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Targeting the MDM2/Caspase-3/GSDME axis: apatinib and cinobufagin 
synergistically induce pyroptosis to suppress gastric cancer progression 
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Gastric cancer (GC) is a highly heterogeneous and aggressive malignancy with a poor prognosis, especially in advanced 
stages. Apatinib and cinobufagin (CS-1) have shown promising antitumor potential. However, the therapeutic efficacy 
and underlying mechanisms of their combined use in GC remain unclear. GC cell lines (AGS and GPM-1) were treated 
with apatinib, CS-1, or both. Cell viability, proliferation, migration, apoptosis, stemness, and pyroptosis-related protein 
expression were evaluated using cell counting kit-8 (CCK-8), colony formation, wound healing assays, flow cytometry, 
tumorsphere assays, and western blotting. The role of mouse double minute 2 homolog (MDM2) in modulating treatment 
response was investigated via overexpression experiments. Antitumor efficacy in vivo was assessed using a subcutaneous 
xenograft mouse model, and tumor apoptosis and proliferation were analyzed by terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) and immunohistochemistry. Combined treatment with apatinib and CS-1 significantly 
inhibited GC cell viability, proliferation, migration, and stemness, while inducing apoptosis and pyroptosis more effec-
tively than either agent alone. Mechanistically, the combination therapy downregulated MDM2 expression and upregulated 
cleaved caspase-3 (C-caspase-3) and gasdermin E-N (GSDME-N). Overexpression of MDM2 partially reversed these effects 
both in vitro and in vivo, leading to reduced apoptosis, pyroptosis, and antitumor efficacy. Apatinib combined with CS-1 
synergistically suppresses GC progression by inducing MDM2/C-caspase-3/GSDME-regulated pyroptosis. These findings 
highlight MDM2 as a critical therapeutic target and provide novel insights into the molecular mechanisms underlying the 
combined use of targeted agents and natural compounds in GC therapy. 
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Gastric cancer (GC), a common and aggressive malig-
nancy originating from the gastric mucosal epithelium, 
exhibits marked heterogeneity and invasiveness [1, 2]. 
According to global cancer epidemiological data, GC ranks 
fifth in incidence and fourth in cancer-related mortality 
worldwide, approximately 1.089 million new cases and 
769,000 deaths in 2020. GC is highly prevalent in East Asia 
and shows an increasing incidence among young patients, 
posing a serious threat to public health [3]. Current thera-
peutic approaches for GC include surgical resection, radio-
therapy, chemotherapy, molecular targeted therapy, and, 
more recently, immunotherapy [4, 5]. Despite advance-
ments in multimodal treatment strategies, the prognosis for 
patients with advanced GC remains poor, with low five-year 
survival rates and high risks of recurrence and metastasis 

[6]. This is largely due to the insidious nature of early GC 
symptoms, leading to diagnosis at advanced stages, and the 
lack of reliable early diagnostic markers and effective thera-
peutic targets. Therefore, elucidating the molecular mecha-
nisms underlying GC development, identifying specific 
diagnostic and prognostic biomarkers, and developing 
more effective treatment strategies are crucial to improving 
clinical outcomes.

Cinobufagin (CS-1), a bioactive bufadienolide compound 
extracted from the traditional Chinese medicine (derived 
from Bufo bufonis), has demonstrated notable antitumor and 
anti-inflammatory activities [7]. CS-1 has shown promising 
therapeutic effects in various tumor models. Previous studies 
have reported that CS-1 inhibits tumor progression in 
non-small cell lung cancer by blocking the signal transducer 

Neoplasma 2026; 73(4): 283–294

Copyright © 2026 The Authors. 
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/


284 Lei CAO, et al.

and activator of transcription 3 (STAT3) signaling pathway 
[8]. Additionally, CS-1 suppresses ovarian cancer progres-
sion by regulating vasculogenic mimicry and modulating 
the activity of tumor-associated macrophages [9]. It also 
inhibits hepatocellular carcinoma growth by upregulating 
cuproptosis-related genes [10]. It is noteworthy that a 
recent proteomic study has revealed that CS-1 exerts anti-
gastric cancer effects through inhibiting proliferation and 
inducing apoptosis [11]. Apatinib, a small-molecule tyrosine 
kinase inhibitor, competitively binds to the intracellular 
ATP-binding site of VEGFR-2 to block downstream signal 
transduction. Beyond inhibiting angiogenesis, it can also 
directly induce multiple forms of programmed cell death in 
tumor cells, including apoptosis, autophagy, and ferroptosis 
[12, 13]. Apatinib induces apoptosis, autophagy, and ferrop-
tosis depending on the cell context, while CS-1 induces 
apoptosis and cuproptosis, at least. Thus, it is useful to inves-
tigate the mechanism of cell death of the combination of 
apatinib and CS-1.

