural Compounds: An Update. Biomedicines 2021, 9, 136. [CrossRef]
38. Ding, N.; Wei, B.; Fu, X.; Wang, C.; Wu, Y. Natural Products that Target the NLRP3 Inflammasome to Treat Fibrosis. Front.

Pharmacol. 2020, 11, 591393. [CrossRef] [PubMed]

https://doi.org/10.7841/ksbbj.2022.37.2.64
https://doi.org/10.3390/molecules28062842
https://www.ncbi.nlm.nih.gov/pubmed/36985813
https://doi.org/10.1016/j.jhep.2017.02.026
https://doi.org/10.1111/liv.14940
https://www.ncbi.nlm.nih.gov/pubmed/33966318
https://doi.org/10.1007/BF03401781
https://www.ncbi.nlm.nih.gov/pubmed/10952018
https://doi.org/10.1007/s00011-022-01584-0
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.3109/1547691X.2012.686929
https://doi.org/10.1038/emboj.2008.73
https://doi.org/10.1186/s40164-020-00197-9
https://doi.org/10.3390/genes4020101
https://www.ncbi.nlm.nih.gov/pubmed/24705157
https://doi.org/10.1038/nrmicro2070
https://doi.org/10.1128/IAI.73.4.1907-1916.2005
https://www.ncbi.nlm.nih.gov/pubmed/15784530
https://doi.org/10.1016/j.tips.2022.04.003
https://www.ncbi.nlm.nih.gov/pubmed/35513901
https://doi.org/10.1515/znc-2001-7-826
https://doi.org/10.1038/labinvest.2012.145
https://www.ncbi.nlm.nih.gov/pubmed/23207450
https://doi.org/10.1177/2058738420950593
https://www.ncbi.nlm.nih.gov/pubmed/32816567
https://doi.org/10.3390/ijms24043067
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1097/HJH.0b013e328329e31c
https://doi.org/10.1002/prp2.123
https://doi.org/10.3389/fimmu.2016.00597
https://www.ncbi.nlm.nih.gov/pubmed/28018360
https://doi.org/10.1073/pnas.1424741112
https://www.ncbi.nlm.nih.gov/pubmed/25730877
https://doi.org/10.1038/cr.2015.139
https://doi.org/10.3390/ijms20133328
https://www.ncbi.nlm.nih.gov/pubmed/31284572
https://doi.org/10.14218/JCTH.2021.00072
https://www.ncbi.nlm.nih.gov/pubmed/35836757
https://doi.org/10.3390/biomedicines9020136
https://doi.org/10.3389/fphar.2020.591393
https://www.ncbi.nlm.nih.gov/pubmed/33390969


Int. J. Mol. Sci. 2023, 24, 11982 16 of 16

39. Scholten, D.; Trebicka, J.; Liedtke, C.; Weiskirchen, R. The carbon tetrachloride model in mice. Lab. Anim. 2015, 49, 4–11. [CrossRef]
40. Uehara, T.; Pogribny, I.P.; Rusyn, I. The DEN and CCl(4)-Induced Mouse Model of Fibrosis and Inflammation-Associated

Hepatocellular Carcinoma. Curr. Protoc. 2021, 1, e211. [CrossRef]
41. Tipoe, G.L.; Leung, T.M.; Liong, E.C.; Lau, T.Y.; Fung, M.L.; Nanji, A.A. Epigallocatechin-3-gallate (EGCG) reduces liver

inflammation, oxidative stress and fibrosis in carbon tetrachloride (CCl4)-induced liver injury in mice. Toxicology 2010, 273, 45–52.
[CrossRef]

42. He, M.; Chu, T.; Wang, Z.; Feng, Y.; Shi, R.; He, M.; Feng, S.; Lu, L.; Cai, C.; Fang, F.; et al. Inhibition of macrophages inflammasome
activation via autophagic degradation of HMGB1 by EGCG ameliorates HBV-induced liver injury and fibrosis. Front. Immunol.
2023, 14, 1147379. [CrossRef] [PubMed]

43. Ma, Y.; Tang, T.; Sheng, L.; Wang, Z.; Tao, H.; Zhang, Q.; Zhang, Y.; Qi, Z. Aloin suppresses lipopolysaccharide-induced
inflammation by inhibiting JAK1-STAT1/3 activation and ROS production in RAW264.7 cells. Int. J. Mol. Med. 2018, 42, 1925–1934.
[CrossRef] [PubMed]

