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Abstract
To explore the effect of sodium dichloroacetate (DCA), a pyruvate dehydrogenase kinase (PDK) inhibitor, on the progres-
sion of gastric cancer and resistance to radiotherapy, we analyzed histopathological microarrays from 60 gastric cancer 
and paracancerous tissues to determine PDK expression and its prognostic significance. 5-Ethynyl-2′-deoxyuridine (EdU) 
incorporation assay and Transwell migration assay were used to investigate the effects of PDK inhibition on gastric 
cancer cell proliferation and migration. Flow cytometry revealed that PDK inhibition promoted apoptosis and induced 
G1 phase cell cycle arrest. Colony formation assay combined with radiation was performed to calculate radiobiological 
parameters, while Western blot detected the expression of phosphorylated histone H2AX (γ-H2AX), a DNA double-strand 
break marker. Reactive oxygen species (ROS) generation was measured using the fluorescent probe 2′,7′-dichlorodihy-
drofluorescein diacetate (DCFH-DA). Our results showed that PDK was highly expressed in gastric cancer tissues and 
correlated with poor patient prognosis. PDK inhibition suppressed proliferation and migration of gastric cancer cells, 
promoted apoptosis and G1 phase arrest, and enhanced γ-H2AX accumulation and ROS generation, thereby increasing 
radiosensitivity. These findings demonstrate that targeting PDK inhibits gastric cancer progression and sensitizes tumor 
cells to radiotherapy.
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1  Introduction

In recent years, less than 25% of all patients diagnosed with gastric cancer are in the early stage of gastric cancer, and 
the survival rate of patients with progressive gastric cancer is still low, with most of them having a 5-year overall survival 
rate of less than 30% [1]. Radiotherapy is one of the important treatments for gastric cancer, especially gastroesophageal 
union cancer [2]. However, some gastric cancer patients are resistant to radiotherapy, which affects the local control and 
long-term survival of gastric cancer [3].
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Most tumor cells preferentially undergo aerobic glycolysis (Warburg effect) for energy, which restricts the entry of 
pyruvate into the tricarboxylic acid (TCA) cycle to undergo oxidative phosphorylation, and thus promotes the malignant 
biological behavior of gastric cancer cells [4, 5]. On the other hand, PDK blocks pyruvate from entering the TCA by inhibit-
ing PDH activity, thereby enhancing anaerobic glycolysis and lactate production. Glycolysis leads to the accumulation of 
acidic metabolic byproducts, such as lactate, which creates an acidic tumor microenvironment. This acidic environment 
has been demonstrated to reduce the effectiveness of radiotherapy. The pentose phosphate pathway (PPP), a branch of 
glycolysis, generates significant amounts of nicotinamide adenine dinucleotide phosphate (NADPH). NADPH is crucial 
for maintaining intracellular levels of reduced glutathione (GSH) and scavenging ROS. High NADPH levels can help tumor 
cells resist the oxidative stress induced by radiotherapy, thereby contributing to resistance. Sustained activation of PDK 
can influence various pro-survival and anti-apoptotic signaling pathways, such as the phosphoinositide 3-kinase/protein 
kinase B/mammalian target of rapamycin (PI3K/Akt/mTOR) and hypoxia-inducible factor 1-alpha (HIF-1α) pathways, which 
are closely associated with radiotherapy resistance. Ionizing radiation produces damaging effects on cells, including direct 
damage to cellular DNA and indirect damage mediated by free radicals and ROS. Pyruvate is a product of glycolysis and 
is located at the “crossroads” of glycolysis and mitochondrial respiration. Studies have shown that pyruvate is a “scaven-
ger” of ROS and can enhance the antioxidant response of solid tumors during radiotherapy [6]. Glucose metabolism and 
metabolic intermediates in tumor cells are closely related to radiotherapy resistance and can predict the response of 
individual tumors to radiation therapy [7]. Glycolysis also enhances radioresistance by promoting DNA damage repair, 
which provides a theoretical rationale for the use of glycolysis-inhibiting drugs to increase sensitivity to radiotherapy [8]. 
Enhanced glycolysis in solid tumors significantly increases the secretion of lactic acid, which has antioxidant capacity, 
and its concentration is positively correlated with radiotherapy resistance.

