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Salinomycin promotes cell death via the activation of the ROS/NF-kB/NLRP3
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Salinomycin (Sal), an ionophore antibiotic, has shown promising anti-cancer activity in multiple cancers. In this study,
we aimed to investigate the effect of Sal on the ROS/NF-kB/NLRP3 pathway in cholangiocarcinoma (CCA) in vitro and in
vivo. We observed that Sal inhibited cell proliferation, migration, and invasion. Sal promoted an increase of Annexin-V
positive cells in Huh-28 and RBE cells in a dose-dependent manner, which was efficiently inhibited by VX-765 (Caspase-1
inhibitor), while Sal-induced increase of ROS levels was partially inhibited by exposure to N-acetyl-L-cysteine (ROS
scavenger). Moreover, Sal inhibited tumor growth in RBE tumor-bearing mice. The activation of Sal on the ROS/NF-«B/
NLRP3 pathway was also identified in CCA cells and tumor tissues. Collectively, these results suggested that Sal activated
the ROS/NF-kB/NLRP3 pathway to promote pyroptosis-induced cell death in CCA and suggest it may be a promising treat-

ment strategy for anti-CCA.
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Cholangiocarcinoma (CCA) is a malignant tumor origi-
nating from the epithelial cells of the bile ducts [1]. According
to the anatomical differences in the location of the disease,
CCA can be divided into intrahepatic cholangiocarcinoma
and extrahepatic cholangiocarcinoma, which is further
subdivided into perihilar and distal cholangiocarcinoma
[1, 2]. Surgical resection is the best treatment for CCA [3].
However, due to the lack of specific symptoms, the majority
of patients are already in the progressive or advanced stage
when diagnosed, missing the time of surgical treatment,
and their 5-year survival rate is close to 5% [4]. Therefore,
exploring new treatment strategies for CCA is an extremely
urgent task for clinical workers.

At present, some research teams have actively carried out
a large number of screening studies for anti-CCA drugs.
Salinomycin (Sal), a natural carboxylic polyether ionophore
first isolated from Streptomyces albus in 1974, has emerged
as a promising anticancer drug [5] to inhibit mitochon-
drial functions, subsequently leading to oxidative stress and
injury, activation of AMPK, and suppression of mTOR [6].
A large number of studies have confirmed that Sal has the
effect of inhibiting the growth of tumor cells and promoting
apoptosis of tumor cells, including gastric cancer [7, 8],
hepatocellular carcinoma [9], breast cancer [10], ovarian
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cancer [11], prostate cancer [12]. Additionally, a study by
Yu et al. reported that Sal could inhibit the expression of
adenylate-activated protein kinase family member 5 (ARK5)
in RBE and Huh-28 cells, enhance the sensitivity of CCA
cells to doxorubicin chemotherapy, and thus reverse the
process of epithelial-mesenchymal transition of CCA cells
[13]. However, the precise mechanism underlying the anti-
cholangiocarcinogenic effect of Sal remains unclear. There-
fore, further in-depth investigations are warranted.
Pyroptosis is a type of programmed, inflammatory cell
death found after apoptosis and necrosis [14, 15], which
mainly occurs through the cysteine-containing aspartate-
specific proteases-1 (Caspase-1) pathway. Currently, as a form
of programmed death, the occurrence of pyroptosis implies
that the growth of tumor cells is inhibited, and the induction
of tumor cell pyroptosis is an important pathway for anti-
tumor immunity, which provides a new way of thinking for
the prevention and treatment of malignant tumors [16-18].
Inflammasomes are multi-protein complexes assembled by
intracellular pattern recognition receptors (PRR), which
can recognize either pathogen-associated molecular pattern
(PAMP) or damage-associated molecular pattern (DAMP)
of host origin [19, 20]. Among them, the NLRP3 inflamma-
some, a cytoplasmic supramolecular complex, is involved

This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution,
and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source and provide a link to
the Creative Commons licence. To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/


https://creativecommons.org/licenses/by/4.0/

308

Xianfei ZHOU, et al.