In this study, we investigated the inhibitory effects of 
apatinib combined with CS-1 on GC cells, with a particular 
focus on elucidating the underlying mechanism of cell death 
induced by this combination. Given that apatinib and CS-1 
induce distinct forms of programmed cell death depending 
on cellular context, we sought to systematically characterize 
the cell death modality and molecular pathways involved 
in their synergistic anti-tumor activity. Our findings aim to 
provide mechanistic insights and experimental support for 
the clinical translation of this combination therapy in GC 
treatment.

Materials and methods

Animal ethics. Vitalriver (China) supplied 24 female 
immunodeficient BALB/c nude mice (5 weeks old, 15–20 g). 
All animal experiments were authorized by Zhejiang Baiyue 
Biotechnology Co., Ltd.’s Ethics Committee (Approval No. 
ZJBYLA-IACUC-20241205) and carried out in accordance 
with the rules for the care and use of laboratory animals. 
Mice were kept in controlled environments with a 12-hour 
light/dark cycle, a temperature of 22±2 °C, and a humidity 
of 55±10%. They also had unrestricted access to water and 
normal laboratory chow. To reduce physiological alterations 
brought on by stress, animals were acclimated to lab condi-
tions for a minimum of one week before tests.

Cell culture. Dulbecco’s Modified Eagle Medium 
(DMEM; #C0891, Beyotime, China) was used to cultivate the 
human GC cell lines AGS (#AW-CH0029, AnWei-sci, China) 
and GPM-1 (#NTCC-S833, BioVector NTCC Inc., China). It 
was also supplemented with 10% fetal bovine serum (FBS; 
#10100139, ThermoFisher, USA) and 1% penicillin-strep-
tomycin (#C0222, Beyotime, China). The cells were kept 
at 37 °C with 5% CO2 in a humidified incubator (#D165H, 
Rwdls, China). Cell line identification was verified by short 
tandem repeat profiling.

Cell treatment. The MDM2 overexpression vector 
(pRP[Exp]-CMV>hMDM2  [NM_002392.6])   and 
negative control (oe-NC) were purchased from Vector-
Builder (China). Six sets of AGS and GPM-1 cells were 
created: control (Con), Apatinib, CS-1, Apatinib+CS-1, 
Apatinib+CS-1+oe-NC, and Apatinib+CS-1+oe-MDM2. 
For 24 h, cells in the Apatinib group were exposed to 5 μM 
apatinib (#S2221, Selleck, China) [14]. For 24 h, 0.05 μM 
CS-1 (#S3224, Selleck, China) was administered to the CS-1 
group [15]. For 24 h, the Apatinib+CS-1 group was treated 
with 5 μM apatinib and 0.05 μM CS-1. Lipofectamine 2000 
(#11668019, Invitrogen, USA) served to transfect cells with 
the corresponding vectors for the Apatinib+CS-1+oe-NC 
and Apatinib+CS-1+oe-MDM2 groups. Reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR) was 
utilized to assess transfection efficiency 48 h after transfec-
tion. After that, cells were exposed to 0.05 μM CS-1 and 
5 μM apatinib for a full day.

Cell counting kit-8 (CCK-8) assay. The CCK-8 test kit 
(#C0038, Beyotime, China) was employed to evaluate cell 
viability in accordance with the manufacturer’s instructions. 
In short, 96-well plates (#FCP962, Beyotime, China) were 
planted with GC cells. Following the specified treatments, 10 
μl of CCK-8 solution was added to each well, and the wells 
were then incubated for 2 h. A microplate reader (Bio-Rad, 
USA) was deployed to detect absorbance (450 nm).

Drug combination synergy assay. To evaluate the syner-
gistic interaction between apatinib and CS-1, GC cells 
(GPM-1 and AGS) were seeded in 96-well plates at a density 
of 5×103 cells/well and incubated overnight. Cells were then 
treated with apatinib and CS-1, either alone or in combina-
tion at a fixed molar ratio of 100:1 (based on the IC50 ratio 
of the two drugs in each cell line), for 48 h. Cell viability was 
measured using the CCK-8 assay as described above. The 
Chou-Talalay method based on the median-effect principle 
was adopted, and CompuSyn software (ComboSyn Inc., 
USA) was used to calculate the combination index (CI). CI<1 
indicates synergism, CI=1 indicates additivity, and CI>1 
indicates antagonism.

