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Gastric cancer is highly lethal due to late-stage diagnosis and resistance to standard treatments like 
radiotherapy. Enhancing radiosensitivity in gastric cancer cells could improve treatment outcomes. 
Withaferin A (WA), a bioactive compound from Withania somnifera, has anticancer effects and can 
modulate cellular processes like autophagy and mitochondrial function. This study investigates WA’s 
role in enhancing radiosensitivity by targeting apoptosis, autophagy, and mitochondrial function in 
SGC-7901 gastric cancer cells. In both in vitro and in vivo models, combined WA and radiation (IR) 
treatment significantly inhibited tumor growth, as evidenced by reduced tumor size in xenografts. 
Mechanistically, this combination promoted apoptosis, with increased levels of cleaved caspase-3 
and PARP, indicating enhanced cell death. WA altered autophagic dynamics by activating autophagy 
and blocking autophagic flux, shown by LC3II accumulation and SQSTM1/p62 buildup. Moreover, the 
combined treatment disrupted mitochondrial function, leading to decreased ATP production, reduced 
respiratory capacity, and increased proton leakage, which contributed to cellular stress. These findings 
suggest that WA may serve as a radiosensitizer to enhance radiotherapy efficacy in gastric cancer, 
highlighting its therapeutic potential and advocating for further exploration of phytocompounds in 
cancer treatment.
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Gastric cancer is one of the most prevalent and deadly cancers worldwide, with high mortality rates attributed to 
late-stage diagnosis, limited treatment options, and resistance to conventional therapies1. Standard treatments 
for gastric cancer, including chemotherapy, radiation therapy, and surgery, often yield suboptimal outcomes, 
particularly for patients with advanced or metastatic disease2. Radiation therapy (RT) remains an essential 
treatment modality; however, the inherent resistance of gastric cancer cells to radiation limits its effectiveness3. 
Thus, identifying agents that can enhance the radiosensitivity of gastric cancer cells presents a promising strategy 
to improve therapeutic outcomes.

Withaferin A (WA) is the most active phytocompound extracted from the renowned dietary supplement 
Withania somnifera, commonly known as Ashwagandha4and has shown potential as an anticancer agent in 
various malignancies, including breast5 prostate6 and pancreatic cancers7. WA has been reported to induce 
apoptosis, suppress metastasis, and inhibit angiogenesis, largely by affecting signaling pathways critical for cell 
survival and stress response8,9. Recent studies have highlighted WA’s potential to disrupt cellular homeostasis 
by modulating processes like autophagy7,10,11 and mitochondrial function12,13. However, the potential of WA to 
enhance radiosensitivity, specifically in gastric cancer cells, has not been fully explored. Understanding how WA 
may interact with radiation therapy to enhance its effects could reveal new avenues for combination therapies 
targeting gastric cancer.

Autophagy, a critical cellular process for maintaining homeostasis under stress, is often dysregulated in 
cancer14,15. Autophagy enables cancer cells to adapt to stress conditions, including nutrient deprivation and 
hypoxia, by degrading and recycling intracellular components16. While autophagy can be tumor-suppressive 
in early cancer stages, in established tumors, it may contribute to therapy resistance by enabling cancer cells 
to survive under adverse conditions17,18. The modulation of autophagy in response to radiation, particularly 
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in combination with WA, may therefore represent a strategic approach to sensitize cancer cells to treatment. 
Additionally, targeting mitochondrial function is emerging as a promising strategy in cancer therapy, given 
mitochondria’s crucial role in regulating cell survival, bioenergetics, and apoptosis19–21.

This study investigates the effects of WA in combination with radiation on gastric cancer cells, with a 
focus on autophagy modulation and mitochondrial function. The hypothesis is that WA could enhance the 
radiosensitivity of gastric cancer cells by inducing apoptosis and impairing autophagic flux, thus disrupting 
cellular homeostasis. Using both in vitro and in vivo models, this research evaluates the impact of combined 
WA and radiation treatment on tumor growth, apoptosis, autophagy dynamics, and mitochondrial integrity. 
The findings aim to provide insight into the potential of WA as a radiosensitizer in gastric cancer, supporting the 
development of novel combination therapies for improved cancer treatment outcomes.

