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Background: Metabolic reprogramming is a characteristic of tumor cells and is considered a 

potential therapeutic target. Even under aerobic conditions, tumor cells use glycolysis to produce 

energy, a phenomenon called the “Warburg effect”. Pyruvate dehydrogenase kinase 1 (PDK1) 

is a key factor linking glycolysis and the tricarboxylic acid cycle. Dichloroacetic acid (DCA) 

reverses the Warburg effect by inhibition of PDK1 to switch cytoplasmic glucose metabolism 

to mitochondrial oxidative phosphorylation (OXPHOS).

Methods: Cell viability was examined using a standard MTT assay. Glucose consumption and 

l-lactate production were measured using commercial colorimetric kits, and intracellular lactate 

dehydrogenase (LDH) activity was evaluated using cell lysates and an LDH Quantification Kit. 

Real-time PCR was used to detect the expression of related genes. The production of total ROS 

was evaluated by staining with dichlorofluorescin diacetate.

Results: Comparison of various aspects of glucose metabolism, such as expression of key 

enzymes in glycolysis, lactate production, glucose consumption, mitochondrial oxygen consump-

tion rate, and citric acid production, revealed that A2780/DDP cells were primarily dependent 

on glycolysis whereas A2780 cells were primarily dependent on mitochondrial OXPHOS. 

Mitochondrial uncoupling protein 2 (UCP2) protects against mitochondrial ROS while allowing 

energy metabolism to switch to glycolysis. Treatment of A2780 cells with various concentra-

tions of DCA resulted in decreased expression of UCP2, a metabolic switch from glycolysis 

to mitochondrial OXPHOS, and an increase in oxidative stress induced by ROS. These effects 

were not observed in A2780/DDP cells with higher UCP2 expression suggesting that UCP2 

might induce changes in mitochondrial functions that result in different sensitivities to DCA.

Conclusion: Our results show that a drug targeting tumor metabolic changes affects almost 

the entire process of glucose metabolism. Thus, it is necessary to comprehensively determine 

tumor metabolic functions to facilitate individualized antitumor therapy.

Keywords: DCA, glycolysis, mitochondrial function, glucose, metabolism

Introduction
Various tumor cell types, including ovarian cancer cells, have aerobic glycolysis 

properties and rely on glycolysis to produce ATP even under aerobic conditions. 

Furthermore, these cells showed decreased mitochondrial oxidative phosphorylation 

(OXPHOS) functions. This metabolic remodeling of tumor cells is called the “Warburg 

effect”.1,2 Studies suggest that glucose metabolism remodeling in tumor cells is char-

acterized by enhanced glucose uptake and lactate production and that high rates of 

glycolysis are associated with drug resistance.3 However, some studies showed that 

tumor cells with complete mitochondrial function also exhibit the Warburg effect.4,5 
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Therefore, when glucose metabolism in tumor cells is con-

sidered as a therapeutic target, changes in mitochondrial 

metabolism-related molecules should be considered in addi-

tion to tumor-cell-specific aerobic glycolysis.