in tumor pathogenesis [21, 22]. Furthermore, current
literature suggests that the Toll-like receptor 4 (TLR4)/
Myeloid differentiation factor-88 (MyD88)/nuclear factor-
kappaB (NF-«kB) pathway can activate NLRP3 inflamma-
some and then mediate cellular death [23]. The activation of
TLR4 facilitates the binding to its primary adaptor protein,
MyD88, through interactions between Toll/IL-1 receptor
(TIR) domains. This process results in the phosphorylation
of the NF-xB inhibitor IxB, causing the release of NF-kB
from its inactive cytoplasmic state and its translocation to
the nucleus, which in turn activates NLRP3 and triggers the
release of pro-inflammatory mediators [23, 24]. Therefore,
investigating whether Sal regulates cell death by modulating
NLRP3/Caspase-1-mediated pyroptosis is one of the main
focuses of CCA prevention and treatment research. In this
study, we investigated the effect of Sal on cellular pyroptosis
in CCA cells and the molecular mechanism of its action,
which provided an experimental basis for the investigation
of the role of cellular pyroptosis in tumor cells and provided
a new strategy for the treatment of CCA.

Materials and methods

Cell culture. The cholangiocarcinoma cell line Huh-28
was purchased from the Wanwu Biotechnology Co., Ltd.
(Hefei, China), and RBE cells were obtained from the
Cellverse Bioscience Technology Co., Ltd. (Shanghai,
China). All cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, USA) supplemented with 10%
fetal bovine serum (FBS, Gibco, USA) and 1% penicillin and
streptomycin. The cell lines were cultured in a humidified
atmosphere with 5% CO, at 37°C.

Cell viability assay. Huh-28 and RBE cells were seeded
in 96-well plates at a density of 5x10° cells/ well with normal
medium overnight. Then, the different concentrations of
Sal (20, 40, 60 uM, MedChemExpress, USA), Sal (20, 40,
60 uM) + Z-VAD-FMK (20 uM, Beyotime, China), VX-765
(20 uM, Topscience Co., Ltd., Shanghai, China), Sal (60 uM)
+ VX-765 (20 uM) were added in the corresponding group
for incubating 24 h. After that, cells were incubated with
10l CCK-8 for 4 h at 37°C. Then, the absorbance values at
450 nm of each well were measured by CMaxPlus Microplate
Reader (Molecular Devices, USA).

Measurement of LDH, IL-1p, and IL-18 content. The
cell supernatant of Sal (20, 40, 60 uM)-treated Huh-28 and
RBE cells was collected and centrifuged. Then, the LDH level
was determined by the LDH assay kit (Jiancheng, Nanjing,
China). Also, the IL-1p and IL-18 contents were determined
by commercial assay kits (#MM-0181H2, #MM-0139H]1,
Jiangsu Meimian Industrial Co., Ltd., China) according to
the manufacturer’s instructions.

EdU assay. Following the instructions in the BeyoClick™
EdU Cell Proliferation Kit with Alexa Fluor 594 (#C0078S,
Beyotime, China), the Sal (20, 40, 60 uM)-treated Huh-28
and RBE cells in 12-well plates were stained with the 500 pl

EdU solution. After 4 h, cells were fixed in 95% ethanol for 15
min, and nuclei were stained with DAPI. Finally, the images
of cells were photographed under an inverted fluorescent
microscope (Nikon, Japan).

Transwell assay. The migration and invasion abilities
of Huh-28 and RBE cells treated with Sal were assessed
through Transwell chambers (Corning, Inc., USA). For the
cell invasion assay, the chambers were coated with 50 pl of
5mg/ml Matrigel (BD, USA) at 37 °C overnight. Huh-28 and
RBE cells were pre-treated with Sal (20, 40, 60 uM) for 24 h.
Subsequently, Huh-28 and RBE cells were seeded in upper
chambers that were resuspended in a serum-free medium.
The lower chamber was then filled with 600 pl of culture
medium. After 24 h, the Transwell chamber was taken out
of the 24-well plate. Medium was discarded, and cells were
washed with PBS twice. Next, the cells were incubated with
4% paraformaldehyde for 10 min and stained with 0.1%
crystal violet for 30 min at room temperature. Images were
captured under a light microscope at 200x magnification,
and the cell numbers were quantified using Image]. Besides,
the migration assay was carried out in a similar manner to
the invasion assay, except using a Matrigel-coated membrane.