44. Wang, G.; Jin, S.; Huang, W.; Li, Y.; Wang, J.; Ling, X.; Huang, Y.; Hu, Y.; Li, C.; Meng, Y.; et al. LPS-induced macrophage
HMGB1-loaded extracellular vesicles trigger hepatocyte pyroptosis by activating the NLRP3 inflammasome. Cell Death Discov.
2021, 7, 337. [CrossRef] [PubMed]

45. Kim, S.H.; Baek, S.I.; Jung, J.; Lee, E.S.; Na, Y.; Hwang, B.Y.; Roh, Y.S.; Hong, J.T.; Han, S.B.; Kim, Y. Chemical inhibition of
TRAF6-TAK1 axis as therapeutic strategy of endotoxin-induced liver disease. Biomed. Pharmacother. 2022, 155, 113688. [CrossRef]
[PubMed]

46. Zhang, K.; Shi, Z.; Zhang, M.; Dong, X.; Zheng, L.; Li, G.; Han, X.; Yao, Z.; Han, T.; Hong, W. Silencing lncRNA Lfar1 alleviates
the classical activation and pyoptosis of macrophage in hepatic fibrosis. Cell Death Dis. 2020, 11, 132. [CrossRef] [PubMed]

47. Shin, B.Y.; Jin, S.H.; Cho, I.J.; Ki, S.H. Nrf2-ARE pathway regulates induction of Sestrin-2 expression. Free Radic. Biol. Med. 2012,
53, 834–841. [CrossRef] [PubMed]

48. Yang, J.H.; Kim, S.C.; Shin, B.Y.; Jin, S.H.; Jo, M.J.; Jegal, K.H.; Kim, Y.W.; Lee, J.R.; Ku, S.K.; Cho, I.J.; et al. O-Methylated flavonol
isorhamnetin prevents acute inflammation through blocking of NF-κB activation. Food Chem. Toxicol. 2013, 59, 362–372. [CrossRef]

49. Li, X.; Yao, Q.; Huang, J.; Jin, Q.; Xu, B.; Chen, F.; Tu, C. Morin Hydrate Inhibits TREM-1/TLR4-Mediated Inflammatory Response
in Macrophages and Protects Against Carbon Tetrachloride-Induced Acute Liver Injury in Mice. Front. Pharmacol. 2019, 10, 1089.
[CrossRef]

50. Zhu, R.Z.; Xiang, D.; Xie, C.; Li, J.J.; Hu, J.J.; He, H.L.; Yuan, Y.S.; Gao, J.; Han, W.; Yu, Y. Protective effect of recombinant human
IL-1Ra on CCl4-induced acute liver injury in mice. World J. Gastroenterol. 2010, 16, 2771–2779. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/0023677215571192
https://doi.org/10.1002/cpz1.211
https://doi.org/10.1016/j.tox.2010.04.014
https://doi.org/10.3389/fimmu.2023.1147379
https://www.ncbi.nlm.nih.gov/pubmed/37122751
https://doi.org/10.3892/ijmm.2018.3796
https://www.ncbi.nlm.nih.gov/pubmed/30066904
https://doi.org/10.1038/s41420-021-00729-0
https://www.ncbi.nlm.nih.gov/pubmed/34743181
https://doi.org/10.1016/j.biopha.2022.113688
https://www.ncbi.nlm.nih.gov/pubmed/36150308
https://doi.org/10.1038/s41419-020-2323-5
https://www.ncbi.nlm.nih.gov/pubmed/32071306
https://doi.org/10.1016/j.freeradbiomed.2012.06.026
https://www.ncbi.nlm.nih.gov/pubmed/22749810
https://doi.org/10.1016/j.fct.2013.05.049
https://doi.org/10.3389/fphar.2019.01089
https://doi.org/10.3748/wjg.v16.i22.2771
https://www.ncbi.nlm.nih.gov/pubmed/20533597

	Introduction 
	Results 
	Suppression of LPS-Induced Inflammatory Response by CSL3 
	Inhibition of LPS-Induced Inflammatory Signaling Pathway by CSL3 
	Attenuation of Inflammasome-Mediated Pyroptosis by CSL3 
	Protective Effect of CSL3 on CCl4-Induced Acute Hepatitis in Mice 
	Inhibition of Inflammasome-Mediated Pyroptosis by CSL3 in CCl4-Treated Mice 

	Discussion 
	Materials and Methods 
	Materials 
	Preparation of 70% Ethanol Extracts of CSL3 
	Cell Culture 
	WST-1 Cell Viability Assay 
	NO Production Assay 
	Immunoblot Analysis 
	RNA Isolation and RT-PCR Analysis 
	Reporter Gene Assay 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Animals and Treatment 
	Blood Chemistry 
	Histopathological Examination 
	Statistical Analysis 

	References