Colony formation assay. Six-well plates (#FCP060, 
Beyotime, China) were seeded with GC cells (5×103 cells/
well). Following an overnight incubation period, cells were 
exposed to the corresponding treatments before being 
cultivated for 2 weeks in fresh media. For 5 min, colonies 
were stained with 0.1% crystal violet (#C0121, Beyotime, 
Shanghai, China) after being fixed with 4% paraformalde-
hyde (#P0099, Beyotime, China). A camera (Nikon, Japan) 
was used to take pictures of the colonies, and the total 
number of colonies was counted. The colony formation 
rate was calculated as: (number of colonies/number of cells 
seeded) × 100% [16].

Wound healing assay. Following treatments, GC cells 
were cultivated to nearly 100% confluence in 6-well plates. 
A sterile 10 μl pipette tip (#PTB00122, Vazyme, China) was 
utilized to make a scratch on the cell monolayer in each well. 
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To evaluate the ability of cells to migrate, wound closure was 
monitored and photographed at 0 h and 24 h using an optical 
microscope (×100, Nikon Eclipse 80i, Japan).

Flow cytometry. Annexin V-fluorescein isothiocyanate 
(FITC) and propidium iodide (PI) double staining (#640914, 
BioLegend, USA) was utilized to identify GC cell apoptosis. 
Cells were collected 48 hours after the respective treatments, 
centrifuged, and then resuspended in 200 μl of binding 
buffer. After adding 10 μl of Annexin V-FITC and 5 μl of PI, 
the mixture was incubated for 15 min in the dark. 300 μl of 
binding buffer was then added. Using a FACSCalibur device 
(BD Biosciences, USA), flow cytometry was executed to 
gauge apoptosis.

Sphere formation assay. Serum-free DMEM/F12 medium 
(#11320033, ThermoFisher, USA) was used to resuspend 
single-cell suspensions of treated GC cells supplemented 
with 100 μg/ml penicillin-streptomycin, 20 ng/ml human 
recombinant epidermal growth factor (EGF; #92708ES60, 
YEASEN, China), 10 ng/ml human recombinant basic fibro-
blast growth factor (bFGF; #91330ES10, YEASEN, China), 
2% B27 supplement without vitamin A (#12587010, Thermo-
Fisher, USA), and 1% N2 supplement (#C0335, Beyotime, 
China). Ultra-low attachment 6-well plates (#3471, Corning, 
USA) were used for cell seeding. Following a 6-day culture 
period, the total number of tumor spheres was counted using 
an optical microscope (×200).

RT-qPCR. Following the manufacturer’s instructions, 
TRIzol reagent (#A33250, ThermoFisher, USA) was used 
to extract total RNA from GC cells. Reverse transcription 
was performed to create complementary DNA (cDNA) 
(#04379012001, Roche, USA). SYBR Green PCR Master 
Mix (#4344463, ThermoFisher, USA) was implemented in 
quantitative real-time PCR on an ABI PRISM 7300 RT-PCR 
system (Applied Biosystems, USA). The internal control was 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The 
2−ΔΔCT technique was used to determine relative gene expres-
sion levels [17]. Table 1 lists primer sequences created by 
Tsingke (Beijing, China).

Western blot analysis. GC cells and tumor tissues were 
treated with radioimmunoprecipitation assay (RIPA) buffer 
(#P0013, Beyotime, China) to extract proteins. The bicin-
choninic acid assay kit (#P0009, Beyotime, Shanghai, China) 
served to measure the quantities of proteins. Using sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (#P0690, 
Beyotime, Shanghai, China), protein samples (30 μg) 

were separated and then put onto polyvinylidene fluoride 
membranes (#FFP24, Beyotime, China). Membranes were 
blocked for 2 h with 5% non-fat milk, then incubated with 
primary antibodies overnight, followed by secondary 
antibodies for an additional 60 min. Table 2 offers compre-
hensive details about antibodies. An improved chemilumi-
nescence detection kit (#KGC4902, Keygene, China) and 
gel imaging equipment (Bio-Rad, USA) were utilized to 
visualize protein bands. Loading control was implemented 
using GAPDH. ImageJ software (NIH, USA) was used to 
quantify band intensities.

