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Objective: Paridis Rhizoma (Chonglou in Chinese), a traditional Chinese herbal medicine, has been shown
have strong anti-tumor effects. Paris saponin VII (PSVII), an active constituent isolated from Paridis
Rhizoma, was demonstrated to significantly suppress the proliferation of BxPC-3 cells in our previous
study. Here, we aimed to elucidate the anti-pancreatic ductal adenocarcinoma (PDAC) effect of PSVII
and the underlying mechanism.
Methods: Cell viability was determined by CCK-8, colony formation, and cell migration assays. Cell apop-
tosis and reactive oxygen species (ROS) production were measured by flow cytometry with annexin
V/propidine iodide (Annexin V/PI) and 20 ,70-dichlorodihydrofluorescein diacetate (DCFH-DA), respec-
tively. Pyroptosis was evaluated by morphological features, Hoechst 33342/PI staining assay, and release
of lactate dehydrogenase (LDH). JC-1 fluorescent dye was employed to measure mitochondrial membrane
potential. Western blotting and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
were used to determine the levels of proteins or mRNAs. The effect in vivo was assessed by a xenograft
tumor model.
Results: PSVII inhibited the viability of PDAC cells (BxPC-3, PANC-1, and Capan-2 cells) and induced gas-
dermin E (GSDME) cleavage, as well as the simultaneous cleavage of Caspase-3 and poly (ADP-ribose)
polymerase 1 (PARP). Knockdown of GSDME shifted PSVII-induced pyroptosis to apoptosis.
Additionally, the effect of PSVII was significantly attenuated by Z-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fl
uoromethylketone (Z-DEVD-FMK), on the induction of GSDME-dependent pyroptosis. PSVII also elevated
intracellular ROS accumulation and stimulated Bax and Caspase-3/GSDME to conduct pyroptosis in PDAC
cells. The ROS scavenger N-acetyl cysteine (NAC) suppressed the release of LDH and inhibited Caspase-9,
Caspase-3, and GSDME cleavage in PDAC cells, ultimately reversing PSVII-induced pyroptosis.
Furthermore, in a xenograft tumor model, PSVII markedly suppressed the growth of PDAC tumors and
induced pyroptosis.
Conclusion: These results demonstrated that PSVII exerts therapeutic effects through Caspase-3/GSDME-
dependent pyroptosis and may constitute a novel strategy for preventing chemotherapeutic resistance in
patients with PDAC in the future.
� 2024 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is anopen access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The latest cancer statistics reveal that pancreatic carcinoma is
the third leading cause of cancer-related death, combining data
for both men and women. Mortality rates have increased gradually,
by 0.3% per year. Although the overall cancer mortality in the
United States has continued to decline through 2021, the incidence
of pancreatic cancer remains on the rise (Siegel, Giaquinto, & Jemal,
2024). The characteristics of pancreatic ductal adenocarcinoma
(PDAC) include late diagnosis, early metastasis, rapid proliferation,
and high chemotherapy resistance. It also has a 5-year overall sur-
vival rate of 10%. Moreover, it is estimated that in the next 20 years,
PDAC will become the 2nd leading cause of cancer deaths (Mizrahi,
Surana, Valle, & Shroff, 2020). Most patients with PDAC are clinical
diagnosed at a progressed stage, limiting opportunities for surgical
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treatment. Consequently, chemotherapy remains the primary
treatment option. However, many patients with PDAC develop
chemotherapy resistance, resulting in poor outcomes. Therefore,
there is an urgent need for new therapeutic targets and agents.
At present, the first- and second-line chemotherapy drugs used
to treat PDAC include oxaliplatin, 5-fluorouracil, capecitabine,
among others. Most of these drugs primarily exert their anti-
tumor effects by inducing apoptosis, but the objective response
rate of these drugs is only about 20%, mainly due to the escape
of apoptosis (De Dosso et al., 2021; Mohammad et al., 2015). In
recent years, many studies have confirmed that several potential
chemotherapeutics can induce pyroptosis, a newly recognized type
of programmed cell death (PCD), and may pave the way for new
directions in cancer treatment (Hu et al., 2020; Wang et al.,
2017; Zhang et al., 2019).

Paris saponin VII (PSVII), an active ingredient derived from the
traditional Chinese herbal medicine Paridis Rhizoma (known as
Chonglou in Chinese, listed in the Chinese Pharmacopoeia), has been
reported to suppress multiple types of tumors (Fan et al., 2015; He
et al., 2021; Qian et al., 2020; Zhang et al., 2014). These findings
suggest that PSVII could be a potential drug candidate for treating
cancer. Based on our previous finding, PSVII can inhibit the prolif-
eration of BxPC-3 cells, possibly through its involvement in induc-
ing apoptosis and pyroptosis (Liu et al., 2023). However, the in vivo
effects of PSVII and the underlying mechanism still need to be
clarified.

Pyroptosis is characterized by chromatin condensation, cyto-
plasmic swelling, the formation of pores in the cytomembrane, cel-
lular content release, and cell lysis (Ding et al., 2016; Shi, Gao, &
Shao, 2017). Many studies have shown that gasdermin (GSDM)
family members, including gasdermin A (GSDMA), gasdermin B
(GSDMB), gasdermin C (GSDMC), gasdermin D (GSDMD) and gas-
dermin E (GSDME/DFNA5), serve as the executors of pyroptosis
(Wang et al., 2017). Typically, GSDMs are self-inhibiting and inac-
tive, when activated by Caspases or other upstream regulatory fac-
tors, GSDMs are cleaved, releasing their perforated N-terminal (NT)
domain. These NT domains cooperate to form pores in the
cytomembrane (Zhang et al., 2020). It is initially ascribed that
pyroptosis was caused by the proteolysis of GSDMD by Caspase
1/4/5/11 (Chen et al., 2016). Recent findings have shown that
GSDME, another gasdermin, can turn Caspase-3-induced apoptosis
into pyroptosis (Wang et al., 2017). After the activation of Caspase-
3, GSDME is further cleaved by cleaved-caspase-3, liberating its
N-terminus, which can aggregate and form pores in the plasma
membrane, resulting in membrane expansion, lactate dehydroge-
nase (LDH) release, and increased uptake of propidium iodide
(PI), all of which are characteristics of pyroptosis (Ding et al.,
2016). In addition to apoptosis, GSDME-dependent pyroptosis
has been proposed as another mechanism through which chemical
drugs eliminate cancer cells (Wang et al., 2017). Thus, triggering
pyroptosis in cancer cells via the Caspase-3/GSDME pathway is
also one of the mechanisms by which chemical drugs defeat cancer
(Rogers et al., 2017; Yu et al., 2019; Zhang et al., 2019).