Intervention targeting PDK can disrupt the dependence of tumor cells on glycolysis, inducing energy crisis and even 
cell death. PDK sits at the crucial interface between the glycolytic pathway and the tricarboxylic acid cycle, functioning 
as a “gating enzyme” in tumor metabolic reprogramming. Direct intervention at this key node often results in more sig-
nificant disruptions in energy metabolism compared to inhibiting downstream or bypass metabolic pathways. Compared 
to glycolytic enzymes such as GLUT1 and LDH-A, the expression and activity of PDK in normal tissues exhibit a certain 
degree of plasticity. Literature reports indicate that PDK inhibitors within a reasonable dosage range are more easily 
tolerated by patients and the metabolic impact on normal cells is often more controllable. DCA is a pyruvate mimetic that 
binds to and inhibits the activity of PDK, which can alter tumor metabolism by activating the activity of mitochondria, 
forcing the tumor cells to shift from glycolysis to oxidative phosphorylation, which makes tumor cells more susceptible 
to radiotherapy-induced damage [9]. Tumor cells in an oxidative phosphorylation state are more susceptible to DNA 
damage induced by radiotherapy. DCA has shown antitumor activity in preclinical models of a variety of cancers and has 
been subjected to a number of preliminary clinical trials showing some safety. Research has shown that DCA enhances the 
radiosensitivity of medulloblastoma, potentially through inhibiting glycolysis, increasing ROS production, and reducing 
cancer stem-like characteristics [10]. Furthermore, the combination of DCA with radiation improves survival rates in glio-
blastoma mouse models, with mechanisms involving cell cycle arrest, increased oxidative stress, and DNA damage [11]. 
DCA has been found to augment the antitumor effect of hypoxic cytotoxins in solid tumors [12]. DCA has been proven 
to enhance radiosensitivity in breast cancer [13], colon cancer [14], prostate cancer [15], esophageal cancer [16], and 
glioblastoma [11]. Currently, there is a lack of sufficient experimental evidence to support the relationship between PDK 
activity and the efficacy of radiotherapy in gastric cancer, as well as the potential radiosensitizing effect and molecular 
mechanism of PDK inhibitor DCA in gastric cancer radiotherapy, which warrants further investigation. In addition, DCA 
is a relatively readily available and low-cost compound, facilitating laboratory studies and potential clinical translation. 
Therefore, the present study was designed to elucidate the role and mechanism of DCA, a PDK inhibitor, on the progres-
sion of gastric cancer cells and sensitization by radiotherapy.

2 � Materials and methods

2.1 � Immunohistochemical staining analysis

Gastric cancer prognostic tissue microarrays (ZL-STC1601) were purchased from Vio Biotech (Shanghai, China). The micro-
arrays were stained with immunohistochemistry (IHC) staining kit (Bios Biological Technology Company, China) and 
anti-PDK antibody (Wuhan Sanying Biotechnology Co., Ltd., Wuhan, China). The number of positives and the intensity of 
staining in each section were converted into corresponding values by Histochemistry score to achieve semi-quantitative 
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staining of tissues. (H-SCORE = ∑(pi × i) = (percentage of weak intensity × 1) + (percentage of moderate intensity × 2) + (per-
centage of strong intensity × 3), where pi represents the positive signal pixel area/cell number percentage; i represents 
coloring intensity; H-score is the data between 0 and 300, the larger the data indicates the stronger the integrated posi-
tive intensity). Statistical analysis and survival curves were plotted using Graphpad Pism 9.5 software.

2.2 � Cell lines and cell culture

MKN-45 and AGS were purchased from Procell Wuhan, and GES-1 and HGC-27 cells were provided free of charge by the 
laboratory of Gansu Provincial People’s Hospital. All cell lines were characterized by short tandem repeat (STR) analysis 
and detected for mycoplasma contamination. The cells were cultured in RPMI-1640 medium supplemented with 10% 
fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) and placed in an incubator at 37℃ and 5% CO2. Cell culture 
reagents were purchased from Biological Industrise, Israel.

2.3 � Real‑time fluorescence quantitative PCR (RT‑qPCR) assay

Total RNA from the cells was extracted using M5 Universal RNA MiNi Kit (Mei5bio, Beijing, China). reverse transcription 
was performed using M5 Sprint qPCR RT kit. Real-time qPCR was performed on a LightCycler Nano real-time fluorescent 
quantitative PCR instrument using M5 HiPer SYBR Premix EsTaq (Mei5bio, Beijing, China). gAPDH was used as an internal 
control for mRNA. Relative RNA expression levels were calculated as 2−ΔΔct. Relevant primer sequences and reaction 
systems are listed in Additional file Tables 1–5.

2.4 � CCK8 cell proliferation assay

DCA is a specific inhibitor of PDK and inhibits PDK activity. Gastric cancer cells MKN-45, AGS were inoculated into 96-well 
plates at about 8000 cells per well, and the complete medium was added and placed in the incubator. After 24 h of 
incubation, the waste liquid of each well was aspirated and discarded. DCA was prepared with RPMI 1640 medium at 
concentrations of 0, 20, 40, 60, 80, and 100 mM, and subsequently added to each group, with six parallel replicate well 
groups in each group. CCK8 reagent (APExBIO, United States of America) was added 10 μL per well at 24 h, 48 h and 
72 h, respectively, under the condition of light protection. 96-well plates were placed in an incubator at 37 °C, and the 
absorbance values were measured using an enzyme marker after incubation for 1 h. IC50 was calculated and plotted by 
GraphPad Prism 9.5 software.