Animal treatment. Either the MDM2 overexpres-
sion plasmid or the negative control (oe-NC) plasmid 
was employed to transfect GPM-1 cells. Cells were again 
suspended in phosphate-buffered saline (PBS; #ST341, 
Beyotime, China) after 48 h. To create a subcutaneous tumor 
model, each mouse received a subcutaneous injection of 
200 μl of cell suspension (2.5×104 cells/μl) [18]. Animals 
were randomly divided into three groups (n=8/group): 
Con+oe-NC, Apatinib+CS-1+oe-NC, and Apatinib+CS-
1+oe-MDM2. GPM-1 cells transfected with the NC plasmid 
served to inoculate the Con+oe-NC and Apatinib+CS-
1+oe-NC groups, whereas GPM-1 cells transfected with 
the MDM2 plasmid were given to the Apatinib+CS-
1+oe-MDM2 group. Mice in the Apatinib+CS-1+oe-NC 
and Apatinib+CS-1+oe-MDM2 groups received intravenous 
injections of apatinib (7.5 mg/kg) and CS-1 (0.2 mg/kg) via 
tail vein every two days once the tumor volume had grown to 
about 100 mm3 [19]. Equal amounts of physiological saline 
(#ST341, Beyotime, China) were given to the Con+oe-NC 
group. Day 1 was designated as the first injection day. Every 
two days, tumor volumes were measured. Mice were given 
sodium pentobarbital (80 mg/kg, #P3761, Sigma-Aldrich, 
USA) to induce anesthesia on day 17, and they were then 
put to death by cervical dislocation. Tumor tissues were 
gathered, and some were preserved in 4% paraformaldehyde, 
while others were frozen for storage.

Terminal deoxynucleotidyl transferase dUTP nick-end 
labeling (TUNEL) assay. The tumor tissues were cut into 5 

Table 1. Primers used for real‐time PCR in this study.
Genes Forward primer (5’-3’) Reverse primer (5’-3’)
MDM2 CACCTCACAGATTCCAGCTT CGCCAAACAAATCTCCTAGA
GAPDH AACGGATTTGGTCGTATTGGG CGCTCCTGGAAGATGGTGAT

Table 2. Antibodies used in western blot analysis.
Antibody name Molecular weight Source Catalog Number Supplier Type Dilution
MDM2 55, 58 kDa Rabbit ab259265 Abcam Primary antibody 1:1000
GSDME-N 35 kDa Rabbit ab222408 Abcam Primary antibody 1:1000
c-Caspase 3 17 kDa Rabbit ab32042 Abcam Primary antibody 1:1000
GAPDH 34 kDa Mouse ab8245 Abcam Primary antibody 1:5000
Goat Anti-Rabbit IgG H&L (HRP) ab6721 Abcam Secondary antibody 1:5000
Goat Anti-Mouse IgG H&L (HRP) ab205719 Abcam Secondary antibody 1:5000
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inhibited the viability of GC cells (p<0.05, Figures 1A–1D). 
To evaluate whether apatinib and CS-1 exert synergistic 
effects, we performed combination experiments in GPM-1 
and AGS cells using the Chou-Talalay method. The IC50 
values were 9.813 μM (apatinib) and 0.1034 μM (CS-1) in 
GPM-1 cells, and 19.93 μM (apatinib) and 0.1267 μM (CS-1) 
in AGS cells. Based on these ratios, a fixed molar ratio of 
100:1 (apatinib:CS-1) was used for combination experi-
ments. The combination produced dose-dependent inhibi-
tion of cell viability, with effects markedly greater than either 
drug alone (Figures 1E–1H). Quantitative analysis revealed 
CI values consistently below 1 in both cell lines, indicating 
synergism (Table 3). These results demonstrate that apatinib 
and CS-1 exert synergistic inhibitory effects on GC cells.

When the concentration of apatinib is greater than or 
equal to 5 μM and the concentration of CS-1 is greater than 
or equal to 0.05 μM, the inhibition of cell viability becomes 
the most significant. Therefore, these two concentrations 
were selected for the subsequent experiments. Treatment 
with apatinib and CS-1 lowered the viability, proliferation 
(p<0.05, Figures 1I–1M), and migratory capacity of AGS and 
GPM-1 cells (p<0.05, Figures 2A–2C). Compared to either 
medication alone, the combined treatment showed a larger 
inhibitory effect (p<0.01, Figures 1I–1M, Figures 2A–2C).

Furthermore, apatinib and CS-1 greatly boosted apoptosis 
and diminished stemness in GC cells, with the combi-
nation outperforming single-agent treatments (p<0.05, 
Figures 2D–2I). In both AGS and GPM-1 cells, apatinib and 
CS-1 therapy raised gasdermin E-N (GSDME-N) and cleaved 
caspase-3 (C-caspase-3) while suppressing MDM2 expres-
sion (p<0.05, Figures 3A–3J). And the combined therapy has 
more noticeable regulatory effects (p<0.01, Figures 3A–3J).