In the present study, we further investigated the effect of PSVII
on PDAC cells in vitro. Additionally, we examined its impact on a
PDAC tumor xenograft model in vivo. Finally, we demonstrated
that the anti-PDAC effect of PSVII was mediated through the induc-
tion of Caspase-3/GSDME-dependent cell pyroptosis.
2. Materials and methods

2.1. Chemicals and reagents

PSVII (45.2 mg) (Fig. 1A) was isolated and identified from the
rhizomes of Paris polyphylla (1.9 kg) in our laboratory (Liu et al.,
95
2023). Gemcitabine was purchased from MeilunBio (Dalian, China;
Lot: MB5386). N-Acetyl cysteine (NAC) and Z-DEVD-FMK were
from MedChemExpress (Shanghai, China; Lot: NAC 235861, Z-
DEVD-FMK 264908). Necrostatin-1 (Nec-1) was obtained from
Beyotime Biotechnology Co., Ltd. (Shanghai, China; Lot:
010423230712).

2.2. Cell lines and cell culture

PDAC cell lines (BxPC-3, PANC-1, and Capan-2 cells) were
obtained from the Cell Bank of the Chinese Academy of Sciences.
PANC-1 cells were cultured in Dulbecco’s modified Eagle medium
(Procell, Wuhan, China), while BxPC-3 and Capan-2 cells were cul-
tured in RPMI 1640 medium (Procell, Wuhan, China). The culture
media were supplemented with 10% fetal bovine serum (FBS) (Pro-
cell, Wuhan, China), penicillin (100 U/mL), and streptomycin
(100 mg/mL; Procell, Wuhan, China). All the cells were incubated
at 37 �C with 5% CO2 (CCL-170 T-8-CU-UV, ESCO, Singapore City,
Singapore).

2.3. Cell viability assay

Cell viability was examined by using a CCK-8 assay kit (Elab-
science, Wuhan, China). BxPC-3, PANC-1, and Capan-2 cells were
inoculated in 96-well plates at a 7 � 103 cells/well density and cul-
tured at 37 �C for 24 h. PSVII was resuspended in DMSO (Solarbio,
Beijing, China). The cells were treated with PSVII at the indicated
concentrations (0, 1.25, 2.5, 5, 10, 20, 40 or 80 lmol/L) for 24 h
or 48 h. With necrostatin-1, the cells were treated with 10 lmol/
L necrostatin-1 and 3 lmol/L PSVII for 24 h. With NAC, the cells
were treated with 5 mmol/L NAC and 3 lmol/L PSVII for 24 h. Then,
to each well, the CCK-8 reagent (10 lL) was added and incubated at
37 �C for 2 h. The optical density was measured at 450 nm with a
microplate reader (AMR-100, ALLSHENG, Hangzhou, China), and
cell viability was estimated.

2.3.1. Colony formation assay
BxPC-3, PANC-1, and Capan-2 cells were inoculated in 6-well

plates at 1 � 103 cells/well. After 24 h, changing the medium to
fresh complete medium. The cells were then treated with 0, 1.5,
3, or 6 lmol/L PSVII for 24 h. Afterwards, the medium was changed
to fresh medium, and the cells were cultured for two weeks. Colo-
nies were fixed with 4% paraformaldehyde, and then stained with
0.1% crystal violet (LEAGENE Biotechnology, Beijing, China) accord-
ing to previous demonstration.

2.3.2. Transwell migration assay
PDAC cells were seeded onto Transwell inserts with a polycar-

bonate (PC) membrane (pore size 8 lm; NEST, Wuxi, Jiangsu) in
24-well plates, and medium supplemented with PSVII (0, 1.5, 3,
6 lmol/L) was added to the lower chambers. After 24 h of incuba-
tion, the inserts of the Transwell were removed. Then, the cells
were fixed with 4% paraformaldehyde and visualized with 0.1%
crystal violet (LEAGENE Biotechnology, Beijing, China). Cells that
did not across through the PC membrane were gently wiped with
a cotton swab. Cells that migrated across the PC membrane were
viewed with an inverted microscope (IX73 + DP74; OLYMPUS,
Tokyo, Japan) and ImageJ software (version 2.10).

2.3.3. Scratch wound healing assay
5 � 105 cells were inoculated into a 6-well plate, then cultured

for 24 h. The next day, a micropipette tip of 200 lL was utilized to
scratch through the cells, after which the cells were rinsed with
PBS to remove the scattered cells. The plates were placed in an
incubator with 5% CO2 and incubated with PSVII (0, 1.5, 3,
6 lmol/L). After 0, 24, 48 and 72 h, cell migration was



Fig. 1. PSVII inhibited viability and migration of PDAC cells in a concentration-dependent manner. (A) Chemical structure of PSVII. (B and C) BxPC-3, PANC-1, and Capan-2
cells were treated with PSVII for 24 or 48 h, after which cell viability was analyzed. (D) Cells were treated with various concentrations of PSVII (0, 1.5, 3, or 6 lmol/L) for 48 h
and then grown for two weeks in fresh medium, colonies were stained with crystal violet and visualized. (E) Migration analysis via Transwell assay, scale bar = 100 lm,� 200.
(F) Scratch wound healing assay, images of cell scratches were captured at four time points after treatment with various concentrations of PSVII (0, 1.5, 3, or 6 lmol/L), scale
bar = 400 lm, � 40. Mean ± SD (n = 3); *P < 0.05, **P < 0.01, ***P < 0.001 vs control group.
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photographed with an inverted microscope (IX73 + DP74; OLYM-
PUS, Tokyo, Japan).