2.5 � Cell proliferation assay

Control and ADC-treated cells (MKN-45, AGS) were inoculated into 6-well plates at approximately 104 cells per well, and 
2X of EdU working solution prepared according to the EdU assay kit (Beyotime, Shanghai, China) was added to the well 
plates with an equal volume of culture medium to incubate the cells for 2 h. After EdU labeling of the cells was com-
pleted, the culture medium was removed, and the cells were incubated for 2 h by adding 1 ml of 4% paraformaldehyde 
(Beyotime, Shanghai, China) for 15 min at room temperature for fixation. The treated groups of cells were observed 
under a fluorescence microscope (Olympus BX51, Japan) for cell proliferation. The percentage of Edu-positive cells and 
the average fluorescence intensity were calculated using Image J software (NIH, USA).

2.6 � Migration tests

The two groups of cells were inoculated separately at approximately 105 cells per well in Falcon chambers of 8.0 μm pore 
size with serum-free medium (Transwell, Corning Life Sciences, Acton, MA, USA). 700 μL of medium containing 10% FBS 
was added to the lower chamber, and 200 μL of complete medium was added to the upper chamber. The chambers 
were then placed in an incubator at 37 °C and 5% CO2 for 24 h. Cells remaining in the upper chamber were then care-
fully removed with a cotton swab. The Transwell membrane of the lower chamber was fixed with 4% paraformaldehyde 
for 30 min and stained with 0.1% crystal violet for 15 min, and after washing to remove the crystal violet, photographs 
were taken under a microscope, and the migration level of cells in each group was evaluated using ImageJ software.
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2.7 � Flow cytometry test

The two groups of cells were inoculated into 6-well plates at about 2 × 105 cells per well, and after 24 h of culture, the cells in 
each group were incubated at room temperature and protected from light using the Cell Cycle and Apoptosis Analysis Kit 
(Elabscience, Wuhan, China), and the processed cells were up-examined using a FACS Calibur flow cytometer. The relative 
proportion of apoptotic cells was detected by FlowJo 10.8.1 software; the percentage of cells in each phase was detected 
by ModFit LT 5.0 software.

2.8 � Lactic acid testing

The two groups of cells were inoculated into 24-well plates with 2 × 103 cells per well and cultured with complete medium 
for 24 h. After 24 h, the cells were irradiated under a 6 MV medical electron linear accelerator (Siemens, German) at a dose of 
4 Gy; after 24 h, they were further processed according to the instructions of the Lactic Acid Content Detection Kit (Solarbio, 
Beijing, China); finally, the processed cells were partitioned into 96-well plates and placed on the enzyme labeling instrument. 
Finally, the treated cells were divided into 96-well plates and placed on an enzyme labeler, and the absorbance value of each 
well was measured at 530 nm and calculated and plotted using GraphPad Prism 9.5 software.

2.9 � Clone formation experiments

In order to study the sensitivity of gastric cancer cells to radiation, two groups of cells were inoculated into 6-well plates 
at 200, 400, 600, 800, and 1000 cells per well, respectively, and added with complete medium and placed in the incubator. 
After 24 h of incubation, the cells containing 400, 600, 800, and 1000 were placed in a 6 MV medical electron linear accelera-
tor (Siemens, German) for radiation at doses of 2 Gy, 4 Gy, 6 Gy, and 8 Gy, respectively. Subsequently, the supernatant was 
discarded, and the culture was replaced with fresh complete medium; the medium was changed every 2–3 days, and the 
growth status of the cells was observed until visible colonies were observed. After washing and fixation, the colonies were 
stained with crystal violet. Colonies containing more than 50 cells were counted and the results were analyzed with ImageJ 
software to generate a radiobiological parameter table.

2.10 � ROS testing

The two groups of cells were inoculated into 6-well plates at 104 cells per well and cultured with the addition of complete 
medium. After 24 h of incubation, the cells were irradiated with 6 MV medical electron linear accelerator (Siemens, German) 
at a dose of 4 Gy after replacing the fresh complete medium. After 48 h of incubation, DCFH-DA (Beyotime, China) was 
diluted with RPMI 1640 medium at a dilution ratio of 1000:1 to make the final concentration of 10 μmol/L; the waste liquid 
was discarded, and about 1.5 ml of diluted DCFH-DA was added to each well and incubated for 20–30 min in a cell culture 
incubator at 37 °C. Incubate the cells in cell culture chamber for 20–30 min; Wash the cells with RPMI 1640 medium three 
times to fully remove the fluorescent probe DCFH-DA that did not enter into the cells; Observe using inverted fluorescence 
microscope and take photos for recording.