Methods
Cell culture and IR
The human GC cell line SGC-7901 was obtained from American Type Culture Collection (ATCC). SGC-7901 
cells were cultured in Roswell Park Memorial Institute (RPMI-1640) medium (Thermo) containing 10% heat-
inactivated foetal bovine serum and 1% penicillin/streptomycin (Solarbio, China). The cells were incubated 
at 37 °C in a humidified chamber with 5% CO2. The cells were exposed to one of several dosages of ionizing 
radiation (IR) 2, 4, 6, 8, and 10  Gy) using an X-ray linear accelerator (Rad Source Technologies, USA) at a 
fixed dose rate of 1.15 Gy/min. HUVECs were purchased from the ATCC. Cells were cultured in RPMI-1640 
medium with 20% fetal bovine serum, 60 µg/mL of endothelial cell growth supplement (BD Biosciences, San 
Jose, CA), 1% penicillin/streptomycin at 37 °C in a humid atmosphere with 5% CO2. IEC-6 cells were purchased 
from the ATCC and routinely cultured in DMEM medium with 1% antibiotics and 5% FBS at 37 °C in a humid 
atmosphere with 5% CO2. 100 mM 3-MA or 100nM Bafilomycin A1 (BafA) was added for 2 h before the cells 
were challenged with WA and IR.

Cell proliferation assay and apoptosis assay
The Cell Counting Kit-8 (CCK-8) was employed to determine cell viability. SGC-7901 cells were seeded into 96-
well plates, cultured overnight, and then treated with 20 µM WA (or 0.1% DMSO as a control) with or without 
one of several dosages of radiation. Ten microlitres of CCK-8 solution was added to each well, and the cells were 
incubated for 1 h before detection. Apoptosis was evaluated using a FITC Annexin V Apoptosis Detection Kit 
(Sigma-Aldrich, USA). The cells were stained with annexin V/propidium iodide (PI) and then detected by flow 
cytometry. The flow cytometry data were analysed using FlowJo software.

Caspase-3 and cleaved PARP detection by ELISA
For the quantification of caspase-3 and cleaved PARP, commercially available ELISA kits (Thermo) specific to 
human caspase-3 and cleaved PARP were used according to the manufacturer’s instructions. Briefly, 100 µL 
of each cell lysate was added to the ELISA plate wells coated with capture antibodies. After incubation, wells 
were washed with PBS containing 0.05% Tween-20 to remove unbound material. Detection antibodies specific 
to cleaved forms of caspase-3 and PARP were then added, followed by a secondary antibody conjugated to 
horseradish peroxidase (HRP). The substrate solution was added, and the enzymatic reaction was stopped using 
a sulfuric acid solution once color development was sufficient. Optical density (OD) was measured at 450 nm 
using a microplate reader. Caspase-3 and cleaved PARP levels were calculated relative to control samples, with 
results normalized to total protein input.

Western blotting and immunocytochemistry
Xenograft tumours and cells were lysed with lysis buffer, and the extracted proteins were quantified, separated 
by SDS-PAGE, and then transferred to PVDF membranes. After blocking, the membranes were incubated at 
4  °C overnight with the following primary antibodies(1:1000): cleaved caspase-3 antibody (ab2302;Abcam, 
Cambridge, UK), caspase-3 antibody (ab32351;Abcam), cleaved PARP1 antibody (ab32561;Abcam); PARP1 
antibody (ab32138;Abcam); LC3A/B antibody (4108 S, Cell Signaling Technology, MA, USA), SQSTM1/p62 
antibody (8025,Cell Signaling Technology), β-actin (3700 S, Cell Signaling Technology) and then with HRP-
conjugated secondary antibodies (1:5000; Cell Signaling Technology) at room temperature for 1  h, followed 
by washing with TBST. The immunoblots were visualized by chemiluminescence. LC3 is now widely used to 
monitor autophagy. One approach is to detect LC3 conversion (LC3I to LC3II) because the amount of LC3II is 
clearly correlated with the number of autophagosome. The cells were inoculated onto a glass-bottom confocal 
dish and cultured for 24 h. WA (or 0.1% DMSO as a control) was then added with or without IR. At different 
time points, the cells were fixed with 4% (w/v) paraformaldehyde and 0.1% Triton-X for 10 min. The cells were 
then blocked with 5% (w/v) BSA in PBS at room temperature for 1 h, incubated in the dark for 1 h with primary 
antibodies (1:100) : LAMP1(ab24170;Abcam) and then incubated with a secondary antibody in the dark for 1 h. 
Cells were treated with 1 µg/ml acridine orange AO (ab270791;Abcam) or 50 ng/ml LysoTracker Red (L7528; 
Thermo fisher) for 30 min ;10 µg/ml DQ-BSA (D12051;Thermo fisher) for 2 h. The cell nuclei were stained with 
DAPI, and images were acquired with a Leica SPE confocal microscope.