Pyruvate dehydrogenase kinase (PDK) 1 is a key factor 

in the connection between glycolysis and mitochondrial 

OXPHOS and is highly expressed in most tumor cells.5,6 

Tumor cells with high expression of PDK1 have anti-

apoptotic activity.7,8 PDK1 phosphorylates pyruvate dehydro-

genase (PDH) to inhibit its activity, thus reducing available 

pyruvate for mitochondrial metabolism.9 Dichloroacetic 

acid (DCA) is a small-molecule inhibitor of PDK that shifts 

cell metabolism from glycolysis to mitochondrial glucose 

oxidation by inhibition of PDK, resulting in increased 

phosphorylation byproducts such as ROS and cytotoxic 

effects. Some studies showed that DCA could be a potent 

drug for cancer treatment. DCA activates apoptosis via the 

mitochondrial pathway.7,10,11 However, there are differences 

in the sensitivities of tumor cells to DCA. When considering 

the effects of DCA, although PDK1 is the main target, as 

an inhibitor of the Warburg effect it reverses the metabolic 

phenotype of tumor cells, which is related to activation of 

mitochondrial functions. Ruggieri et al reported that DCA 

has no significant cytotoxic effect on PE15 cells with more 

efficient mitochondrial OXPHOS,7 whereas Chaudhary et al 

showed that DCA does not restore apoptosis via the mito-

chondrial pathway in PCa cells with stronger mitochondrial 

dysfunctions.12 Investigating the relationship between the 

effect of DCA on mitochondrial OXPHOS and the sensitivity 

of tumor cells may further improve therapeutic strategies for 

tumors using glucose metabolism as a target.

Mitochondrial uncoupling protein 2 (UCP2) is a mito-

chondrial membrane protein that is highly expressed in a 

variety of tumor cell types and is capable of uncoupling 

mitochondrial respiration and protecting against ROS by 

reducing mitochondrial respiration.13,14 Recent studies have 

shown that activation of UCP2 mediates the switch in energy 

metabolism from mitochondrial OXPHOS to glycolysis.15 

Citrate serves as a substrate and intermediate for the tri-

carboxylic acid (TCA) cycle and plays an important role 

in regulating cell metabolism. It suppresses glycolysis by 

inhibiting phosphofructokinase and can be a key mediator to 

balance glycolysis and OXPHOS.16 Tumor cells with defec-

tive mitochondrial respiration have a low level of citric acid, 

which is conducive to maintaining the Warburg effect, thus 

citric acid is a marker of mitochondrial respiration loss.17 

Therefore, the effect of PDK1 inhibition on mitochondrial 

UCP2 may explain the relationship between glucose metabo-

lism and traditional oxidative stress.

In this study, we analyzed differences in the glucose 

metabolism phenotypes of cisplatin-sensitive human ovarian 

cancer cells A2780 and their cisplatin-resistant clones A2780/

DDP, and determined the relationship between the metabolic 

phenotype and drug sensitivity. DCA was also used to inter-

fere with the glucose metabolism of tumor cells, followed by 

detection of oxidative stress induced by mitochondrial ROS. 

This study aimed to clarify the mechanism by which DCA 

increases cellular sensitivity to drugs and provide insights 

into individualized clinical treatment.

Materials and methods
cell culture
Cisplatin-sensitive human ovarian cancer cell lines A2780 

and their cisplatin-resistant clones A280/DDP were obtained 

from the Cell Bank of the Institute of Biochemistry and 

Cell Biology (Shanghai, China). Cells were cultured in 

RPMI-1640 (Thermo Fisher Scientific, Carlsbad, CA, USA), 

supplemented with 10% FBS (HyClone, Logan, UT, USA) 

in a 5% CO
2
 humidified circumstance at 37°C.

reagents and antibodies
MTT was purchased from Sigma-Aldrich (St Louis, MO, 

USA). Anti-caspase-3 (1:1,000), anti-poly (ADP)-ribose poly-

merase (PARP) (1:2,000), anti-Bcl-2 (1:1,000), and anti-Bax 

(1:1,000) antibodies were from Santa Cruz Biotechnology 

(Santa Cruz, CA, USA); anti-PDK1, anti-PDH (1:1,000), 

anti-p-PDH (1:500), and anti-UCP2 (1:1,000) antibodies 

were from Abcam Biotechnology (Cambridge, MA, USA). 

Mouse monoclonal anti-β-actin (1:2,000) and horseradish 

peroxidase-conjugated secondary antibodies (1:5,000) were 

from Proteintech (Chicago, IL, USA). MitoSOX Red mito-

chondrial superoxide indicator was purchased from Invitro-

gen (Carlsbad, CA, USA). Radioimmunoprecipitation assay 

(RIPA) lysis buffer was from Beyotime (Shanghai, China). 

Annexin V Apoptosis Detection Kit II (San Diego, CA, USA) 

was purchased from BD Biosciences. JC-1 was purchased from 

Beyotime Biotechnology (Shanghai, China). LDH Quantifica-

tion Kit was purchased from JianchengBio (Nanjing, China). 