Gastric cancer cells MKN-45 and AGS were seeded into a 24-well plate at 8,000 cells per well in complete medium. After 
24 h of incubation, the medium was replaced with RPMI 1640 containing DCA at concentrations of 0, 20, and 40 mM (with 
three replicates per concentration). Following another 24 h of culture, the cells were irradiated with a 6 MV medical linear 
accelerator at a dose of 4 Gy. After 48 h post-irradiation, DCFH-DA was diluted in RPMI 1640 to a final concentration of 
10 μmol/L and added to the cells after removing the old medium and washing with PBS. The cells were then trypsinized, col-
lected, and centrifuged twice at 1500 rpm for 5 min each time with PBS resuspension. After adjusting the cell concentration 
to ensure consistency among groups, approximately 0.8 mL of diluted DCFH-DA was added to each group. The cells were 
incubated for 20–30 min at 37 °C, washed three times with RPMI 1640 to remove any unincorporated fluorescent probe, and 
then transferred to a 96-well plate under dark conditions. Fluorescence intensity was measured using a fluorospectrometer 
with settings at an excitation wavelength of 488 nm and an emission wavelength of 525 nm.
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2.11 � γ‑H2AX assay

The two groups of cells were inoculated into 6-well plates at 105 cells per well and cultured with the addition of com-
plete medium. After 24 h of incubation, the cells were placed in 6 MV medical electron linear accelerator (Siemens, 
German) irradiation at a dose of 4 Gy after replacing the fresh complete medium. After 48 h of incubation, the GC 
cells were lysed in RIPA lysate (Dr. Wuhan). The total protein concentration of each group was determined by BCA 
protein assay kit (Dr. Wuhan). Aliquots of protein samples were separated by SDS-PAGE SWE (Rapid High Resolution 
Electrophoresis Buffer, Sevier, Wuhan) and transferred onto PVDF membranes (Merck Millipore, Ireland). After seal-
ing with skimmed milk, primary and secondary antibodies were performed for target protein expression. The final 
exposure was used to obtain the γ-H2AX (CST, USA) expression map of each group, and β-Tubulin was used as an 
internal reference.

2.12 � Statistical analysis

All data are expressed as mean ± standard deviation. Data were analyzed using SPSS 25.0 (SPSS, USA) and GraphPad 
Prism 9.5 (GraphPad, USA). Kaplan–Meier curve analysis was used to assess survival, and t-tests, ANOVA, or chi-square 
tests were used to assess differences between groups. A P-value of < 0.05 was considered statistically significant, and 
significance is indicated as follows: ns, not significant, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

3 � Result

3.1 � High expression of PDK in gastric cancer tissues correlates with prognosis

To investigate the expression of PDK, we performed immunohistochemical analysis in 60 paired gastric cancer and 
paracancerous tissue specimens. IHC-stained sections of gastric cancer and paracancerous tissues showed that PDK1 
was significantly overexpressed in cancerous tissues (Fig. 1A, B). We also found that PDK1 expression correlated 
with patient prognosis, and GC patients with high PDK1 expression levels had lower survival rates (Fig. 1C).RT-PCR 
analysis showed that PDK1 mRNA levels were significantly up-regulated in gastric carcinoma MKN-45 and AGS cell 
lines compared with normal gastric epithelial cell lines (GES-1) (Fig. 1D).

To evaluate the biotoxicity of the PDK inhibitor DCA on gastric cancer cells, a concentration gradient of DCA was 
set at 0 mM, 20 mM, 40 mM, 60 mM, 80 mM, and 100 mM, which acted on AGS and MKN-45 cells, respectively, and 
the cellular activities were determined at 24 h, 48 h, and 72 h, respectively. The results showed that the cell prolifera-
tion activity gradually decreased with increasing DCA dose and time, and DCA inhibited the proliferation of gastric 
cancer cells in a dose-dependent and time-dependent manner (Fig. 1E, F, Tables 6–7 in Additional file). Statistical 
analysis using GraphPad Prism 9.5 yielded an IC50 of 47.94 mM and 44.19 mM for DCA inhibition of AGS and MKN-
45 cells, respectively.In addition, the IC20 of DCA inhibition of AGS and MKN-45 cells was 22.21 mM and 17.56 mM, 
respectively. Therefore, in this experiment, the use of a concentration of 40 mM of DCA with AGS and MKN-45 gastric 
cancer cells for subsequent studies.