2.3.4. LDH release assay
PDAC cells were inoculated in 96-well culture plates and

administered with PSVII (0, 1.5, 3, 6 lmol/L) for 24 h. With
necrostatin-1, the cells were treated with 10 lmol/L necrostatin-
1 and 3 lmol/L PSVII for 24 h. With Z-DEVD-FMK, the cells were
96
treated with 20 lmol/L Z-DEVD-FMK and 3 lmol/L PSVII for
24 h. With NAC, the cells were treated with 5 mmol/L NAC and
3 lmol/L PSVII for 24 h. After that, all the supernatant of cell cul-
ture was collected, centrifuged at 400 � g for 5 min, and analyzed
with a LDH detection kit (Beyotime Biotechnology, Shanghai,
China). Specifically, 120 lL of supernatant from each well was
transferred to a new 96-well plate, after which 60 lL of detection
reagent was added. The mixture was incubated at room



Table 1
Sequences of primers.

Genes Forward (50�30) Reverse (50�30)

GAPDH AAGGCTGTGGGCAAGGTCATC GCGTCAAAGGTGGAGGAGTGG
GSDMA CTGCTGGATGTGCTTGAG CCTTCACCTTCACCGTCTT
GSDMB GCCGTTAGAAGCCTTGTT GTGTCCAGAATGTCCATCAG
GSDMC AGATGATGATGAACAGAGAACCTT CATTGGATGAGGCATTGAAGAG
GSDMD TGTGTCAACCTGTCTATCA CTGTATCTGCCCATCCAT
GSDME TTATGACAGCCTACTTCTTG ACTCCATCATCAGACAGA
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temperature (RT) for 30 min in the dark. The OD value was
observed at 490 nm. Relative LDH release was calculated as fol-
lows: LDH release (%) = (experimental LDH release � medium
background) / (maximum LDH release � medium
background) � 100.

2.3.5. Hoechst 33342/PI staining assay
A Hoechst 33342/PI staining assay was executed via an apopto-

sis and necrosis assay kit (Beyotime Biotechnology, Shanghai,
China). In brief, PDAC cells were cultured in 6-well plate culture
dishes (NEST, Wuxi, China) supplemented with PSVII (0, 1.5, 3,
6 lmol/L) for 24 h. Then, Hoechst 33342 and PI were added accord-
ing to the manufacturer’s instructions, and the cells were incu-
bated at 4 �C in the dark for 20 min, and then visualized under
an inverted fluorescence microscope (IX73 + DP74; OLYMPUS,
Tokyo, Japan).

2.3.6. siRNA transfection
Small interfering RNAs (siRNAs) against GSDMD, GSDME and a

negative control (NC) were designed and synthesized by Chem-
Shine Biotechnology (Shanghai, China). Transfection was per-
formed based on the manufacturer’s instructions. Lipofectamine
2000 transfection reagent (Invitrogen, Carlsbad, USA) and siRNA
were diluted in Opti-MEM medium (Gibco, Carlsbad, USA), respec-
tively. Then, the Opti-MEM medium containing Lipofectamine
2000 was mixed with the Opti-MEM medium containing siRNA,
and incubating at RT for 20 min. The cell culture medium was then
displaced with the Opti-MEM as described above, after which the
cells were cultured for 6 h. The medium was then changed to nor-
mal and continued culturing for another 48 h before the following
experiments.

2.3.7. Measurement of mitochondrial membrane potential
JC-1 fluorescent dye (Beyotime Biotechnology, Shanghai, China)

was applied to measure the mitochondrial membrane potential
(MMP) in BxPC-3 cells. The cells were cultured in 6-well culture
plates, treated with PSVII, after 24 h incubation, cells were col-
lected and incubated with JC-1 staining solution for 20 min at
37 �C. The MMP was observed with a flow cytometer (Beckman
Coulter, Coulter-XL, Brea, USA), and the data were analyzed with
EXPO32 ADC Analysis software.

2.3.8. Detection of ROS production and apoptosis by flow cytometry
BxPC-3 cells were inoculated in a 6-well plate, after which the

cells were treated with 5 mmol/L NAC and/or 3 lmol/L PSVII for
24 h. The harvested cells were then rinsed twice with PBS and
probed with 20,70-dichlorodihydrofluorescein diacetate (DCFH-
DA) (Beyotime Biotechnology, Shanghai, China) based on the
instructions. After that, cells were analyzed by flow cytometry
(Beckman Coulter, Coulter-XL, Brea, USA) to detect ROS production.
BxPC-3 cells were inoculated and treated as indicated, then
harvested, rinsed twice with PBS and probed with an Annexin
V-FITC/PI kit (Beyotime Biotechnology, Shanghai, China) in
accordance with the instructions. Thereafter, cells were analyzed
(Beckman Coulter, Coulter-XL, Brea, USA) to detect apoptosis. The
data analyses were applied using EXPO32 ADC Analysis software.

2.3.9. Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR)

A RNAsimple total RNA kit (TIANGEN BIOTECH, Beijing, China)
was used to extract the total cellular RNA from PDAC cells. Total
RNA was subsequently reverse transcribed using the PrimeScript
RT Master Mix kit (Takara, Kyoto, Japan). Gene expression was
quantified via SYBR Green PCR Master Mix (Servicebio, Wuhan,
China) on an FTC-3000 system (Funglyn Biotech, Toronto, Canada).
The gene expression was normalized relative to the corresponding
97
internal GAPDH levels. The sequences of the primers used are pre-
sented in Table 1 (AUGCT DNA-SYN Biotechnology, Beijing, China).

2.3.10. Western blotting
For Western blotting, the cells (in vitro) or tumor tissues

(in vivo) (20�40 mg) were washed with cold PBS twice, prepared
by a total protein extraction kit (Keygen BioTECH, Nanjing, Jiangsu)
and examined via Western blotting as follows. Protein concentra-
tions were quantified by using a bicinchoninic acid (BCA) protein
detection kit (Elabscience, Wuhan, China). Equal amounts of
lysates were separated by 10% or 12% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) and then trans-
ferred to PVDF membranes. The membranes were then blocked
with 5% skim milk in phosphoric acid buffer containing Tween-
20 (0.1%) solution (PBST) for 2 h and incubated overnight at 4 �C
with primary antibodies, including antibodies against Caspase-3,
Bax, Bcl-2 (1:1 000; Affinity Biosciences, Jiangsu, China);
Caspase-9 (1:500; Santa Cruz Biotechnology, OR, USA); PARP,
GSDMD (1:1 000; Proteintech, Wuhan, China); GSDME (1:500;
Affinity Biosciences, Jiangsu, China); and b-actin (1:5 000; Service-
bio, Wuhan, China). After 5 min � 5 times wash with PBST, the
membranes were incubated with goat anti-rabbit IgG-HRP (1:10
000; Elabscience, Wuhan, China) or goat anti-mouse IgG-HRP
(1:10 000; Proteintech, Wuhan, China). The membranes with sec-
ondary antibodies were incubated for 1 h. The immunoresponse
bands were identified via an enhanced ECL kit (Engibody Biotech-
nology, DE, USA) and detected using the ChemiDocTM XRS system
(Bio-Rad, Hercules, CA, USA). Western blotting density analysis
was conducted via Image Lab 5.1 software, and relative protein
expression levels were normalized to that of b-actin.