Cell cycle and apoptosis assays. Huh-28 and RBE cells
were treated with the different concentrations of Sal (20, 40,
60 uM), VX-765 (20 uM), or Sal (60 uM) + VX-765 (20 uM)
for 24h. For cell cycle analysis, the Huh-28 and RBE cells
were trypsinized using EDTA-free 0.25% trypsin. Following
centrifugation, the supernatant was removed. Subsequently,
the cells were resuspended with PBS and fixed with 70%
ethanol overnight at -20°C and stored at4°C. Following
that, the cells were washed with PBS, incubated with RNase
A (100 pg/ml) for 30 min, and stained with 10 ul propidium
iodide (PI, 50 pg/ml, Sigma, USA) for 20 min at 37°C. For
the apoptosis assay, the collected Huh-28 and RBE cells were
stained with 5 pl Annexin V-FITC and 10 pl PI in the dark
for 15 min. Finally, the cell cycle distribution and apoptosis
of Sal-treated Huh-28 and RBE cells were analyzed by using
NovoCyte flow cytometer (Agilent, USA) and Flow]Jo (v10,
https://www.flowjo.com/) software.

Transmission electron microscopy (TEM). Huh-28 and
RBE cells were seeded in a 6-well plate for overnight growth,
then treated with Sal (60 M) for 24 h. Then, the cells were
washed and fixed with 2.5% glutaraldehyde in PBS for 4h.
Subsequently, the cells were postfixed with 1% buffered
osmium and stained with 1% potassium ferricyanide. After
dehydration and embedding, the samples were maintained at
70°C for 24 h. Finally, the digital images were taken using a
transmission electron microscope (H-7650, Hitachi, Japan).

Hoechst 33242 staining. Huh-28 and RBE cells were
seeded in 96-well plates at a density of 8x10° cells/well for
24 h before treatment with Sal (60 uM), VX-765 (20 uM), or
Sal (60 uM) + VX-765 (20 uM). After incubation for 24 h,
the Huh-28 and RBE cells were stained with 100 ul Hoechst
33342 (10 pg/ml, #C1025, Beyotime, China) for 15 min.
Following Sal and VX-765 treatment, the Huh-28 and RBE
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cells were washed twice with PBS and then examined using a
fluorescence microscope.

ROS assay. Intracellular reactive oxygen species (ROS)
levels were assessed by using 237’-dichlorodihydrofluores-
cein diacetate (DCFH-DA) in a Reactive Oxygen Species
Assay Kit (#S0033M, Beyotime, China). Briefly, the Huh-28
and RBE cells in a logarithmic growth phase were treated
with Sal (20, 40, 60 uM), N-acetyl-L-cysteine (NAC, 1.5 mM,
ROS inhibitor, Sigma-Aldrich), and Sal (60 uM) + NAC
(1.5mM) for 24 h. Cells were gently released and collected
using trypsin and then were labeled with 3 uM DCFH-DA
for 20 min and washed three times with free-serum DMEM.
The level of ROS was determined by flow cytometry and
analyzed by Flowjo software (BD Biosciences, USA).

In vivo assay. Six-week-old male BALB/c nude mice were
purchased from Shanghai Jihui Laboratory Animal Breeding
Co., Ltd. (Shanghai, China) and housed under specific-
pathogen-free conditions. Approximately 1x10° RBE cells
suspended in 100 pl PBS were subcutaneously injected
into the right back of each nude mouse. Until the average
tumor volume reached about 100 mm’, the nude mice
were randomly divided into 4 groups (6 mice/group). The
Sal groups were treated with Sal (2, 4, 8 mg/kg) by gavage,
and the model group was administered an equal volume of
normal saline. Tumor size was measured every other day and
calculated using the following formula: volume = (length x
width?)/2. After treatment for 21 days, all mice were sacri-
ficed, and the tumor tissues were collected, weighed, and
stored at —-80°C for Terminal deoxynucleotidyl transferase
(TdT) dUTP Nick-End Labeling (TUNEL) analysis and
western blot assays. Animal care and experimental proce-
dures were approved by the Ethics Committee on the Animal
Experimentation of Taizhou Municipal Hospital (Project No:
TZMH-2023-268) and were conducted according to either
the Canadian Council on Animal Care (CCAC) guidelines
or the Guide for the Care and Use of Laboratory Animals (8"
edition, National Academies Press).