Transfection with plasmids
SGC-7901Cells were transfected with Atg7-specific siRNA (Shanghai GenePharma Corporation) or plasmids 
expressing EGFP-LC3, mCherry-EGFP-LC3. Cells were transfected with 100  µl OptiMEM medium (Gibco/
BRL) containing 1% Lipofectamine2000 (Invitrogen) and 20 pmol siRNA or 1 µg plasmid DNA.
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Bioenergetic analysis
Bioenergetic profiles were detected using a Seahorse Bioscience Extracellular Flux Analyser XFe24 (Agilent, 
USA). Cells were inoculated into XFe24 cell culture plates and incubated with 20 µM WA for 30 min with or 
without 10 Gy radiation. The 103015-100 Seahorse XF Cell Mito Stress Test Kit was used to detect mitochondrial 
oxidative stress. The wells were then sequentially injected with oligomycin (1.5 µM), FCCP (1 µM), and 
rotenone/antimycin A (0.5 µM). The basal OCR was calculated as the OCR before oligomycin injection minus 
the OCR after antimycin injection. The maximal OCR was calculated as the OCR after FCCP injection minus 
the OCR after antimycin injection. The reserve capacity was calculated as the OCR after FCCP injection minus 
the OCR before oligomycin injection. The ATP-linked OCR was calculated as the OCR before minus the OCR 
after oligomycin injection. The proton leak OCR was calculated as the OCR after oligomycin injection minus 
the OCR after antimycin injection, and the nonmitochondrial OCR was defined as the OCR after antimycin 
injection.

Nude mice studies
Six-week-old male BALB/c nude mice (N = 20, average weight 22 ± 2 g), purchased from Vital River (Beijing Vital 
River Laboratory Animal Technology Co., Ltd.), were injected subcutaneously with SGC7901 cells (1 × 106), with 
or without irradiation, into their left posterior flank region. After 7 days, the mice were randomized into 4 groups; 
each group of five mice, 2 groups were injected with PBS as a negative control, and the other 2 group were injected 
with WFA 2 mg/kg. Mice were treated every other day i.p. using a volume of 100 µl. The experimental group 
underwent abdominal X-ray exposure using a calibrated X-ray machine. Only the abdominal region was exposed 
to the X-rays, while the rest of the body was covered with lead shielding to minimize radiation exposure to other 
tissues. Two of the groups were irradiated with a single dose of 10 Gy X-ray irradiation by linear accelerators 
at a dose rate of 1.15 Gy/min on day 7. Two-dimensional measurements were taken with an electronic calliper, 
and the tumour volumes were calculated in mm3 using the following formula: volume = A×B2/2, where A is the 
longest diameter and B is the shortest diameter. Tumour volumes (mean ± s.e.m.; mm3) were assessed every 2 
days after day 7. After three weeks, all mice were euthanized. Euthanasia was performed via an intraperitoneal 
injection of pentobarbital sodium at a dose of 150 mg/kg body weight to induce deep anesthesia, followed by 
cervical dislocation to confirm death. Tissues were removed and fixed in 10% formalin for haematoxylin and 
eosin (H&E) staining. This study is reported in accordance with the ARRIVE guidelines (Animal Research: 
Reporting of In vivo Experiments) to ensure high standards of methodological rigor, transparency, and ethical 
compliance. All procedures were approved by the Animal Care and Use Committee.