3.2 � Effects of DCA on the biological behavior of gastric cancer cells

To explore the effect of PDK inhibitor DCA on the malignant progression of GC cells, we performed EdU assays, which 
showed that ADC reduced the proliferation of GC cells AGS and MKN-45 (Fig. 2A).Transwell migration assay showed 
that ADC decreased the migration of GC cells AGS and MKN-45 (Fig. 2B). The effects of the PDK inhibitor DCA on cell 
cycle and apoptosis were analyzed by flow cytometry. The results showed that inhibition of PDK in AGS and MKN-45 
cells increased the number of cells in the G1 phase compared with the respective negative controls (Fig. 2C). Mean-
while, inhibition of PDK enhanced the apoptosis rate of GC cells NKN-45 and AGS cells (Fig. 2D). These results clearly 
indicated that high expression of PDK promoted the malignant biological behavior of GC cells.
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3.3 � DCA affects PDK‑mediated glycolysis

The PDK1 co-expressed genes are shown in Fig. 3A, in which CDIPT and UBE2J1 showed strong correlation with PDK1 
expression (r = − 4.520E-01, 4.571e-01, P = 2.771e-22, 8.217e-19, respectively). As shown in Fig. 3C, the GO biologi-
cal processes of PDK1 co-expressed genes were mainly enriched in ribonucleic acid localization, ncRNA processing, 
cell cycle checkpoints, double-stranded DNA break repair, etc.; GO cellular components were mainly enriched in 
ribosomes and DNA damage sites, etc.; GO molecular functions were enriched in deconjugating enzyme activities, 
catalytic activities, etc.; and KEGG pathway analyses showed that these genes were mainly associated with RNA 
transport, aminoacyl-tRNA biosynthesis, cell cycle, homologous recombination, RNA degradation and so on. Taken 
together, PDK1 expression may play an important role in gastric cancer development by regulating nucleotide forma-
tion, cell cycle regulation and DNA double-strand break repair. In the STRING database, the target protein PDK1 was 
searched and the protein interaction network was shown in Fig. 3B. In the network, pyruvate dehydrogenase kinase 
isozyme 2(PDK2), pyruvate dehydrogenase kinase isozyme 3(PDK3), pyruvate dehydrogenase X component(PDHX), 
pyruvate dehydrogenase A1(PDHA1), pyruvate dehydrogenase A2(PDHA2), pyruvate dehydrogenase B(PDHB), dihy-
drolipoamide dehydrogenase(DLD), lactate dehydrogenase A(LDHA) and hypoxia-inducible factor 1α(HIF1A) are 
closely related to PDK1.

Our group has been eager to explore whether metabolic alterations in gastric cancer affect radiotherapy resist-
ance, so we investigated the effect of the PDK inhibitor DCA on glycolysis in gastric cancer. AGS and MKN-45 cells 
were treated with 20 and 40 mM DCA, respectively, and the results showed that DCA inhibited lactate production, 
and the difference between the groups was statistically significant (P < 0.05). However, there was no significant dif-
ference between the interventions in the radiation alone and DCA alone groups (Fig. 3D).The reduction of lactate 

Fig. 1   Expression of PDK1 in gastric cancer tissues and cells. A IHC plots of PDK1 in paracancerous and cancerous tissues of gastric cancer. 
B The IHC staining intensity was converted to the corresponding H-Score value, and the larger value indicated the stronger intensity of the 
integrated positive staining. C Survival curves of GC patients with high/low expression of PDK1 were plotted using the Kaplan–Meier and 
Mantel-Cox tests. D RT-PCR was performed to detect PDK1 expression in the gastric cancer cells and gastric mucosal epithelial cells. E, F. 
CCK8 was used to detect the inhibitory effect of DCA on the proliferation of gastric cancer cells. *P < 0.05, **P < 0.01, ***P < 0.001
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production in the 4 Gy combined with 20 mM DCA group compared with the lactate content in the 4 Gy radiation 
treatment alone group was considered to be related to the inhibition of lactate production by DCA. Therefore, PDK 
inhibitor DCA inhibited lactate production and radiation did not affect lactate production, which was consistent with 
the group’s pre-prediction. The above experiments further confirmed that DCA could inhibit glucose metabolism in 
gastric cancer cells, and this regulatory mechanism was not affected by radiation.