The glucose assay kit was from RsBio (Shanghai, China) and 

the l-lactate kit was from Jiancheng Bio (Nanjing, China).

glycolysis inhibitors
Sodium oxamate and DCA were purchased from Sigma-

Aldrich and dissolved in water and PBS, respectively.
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cell viability assay
In vitro, cell viability was examined using a standard MTT 

assay. Cells were seeded in 96-well plates at 8,000 cells/well 

in 100 µL medium, incubated overnight, and then treated with 

different concentrations of DCA for 24 hours. At the end of 

treatment, 10 µL of 10 mg/mL MTT reagent in PBS was 

added for 4 hours and the resultant formazan crystals were 

dissolved in 150 µL dimethyl sulfoxide. After shaking for 

5 minutes, the OD at 570 nm was recorded by a plate reader. 

Each sample was tested in triplicate. Then, we calculated the 

IC50 of DCA in A2780 cells and chose the concentration of 

IC50 and a lower concentration to treat A2780 and A2780/

DDP cells for experiment.

analysis of glycolysis
After cell attachment, the medium was replaced with fresh 

medium with or without 40 or 80 mM DCA, and the cells 

were allowed to grow for 24 hours. Glucose consumption 

and l-lactate production were measured using commercial 

colorimetric kits according to the manufacturer’s protocol. 

Metabolite consumption and production values were normal-

ized to the corresponding total amount of protein in each 

sample as determined by the Bio-Rad protein assay (Bio-Rad, 

Hercules, CA, USA).

analysis of lactate dehydrogenase (lDh)
Intracellular LDH activity was evaluated using cell lysates 

and an LDH Quantification Kit, according to the manufac-

turer’s instructions.

rna extraction, cDna synthesis, and 
real-time Pcr
Total RNA was extracted using TRIzol reagent protocol 

(Life Technologies), and RNA was quantitated by spec-

trophotometry at 260 nm using a NanoDrop ND-1000 

(NanoDrop Technologies, Wilmington, DE, USA). Then 

cDNA synthesis was performed using the SuperScript 

First-Strand Synthesis System for real-time PCR (Thermo 

Fisher Scientific, Waltham, MA, USA), according to the 

manufacturer’s protocol. Quantitative PCR analyses for 

LDHA and HK2 were performed using Assay-on-Demand 

primers and TaqMan Universal PCR Master Mix reagent 

(TransGen Biotech, China). Samples were analyzed using 

an FX96™ Real-Time PCR Detection System (Bio-Rad). 

The ΔΔCT method was used to quantify relative changes in 

gene expression as described previously. Expression levels 

of β-actin were used to normalize the relative expression 

levels. Each sample was tested at least three times. Primers 

used for PCR were as follows:

LDHA, Forward: 5′-TTCCAGTGTGCCTGTATGGA-3′,
Reverse: 5′-ACCACCTGCTTGTGAACCTC-3′;
HK2, Forward: 5′-GAGCCACCACTCACCCTACT-3′,
Reverse: 5′-CCAGGCATTCGGCAATGTG-3′.
The protocol of real-time PCR were as follows: 1) 94°C 

for10 minutes, 2) 94°C for 1 minute, 3) 60°C for 30 seconds, 

4) 72°C for 1 minute, 5) repeat the steps 1–4, 6) 72°C for 

10 minutes, and 7) 4°C forever.

citric acid assay
Citric acid was measured using a Citric Acid Quantification 

Kit (Jiancheng Bio) according to the manufacturer’s protocol.

immunoblotting
After drug treatment for 24 hours, cells were harvested, 

washed with cold PBS, and incubated in RIPA lysis buffer 

for 40 minutes at 4°C to isolate total proteins. Proteins in 

each sample were quantitated with the Bio-Rad protein assay. 

The separated proteins were transferred to a polyvinylidene 

fluoride membrane (Roche, Basel, Switzerland), which was 

incubated with a primary antibody at 4°C overnight and then 

with secondary antibody at room temperature for 2 hours. 