Histology and scoring
Xenograft tumours were fixed in 10% formalin and embedded in paraffin for sectioning. Slides were deparaffinized 
in xylene and rehydrated in a graded series of ethanol. Antigen retrieval was conducted by incubating the slides 
in 10 mM sodium citrate, pH 6.0, for 20  min at 95  °C followed by treatment with 0.3% H2O2 in methanol 
for 20 min. Sections were incubated with primary antibodies against Ki67 diluted 1:50 (AbCam), CD31 1:50 
(AbCam), LC3 1:500 (AbCam), and cleaved caspase 3 1:200 (Cell Signalling), at 4  °C overnight. Slides were 
rinsed with PBS and incubated with secondary antibody according to the suppliers’ instructions. Colour was 
developed using DAB and counterstained with haematoxylin to stain nuclei as described previously. Digital 
images of two fields at ×400 magnification were acquired from each section, using an Olympus BX50 light 
microscope (Olympus Corporation, Tokyo, Japan). The most representative field was selected for image analysis. 
Images of five high power fields were acquired. Digital images were prepared for analysis using the ImageJ 1.44 
program to calculate positively stained areas from the total epithelial area.

Statistical analysis
Statistical significance was analysed using the GraphPad Prism programme (version 8.4). Student’s t-test was 
used to compare the statistical differences between two groups, while the differences among multiple groups 
were analyzed using One-way ANOVA. The data are represented as the mean and standard deviation. A p 
value < 0.05 was considered to be statistically significant.

Results
WA Enhances Tumor Cell Radiosensitivity by Promoting Apoptosis In vitro.

To assess the tumor selectivity and potential cytotoxicity of WA combined with radiation, both gastric cancer 
cells (SGC-7901) and non-tumor cell lines—human umbilical vein endothelial cells (HUVEC) and rat intestinal 
epithelial cells (IEC-6)—were evaluated. These two normal cell types were selected to represent radiosensitive 
vascular endothelium and gastrointestinal mucosa, which are commonly affected during radiotherapy. Cells were 
treated with increasing concentrations of WA followed by 10 Gy IR. All cell types exhibited a dose-dependent 
reduction in viability (Fig. 1A-D); however, SGC-7901 cells displayed the lowest IC50 (20 µM), indicating that 
tumor cells were more susceptible to WA-induced cytotoxicity compared to normal cells. These results suggest 
that WA may exert a preferential effect on cancer cells under irradiation. Further apoptosis assays revealed 
increased levels of cleaved caspase-3 and PARP in WA + IR-treated SGC-7901 cells (Fig. 1E, F), supporting the 
role of enhanced apoptosis in the radiosensitizing mechanism.

Combination of WA and radiation modulates early and late-stage autophagy
Autophagy pathway activation following the combined treatment of WA and radiation was evaluated by 
measuring the expression of the autophagy marker protein LC3. LC3II expression was notably elevated in the 
combined treatment group compared to the radiation-only group at 1 and 3  h post-treatment; however, by 
18 h, LC3II levels showed no significant difference between groups (Fig. 2A-B). Additionally, LC3II expression 
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Fig. 1.  Effects of WA and IR on cell viability and apoptosis. (A) Cell viability of SGC-7901, HUVEC, and IEC-
6 cells treated with varying concentrations of WA (1, 2, 4, 8, 10, 12, 16, 20, 22, or 24 µM) for 30 min, followed 
by 10 Gy IR, assessed via CCK-8 assay. Viability values were normalized to the untreated control (0 µM WA, 
no IR). (B-D) Determination of half-maximal inhibitory concentration (IC50) of WA in SGC-7901, HUVEC 
and IEC-6 cells. Viability values were normalized to the IR-only group (0 µM WA + IR) and used to calculate 
IC50 values under irradiated conditions. (E) Expression of cleaved caspase-3 in SGC-7901 cells treated with 20 
µM WA and 10 Gy IR at different time points (1, 3, 6, and 18 h). (F) Cleavage of poly ADP-ribose polymerase 
(PARP) in SGC-7901 cells following combined WA and IR treatment. Data are representative of three 
independent experiments.
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Fig. 2.  The combination of WA and radiation induces autophagosome accumulation. (A-B) Western blot 
analysis of the autophagy marker protein LC3 in gastric cancer cells treated with 20 µM WA and 10 Gy 
radiation for 1 h, 3 h, 6 h, and 18 h (Raw blots are shown in Figure S1). Representative images from at least 
three independent biological replicates are presented. β-Actin was used as a loading control. (C-D) Confocal 
microscopy images showing EGFP-LC3 puncta (green), with cell nuclei stained using DAPI (blue). All images 
were acquired using identical confocal microscope settings (laser intensity, exposure time, and gain) across 
all groups to ensure comparability. All results are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01, and 
***P < 0.001.
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levels in the WA-only and combined treatment groups remained similar at each time point (Fig.  2B). To 
further investigate autophagosome formation, cells were transfected with an EGFP-LC3 (green fluorescent 
protein-tagged LC3) reporter to visualize autophagic vacuoles. EGFP-LC3 distribution in the cytosol revealed 
autophagosome formation, as puncta were observed at 1, 3, and 6 h following IR exposure in the IR group, while 
the control group displayed diffuse green fluorescence (Fig. 2C-D). By 6 and 18 h, WA-treated cells showed a 
significantly higher number of LC3 puncta than the control group, regardless of IR exposure (Fig. 4D). EGFP-
LC3 puncta visualization indicated that IR triggers early-stage autophagy activation, while WA appeared to 
modulate autophagy at later stages by inhibiting autophagic flux.