2.3.11. Transmission electron microscopy assay
After intervention with PSVII, the BxPC-3 cells were collected

and fixed with glutaraldehyde (2.5%; Servicebio, Wuhan, China)
at 4 �C for 24 h. Afterwards, the cells were fixed in 1% osmium
tetroxide for 1 h, then embedded and sectioned. The sections were
stained with uranyl acetate and lead citrate, then observed via a
transmission electron microscope (JEM-1400, Japan Electron
Optics Laboratory, Tokyo, Japan).

2.4. Animal study

BALB/c nude mice (male, 3–4 weeks old) were supplied by Slack
Jingda Experimental Animal Co., Ltd. (Slack Jingda, Changsha,
China) and maintained in the Air Force Medical University Animal
Center. The animal study was conducted in accordance with the
guiding principles for animal experimentation at Air Force Medical
University and received approval from the Laboratory Animal Wel-
fare and Ethics Committee of Air Force Medical University (Xi’an,
China) with a No. IACUC-20230096.

Approximately 5 � 106 BxPC-3 cells were resuspended in
0.1 mL PBS and injected subcutaneously into the right flank of
the mice. Considering that saponins are poorly absorbed with a
low oral bioavailability, mice were treated with PSVII or gemc-
itabine via intraperitoneal injection. Pilot experiments were
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executed to determine the appropriate dosage of PSVII for mice,
and PSVII suppressed the growth of PDAC tumors markedly at
2.5 mg/kg body weight.

After the BxPC-3 cells were inoculated, the mice were fed nor-
mally. Once the average tumor volumes achieved 100 mm3, the
mice were divided into four groups (n = 4 per group) at random
and treated as vehicle controls (normal saline with 0.1% DMSO),
the PSVII low dose (PSVII L; 1.25 mg/kg), the PSVII high dose (PSVII
H; 2.5 mg/kg) and gemcitabine (60 mg/kg), once every two days.
Gemcitabine was injected as a positive control. The length and
width of the tumors, as well as the body weight of the tumor-
bearing mice, were observed once every three days. The tumor vol-
ume was calculated as follows: tumor volume (mm3) = 1/2 � lengt
h � width2. At the end of the experiment, the mice were eutha-
nized, and the tumors were removed, weighed, photographed,
and analyzed byWestern blotting analysis and immunohistochem-
ical study.

The expressions of Caspase-3 and GSDME in tumor tissues were
detected via immunohistochemistry. Briefly, the paraffin sections
were dewaxed in xylene, then gradient hydrated with 100%–75%
ethanol and washed three times in distilled water. Subsequently,
citric acid solution (pH = 6.0) was added for repair, and the sections
were put in the microwave for 10 min. Next, the sections were
cooled in the citric acid solution and then rinsed with PBS
5 min � 3 times. Thereafter, 3% H2O2 was added, then incubating
at RT for 10 min, after which the slice was rinsed with PBS three
times. After blocking with 5% blocking serum at RT for 20 min,
the sections were incubated with 50 lL of primary antibodies,
including Caspase-3 and GSDME at 4 �C for 24 h. The next day,
the slice was rinsed three times by PBS, then added with 50 lL sec-
ondary antibody and incubated at 37 �C for 30 min. After the sec-
tions were rinsed with PBS 5 min � 3 times, 3,30-diaminobenzidine
tetrahydrochloride (DAB) solution was added, and the sections
were incubated at RT for 3 min, and rinsed with distilled water
immediately. Subsequently, the sections were counterstained with
hematoxylin for 3 min and then washed with distilled water. Even-
tually, the sections were dehydrated and sealed with neutral gum.
The images were captured under a fluorescence microscope (Motic
BA400 Digital, Xiamen, China).

2.5. Statistical analysis

The results were expressed as the mean ± standard deviation
(SD). All the statistical analyses were executed using GraphPad
Prism 8 software. The in vitro experiments were repeated at least
three times. Significance between two groups were performed
using the two-tailed Student’s t-test. Statistical comparisons
among three or more groups were tested by One-way ANOVA test.
P < 0.05 was considered to indicate statistical significance.

3. Results

3.1. Effects of PSVII on viability and migration of PDAC cell

PDAC cell lines (BxPC-3, PANC-1, and Capan-2) were used to
investigate the anti-cancer effects of PSVII in PDAC. The cell viabil-
ity of PDAC cells was significantly inhibited by PSVII treatment for
24 or 48 h in a concentration-dependent manner (Fig. 1B and C),
the IC50 at 24 h was (5.31 ± 1.83), (4.99 ± 0.57), and (3.60 ± 0.78)
lmol/L for the BxPC-3, PANC-1, and Capan-2 cells, respectively. A
colony formation assay showed that PSVII substantially reduced
the number of colonies formed by BxPC-3, PANC-1, and Capan-2
cells in a concentration- and time-dependent manner (Fig. 1D). Cell
transwell migration experiments revealed that PSVII efficiently
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inhibited the vertical migration of PDAC cells from the upper
chamber to the lower chamber (Fig. 1E). The results of cell wound
scratch assay shown in Fig. 1F represented that PSVII markedly
inhibited the horizontal migration of cells. Taken together, these
results revealed that PSVII inhibited the cell viability and migration
ability of BxPC-3, PANC-1, and Capan-2 cells in a concentration-
dependent manner.