Protein bands were visualized using Pierce ECL Western 

Blot Substrate (Thermo Fisher Scientific).

Flow cytometry
Cells were exposed to 40 or 80 mM DCA for 24 hours, tryp-

sinized, and stained with annexin V–FITC and propidium 

iodide (PI, Annexin V Apoptosis Detection Kit; BestBio, 

Shanghai, China) to measure cellular apoptosis. MitoSOX™ 

Red Mitochondrial Superoxide Indicator was used to detect 

mitochondrial ROS levels. Analysis was performed using a 

BD Accuri C6 flow cytometer (Becton Dickinson, Franklin 

Lakes, NJ, USA).

Oxygen consumption rate analysis
Cells (8×104 cells/well) were seeded in 96-well plates and incu-

bated overnight to allow adhesion. The following day, various 

concentrations of DCA were added to the cells. Each treatment 

was performed in triplicate. The oxygen consumption rate 

(OCR) was measured using the oxygen-sensitive fluorescent 

probe Mito-Xpress (Luxcel Bioscience, Cork, Ireland).

Fluorescence staining
The production of total ROS was evaluated by staining with 

dichlorofluorescin diacetate. Cells were incubated with 
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10 mM dichlorofluorescin diacetate for 30 minutes at 37°C. 

After washing with PBS, the samples were observed under 

an IX71 fluorescence microscope (Olympus, Japan).

short hairpin rna targeting PDK1
Short hairpins that targeted PDK1 (shPDK1) were obtained 

from Validated SuperSilencing shRNA of GenePharma 

Company. Cells were selected in puromycin (2 mg/mL) for 

3 days and then expanded for 1–2 weeks before analysis. 

Hairpin TRC clone ID was TRCN0000006261 and the target 

sequence for shPDK was GCTCTGTCAACAGACTCAATA.

statistical analysis
Data are expressed as the mean ± SD. Statistical significance 

between two groups was calculated using Student’s t-test and 

among different groups was assessed using one-way ANOVA 

with Least Significant Difference post hoc test in SPSS 16.0 

software. A value of P,0.05 was considered to be significant. 

All experiments were repeated at least three times.

Results
Dca decreases cell viability and induces 
cell death of cisplatin-sensitive a2780 
cells compared with cisplatin-resistant 
a2780/DDP cells
We first investigated whether DCA suppressed the viability 

of ovarian cancer cells and induced apoptosis. In our previ-

ous experiment, we chose different concentration of DCA to 

treat cisplatin-sensitive A2780 cells and cisplatin-resistant 

A2780/DDP cells for 24 hours. Two cells showed different 

drug sensitivities. IC50 of DCA in A2780 cells is 81.03 mM 

(Figure 1A). According to the MTT result, we used 40 mM 

β

Figure 1 Dca decreases a2780 cell survival and induces apoptosis compared with a2780/DDP cells.
Notes: (A) cisplatin-sensitive human ovarian cancer cells a2780 and their cisplatin-resistant clones a2780/DDP were treated with Dca at 0, 20, 40, 80, and 160 mM for 
24 hours and then analyzed by MTT assay. (B) a2780 and a2780/DDP cells were treated with Dca at the indicated doses for 24 hours followed by annexin V/Pi staining. 
(C) Total cell death was quantified by flow cytometric analysis. (D) a2780 and a2780/DDP cells were treated with the indicated doses of Dca for 24 hours. equal amounts 
of protein were subjected to Western blotting to determine the levels of the indicated proteins. Data are presented as mean ± se, n=3. *P,0.05 compared with respective 
controls.
Abbreviations: Dca, dichloroacetic acid; Pi, propidium iodide.
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and 80 mM DCA for subsequent experiments. The cells were 

treated with 80 mM DCA for 24 hours and then subjected to 

annexin V/PI staining. Apoptosis was induced in A2780 cells, 

but no significant cytotoxicity was observed in A2780/DDP 

cells (Figure 1B and C). To further investigate the mecha-

nism of cell death induced by DCA, levels of caspase-3, 

PARP, Bcl-2, and Bax were analyzed. A2780 cells showed 

significant increases in cleaved caspase-3, Bax, and cleaved 

PARP, and decreased Bcl-2 after DCA treatment compared 

with A2780/DDP cells (Figure 1D).