MDM2 overexpression attenuates the inhibitory effects 
of apatinib combined with CS-1 on GC cells. To explore these 
mechanisms, we utilized the SwissTargetPrediction database 
and identified multiple potential shared targets of apatinib 
and CS-1, and obtained 16 overlapping targets, including 
RET, PTGS2, PDGFRB, MTNR1B, MTNR1A, MDM2, KIT, 
KDR, IDH1, FNTAFNT, FGFR1, EGFR, CSF1R, CCNB3CD, 
CA1, and ABL1. Through literature‑based screening for 
genes associated with pyroptosis, MDM2 was identified as 
the key target for further investigation [20, 21]. A plasmid 
that overexpresses MDM2 was created in order to investigate 
how MDM2 regulates GC cells in response to apatinib and 
CS-1. Transfection dramatically raised AGS and GPM-1 cells’ 
MDM2 levels (p<0.001, Figures 4A, 4B). The Apatinib+CS-1 
group exhibited substantially lower cell viability, prolifera-
tion, and migration as compared to the Con group (p<0.01, 
Figures 4C–4J). However, MDM2 overexpression partially 
reversed the inhibitory effects of apatinib and CS-1 (p<0.05, 
Figures 4C–4J). Similarly, apoptosis, GSDME-N, and 
C-caspase-3 increased, and stemness diminished dramati-
cally in the Apatinib+CS-1 group compared to the Con 
group, while MDM2 overexpression notably weakened these 
effects (p<0.001, Figures 5A–5K).

μm slices after being fixed in paraffin (#8002-74-2, Yuanyang, 
China). Sections were hydrated after being deparaffinized 
with xylene (#A530011-0500, Sangon, China). Sections 
were cleaned with phosphate-buffered saline (PBS; #0221A, 
Shanghai, China) following a 10 min treatment with 0.1% 
Triton X-100 (#ST797, Beyotime, China). After that, sections 
were incubated for 1 h with 50 μl of TUNEL reaction mixture 
(#C1086, Beyotime, China). Following washing, 2-(4-amino-
phenyl)-6-indolecarbamidine dihydrochloride (DAPI; 
#C1002, Beyotime, China) was employed to stain the nuclei 
for 10 min. An inverted fluorescence microscope (×400, 
Nikon, Japan) was used to visualize fluorescence signals. 
TUNEL-positive apoptotic cells fluoresced green, whereas 
DAPI-positive nuclei were blue.

Immunohistochemistry. Tumor tissues fixed in paraffin 
were cut into sections 5 μm thick. Following antigen retrieval 
with citrate buffer (#C2488, Sigma-Aldrich, USA), sections 
were blocked for 1 h with 5% bovine serum albumin (BSA; 
#ST025, Beyotime, China). Sections containing the primary 
antibody against Ki-67 (#ab15580, Abcam, UK) were 
incubated overnight. Goat anti-rabbit IgG H&L (HRP) 
secondary antibody (#ab6721, Abcam, UK) was added to 
sections and incubated for 1 hour following PBS washing. 
Hematoxylin (#H9627, Sigma-Aldrich, USA) was used as a 
counterstain after sections were cleaned and developed using 
the 3,3’-diaminobenzidine (DAB) substrate kit (#ab64238, 
Abcam, UK). Staining was seen using an optical microscope 
(400×). The positive-staining sample appeared brown.

Statistical analysis. The mean ± standard deviation (SD) 
serves to display the data. Figure 6A was analyzed using 
two-way analysis of variance (ANOVA), whilst other group 
comparisons were analyzed utilising one-way ANOVA. 
Software called GraphPad Prism 8.0 (GraphPad, USA) was 
adopted to conduct statistical analyses. p-values below 0.05 
were regarded as statistically significant.

Results

Apatinib combined with cinobufagin synergistically 
inhibits GC cell viability and induces apoptosis. To deter-
mine the optimal concentrations of apatinib and CS-1, we 
examined the effects of different concentrations of apatinib 
(1, 2.5, 5, 10, and 20 μM) and CS-1 (0.01, 0.025, 0.05, 0.1, and 
0.2 μM) on the viability of GC cells. The result showed that 
both apatinib and CS-1 at various concentrations significantly 