Combined WA and radiation treatment blocks autophagic flux
Autophagic flux was evaluated by analyzing the levels of the autophagic substrate SQSTM1/p62. Accumulation 
of p62 at 6 and 18 h in the combined treatment group suggested a blockage in autophagic flux beginning at 
6 h (Fig. 3A-B). To further investigate autophagic flux, a dynamic assay was performed using SGC-7901 cells 
transfected with a fluorescent mCherry-EGFP-LC3 construct. In the combination treatment group, there was 
an increase in total puncta and red fluorescent puncta at 1, 3, and 6 h (Fig. 3C). By 6 and 18 h, however, the 
combined treatment showed a rise in yellow puncta and a decrease in red-only puncta, indicating impaired 
lysosomal function and reduced autophagosome degradation. These findings imply that WA and radiation 
together impair autophagosome clearance.

Combination of WA and radiation disrupts lysosomal degradation
To elucidate how the combination treatment hinders autophagosome degradation, three fundamental aspects 
of lysosomal function were evaluated. First, lysosomal membrane integrity was examined by quantifying 
levels of lysosome-associated membrane glycoprotein 1 (LAMP1). No significant changes were detected 18 h 
post-treatment (Fig. 4A-B), indicating that WA did not compromise lysosomal membrane integrity. Second, 

Fig. 3.  WA inhibits lysosomal degradation. (A-B) Confocal microscopy analysis of SGC-7901 cells treated 
with WA (20 µM) for 30 min and 10 Gy radiation, followed by staining with phalloidin (green), LAMP1 (red), 
and DAPI (blue). (C-D) Cells were treated with both WA and radiation and then stained with acridine orange 
AO, (1 µg/ml) or LysoTracker Red (50 ng/ml) for 30 min. (E-F) SGC-7901 cells were stained with DQ-BSA 
(10 µg/ml) for 2 h and then treated with both WA and radiation. Representative fluorescence images are 
shown. Scale bars: 10 μm. All the results were shown as mean ± SD (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001.
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lysosomal acidity was measured using pH-sensitive probes—acridine orange (AO) and LysoTracker Red 
(LTR)—with ammonium chloride (AC) as a control. The combination treatment did not alter the fluorescence 
intensity of these probes, suggesting that lysosomal acidity remained stable (Fig. 4C-D). Lastly, the lysosomal 
protein degradation capacity was evaluated through a dye-quenched bovine serum albumin (DQ-BSA) assay. 
Both WA and the combination treatments significantly reduced DQ-BSA-associated red fluorescence, indicating 
an impaired lysosomal degradation of protein cargo (Fig. 4E-F). Collectively, these findings suggest that WA 
impairs autophagosome-lysosome fusion and lysosomal degradation.

Combination of WA and Radiation Alters Cellular Bioenergetics.
To assess the effects on cellular bioenergetics, SGC-7901 cells were treated with WA, IR, and their 

combination, with mitochondrial function analyzed using the Seahorse XF Cell Mito Stress Test Kit. Treatment 
with either IR, WA, or their combination increased the basal oxygen consumption rate (OCR) (Fig. 5A), likely as 

Fig. 4.  WA inhibits autophagosome maturation after radiation.
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a regulatory response to stress. Notably, the combined treatment resulted in a significantly lower OCR compared 
to either IR or WA alone. Furthermore, compared to IR treatment, the combined treatment with WA and IR 
led to significantly decreased ATP-linked OCR, maximal respiration, reserve capacity, and nonmitochondrial 
OCR values, along with a marked increase in proton leakage (Fig. 5B-G). These findings suggest that WA-related 
damage to mitochondrial integrity and quality following radiation exposure contributes to cell death.