a2780/DDP cells have higher levels 
of glycolysis and lower mitochondrial 
functions compared with a2780 cells
We next investigated glucose consumption (Figure 2A), 

lactate production (Figure 2B), and LDH activity (Figure 2C) 

Figure 2 analysis of glycolysis and mitochondrial functions in a2780 and a2780/DDP cells.
Notes: (A) consumption of glucose, (B) production of lactic acid, and (C) lDh activity were measured after incubation under basal conditions. (D) equal amounts of 
protein were subjected to Western blotting to determine the levels of the indicated proteins in a2780 and a2780/DDP cells. (E, F) Total rna was isolated from a2780 
and a2780/DDP cells to quantify mrna expression of lDha and hK2. (G) Ocr, (H) mitochondrial citrate, (I) mitochondrial rOs, and (J) mitochondrial potential were 
measured in a2780 and a2780/DDP cells after incubation under basal conditions (data were normalized to protein concentrations). Data are presented as mean ± se, n=3. 
*P,0.05, **P,0.01 compared with a2780 cells.
Abbreviations: lDh, lactate dehydrogenase; Ocr, oxygen consumption rate; PDh, pyruvate dehydro genase.

β
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of the two ovarian cancer cell lines. The results showed that 

A2780/DDP cells had a higher level of glucose consumption, 

lactate production, and LDH activity compared with A2780 

cells. Next, we examined the expression levels of genes encod-

ing glycolysis-related enzymes. Expression of LDHA (lactate 

dehydrogenase A) and hexokinase 2 (HK2) was higher in 

A2780/DDP cells than A2780 cells (Figure 2E and F). The 

protein expression of glucose transporter type 4 (GLUT4), 

HK2, PDK1, p-PDH/PDH, and UCP2 was also higher in 

A2780/DDP cells (Figure 2D). To evaluate differences in 

mitochondrial functions between the two ovarian cancer 

cell lines, we examined the OCR, citrate production, and 

mitochondrial ROS (Figure 2G–I). The OCR represents the 

OXPHOS level. Compared with A2780 cells, A2780/DDP 

cells had lower OCR, mitochondrial ROS, and citrate produc-

tion, suggesting that A2780/DDP cells were more dependent 

on glycolysis whereas A2780 cells used both glycolysis 

and mitochondrial OXPHOS. In addition, we detected the 

mitochondrial potential of A2780 cells and A2780/DDP 

cells. The results showed that the mitochondrial potential of 

A2780/DDP cells was higher than A2780 cells (Figure 2J).

Dca inhibits glycolysis in a2780 cells 
compared with a2780/DDP cells
To understand the modulating effect of DCA on glycolysis, 

we examined glucose consumption and lactate production 

after treatment with 40 mM DCA. Both A2780 and A2780/

DDP cells had decreased lactate production (Figure 3A and B) 
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but only A2780 cells had decreased glucose consumption; 

DCA did not affect glucose consumption in A2780/DDP 

cells. The activity of the glycolysis-related enzyme LDH was 

also reduced in A2780 and A2780/DDP cells (Figure 3C). 

Western blot analysis further demonstrated decreased expres-

sion of p-PDH/PDH proteins in both A2780 and A2780/ 

DDP cells but to a greater extent in A2780 cells (Figure 3D).

Dca restores mitochondrial functions in 
a2780 cells compared with a2780/DDP 
cells
DCA has the ability to restore OXPHOS, which induces ROS 

production and activates mitochondrial caspase functions. 