Table 3. Combination index (CI) values of apatinib and CS-1 in GC cells.
Cell line Apatinib (μM) CS-1 (μM) Inhibition rate (%) CI
GPM-1 5 0.05 62 0.37
GPM-1 10 0.1 74 0.56
GPM-1 20 0.2 81 0.78
AGS 5 0.05 64 0.57
AGS 10 0.1 70 0.62
AGS 20 0.2 77 0.80
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Figure 1. Effects of apatinib and cinobufagin (CS-1) on cell viability, proliferation, and migration in gastric cancer (GC) cells. A–D) The effects of dif-
ferent concentrations of apatinib (1, 2.5, 5, 10, and 20 μM) and CS-1 (0.01, 0.025, 0.05, 0.1, and 0.2 μM) on the viability of GC cells were detected by cell 
counting kit-8 (CCK-8) assays. E–H) Median-effect analysis of the combination of apatinib and CS-1 at a fixed ratio of 100:1. I, J) CCK-8 assays mea-
suring cell viability in AGS and GPM-1 cells treated with control (Con), Apatinib, CS-1, or Apatinib+CS-1. K–M) Colony formation assays assessing 
cell proliferation in AGS and GPM-1 cells treated with Con, Apatinib, CS-1, or Apatinib+CS-1. Data are presented as mean ± standard deviation (n=3 
independent biological replicates). *p<0.05, **p<0.01, ***p<0.001 vs. Con; ##p<0.01, ###p<0.001 vs. Apatinib; &&p<0.01, &&&p<0.001 vs. CS-1

MDM2 overexpression weakens the antitumor effects 
of apatinib combined with CS-1 in vivo. After 13 days 
of treatment, the Apatinib+CS-1+oe-NC group’s tumor 
volumes were noticeably smaller than those of the Con+oe-
NC group (p<0.05, Figures 6A, 6B); tumor volumes in the 
Apatinib+CS-1+oe-MDM2 group were noticeably greater 
than those in the Apatinib+CS-1+oe-NC group (p<0.01, 
Figures 6A, 6B). Analysis revealed that tumors from the 
Apatinib+CS-1+oe-NC group had lower Ki-67 expression 

(brown) and higher apoptosis (green) than those from the 
Con+oe-NC group (Figures 6C, 6D). On the other hand, 
compared to the Apatinib+CS-1+oe-NC group, tumors 
from the Apatinib+CS-1+oe-MDM2 group showed higher 
Ki-67 levels and less apoptosis (Figures 6C, 6D). Further-
more, compared to Con+oe-NC, the Apatinib+CS-1+oe-NC 
group had considerably higher levels of GSDME-N and 
C-caspase-3, but MDM2 overexpression resulted in a large 
drop in these protein levels. (p<0.05, Figures 6E–6G).
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Discussion

This study demonstrates that the combination of apatinib 
and CS-1 significantly suppresses the proliferation, migra-
tion, and stemness of GC cells. The combined treatment 
not only inhibits tumor growth in vitro but also exerts 
potent antitumor effects in vivo, as evidenced by reduced 
tumor volumes and increased apoptosis in tumor-bearing 
mice. Further mechanistic investigation revealed that this 
synergistic antitumor activity is associated with the marked 

downregulation of MDM2 expression in GC cells. MDM2 is 
a critical E3 ubiquitin ligase that plays key roles in regulating 
the cell cycle, apoptosis, and tumorigenesis [22]. In retinoblas-
toma, MDM2 promotes cancer cell survival by modulating 
the expression of hypoxia-inducible factor 1-alpha (HIF-1α) 
and von Hippel-Lindau protein (pVHL) [23]. In colorectal 
cancer, MDM2 contributes to chemotherapy resistance by 
degrading inhibitor of growth family member 3 (ING3) [24]. 
Additionally, in ovarian cancer, human males absent on the 
first (hMOF) promotes cisplatin resistance through stabiliza-

Figure 2. Apatinib and CS-1 promote apoptosis and reduce stemness in GC cells. A–C) Wound healing assays evaluating cell migration in AGS and 
GPM-1 cells treated with Con, Apatinib, CS-1, or Apatinib+CS-1. Scale bars, 100 μm; magnification, 100×. D–F) Flow cytometric analysis of apoptosis 
in AGS and GPM-1 cells treated with Con, Apatinib, CS-1, or Apatinib+CS-1. G–I) Sphere formation assays assessing cellular stemness in AGS and 
GPM-1 cells treated with Con, Apatinib, CS-1, or Apatinib+CS-1. Scale bars, 100 μm; magnification, 200×. Data are presented as mean±standard de-
viation (n=3 independent biological replicates). *p<0.05, **p<0.01, ***p<0.001 vs. Con; ##p<0.01, ###p<0.001 vs. Apatinib; &&p<0.01, &&&p<0.001 vs. CS-1
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tion of MDM2 [25]. MDM2 has also been reported to act 
as an oncogene in GC [26]. Previous studies suggest that 
both apatinib and CS-1 can suppress MDM2 expression [15, 
27]. Our findings further demonstrate that MDM2 overex-
pression partially reverses the antitumor effects of apatinib 
combined with CS-1, indicating that MDM2 suppression 
may underlie the therapeutic synergy.