TUNEL analysis. The tumor tissues were fixed with 4%
paraformaldehyde for 24 h at room temperature. Next, the
fixed tissues were washed, dehydrated, embedded in parafhin,
and sliced into 4 um thick sections. Sections of tumor tissues
were stained by the TUNEL method, using a One Step
TUNEL Apoptosis Assay Kit (C1090, Beyotime, China),
according to the instructions. The images of apoptosis of the
sections were observed by fluorescence microscopy. Finally,
the apoptosis rate was calculated as the number of apoptotic
cells/total number of cells x 100%.

Western blot assay. The total proteins from Sal-treated
Huh-28 and RBE cells and the tumor tissues were extracted
by using pre-colded RIPA buffer (#P0013B, Beyotime,
China) with protease inhibitor cocktail (#CW2200S, JiangSu
CoWin Biotech, China). The protein concentrations were
quantified by a BCA Protein Assay (Beyotime, China).
Protein samples (50 pg) were separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis and then trans-

ferred to polyvinylidene fluoride membranes, followed
by being blocked with 5% skimmed milk. After that, the
membranes were incubated with the primary antibodies
anti-GSDMD-N (1:1000, #bs-14287R, Bioss Antibodies),
anti-IL-1p (1:1000, #AF5103, Affinity), anti-ASC (1:1000,
#DF6304, Affinity), anti-Cleaved Caspase-1 (1:1000,
#AF4005, Affinity), anti-TLR4 (1:1000, #AF7017, Affinity),
anti-MyD88 (1:1000, #AF5195, Afhinity), anti-NF-xB p65
(1:1000, #AF2006, Affinity), anti-NLRP3 (1:1000, #DF7438,
Affinity), and anti-GAPDH (1:10000, #10494-1-AP, Protein-
tech) at 4°C overnight, followed by being incubated with
horseradish peroxidase-conjugated secondary antibody
(1:6000, #7074, Cell Signaling Technology) at room tempera-
ture for 2 h. The blots were treated with an ECL detection
kit (Beyotime, China), visualized using a chemiluminescence
imaging system (#610020-9Q, Clinx Science Instruments),
and quantified using the Image]J software (National Institutes
of Health, USA).

Statistical analysis. Data were revealed as the mean *
standard deviation. All results were analyzed using SPSS 20.0
software (SPSS, Inc., USA). One-way analysis of variance
(ANOVA) was applied for multiple comparisons. Differences
between the two groups were assessed using Student’s t-tests.
A p-value < 0.05 was considered statistically significant.

Results

Sal inhibited cell proliferation, migration, and invasion
and promoted cell death in Huh-28 and RBE cells. The
Huh-28 and RBE cells were incubated with 0, 20, 40, and
60 uM Sal for 24 h. Subsequently, the proliferation ability of
Huh-28 and RBE cells was assessed by the CCK-8, LDH, and
EdU assays. It was found that Sal significantly decreased the
cell viability of Huh-28 and RBE cells in a dose-dependent
manner, as shown in Figure 1A. Compared to the control
group, Sal treatment significantly increased the LDH release
of Huh-28 and RBE cells (Figure 1B). Similarly, the EAU assay
results also showed that Sal treatment significantly inhib-
ited the proliferation of Huh-28 and RBE cells (Figure 1C).
Furthermore, Sal treatment markedly reduced the migra-
tion and invasion of Huh-28 and RBE cells relative to the
control group (Figure 1D). For further validation, the results
of flow cytometry showed that Sal treatment could induce
G2/M phase arrest of Huh-28 and RBE cells (Figure 2A).
Additionally, the results of flow cytometry showed that Sal
treatment significantly increased the population of Annexin-
V* cells in Huh-28 and RBE cells compared with the control
group (Figure 2B). Taken together, these results suggested
that Sal treatment could suppress growth and migration and
contribute to the cell death of Huh-28 and RBE cells.