To assess changes in mitochondrial functions in response 

to DCA, we first examined changes in mitochondrial citrate 

and OCR after treatment with DCA (Figure 4A and B). Next, 

we examined the levels of mitochondrial ROS and overall 

ROS. DCA increased ROS production in A2780 cells, but 

there were no remarkable changes in A2780/DDP cells 

(Figure 4C and E). To analyze the mechanism of increased 

ROS production, we measured the expression of UCP2 and 

found that DCA inhibited UCP2 expression in A2780 cells 

compared with A2780/DDP cells (Figure 4D). This result 

suggested that the increased ROS levels might be due to 

decreased expression of UCP2 induced by DCA treatment.

gene silencing of PDK1 increases cellular 
sensitivity to Dca in a2780/DDP cells
To further verify whether PDK1 expression is related to the 

low sensitivity of A2780/DDP cells to therapeutic agents, we 

silenced the PDK1 gene in A2780 and A2780/DDP cells. The 

survival rate of both ovarian cancer cell lines decreased, but 

that of A2780 cells decreased more significantly (Figure 5A). 

In addition, after PDK1 gene silencing the expression of 

UCP2 protein in A2780 cells decreased significantly but there 

was no significant change in A2780/DDP cells (Figure 5B).

Discussion
DCA has been used clinically for .30 years, but the molecu-

lar mechanism of its action is still not completely understood. 

Its effects have been recognized in various cancers, includ-

ing pancreatic, colon, and endometrial cancers.18,19 DCA 

induced cell apoptosis through reactive oxygen species 

induced mitochondria-dependent signals. As well known, 

Figure 4 (Continued)

β
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the mitochondrial-related apoptosis is the major mode of 

apoptosis. Mitochondrial is the most important organelle in 

cells, which controls the synthesis of ATP and OXPHOS. In 

this experiment, we examined its effects on two metabolic 

phenotypes in ovarian cancer cells. The PDK–PDH circuit 

plays an important role in regulating glycolytic and mito-

chondrial OXPHOS energy metabolism, and DCA increases 

PDH activity by inhibiting PDK to switch metabolism from 

glycolysis to mitochondrial respiration.20 However, not all 

cells are sensitive to DCA. Ruggieri et al investigated the 

effects of DCA on three oral squamous cell carcinoma lines, 

HSC-2, HSC-3, and PE5, and found that HSC-2 and HSC-3 

cells are dependent on glycolysis and exhibit deficiencies 

in mitochondrial OXPHOS, resulting in higher sensitivity 

to DCA compared with PE5 cells.7 These results suggest 

that DCA significantly enhances respiratory activity and 

induces apoptosis but has no obvious effect on PE5 cells 

with stronger mitochondrial OXPHOS. In this study, we 

used ovarian cancer cell lines, A2780 and A2780/DDP, and 

evaluated their sensitivity to the metabolic drug DCA. DCA 

at 40 mM significantly inhibited cell viability and induced 

apoptosis of A2780 cells, whereas 80 mM DCA was required 

to significantly inhibit the viability of A2780/DDP cells.  

The metabolism of reprogrammed tumor cells changes to the 

glycolytic phenotype, although not all cancer cells exhibit 

the Warburg effect.21 In analysis of the metabolic phenotype, 

A2780 cells showed both glycolysis and mitochondrial 

OXPHOS, whereas the mitochondrial OXPHOS level of 

A2780/DDP cells was relatively low. Recent studies have 

shown that differences in DCA sensitivity are related to the 

glucose metabolism pattern associated with glycolysis and 

mitochondrial OXPHOS.