3.4 � Effect of DCA on colony formation in irradiated gastric cancer cells

In order to test whether the PDK inhibitor DCA has a radiosensitizing effect on gastric cancer cells AGS and MKN-45, 
20 mM DCA was selected to intervene in gastric cancer cells AGS and MKN-45 according to the concentrations of IC20 
(22.21 mM) for AGS and IC20 (17.56 mM) for MKN-45. Cell clone formation assay was used, which was analyzed by the 
multi-targeted single-hit model (SF = 1-(1-Exp(-D/D0))^N) was analyzed, where Dq = D0*loge(N). The mean lethal dose 
D0, the shoulder region of the survival curve Dq and the sensitization ratio (SER) were calculated by GraphPad Prism 9.5 
software. Survival fraction at 2 Gy (SF2) is an indicator of cellular radiosensitivity to radiation [17]. SF2 ranges from 0 to 1, 
with lower SF2 indicating higher radiosensitivity. We fitted survival curves and tabulated radiobiological parameters using 
a multi-target single-hit model based on the results of cell clone formation by DCA inhibition of AGS, MKN-45 (Fig. 4A, 

Fig. 2   Effect of DCA on biological behavior of gastric cancer cells. A Cell proliferation detection by Edu assay (10x). B Cell migration explora-
tion by Transwell assay (10x). C Proportion of cells in G1, S and G2 phases was detected by FACS analysis. D Apoptosis rate of gastric cancer 
cells after ADC treatment was detected by FACS analysis. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 3   Effect of DCA on glucose metabolism in gastric cancer cells. A PDK1 enrichment analysis of volcanoes and highly closely related 
genes; B Protein interaction network analysis of PDK1 showed that PDK1 was associated with numerous glycolytic enzymes. C PDK1 co-
expression gene enrichment analysis showed that gastric cancer PDK1 was associated with processes such as nucleotide metabolism and 
DNA repair (GO bioprocesses, GO cellular components, GO molecular functions, and KEGG functional analysis). D Effects of DCA and radia-
tion on lactate content of gastric cancer cells. *P < 0.05, **P < 0.01, ***P < 0.001, ns for P > 0.05
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B, C). Compared with the cells in the AGS alone radiation group, the cells in the radiation combined with 20 mM DCA 
group showed reduced clone formation ability and a significant decrease in cell proliferation with an SER of 1.38. In the 
MKN-45 cells, the cells in both the radiation alone group and the radiation combined with 20 mM DCA group showed 
a reduction in the clone formation ability and a decrease in the cell proliferation with an SER of 1.43. The results of the 
above experiments indicated that the PDK inhibitor DCA enhanced the radiosensitivity of gastric cancer cells and had 
a sensitizing effect of radiotherapy.

3.5 � Effect of DCA on gamma‑H2AX production in irradiated gastric cancer cells

DNA double-strand breaks are an important form of cellular damage by radiation, and DNA double-strand breaks induce 
the formation of γ-H2AX, which is one of the markers of DNA double-strand breaks [18]. In this study, protein immu-
noblotting was utilized to measure the protein levels of γ-H2AX after radiation (4 Gy), DCA (40 mM) intervention and 
combined intervention. Figure 4D, E, In AGS and MKN-45 cells, a statistically significant increase in γ-H2AX abundance 
was observed after radiation alone and radiation combined with DCA intervention (P < 0.001). Based on these results, the 
combined radiation and DCA intervention significantly increased γ-H2AX production and DNA double-strand damage, 
confirming that DCA has a radiosensitizing effect.

3.6 � Effects of DCA on ROS production in irradiated gastric cancer cells

Since DCA increases oxidative stress by prompting pyruvate to enter the mitochondria and increases the activity of 
the electron transport chain, which results in the generation of more ROS, this may be the basis for the sensitization of 
DCA radiotherapy. In this study, we used the PDK inhibitor DCA combined with radiation to intervene in gastric cancer 
cells, and then the fluorescence intensity of ROS was measured by fluorescence enzyme labeling, which showed that 
the generation of ROS was significantly increased in the DCA combined with radiation group compared with the other 
groups (P < 0.001, Fig. 4F). Subsequently, using a fluorescence microscope, intracellular ROS levels were observed after 
the addition of the fluorescent probe DCFH-DA to the cells in each group. 40 mM DCA combined with 4 Gy radiation 
revealed that the intensity of green fluorescence in AGS and MKN-45 cells was significantly stronger than that in the blank 
control group (Fig. 4G). The above experimental results indicated that the combined intervention of radiation and DCA 
elevated the ROS level in gastric cancer cells, and DCA increased ROS generation by increasing oxidative phosphorylation.

4 � Discussion

Previous studies have shown that PDK1 is highly expressed in many cancers, such as head and neck squamous carcinoma, 
gastric carcinoma, intestinal carcinoma, ovarian carcinoma, and breast carcinoma [19]. In this experiment, we showed 
that PDK1 expression was increased in gastric cancer tissues and cells by pathological tissue microarray and fluorescence 
quantitative PCR analysis, and it was consistent with the results of bioinformatics analysis mentioned above. In addition, 
immunohistochemistry of gastric cancer tissues obtained from patients who underwent radical resection revealed that 
high PDK-1 expression was one of the biomarkers of poor prognosis for patients treated with 5-fluorouracil [20]. Our 
survival analysis also reconfirmed that high PDK-1 expression may be a biomarker of poor prognosis in gastric cancer 
patients.