3.2. PSVII alteredcellularmorphologyandcytomembranepermeabilization

The morphology of BxPC-3, PANC-1, and Capan-2 cells was
observed after PSVII treatment. PSVII-treated PDAC cells exhibited
morphological changes, such as cell swelling, and these changes dif-
fered from the typical features of apoptotic cells, instead resembling
the characteristic signs of pyroptosis (Fig. 2A). Therefore, LDH
release, which indicates cell membrane rupture and leakage of cell
contents, was detected in PDAC cells treated with PSVII in a
concentration-dependent manner (Fig. 2B). Inverted fluorescence
microscopy analysis indicated that PSVII augmented the proportion
of PI-positive PDAC cells in a concentration-dependent manner
(Fig. 2C). PI is a kind of membrane-impermeable dye, but in cells
undergoing pyroptosis, pores are formed in the cell membrane,
through which PI can enter cells and stain nuclei (Miao, Rajan, &
Aderem, 2011). The higher release of LDH and the increased propor-
tion of PI-positive cells illustrated that pores had formed in the
membrane and that PSVII changed the cell membrane permeability
of PDAC cells. However, necrotic cells also exhibit membrane dis-
ruption, thus, in this study, necrostatin-1 (Nec-1)was applied to dis-
tinguish necroptosis frompyroptosis. As can be seen in Fig. 2D and E,
Nec-1hadno substantial impact on PSVII-triggered cell death, or the
release of LDH. To observe the changes in the structure of the cell
membrane, transmission electron microscopy was applied. Images
of BxPC-3 cells treated with PSVII revealed cell membrane rupture,
further indicating that PSVII induces pyroptosis in PDAC cells
(Fig. 2F). These data demonstrated that PSVII triggered cell death
by inducing cellmembrane permeabilization,which is a remarkable
characteristic of pyroptotic cell death.

3.3. GSDME was necessary for PSVII-triggered pyroptosis in PDAC cells

Gasdermin proteins consist of an N-terminal domain and a C-
terminal domain, which are connected by a flexible region. The acti-
vated caspases can cleave this region and release the N-terminus,
which then forms pores in the cell membrane, leading to the induc-
tion of pyroptosis (Shi et al., 2015; Wang et al., 2017; Zhang et al.,
2020). The expression of gasdermins in BxPC-3, PANC-1, and
Capan-2 cells was detected by RT-qPCR. GSDMD and GSDME were
detected in PDAC cells (Fig. 3A). GSDMD has been recognized as a
substrateof Caspase1/4/5/11, and these caspases can cleaveGSDMD
andrelease itsN-terminusto thecellmembrane,ultimately inducing
pyroptosis (Shi et al., 2015). Although GSDMD was expressed in
BxPC-3,PANC-1,andCapan-2cells,PSVII treatmentdidnotstimulate
the cleavage of GSDMD (Fig. 3B). Furthermore, siRNA-mediated
knockdown of GSDMD in BxPC-3 cells (Fig. 3C) had no substantial
impact on PSVII induced cell death and the releasing of LDH
(Fig. 3D and E). Consequently, GSDMD was not considered to be
involved in PSVII-triggered cell death in BxPC-3 cells, therefore,
GSDME may be essential for this process. To further verify this,
BxPC-3 cells were chosen for subsequent research. Additionally,
according to THE HUMAN PROTEIN ATLAS database (https://www.
proteinatlas.org/ENSG00000105928-GSDME/cell+line#pancreatic_
cancer), BxPC-3 cells exhibitedhigher expression ofGSDME than the
other two cell lines, which also indicated that it was more
representative.

https://www.proteinatlas.org/ENSG00000105928-GSDME/cell%2bline%23pancreatic_cancer
https://www.proteinatlas.org/ENSG00000105928-GSDME/cell%2bline%23pancreatic_cancer
https://www.proteinatlas.org/ENSG00000105928-GSDME/cell%2bline%23pancreatic_cancer


Fig. 2. PSVII triggered pyroptosis in PDAC cells. (A) PDAC cells were treated with PSVII for 24 h, and microscopic imaging was conducted; scale bar = 100 lm, � 100. (B) PDAC
cells were treated with various concentrations of PSVII for 24 h, afterwards, LDH release was examined. (C) Hoechst 33342/PI staining assay revealed an increase in number of
PI-positive cells (red in the image) after treatment with PSVII; scale bar = 100 lm, � 200. (D and E) PDAC cells were treated with PSVII or necrostatin-1 as indicated, LDH
release (D) and cell viability (E) were analyzed. (F) Representative transmission electron microscopy images of BxPC-3 cells treated with PSVII for 24 h were shown,
arrowheads indicate cell membrane rupture; scale bars = 2 lm (upper), 500 nm (lower), � 12 000 (upper),� 40 000 (lower). Mean ± SD (n = 3); NS, not significant; **P < 0.01 vs
control group.
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3.4. Pyroptosis induced by PSVII in PDAC cells is mediated by GSDME

GSDMEexerts anti-tumor effects bymediatingpyroptosis in can-
cer cells and is considered an effective tumor suppressor factor
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(Zhang et al., 2020). Previous studies have shown that, due to pro-
moter hypermethylation, GSDME is absent or poorly expressed in
various types of tumors (Wang et al., 2017). In this study, we found
that GSDMEwas expressed inmultiple PDAC cell lines, andWestern



Fig. 3. GSDMD was not associated with PSVII-induced cell death in PDAC cells. (A) mRNA levels of GSDMA, GSDMB, GSDMC, GSDMD, and GSDME were analyzed via RT-qPCR.
(B) PDAC cells were treated with PSVII (0, 1.5, 3, or 6 lmol/L) for 24 h, afterwards, total cellular extracts were prepared, followed byWestern blotting analysis. (C) BxPC-3 cells
were transfected with siRNA targeting GSDMD (siGSDMD-1/siGSDMD-2/siGSDMD-3) or a negative control (NC), followed byWestern blotting analysis. (D and E) BxPC-3 cells
were transfected with GSDMD siRNA-1/-2/-3 or NC siRNA and then treated with PSVII, cell viability (D) and LDH release (E) were analyzed. Mean ± SD (n = 3); *P < 0.05,
**P < 0.01, ***P < 0.001 vs NC group.
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blotting results showed that PSVII concentration-dependently
cleaved GSDME, Caspase-3, and PARP in BxPC-3 cells (Fig. 4A). To
further verify this effect, siRNA technology was used to knock down
GSDME in BxPC-3 cells.Western blotting andRT-qPCR analyses con-
firmed that GSDME expression was effectively reduced in BxPC-3
cells (Fig. 4B and C).Meanwhile, PSVII treated siGSDME cells yielded
more cleavage of PARP (Fig. 4D), further confirming that the death
mode was switched to apoptosis. Taken together, these findings
indicated that in PDAC, PSVII induces pyroptosis through the key
regulator GSDME. Furthermore, knocking down GSDME resulted in
a remarkable decrease in PSVII evoked LDH release, but the knock-
down was unable to reverse the cell death induced by PSVII inter-
vention (Fig. 4E and F). PSVII treated BxPC-3 cells exhibited
double-positive stage for Annexin V and PI, indicating the occur-
rence of pyroptosis. However, the knockdown of GSDME delayed
this process, leading to an increase in the percentage of Annexin
V-positive cells and a decrease in the proportion of Annexin V/PI
double-positive cells, indicating a switch frompyroptosis to apopto-
sis (Fig. 4G). Taken together, these findings revealed that GSDME
was a key protein that was essential for PSVII induced pyroptosis.
3.5. PSVII activated mitochondrial pathway and led to Caspase-3/
GSDME-dependent pyroptosis