Sal triggered non-apoptotic cell death and activated
the NF-kB signaling pathway in Huh-28 and RBE cells.
Compared to the control group, Sal treatment signifi-
cantly decreased the cell viability of Huh-28 and RBE cells;
however, Z-VAD-FMK (Pan-caspase inhibitor) treatment
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Figure 1. Effect of Sal on cell proliferation, migration, and invasion in Huh-28 and RBE cells. A) CCK-8, B) ELISA, and C) EdU assays (scale bar, 100 um)
were performed to assess the proliferative capacity and LDH activity in Huh-28 and RBE cells after Sal treatment. D) Transwell assay was conducted to
analyze the migration and invasion abilities of Huh-28 and RBE cells after Sal treatment. Scale bar, 100 um. *p<0.05, **p<0.01 vs. Control group

did not reverse the reduction of cell viability induced by Sal
in Huh-28 and RBE cells (Figure 3A). To further identify the
type of cell death that also occurred in Sal-treated Huh-28 and
RBE cells, TEM was employed to observe the ultra-structural
changes in the cells, and the results revealed that cell swelling
with large bubbles and multiple pores was found on the

membranes of Sal-treated Huh-28 and RBE cells (Figure 3B).
In addition, ELISA assays suggested a notable release of IL-1p
and IL-18 cytokines into the culture mediums of Huh-28 and
RBE cells treated with Sal (Figures 3C, 3D). More impor-
tantly, western blot assays displayed that the expressions
of pyroptosis-associated proteins GSDMD-N, IL-1pB, ASC,
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Figure 2. Effect of Sal on cell cycle and Annexin-V+ cells in Huh-28 and RBE cells. A) Cell cycle progression and B) Annexin-V+ cells were examined
by flow cytometry *p<0.05, **p<0.01 vs. Control group.
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Cleaved caspase-1, TLR4, MyD88, NF-kB p65, and NLRP3 Sal induced caspase-1-mediated cell death in Huh-28
were markedly higher in Sal-treated Huh-28 and RBE cells and RBE cells. Growing research suggests that caspase-1 is
compared with those in the control group (Figure 3E).  capable of proteolytically cleaving the precursors of inflam-
Collectively, these results suggested that Sal-treated Huh-28  matory cytokines that consist of IL-1p and IL-18, along

and RBE cells undergo pyroptosis to a certain extent. with GSDMD, towards mature and active forms, ultimately
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initiating cell pyroptotic death [21, 22]. In this study, a
specific inhibitor of caspase-1 (VX-765) was also used. As a
result, the CCK-8 assays showed that VX-765 significantly
increased the cell viability of Sal-treated Huh-28 and RBE
cells (Figure 4A). Moreover, the Hoechst 33242 staining
and flow cytometry assays demonstrated that VX-765 could
significantly decrease the percentage of apoptotic cells in
Huh-28 and RBE cells (Figures 4B, 4C). Therefore, we could
also conclude that Sal triggered cell death through the activa-
tion of caspase-1 in Huh-28 and RBE cells.

Sal increases the intracellular ROS level in Huh-28 and
RBE cells. As we know, ROS accumulation and the activa-
tion of the NF-kB pathway contribute to the activation of the
NLRP3 inflammasome in cancer cells [24, 25]. Thus, we also
investigated the intracellular ROS level in Sal-treated Huh-28
and RBE cells with or without N-acetyl-L-cysteine (NAC)
treatment by using DCFH-DA. We found that Sal treatment
markedly increased the intracellular ROS levels in Huh-28
and RBE cells (Figure 5A). Moreover, we found that NAC

significantly reversed Sal-induced ROS levels in Huh-28 and
RBE cells (Figure 5B). Notably, NAC significantly attenuated
Sal-induced GSDMD-N, IL-1B, ASC, Cleaved caspase-1,
NF-kB p65, and NLRP3 expressions in Huh-28 and RBE
cells (Figure 5C). Collectively, these results suggested that Sal
induces activation of the NF-kB/NLRP3 pathway in Huh-28
and RBE cells in a ROS-dependent manner.