DCA is a pyruvate mimetic that competes with pyruvate for the binding of PDK.DCA was initially used in the clinical 
treatment of lactic acidosis [21].Inhibition of PDK by DCA facilitates the entry of pyruvate into the tricarboxylic acid cycle 
and shifts metabolism from glycolysis to oxidative phosphorylation [22]. This metabolic “normalization” increased mito-
chondrial respiration and reactive oxygen species production, inhibited the proliferation of ovarian cancer cells [23] and 
hepatocellular carcinoma cells [24], and induced apoptosis. In the present study, we showed by CCK8 assay that the PDK 
inhibitor DCA inhibited the proliferation of GC cells in a dose- and time-dependent manner. It was shown by Transwell 
assay that PDK inhibitor DCA inhibited the migration of gastric cancer cells. It was shown by flow cytometry experiments 
that PDK inhibitor DCA increased the number of GC cells in G1 phase and simultaneously increased the apoptosis rate 
of GC cells. Our results suggest that high expression of PDK promotes the malignant biological behavior of GC cells.

PDK1 was associated with DNA double-strand break repair by enrichment analysis of PDK1. In this study, we explored 
the effects of ionizing radiation synergizing PDK on in vitro cultured GC cells. Ionizing radiation produces lethal effects 
on cells mainly through ionization of cellular biomolecules. Ionizing radiation effects include direct damage to cellular 
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DNA, indirect damage by radiolysis of water molecules leading to free radicals and ROS production, and oxidative stress 
by secondary damage to subcellular structures and biomolecules [25]. Ionizing radiation can lead to DNA double-strand 
breaks and consequently γ-H2AX accumulates at the site of DNA double-strand breaks [26]. Therefore, γ-H2AX can be 
used as a biological dosage tool for radiation sensitivity. As shown by cell clone formation assay and protein blotting 
assay, the PDK inhibitor DCA combined with radiation intervention in gastric cancer cells significantly inhibited cell pro-
liferation and promoted the formation of γ-H2AX, indicating that DCA was able to produce radiosensitization.

A large number of previous studies have confirmed that glucose is aerobically glycolysed in tumor cells to produce 
lactate. DCA inhibits glycolysis by activating the mitochondrial pyruvate dehydrogenase complex, while reducing lactate 
production [27]. Measurement of lactate concentration in primary tumors can be used as a basis for metabolic classifica-
tion, and targeting lactate metabolism may also improve cancer prognosis and treatment [28]. In this study, we measured 
the concentration of lactate in the supernatant of gastric cancer cells to investigate the relationship between glucose 
metabolism and radiation effects. The results showed that the PDK inhibitor DCA inhibited lactate production in gastric 
cancer cells, while the changes in lactate production were not significant after radiation intervention in gastric cancer 
cells. We have noted that radiation exposure typically upregulates LDHA via HIF-1 and enhances lactate production. 
However, significant upregulation of LDHA in the irradiated group was not observed in the data from this study, which 
may be related to the following factors: 1. Differences in experimental time windows: The detection time point post-
radiation (24 h) in this study may be later than the typical peak of HIF-1 activation (usually 4–12 h), leading to feedback 
inhibition; 2. Cell type specificity: The primary gastric cancer cells used in this experiment exhibited low expression levels 
of HIF-1 under normoxic conditions, which may also result in blunted HIF-1 responsiveness to radiation due to meta-
bolic reprogramming and other factors. Previous studies have suggested that higher lactate accumulation in malignant 
tumors may predict radiation resistance [29]. However, it has also been shown that there is no correlation between the 
rate of lactate production in single cells in vitro and lactate concentration in vivo. This may be due to the different rates 
of lactate production in vivo and in vitro [30]. In addition, it is possible that the tumor microenvironment may also affect 
the in vivo lactate concentration [30].

Ionizing radiation can not only damage DNA directly, but also induce DNA damage indirectly by increasing ROS pro-
duction [31]. Ionizing radiation can increase ROS production by inducing extracellular water radiolysis or mitochondrial 
damage [32]. Previous studies have shown that the PDK inhibitor DCA reduces tumor cell proliferation and promotes 
sensitization of breast cancer cells to radiotherapy by inducing ROS [4]. DCA enhances mitochondrial oxidative metabo-
lism by inhibiting PDK, theoretically indirectly inducing DNA damage through ROS. However, a significant increase in 
γ-H2AX was not observed in this study, which may be related to the following factors: 1. The 24-h DCA treatment may not 
have been sufficient to accumulate adequate ROS, and the oxidative stress induced by DCA may have been effectively 
buffered by the cellular antioxidant system; 2. It may be due to complex interactions among other signaling pathways 
activated or inhibited by DCA. In the present study, it was found that the combination of DCA and radiation was able to 
significantly increase ROS levels. Therefore, the group speculated to consider that the PDK inhibitor DCA may promote 
gastric cancer cell sensitization to radiotherapy by increasing ROS production.