Pyroptosis is a form of programmed cell death character-
ized by plasma membrane pore formation, leading to cell 
swelling, membrane rupture, and the release of pro-inflam-
matory cytokines [28, 29]. Unlike classical apoptosis, pyrop-
tosis plays a unique and pivotal role in modulating the 
tumor immune microenvironment and antitumor immunity 
[30, 31]. Recent studies have highlighted the involvement 

Figure 3. Regulation of mouse double minute 2 homolog (MDM2) and pyroptosis-related proteins by Apatinib and CS-1. A, B) Reverse transcription 
quantitative polymerase chain reaction (RT-qPCR) analysis of MDM2 mRNA levels in AGS and GPM-1 cells treated with Con, Apatinib, CS-1, or 
Apatinib+CS-1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as the internal control. C–J) Western blot analysis of MDM2, cleaved 
caspase-3 (C-caspase-3), and gasdermin E-N (GSDME-N) protein levels in AGS and GPM-1 cells treated with Con, Apatinib, CS-1, or Apatinib+CS-1. 
GAPDH was used as the loading control. Data are presented as mean ± standard deviation (n=3 independent biological replicates). **p<0.01, ***p<0.001 
vs. Con; #p<0.05, ##p<0.01, ###p<0.001 vs. Apatinib; &p<0.05, &&p<0.01, &&&p<0.001 vs. CS-1
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of pyroptosis in tumor progression, 
metastasis, and drug resistance. For 
example, tanshinone I induces pyrop-
tosis in cisplatin-resistant GC cells via 
the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB)/
caspase-3/8/gasdermin E (GSDME) 
pathway [32]. Centromere protein  M 
(CENPM) knockdown activates the 
cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) 
pathway, thereby enhancing pyroptosis 
and suppressing ovarian cancer progres-
sion [33]. Conversely, chemotherapy-
induced pyroptosis mediated by GSDME 
has been linked to increased progres-
sion and resistance in pancreatic cancer 
[34]. At the molecular level, caspase-3, 
a key executioner of apoptosis, can also 
cleave GSDME to release its N-terminal 
domain, which forms pores in the cell 
membrane and triggers pyroptosis [35]. 
Thus, the caspase-3/GSDME axis consti-
tutes a central execution pathway of 
pyroptosis. In line with this, our results 
show that apatinib combined with CS-1 
increases the expression of C-caspase-3 
and GSDME-N in GC cells, initiating 
early‑stage pyroptotic activity.

Importantly, MDM2 overexpres-
sion reverses these effects, suggesting 
that MDM2 negatively regulates pyrop-
tosis by inhibiting the C-caspase-3/
GSDME pathway. Unlike the canonical 
MDM2‑p53‑dependent mitochondrial 

Figure 4. MDM2 mediates the effects of apatinib 
and CS-1 on cell viability, proliferation, and mi-
gration in GC cells. A, B) RT-qPCR validation 
of MDM2 overexpression in AGS and GPM-1 
cells. C, D) CCK-8 assays measuring cell viabil-
ity in AGS and GPM-1 cells treated with Con, 
Apatinib+CS-1, Apatinib+CS-1+negative con-
trol (oe-NC), and Apatinib+CS-1+oe-MDM2. E, 
G–H) Colony formation assays evaluating cell 
proliferation in AGS and GPM-1 cells treated 
with Con, Apatinib+CS-1, Apatinib+CS-1+oe-
NC, and Apatinib+CS-1+oe-MDM2. (F, I–J) 
Wound healing assays assessing migration abil-
ity in AGS and GPM-1 cells treated with Con, 
Apatinib+CS-1, Apatinib+CS-1+oe-NC, and 
Apatinib+CS-1+oe-MDM2. Scale bars, 100 μm; 
magnification, 100×. Data are presented as mean 
± standard deviation (n=3 independent biologi-
cal replicates). +++p<0.001 vs. oe-NC; **p<0.01, 
***p<0.001 vs. Con; Δp<0.05, ΔΔΔp<0.001 vs. 
Apatinib+CS-1+oe-NC
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Figure 5. MDM2 modulates apoptosis, stem-
ness, and pyroptosis-related protein expres-
sion in GC cells treated with apatinib and 
CS-1. A–C) Flow cytometric analysis of apop-
tosis in AGS and GPM-1 cells treated with Con, 
Apatinib+CS-1, Apatinib+CS-1+oe-NC, and 
Apatinib+CS-1+oe-MDM2. D–F) Sphere for-
mation assays to assess stemness in AGS and 
GPM-1 cells treated with Con, Apatinib+CS-1, 
Apatinib+CS-1+oe-NC, and Apatinib+CS-
1+oe-MDM2. Scale bars, 100 μm; magnifica-
tion, 200×. G–J) Western blot analysis of GSD-
ME-N and C-caspase-3 expression in AGS and 
GPM-1 cells treated with Con, Apatinib+CS-1, 
Apatinib+CS-1+oe-NC, and Apatinib+CS-
1+oe-MDM2. GAPDH served as the internal 
control. Data are presented as mean±standard 
deviation (n=3 independent biological repli-
cates). *p<0.05, ***p<0.001 vs. Con; Δp<0.05, 
ΔΔΔp<0.001 vs. Apatinib+CS-1+oe-NC