Sal repressed tumor growth in vivo by upregulating the
NF-kB/NLRP3 pathway. To further investigate the effects
of Sal on CCA in nude mice, we also established a subcu-
taneous tumor model. As expected, the results showed that
Sal treatment significantly reduced tumor volume and weight
in vivo (Figures 6A-6C). Furthermore, the TUNEL staining
[26] demonstrated that larger TUNEL-positive cell areas
were observed in tumor tissues of RBE tumor-bearing mice
with Sal treatment (Figure 6D). It was also found that Sal
treatment increased protein expression levels of GSDMD-N,
IL-1B, ASC, Cleaved Caspase-1, NF-kB p65, and NLRP3 in
tumor tissues of nude mice (Figure 6E). Collectively, these
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Figure 4. Effect of Sal on Caspase-1-mediated Annexin-V+ in Huh-28 and RBE cells. A) CCK-8 assays of Huh-28 and RBE cells after treatment with Sal
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**p<0.01 vs. SAL group
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findings suggest that Sal inhibited tumor growth in vivo may
be associated with activation of the NF-kB/NLRP3 pathway.

Discussion

CCA is a tumor originating from the malignant prolifera-
tion of biliary epithelial cells and is the second most common
hepatobiliary malignant tumor worldwide [2]. It is charac-
terized by early invasion, poor prognosis, and high lethality,
and in recent years, the incidence and mortality of CCA have
been increasing year by year. Currently, the main treatment
is surgery, but it still has a high recurrence rate and is resis-
tant to chemotherapeutic drugs such as cisplatin [27]. There-

fore, there is an urgent need to find effective treatments and
drugs to improve the survival and prognosis of CCA patients.
In recent years, the research on the antitumor effect of Sal
has become a hot topic, which shows that Sal can activate
the autophagy of cancer cells, destroy the microenvironment
of tumor proliferation and differentiation, and strengthen
its antitumor efficacy through the regulation of autophagy
and the induction of apoptosis [28, 29]. In addition, Sal can
regulate autophagy and induce apoptosis in cancer cells
through the release of intracellular ROS, mitochondrial
damage, endoplasmic reticulum stress, and inhibition of
the Wnt/B-catenin signaling pathway, etc. [30, 31]. As a new
type of antitumor drug, Sal has shown selective targeting and
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Figure 6. Effect of Sal on the tumor growth of RBE tumor-bearing mice in vivo. A) Balb/c nude mice were subcutaneously implanted with RBE cells,
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**p<0.01 vs. Model group.

killing effects on a variety of tumor cells, but the mechanism
of its action needs to be further researched. In this study,
we also found that Sal treatment significantly inhibited cell
proliferation, migration, and invasion of CCA cell lines
Huh-28 and RBE cells in vitro. According to these findings,
it was concluded that Sal could be a promising therapeutic
agent for CCA patients, which may provide new therapeutic
directions against CCA.

Uncontrolled cell growth and proliferation are features of
tumor cells, and this uncontrolled proliferation is caused by
anomalies in the cell cycle, and disruption of the cell cycle may
contribute to tumorigenesis [32]. Apoptosis is a programmed
cell death mechanism that plays a key role in preventing
cancer [32, 33]. Tumor cell apoptosis evasion, which allows
tumor cells to become immortalized, is a fundamental trait
in carcinogenesis, development, and metastasis. As a result,
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apoptosis is thought to be a significant therapeutic target for
cancers. The study conducted by Zhang et al. revealed that
Sal inhibited cell growth and triggered endoplasmic retic-
ulum (ER) stress to promote apoptosis in prostate cancer
cells [34]. Additionally, Niwa et al. found that Sal induced
cell cycle arrest in the G2/M phase and apoptosis in HepG2/
C3a cells through upregulation of CDKN1A and GADD45A
and downregulation of CCNB1 and CCNA2 [9]. Similarly,
our study shows that Sal also induced cell cycle arrest in the
G2/M phase and increased Annexin-V+ cells in Huh-28
and RBE cells. Interestingly, the promotion of Sal on cell
death was significantly attenuated under VX-765 (caspase-1
inhibitor) treatment. These data implicated that Sal signifi-
cantly promoted cell death in Huh-28 and RBE cells, which
might be associated with the activation of the cascade of the
caspase-1 signaling pathway.