The tumor microenvironment (TME) is a highly complex and dynamic ecosystem composed of immune cells, stromal 
cells, and the extracellular matrix (ECM), which interact intricately to regulate cancer progression and the response to 
therapy. Immune cells, such as tumor-associated macrophages (TAMs) and T cells, can either promote or inhibit tumor 
growth. Stromal cells, including cancer-associated fibroblasts (CAFs), secrete various growth factors and cytokines that 
facilitate tumor progression. Additionally, the ECM provides structural support for tumor cell migration and invasion. 
Recent studies have underscored the critical role of the TME in tumor biology and therapeutic responsiveness. For exam-
ple, research by Lui et al. has demonstrated promising strategies to reverse T-cell exhaustion and enhance antitumor 
immunity in non-small cell lung cancer (NSCLC) [33]. However, the immunosuppressive nature of the TME—characterized 
by elevated levels of inhibitory cytokines, immunosuppressive immune cell subsets, and upregulated immune checkpoint 
receptors—contributes significantly to T-cell dysfunction, thereby impairing effective antitumor responses. Moreover, a 
study by Xu et al. identified fibronectin type III domain-containing protein 4 (FNDC4) as a secreted protein with extracellu-
lar structural domains functionally resembling components of the ECM [34]. FNDC4 has emerged as a potential prognostic 

Fig. 4   Effect of DCA on the sensitivity of gastric cancer cells to radiotherapy. A, B DCA co-radiation intervention to explore the survival of 
gastric cancer cells and fit the cell dose survival curves; C Inhibition of PDK expression to generate the radiobiological parameter table of 
AGS, MKN-45 in gastric cancer cells. D, E The effect of DCA co-radiation on the production of γ-H2AX in gastric cancer cells. F Fluorescence 
zymography to detect the effect of DCA co-radiation on the ROS content of gastric cancer cells. G Fluorescent probe method to observe the 
effect of DCA co-radiation on ROS content of gastric cancer cells (10x). *P < 0.05, **P < 0.01, ***P < 0.001, ns for P > 0.05
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biomarker and predictor of immunotherapy response in lung adenocarcinoma. PDKs, particularly through their pivotal 
role in metabolic reprogramming, have been shown to enhance the reliance of tumor cells on glycolysis. This metabolic 
shift not only supports tumor cell survival under hypoxic conditions typically found in the TME but also modulates the 
functional state of immune cells within the microenvironment. For instance, elevated expression of PDKs in TAMs drives 
their polarization toward the immunosuppressive M2 phenotype, thereby promoting immune evasion within the TME. 
Additionally, accumulating evidence suggests that pharmacological inhibition of PDKs can reverse T-cell exhaustion, 
restore cytotoxic function, and potentially improve the efficacy of immune checkpoint inhibitors (ICIs).Therefore, PDKs 
are not only key regulators of tumor metabolic reprogramming but are increasingly recognized as central modulators 
of immune activity within the TME. Elucidating the mechanistic roles of PDKs in shaping the immune landscape of the 
TME may offer novel insights and therapeutic opportunities for the development of combined metabolic-immunologic 
cancer therapies.

Several difficulties and challenges remain for the future clinical translation of DCA. At pharmacologically achievable 
doses, the PDK inhibitor DCA acts synergistically with antitumor agents such as 5-fluorouracil, cisplatin, and sorafenib 
[35–37]. Inhibiting glycolytic energy sources and forcing tumor cells to use mitochondrial sources induces more ROS 
generation and activates cell death signaling. However, DCA binds weakly to PDK due to the fact that some tumor cells 
silence the proteins that transport DCA through epigenetic mechanisms, so DCA requires higher doses to exert its phar-
macological effects [38]. In addition, prolonged use of DCA can cause hepatic injury through inhibition of glutathione 
transferase and oxidative damage to nerves, leading to peripheral neuropathy [39]. Since this study was limited to raw 
letter analysis and in vitro studies, subsequent use of animal experimental models is needed to further verify the sen-
sitizing effect of the PDK inhibitor DCA on radiotherapy for gastric cancer. In addition, the structural modification and 
optimization of DCA to increase the affinity between DCA and PDK and to reduce the toxicity of DCA are also directions 
for future research.

5 � Conclusion

The PDK inhibitor DCA inhibits the malignant progression of gastric cancer cells and modulates the radiotherapy resist-
ance of gastric cancer cells, which provides a new idea for sensitization to radiotherapy in gastric cancer.
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