Combination of withaferin A and radiation inhibits tumor growth and enhances 
radiosensitivity in vivo
To examine the in vivo impact of Withaferin A (WA) and radiation (IR) on tumor growth, SGC-7901 gastric 
cancer xenografts were established by subcutaneously injecting tumor cells into the flanks of nu/nu mice. Once 
tumors reached approximately 100 mm³, mice were divided into four treatment groups: (1) control (PBS), (2) 
WA (2 mg/kg), (3) IR (10 Gy), and (4) a combination of IR and WA. Treatments were administered every other 
day for 21 days, and tumor volume was monitored bi-daily. While tumor volumes in the control and WA-only 
groups were comparable, the combination of IR and WA significantly inhibited tumor growth, as indicated by 
reduced tumor size and weight at day 21 (Fig. 6A-C). Immunohistochemical staining revealed reduced Ki67 and 

Fig. 5.  Effects of the combination of radiation and WA on GC cell bioenergetics. (A) The oxygen consumption 
rate (OCR) in SGC-7901 cells exposed to WA (20 µM) or bafilomycin (10 nM) and 10 Gy radiation was 
determined by a mitochondrial stress test. (B-G) ATP-linked, maximal, reserve capacity, proton leakage, and 
nonmitochondrial OCR were calculated from (A) as described in the Methods. The data are the mean and 
SD of three independent repeats. All the results were shown as mean ± SD (n = 3). *P < 0.05, **P < 0.01 and 
***P < 0.001.
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CD31 expression in the combination group, indicating suppressed proliferation and angiogenesis (Fig. 7). These 
findings suggest that combining WA with radiation results in a synergistic inhibition of tumor growth.

Discussion
Radiosensitizers improve the efficacy of radiotherapy by enhancing the cytotoxic effect of radiation22. Thus 
far, studies on radiosensitizers have focused mainly on targeting DNA repair, the cell cycle, telomeres, growth 
signalling pathways, angiogenesis, cellular bioenergetics, inflammation, hypoxia, and invasion and metastasis 
proteins; overcoming resistance to cell death; and activating host immunity23,24. Recently, the therapeutic 
potential of herbal ingredients has attracted much attention because of the low toxicity and high efficacy of these 
substances25,26. Herbal ingredients can reduce the side effects of radiotherapy in patients with cancer and improve 
patients’ clinical symptoms by promoting apoptosis and autophagy27inhibiting the proliferation and migration 
of tumour cells28blocking cell cycle progression, and inhibiting the production of vascular endothelial growth 
factor. Herbal ingredients may be beneficial in combination with radiotherapy and may be useful as effective 
radiosensitizers25. This study revealed that Withaferin A (WA), in combination with radiation (IR), significantly 
enhances the radiosensitivity of gastric cancer cells by modulating apoptosis, autophagy, and mitochondrial 
function. The combined WA and IR treatment inhibited tumor growth both in vivo and in vitro, highlighting a 
synergistic effect that holds promise for enhancing therapeutic outcomes in gastric cancer treatment.

Fig. 6.  The combination of WA and radiation increases the radiosensitivity of gastric cancer cells in vivo. 
Xenografts were established in nude mice to examine whether WA can increase the radiosensitivity of gastric 
cancer in vivo. Each group of mice was composed of three male nude mice. Tumour sizes were measured 
at 2-day intervals. (A) There was no difference between the PBS group and the WA group. However, gastric 
cancer cell growth was effectively suppressed in the combined treatment group compared with the 10 Gy X-ray 
irradiation group. (B) Tumour xenografts from each group. (C) The weights of tumours collected immediately 
after sacrifice on day 21. Three representative tumor samples were shown per group although five mice were 
used in each group. All the results were shown as mean ± SD (n = 5). *P < 0.05, **P < 0.01 and ***P < 0.001.
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One of the primary findings in this study was the potentiation of apoptotic pathways in response to combined 
WA and radiation treatment. Gastric cancer cells treated with both WA and IR exhibited increased levels of 
cleaved caspase-3 and PARP, markers of late-stage apoptosis, suggesting a mechanism through which WA 
amplifies the effects of radiation by promoting cancer cell death. Previous research has shown that WA induces 
apoptosis in various cancer types through multiple signaling pathways, including BCL2/Bax alteration29ERK/
Nrf-2/HO-1 activation8PI3K/Akt initiation4and the phosphorylation and nuclear translocation of Smad2/3 and 
NF-κB4. In this study, the enhanced apoptotic response in gastric cancer cells indicates that WA could overcome 
cellular mechanisms that typically resist radiation-induced apoptosis, rendering cancer cells more susceptible 
to radiation therapy.