Recent studies have shown that activation of the mitochondrial
apoptotic pathway may induce GSDME-dependent pyroptosis
(Rogers et al., 2017). JC-1 is a fluorescent dye that can selectively
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enter mitochondria. As the membrane potential decreases, the color
of the mitochondria changes reversibly from red to green, thus serv-
ing as an indicator of changes in themitochondrialmembrane poten-
tial (MMP). After BxPC-3 cells were exposed to PSVII, flow cytometry
showed an increase in the percentage of green fluorescent cells and a
decrease in the percentage of red fluorescent cells, indicating MMP
disruption (Fig. 5A). Western blotting was applied to measure the
levels of proteins in the mitochondrial intrinsic apoptotic pathway
in response to PSVII treatment. PSVII increased Bax and promoted
the cleavage of Caspase-9effectively,while Bcl-2wasdownregulated
in a concentration-dependentmanner, suggesting that PSVII induced
pyroptosis in BxPC-3 cells might occur through the mitochondrial
apoptotic pathway (Fig. 5B). Subsequently, the Caspase-3-specific
inhibitor Z-DEVD-FMK was used, and treatment of cells with a com-
bination of PSVII and Z-DEVD-FMK resulted in a reduction in the
cleavage of GSDME and the release of LDH (Fig. 5C and D). Z-DEVD-
FMK increased the percentage of Annexin V-positive cells, decreased
the proportion of Annexin V/PI double-positive cells among the PSVII
treated BxPC-3 cells (Fig. 5E). These findings illustrated that PSVII
triggered Caspase-3/GSDME-dependent pyroptosis through activat-
ing the mitochondrial apoptotic pathway in PDAC cells.
3.6. PSVII triggered pyroptosis through ROS mediated signaling in
PDAC cells

It is indicated that PSVII induces apoptosis and activates the
ROS-mediated mitochondrial intrinsic apoptotic pathway in can-



Fig. 4. Pyroptosis induced by PSVII in PDAC cells was mediated by GSDME. (A) BxPC-3 cells were treated with PSVII (0, 1.5, 3, or 6 lmol/L) for 24 h, followed by Western
blotting analysis. *P < 0.05, **P < 0.01, ***P < 0.001 vs control group. (B and C) BxPC-3 cells were transfected with siRNA targeting GSDME (siGSDME-1/siGSDME-2/siGSDME-3)
or a negative control (NC), protein levels (B) and mRNA levels (C) were analyzed. *P < 0.05, **P < 0.01 vs NC group. (D) NC GSDME and siGSDME BxPC-3 cells were treated with
PSVII (3 lmol/L) for 24 h, followed by Western blotting analysis. ***P < 0.001 vs NC control group, ##P < 0.01, ###P < 0.001 vs NC PSVII-treated group. (E and F) BxPC-3 cells
transfected with NC GSDME or siGSDME were treated with PSVII (0, 1.5, 3, or 6 lmol/L) for 24 h, cell viability (E) and LDH release (F) were analyzed, **P < 0.01 vs NC group. (G)
NC GSDME and siGSDME BxPC-3 cells treated with PSVII for 24 h were analyzed by flow cytometry with Annexin V/PI staining. **P < 0.01 vs NC group. Mean ± SD (n = 3).
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Fig. 5. PSVII activated mitochondrial apoptotic pathway to induce Caspase-3/GSDME-dependent pyroptosis. (A) BxPC-3 cells were treated with PSVII for 24 h, and JC-1-
probed cells were analyzed via flow cytometry. (B) Total cellular extracts were prepared and then subjected toWestern blotting analysis. (C–E) BxPC-3 cells were treated with
PSVII in absence or presence of Z-DEVD-FMK (20 lmol/L), followed by Western blotting analysis (C), LDH release assay (D) and flow cytometry with Annexin V-FITC/PI
staining (E). Mean ± SD (n = 3); *P < 0.05, **P < 0.01, ***P < 0.001 vs control group; #P < 0.05, ##P < 0.01 vs PSVII-treated group.
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cer cells (Qian et al., 2020; Zhang et al., 2016). However, the rela-
tionship between ROS accumulation and cell pyroptosis induced
by PSVII is still unknown. Flow cytometry with DCFH-DA was
used to determine ROS accumulation, and the results demon-
strated that PSVII induced excess ROS production in BxPC-3 cells,
which was distinctly abrogated by NAC, a ROS scavenger (Fig. 6A).
To assess the function of ROS in PSVII triggered pyroptosis, BxPC-
3 cells were pretreated with NAC and then stimulated with PSVII,
after which LDH release and cell viability were evaluated. These
findings suggested that NAC can decrease the release of LDH
and ameliorate PSVII induced cell death (Fig. 6B and C). Moreover,
the upregulation of Bax, and the promoted cleavage of Caspase-9,
Caspase-3 and GSDME by PSVII were reversed after combined
treatment with PSVII and NAC (Fig. 6D and E). These results illus-
trated that ROS played an essential role in PSVII triggered pyrop-
tosis in PDAC cells.
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3.7. PSVII suppressed tumor growth and induced pyroptosis in vivo