In a study of head and neck cancer, Roh et al found that 

the ratio of lactic acid production under normal conditions to 

lactic acid yield after addition of oligomycin is an indicator 

of the level of glycolysis.22,23 They further showed that 

tumor cells with a high glycolytic level were more sensitive 

to DCA. In this study, to investigate whether the different 

DCA sensitivities of A2780 and A2780/DDP cells were 

correlated with the level of glycolysis we first examined 

glycolysis-related indicators in the two ovarian cancer cell 

lines. The glucose uptake of A2780/DDP cells was higher 

than that of A2780 cells, and the expression levels of 

glycolysis-related genes HK2 and LDHA and glycolysis-

related proteins GLUT4 and HK2 were also higher in A2780/

DDP cells. Therefore, we hypothesized that the level of 

Figure 4 Dca increases mitochondrial OXPhOs and rOs production in a2780 cells compared with a2780/DDP cells.
Notes: Mitochondrial citrate (A) and the Ocr (B) were measured in the presence of Dca at the indicated doses for 24 hours. Mitochondrial rOs (C) and overall rOs  
(E) were detected in A2780 and A2780/DDP cells treated with DCA at the indicated doses for 24 hours by measuring fluorescence intensities using fluorescence microscopy 
(×200) or flow cytometry, respectively. (D) expression levels of UcP2 protein in a2780 and a2780/DDP cells after Dca treatment. Data are presented as mean ± se, n=3. 
*P,0.05, **P,0.01 compared with the respective controls.
Abbreviations: Dca, dichloroacetic acid; Ocr, oxygen consumption rate; OXPhOs, oxidative phosphorylation.
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Figure 5 cell viability and expression of UcP2 in a2780 and a2780/DDP cells after gene silencing of PDK1 combined with Dca.
Notes: (A) shPDK1 combined with Dca further decreased the survival rate of a2780 cells, whereas there was no obvious effect in a2780/DDP cells. (B) The expression of 
UcP2 protein in shPDK1 a2780 cells and a2780/DDP cells. Data were expressed relative to the control group. *P,0.05, **P,0.01 compared with the respective controls. 
#P,0.05, a2780/DDP vs a2780.
Abbreviation: Dca, dichloroacetic acid.

glycolysis was higher in A2780/DDP cells. PDK1 plays an 

important role in maintaining the level of glycolysis, and 

the conversion of pyruvate to acetyl CoA by PDH is vital 

to provide a link between glycolysis and the TCA cycle. In 

a study of head and neck cancer cells, Wigfield et al found 

that PDK1 overexpressing SCC-25 cells had high lactic 

acid metabolism and patients with PDK1 overexpression 

had poor prognoses.24 In our study, we also found signifi-

cantly higher lactate production and lactate dehydrogenase 

activity in A2780/DDP cells with high expression of PDK1 

and p-PDH compared with A2780 cells. These observations 

may explain why A2780/DDP cells were not sensitive to 

DCA. We further tested cell viability after gene silencing of 

PDK1. Treatment with shPDK1 combined with DCA further 

decreased the survival rate of A2780 cells; the survival rate 

of A2780/DDP cells also decreased but to a lesser extent. 

Thus, A2780/DDP cells with a higher level of glycolysis 

are less sensitive to DCA.

Studies have shown a relationship between glycolysis 

and tumor drug resistance. However, as the next stage of 

glycolysis, mitochondrial OXPHOS and its relationship 

with tumor cell drug resistance is now attracting attention. 

Pyruvate, the main product of the glycolysis pathway, is con-

verted into lactic acid when oxygen is limited, whereas under 

normoxic conditions pyruvate is directed into mitochondria 

to be converted into acetyl-CoA by PDH, which is the first 

step in the TCA cycle. Acetyl-CoA further produces citric 

acid through the action of citrate synthase.25,26 Citric acid 

is an important metabolite of glycolysis and OXPHOS in 

tumor cells and a major indicator of mitochondrial function.16 

Furthermore, mitochondria regulate ROS production and 

the release of apoptotic factors that activate caspases to 

promote cell death. Through PDK1 inhibition, it is possible 

to restore the aerobic oxidation of glucose by mitochondrial 

respiration. Chaudhary et al reported that prostate cancer cells 

with mitochondrial dysfunction are less sensitive to DCA.12 
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The results of our study also indicated that differences in 

mitochondrial functions of ovarian cancer cells lead to dif-

ferences in DCA sensitivity.