The study also demonstrated that WA modulates autophagy, a cellular process often hijacked by cancer cells 
to adapt to therapeutic stress. In the context of radiotherapy, activation of autophagy plays an important role in 
promoting cancer cell survival in the tumour microenvironment in vivo and contributes to resistance to radiation 
and DNA damage, thereby sustaining tumour cell survival under stress30–32. While autophagy can be protective 
by enabling cancer cells to cope with metabolic stress, it can also contribute to therapy resistance33,34. The present 
findings suggest that WA disrupts autophagic flux in gastric cancer cells when combined with radiation, as 

Fig. 7.  Immunohistochemistry compilation of tumour tissues. Tumour tissues were developed with DAB 
(brown) and counterstained with haematoxylin to stain nuclei (blue). Arrows show antibody positive parts. 
Negative control samples consisted of tissues stained without primary antibody.
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evidenced by the accumulation of the autophagic substrate SQSTM1/p62 and impaired lysosomal degradation. 
This blockage may interfere with the ability of cancer cells to recycle damaged cellular components and maintain 
cellular homeostasis under stress, thereby sensitizing them to radiation-induced damage. Furthermore, 
autophagy modulation by WA appears to be time-dependent, with early activation of autophagy followed by a 
block in flux, suggesting that WA may initially activate autophagy as a stress response but subsequently inhibit 
it to prevent cancer cell adaptation and survival. Similar to our results obtained with WA in GC cells, WA has 
been shown to induce incomplete autophagy in breast cancer cells35indicating the broad-spectrum ability of WA 
to induce incomplete autophagy.

Interestingly, WA did not significantly alter lysosomal membrane integrity or acidity, but it did inhibit 
lysosomal degradation capacity, as demonstrated in the DQ-BSA assay. This result suggests that WA specifically 
disrupts lysosomal function related to autophagic cargo degradation without affecting overall lysosomal 
stability. The stability of lysosomal membranes alongside reduced degradation capacity implies that WA 
impairs autophagosome-lysosome fusion or the enzymatic function within lysosomes rather than causing 
general lysosomal damage. This selective inhibition of lysosomal degradation may serve as an effective strategy 
to sensitize cancer cells to radiation by specifically targeting the autophagic pathway without affecting other 
lysosomal functions critical for normal cell maintenance.

Mitochondrial dysfunction emerged as a key factor in the enhanced radiosensitivity observed with the WA 
and IR combination. The disruption of mitochondrial function is critical for inducing apoptosis, as mitochondrial 
damage leads to the release of pro-apoptotic factors and triggers a cascade of events that culminates in cell 
death36,37. Additionally, WA’s impact on mitochondrial function may amplify the effects of radiation, which 
also induces oxidative damage in cancer cells. By targeting mitochondrial bioenergetics, WA may sensitize 
gastric cancer cells to radiation by exacerbating metabolic stress and impairing energy production, ultimately 
contributing to the observed reduction in cell viability and tumor growth.

In conclusion, the combination of WA and radiation offers a multifaceted approach to gastric cancer 
therapy, targeting apoptosis, autophagy, and mitochondrial function to enhance radiosensitivity. These results 
suggest that WA could serve as an effective adjuvant to radiation therapy in gastric cancer, warranting further 
investigation in clinical settings to validate these findings.

Conclusion
In conclusion, this study demonstrates that Withaferin A (WA) combined with radiation (IR) enhances the 
radiosensitivity of gastric cancer cells by promoting apoptosis, disrupting autophagic flux, and impairing 
mitochondrial function. The combined treatment synergistically inhibited tumor growth both in vivo and 
in vitro, as evidenced by increased apoptotic markers, blocked autophagic degradation, and compromised 
mitochondrial bioenergetics. These results suggest that WA is a promising adjuvant for radiotherapy, providing 
a multifaceted strategy to improve therapeutic outcomes in gastric cancer and supporting further investigation 
in clinical settings.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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