The anti-PDAC activity of PSVII in vivo was tested by using a
BxPC-3 cells subcutaneous xenograft tumor model. Gemcitabine
(60 mg/kg) was used as a positive control. PDAC tumor growth
was substantially suppressed by gemcitabine and PSVII H
treatment. The effects of PSVII H on tumor volume and tumor
weight were comparable to those of gemcitabine (Fig. 7A and B).
The average weight of the tumors reduced from 673.5 mg (control)
to 655.1 mg (PSVII L, 1.25 mg/kg), 437.9 mg (PSVII H, 2.5 mg/kg),
and 369.9 mg (gemcitabine, 60 mg/kg), respectively (Fig. 7B). The
images of xenograft tumors also suggested that PSVII can reduce
the tumor burden in vivo (Fig. 7C). Compared to those in the con-
trol group, the average body weights of the mice in the PSVII treat-
ment group did not significantly decrease (Fig. 7D). To explore
whether the reduction in tumor burden was related to PSVII



Fig. 6. PSVII triggered PDAC cell pyroptosis was facilitated by ROS/Bax signaling. (A) Intracellular ROS were measured with DCFH-DA by flow cytometry. (B–E) BxPC-3 cells
were treated with PSVII in absence or presence of NAC, LDH release was measured (B), cell viability was analyzed (C), and Western blotting analysis was performed against
Bax, Caspase-9, GSDME, Caspase-3 and b-actin (D–E). Mean ± SD (n = 3); **P < 0.01, ***P < 0.001 vs control group; ##P < 0.01 vs PSVII-treated group.
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induced pyroptosis, LDH levels in mice serum were further
detected. Compared to those in the control group, the serum LDH
levels were significantly elevated in both the PSVII H treatment
and gemcitabine treatment groups (Fig. 7E). Furthermore, Western
blotting was used to analyze the protein levels in tumor tissues,
and the results revealed that PSVII dose-dependently upregulated
N-GSDME and cleaved Caspase-3 (Fig. 7F). The immunohistochem-
istry assessment of the tumors also revealed that both Caspase-3
(Fig. 7G) and GSDME (Fig. 7H) were upregulated in the PSVII trea-
ted group compared to the control group. Overall, these data
demonstrated that PSVII suppressed the growth of PDAC tumors
in vivo via the induction of cancer cell pyroptosis.
4. Discussion

In the present study, PSVII, an anti-cancer drug candidate iso-
lated from the traditional Chinese herbal medicine Paridis Rhizoma,
substantially inhibited PDAC in vitro and in vivo via the induction of
pyroptosis. The underlying mechanism was also studied, and the
anti-tumor activity of PSVII was shown to be related to its ability
to stimulate ROS and activate the mitochondrial apoptotic
pathway.
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Cancer remains a major cause of death in China (Bray,
Laversanne, Weiderpass, & Soerjomataram, 2021). Since 2000, both
cancer cases and mortality have increased gradually in China (Tian
et al., 2023; Wei et al., 2020). The incidence continues to increase
for 6 of the top 10 cancers, which include pancreas (Siegel et al.,
2024). Due to the lagging progress in cancer prevention and early
diagnosis, most patients with PDAC are at a progressed stage at
the time of clinical diagnosis and have limited opportunities for
surgical treatment, so chemotherapy remains the primary solution.
Therefore, new therapeutic targets and agents with high therapeu-
tic value are imminently needed. In the present study, we showed
that PSVII can inhibit the viability and migration of PDAC cells
through cell viability, colony formation, Transwell migration, and
wound scratch healing assays. In addition, in a xenograft tumor
model of PDAC, treatment with PSVII significantly suppressed
tumor growth. Combined with the findings of previous studies
(Fan et al., 2015; Liu et al., 2023; Qian et al., 2020; Zhang et al.,
2014), these data further prove the therapeutic potential of PSVII
in cancers.

Pyroptosis is a type of PCD that has been widely studied and
focused on in recent years. Initially, pyroptosis was considered
Caspase-1-dependent PCD, but subsequent studies have gradually
shown that Caspase-4/5/11 can also induce pyroptosis (Kayagaki



Fig. 7. PSVII suppressed tumor growth and induced PDAC cell pyroptosis in vivo. BxPC-3 cells were inoculated into nude mice to establish a tumor model in vivo, as described
in the materials and methods section. Tumor-bearing mice were randomly grouped and administered NS (control), 1.25 mg/kg body weight of PSVII (PSVII L), 2.5 mg/kg body
weight of PSVII (PSVII H), or 60 mg/kg body weight of gemcitabine. (A) Tumor volume was measured every three days. (B) Tumors were dissected and weighed. (C)
Representative photographs of isolated tumors on day 21 post-treatment. (D) Body weights of mice were recorded during 21-day period. (E) Serum LDH levels were
examined. (F) Western blotting analysis of GSDME, N-GSDME, Caspase-3, and Cleaved caspase-3 expression in tumor tissues. (G and H) Immunohistochemical analysis of
Caspase-3 (G) and GSDME (H) in tumors; scale bar = 80 lm, � 100. Mean ± SD (n = 4); *P < 0.05, **P < 0.01, ***P < 0.001 vs control group.
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et al., 2015; Shi et al., 2015). Recent studies have described pyrop-
tosis as PCD executed by gasdermins, which requires cleavage by
inflammatory caspases or other upstream factors (Yang,
Bettadapura, Smeltzer, Zhu, & Wang, 2022; Zhou et al., 2020). At
present, the mechanism by which most chemotherapeutic drugs
induce PCD is induction of apoptosis, however, resistance to apop-
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tosis results in treatment failure (Makin & Dive, 2001). Thus, drug
candidates that induce pyroptosis, a non-apoptotic type of PCD,
could present exciting therapeutic opportunities for overcoming
the failure of chemotherapy in certain circumstances.