Recent research reveals that distinct programmed cell
death procedures, such as apoptosis, ferroptosis, pyroptosis,
and necroptosis, are important in the genesis and progres-
sion of CCA [35]. In the present study, the pan-caspase
inhibitor, Z-VAD-FMK, was used. The results of CCK-8
assays showed that Sal has an outstanding inhibitory effect
on the cell viability of Huh-28 and RBE cells. However,
it was also found in this study that the inhibitory effect
on the cell viability of Sal was not reversed by using the
pan-caspase inhibitor Z-VAD-FMK treatment. This is due
to the Sal also contributing to triggering non-apoptotic
cell death in Huh-28 and RBE cells. Cellular pyroptosis is
an inflammatory cell death mediated by caspase-1. Besides,
NLRP3 activates caspase-1, and the activated caspase-1 cuts
the N-terminal sequence of GSDMD to become the pore-
forming GSDMD-NT, which translocates to the cellular
membrane structure to form the plasma membrane pore,
resulting in disruption of the integrity of the cell membrane,
thereby causing an increase in intracellular osmotic pressure
and ultimately cell swelling and rupture [36]. In addition,
activated caspase-1 can promote the activation and release
of IL-1B and IL-18, which further promote the inflamma-
tory response of the body [37, 38]. The fact that the Z-VAD-
FMK did not attenuate Sal-induced cell death suggests
that apoptosis is a minor pathway and that the dominant
form of cell death is likely caspase-1-mediated pyroptosis,
as confirmed by our subsequent experiments. We found
that the Sal elevated the expression of IL-1p and IL-18 in
the cell-culture medium, as accompanied by an increase
of protein expression levels in GSDMD-N, IL-1B, ASC,
Cleaved caspase-1, TLR4, MyD88, NF-kB p65, and NLRP3
in Huh-28 and RBE cells. This evidence demonstrated that
the upregulation of cellular pyroptosis is also an important
factor for Sal-induced therapy efficiency.

ROS are related to cancer cell death, including apoptosis
and pyroptosis. It has been reported that higher ROS levels
can induce tumor cell death through a series of downstream
pathways, the most important of which is the NF-kB/NLRP3
pathway [39]. Our study shows that Sal increases ROS

production in Huh-28 and RBE cells. Interestingly, the ROS
inhibitor NAC partially reversed this damage. Addition-
ally, Sal can significantly inhibit the growth of subcutaneous
tumors in mice by promoting cell apoptosis in the tumor
tissues of RBE tumor-bearing mice. We also confirmed
that Sal treatment increased the protein expression levels
of GSDMD-N, IL-1B, ASC, Cleaved caspase-1, NF-kB p65,
and NLRP3 in tumor tissues in vivo. Collectively, the in vivo
investigation suggested that Sal treatment inhibited tumor
growth by pyroptosis in RBE tumor-bearing mice.

In summary, we found that Sal can effectively inhibit the
growth of CCA both in vitro and in vivo by targeting caspase-
1-mediated cell death through the activation of the ROS/
NF-kB/NLRP3 signaling cascade in Huh-28 and RBE cells.
Most importantly, these results provide novel insights for Sal,
used as a novel candidate for the treatment of CCA. However,
this study had some limitations. Annexin-V/PI and Hoechst
33242 staining are not fully covered to discriminate between
apoptotic and pyroptotic cell death; additional accurate
methods are needed to monitor the occurrence of pyroptosis
in experimental cells. Besides, further functional studies are
needed to comprehensively evaluate the other pathways and
targets influenced by Sal.
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