apoptotic pathway, the cell death mode 
triggered by apatinib plus CS‑1 is 
dominated by pyroptosis rather than 
classical apoptosis. Such a phenotypic 
switch may be attributed to the robust 
cellular stress induced by the combined 
treatment, which redirects activated 
caspase-3 to cleave GSDME rather 
than target apoptotic substrates. These 
findings highlight a non‑apoptotic 
function of MDM2 in regulating 
pyroptosis, expanding our under-
standing of MDM2‑mediated cell death 
programs in GC. It is noteworthy that 
the functional consequence of MDM2 
modulation appears to be context-
dependent. While MDM2 inhibitors 
such as Nutlin-3 are known to induce 
apoptosis through p53 stabilization in 
certain cancer types [36], our findings 
demonstrate that MDM2 downregula-
tion by apatinib plus CS-1 promotes 
pyroptosis via the caspase-3/GSDME 
pathway in GC cells. This phenotypic 
divergence may be attributed to differ-
ences in p53 status, the intensity of 
cellular stress, and the substrate prefer-
ence of activated caspase-3 under 
distinct therapeutic conditions. Collec-
tively, these findings indicate that 
apatinib and CS-1 may suppress GC 
progression by downregulating MDM2 
and activating pyroptosis, providing 
a novel therapeutic strategy targeting 
MDM2-mediated cell death.
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Despite these encouraging results, this study has several 
limitations. First, the in vivo experiments were conducted 
using a subcutaneous tumor model, which may not fully 
replicate the complex tumor microenvironment of GC 
in patients. Future validation using clinical samples and 
patient-derived models is needed to confirm the transla-
tional relevance of these findings. Second, although this 
study focused on the MDM2/caspase-3/GSDME-mediated 
pyroptosis pathway, the precise upstream regulatory mecha-
nisms remain to be elucidated.

In summary, this study confirms that the combina-
tion of apatinib and CS-1 synergistically inhibits GC 
cell viability, proliferation, migration, and stemness. The 
combined treatment induces pyroptosis by downregu-

Figure 6. MDM2 overexpression attenuates the antitumor effects of apatinib and CS-1 in vivo. A) Tumor images of each group of mice. B) Tumor 
volume measurements in mice from the Con+oe-NC, Apatinib+CS-1+oe-NC, and Apatinib+CS-1+oe-MDM2 groups on days 3, 5, 7, 9, 11, 13, 15, 
and 17. C) Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay of tumor sections to detect apoptotic cells in Con+oe-NC, 
Apatinib+CS-1+oe-NC, and Apatinib+CS-1+oe-MDM2 groups. Scale bars, 50 μm; magnification, 400×. D) Immunohistochemistry analysis of Ki-67 
expression in tumor tissues of Con+oe-NC, Apatinib+CS-1+oe-NC, and Apatinib+CS-1+oe-MDM2 groups. Scale bars, 100 μm; magnification, 400×. 
E-G) Western blot analysis of GSDME-N and C-caspase-3 expression in tumor tissues of Con+oe-NC, Apatinib+CS-1+oe-NC, and Apatinib+CS-1+oe-
MDM2 groups. GAPDH was used as the internal control. Data are presented as mean ± standard deviation (n=8/group). θp<0.05, θθp<0.01, θθθp<0.001 
vs. Con+oe-NC; Δp<0.05, ΔΔp<0.01, ΔΔΔp<0.001 vs. Apatinib+CS-1+oe-NC

lating MDM2, thereby relieving its negative regulation on 
the C-caspase-3/GSDME pyroptosis execution pathway. 
Notably, MDM2 overexpression weakens the antitumor 
effects of apatinib and CS-1 both in vitro and in vivo, 
indicating that MDM2 is a key regulatory node. These 
findings provide new insights into the molecular mecha-
nisms underlying the synergistic effect of apatinib and 
CS-1 in GC therapy. This study lays a theoretical founda-
tion for further clinical evaluation of this combination 
strategy and offers new potential for improving outcomes 
in patients with advanced GC.
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