Previous research has shown that the anti-cancer activity of
PSVII is related to its ability to suppress cell growth and trigger cell
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apoptosis and autophagy (Qian et al., 2020; Xiang et al., 2022; Zhou
et al., 2019). We proposed that Caspase-3/GSDME-dependent
pyroptosis participates in PSVII induced PDAC cell death in this
study. The features of pyroptosis, which include GSDME cleavage,
LDH release, pore formation in the plasma membrane, and PI
uptake enhancement, were observed in PSVII treated PDAC cells.
As reported, cell membrane permeabilization and cell rupture are
also features of cells undergoing necroptosis (Yan, Wan, Choksi,
& Liu, 2022), thus, an inhibitor of necroptosis, necrostatin-1, was
applied to determine the type of cell death triggered by PSVII.
The necrostatin-1 had no obvious effect on cell viability or the
induction of LDH release, revealing that necroptosis was not
induced by PSVII. The GSDM family members, which are involved
in pore formation, are the final executors of pyroptosis. The expres-
sion of GSDMs was confirmed in three PDAC cell lines, among
which GSDMD and GSDME were found to be expressed in PDAC
cells. GSDMD cleavage has also been shown to trigger pyroptosis
in previous studies. However, after PSVII treatment, GSDME was
cleaved significantly more than GSDMD, that was, PSVII did not
evoke cleavage of GSDMD. Knockdown of GSDMD by siRNA did
not affect PSVII induced cell death or LDH release, therefore,
GSDMD was not involved in PSVII induced pyroptosis in PDAC
cells. After PSVII intervention, the BxPC-3 cells rapidly entered
the double-positive stage for Annexin V/PI staining, and siRNA-
mediated knockdown of GSDME delayed this process. The number
of Annexin V-positive cells increased, while the proportion of
Annexin V/PI double-positive cells was reduced. Furthermore,
knocking down of GSDME resulted in a significant reduction in
PSVII induced LDH release, but did not rescue cell death in conse-
quence of PSVII treatment, thus which confirmed the switch from
pyroptosis to apoptosis. This study also suggested that PSVII inter-
vention decreased the mitochondrial membrane potential,
increased the protein level of Bax, and increased the cleavage of
Caspase-9, Caspase-3, and GSDME, while reducing the level of
Bcl-2 in BxPC-3 cells. Moreover, Z-DEVD-FMK, a specific inhibitor
of Caspase-3, significantly inhibited PSVII triggered pyroptosis,
downregulated the LDH release, and decreased the percentage of
double-positive stage of Annexin V and PI, while increasing the
proportion of Annexin V single-positive cells. Previous investiga-
Fig. 8. A schematic sum
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tions have also illustrated that GSDME-dependent pyroptosis can
be induced by activating the mitochondrial apoptotic pathway
(Lu et al., 2018; Rogers et al., 2017), which was consistent with
our study, and demonstrated that the activation of caspases via
the mitochondrial apoptotic pathway was necessary for PSVII
induced pyroptosis in PDAC cells. In addition, a xenograft tumor
model was generated to further demonstrate the anti-PDAC effect
of PSVII in vivo, which found that PSVII reduced the tumor burden
and induced tumor cell pyroptosis in PDAC tumor models. Besides,
the average body weights of mice in the PSVII-treated group
remained relatively stable compared to those in the control group,
while the gemcitabine group exhibited a tendency towards
decreased body weights (although the difference was not statisti-
cally significant). These observations indicated PSVII treatment
had no significant effects on the body weight and growth of mice,
and preliminarily suggested PSVII had low toxicity in mice.

Many chemotherapeutic agents induce apoptosis in cancer cells.
With the extensive use of these drugs, resistance to apoptosis plays
an irreplaceable role in chemoresistance, leading to treatment fail-
ure. Therefore, patients with pancreatic cancer and other aggressive
tumors, who have low survival rates, continue to struggle with the
disease. On this occasion, further investigation was conducted into
pyroptosis, a newly recognized type of PCD, as well as the relation-
ship between pyroptosis and apoptosis. Preliminary investigations
reveal that pyroptosis and apoptosis, two types of PCD,may recipro-
cally regulate each other, leading to cytotoxic inhibition (Jiang, Qi, Li,
& Li, 2020). Caspase-3 andGSDME are identified as key proteins that
determine the form of cell death. GSDME is considered as a crucial
molecule in the transition between cell apoptosis and pyroptosis.
When GSDME is highly expressed, pyroptosis is conducted in a
Caspase-3-dependentmanner to induce tumor cell death. However,
whenGSDME is expressed at low levels, cytotoxic drugs induced cell
death is converted to apoptosis rather than pyroptosis (Rogers et al.,
2017;Wang et al., 2017). Studies have shown that after chemother-
apy, apoptosis and pyroptosis, two forms of PCD, may occur simul-
taneously (Lu et al., 2018; Yu et al., 2019). Our findings
demonstrated that both apoptotic and pyroptotic markers can be
synchronously detected in BxPC-3 cells treated with PSVII. We also
believed that there is an interplay between pyroptosis and apopto-
mary of this study.



X. Qian, Y. Liu, W. Chen et al. Chinese Herbal Medicines 17 (2025) 94–107
sis, where different intracellular Caspase-cleaved substrates are
responsible for the different types of PCD. The knockdownof GSDME
shifts cell death from pyroptosis to apoptosis, which may be due to
PARP being cleaved by Caspase-3 in this situation, leading to
increased apoptosis, and further suggesting that chemotherapy-
induced pyroptosis might occur first (Fig. 8).

Previous research has indicated that, in cancer cells, PSVII trig-
gered ROS accumulation is crucial for apoptosis (Zhang et al., 2016;
Zhao et al., 2021). The excess accumulated ROS leads to the
oligomerization of membrane proteins, which can recruit Bax to
the mitochondrial membrane, thereby promoting the release of
cytochrome C to activate the cleavage of Caspase-3, ultimately
inducing pyroptosis by cleaving GSDME (Li et al., 2023; Zhou
et al., 2018). This is consistent with our results, which show that
PSVII elevates ROS production and activates Bax/Caspase-3/
GSDME signaling to induce pyroptosis in PDAC cells. The ROS scav-
enger NAC suppressed the release of LDH and the cleavage of
Caspase-9, Caspase-3, and GSDME in BxPC-3 cells, eventually
reversing PSVII-induced pyroptosis.

Although many investigations have shown that pyroptosis
enhances the sensitivity of tumors to chemotherapeutic drugs
and reduces chemotherapy resistance, high GSDME expression
may also increase side effects (Jiang et al., 2020). In addition,
inflammatory cytokines are released during pyroptosis, which
may lead to inflammatory carcinogenesis. Therefore, there are still
many problems that need to be solved regarding the relationship
between Caspase-3 and GSDME in the future.

5. Conclusion

Our current study indicates that PSVII may be a potential drug
candidate for treating PDAC. PSVII induced Caspase-3/GSDME-
dependent pyroptosis via the activation of ROS/Bax-related mito-
chondrial signaling (Fig. 8). Collectively, these findings provide
new insights into the therapeutic action of PSVII through
Caspase-3/GSDME-dependent pyroptosis, an unidentified mecha-
nism by PSVII treatment in cancers, and which may constitute a
novel strategy for combating chemotherapy resistance in PDAC.
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