The OCR is a measure of mitochondrial OXPHOS. We 

found that A2780 cells had a relatively high mitochondrial 

OCR whereas the mitochondrial OCR in A2780/DDP cells 

was four times lower, indicating loss of mitochondrial func-

tions in A2780/DDP cells. ROS are a byproduct of OXPHOS 

and are mainly produced by mitochondrial complexes I, II, 

and III.27–29 The mitochondrial ROS level in A2780 cells was 

2.9-fold higher than that in A2780/DDP cells, further indicat-

ing a loss of mitochondrial OXPHOS in A2780/DDP cells. 

In addition, a decline in mitochondrial ROS production can 

lead to apoptosis resistance of tumor cells, providing another 

reason why A2780/DDP cells are not sensitive to DCA.23 

Citrate is a substrate and intermediate product of the TCA 

cycle that can enter the TCA cycle for oxidization or the cyto-

plasm through a transport protein, and is commonly used as an 

indicator of mitochondrial respiratory deficits.30 In our study, 

citrate production in the mitochondria of A2780 cells was 

significantly higher than that in A2780/DDP cells, indicat-

ing stronger mitochondrial respiration. Therefore, compared 

with A2780 cells, A2780/DDP cells have less mitochondrial 

respiration and lower susceptibility to DCA treatment.

UCP2 is a mitochondrial endoprotein that is thought to 

link cell bioenergy and glycolytic/aerobic phenotypes to 

cell division and cancer cell invasion.31 Derdak et al found 

that UCP2 enhances drug resistance in colon cancer cells.32 

In our study, UCP2 expression in A2780/DDP cells was 

significantly higher than that in A2780 cells, which might 

be responsible for the insensitivity of A2780/DDP cells to 

DCA. The proton gradient produced by the electron transport 

chain in the mitochondrial inner membrane is necessary for 

coupling oxygen uptake to produce ATP, and UCP2 dis-

sociates mitochondrial respiration by dispersing the proton 

gradient.33 An increase in UCP2 can generate a feedback 

mechanism for oxidative stress to control the generation 

of ROS, allowing tumor cells to survive and resist chemo-

therapeutic drugs.34–36 This may be a reason for the low ROS 

production in the mitochondria of A2780/DDP cells. Xu 

et al demonstrated that UCP2 switches energy metabolism 

from mitochondrial OXPHOS to glycolysis.15 In our study, 

A2780/DDP cells had higher levels of glycolysis and lower 

mitochondrial functions that may be associated with their 

high expression of UCP2. We found that DCA significantly 

promoted mitochondria OXPHOS in A2780 cells, includ-

ing increased oxygen consumption, citrate production, and 

ROS production, and reduced lactate production and lactate 

dehydrogenase activity. Therefore, DCA causes a shift 

from glycolysis to mitochondrial OXPHOS in A2780 cells, 

whereas this metabolic effect was not significant in A2780/

DDP cells. Mitochondria are the main sites for intracellular 

ROS production. DCA causes an imbalance in intracellular 

oxidative stress, which increased ROS production and oxi-

dative stress in A2780 cells. In addition, our study revealed 

that UCP2 was associated with therapeutic resistance, and 

the underlying mechanism may involve inhibition of ROS 

production.34 The expression of UCP2 in A2780 cells was 

significantly decreased after DCA treatment but there was no 

significant change in UCP2 expression of A2780/DDP cells, 

which may be another explanation for the change in ROS 

after DCA treatment. Gene silencing of PDK1 by shPDK1 

significantly reduced the expression of UCP2 protein in 

A2780 cells but had little effect on A2780/DDP cells. Thus, 

we hypothesize that UCP2 may induce changes in mitochon-

drial functions, leading to differences in DCA sensitivity.

Conclusion
Our study demonstrated that DCA has various effects on 

ovarian cancer cells with different metabolic phenotypes, in 

particular differences in mitochondrial OXPHOS and DCA 

sensitivity. This finding suggests that the effects of drugs that 

target sugar-metabolizing enzymes involve almost the entire 

process of glucose metabolism; therefore, comprehensive 

metabolic evaluation is required to determine drug efficacy, 

which may contribute to individualized antitumor therapy.
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