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Dichloroacetate and PX-478 exhibit strong
synergistic effects in a various number of
cancer cell lines
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Abstract

Background: One key approach for anticancer therapy is drug combination. Drug combinations can help reduce

doses and thereby decrease side effects. Furthermore, the likelihood of drug resistance is reduced. Distinct

alterations in tumor metabolism have been described in past decades, but metabolism has yet to be targeted in

clinical cancer therapy. Recently, we found evidence for synergism between dichloroacetate (DCA), a pyruvate

dehydrogenase kinase inhibitor, and the HIF-1α inhibitor PX-478. In this study, we aimed to analyse this synergism

in cell lines of different cancer types and to identify the underlying biochemical mechanisms.

Methods: The dose-dependent antiproliferative effects of the single drugs and their combination were assessed

using SRB assays. FACS, Western blot and HPLC analyses were performed to investigate changes in reactive oxygen

species levels, apoptosis and the cell cycle. Additionally, real-time metabolic analyses (Seahorse) were performed

with DCA-treated MCF-7 cells.

Results: The combination of DCA and PX-478 produced synergistic effects in all eight cancer cell lines tested,

including colorectal, lung, breast, cervical, liver and brain cancer. Reactive oxygen species generation and apoptosis

played important roles in this synergism. Furthermore, cell proliferation was inhibited by the combination treatment.

Conclusions: Here, we found that these tumor metabolism-targeting compounds exhibited a potent synergism across

all tested cancer cell lines. Thus, we highly recommend the combination of these two compounds for progression to

in vivo translational and clinical trials.
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Introduction
In the last decade, combinatorial approaches for cancer

therapy have become increasingly popular [1]. Drugs

designed to act against individual molecular targets can

hardly combat a multigenic disease such as cancer [2].

However, synergistic drug combinations can lead to

reduced drug doses with less pronounced side effects,

increased response rates and attenuated likelihoods of

drug resistance [1–3].

In a previous work [4], we screened 14 selected

compounds, including dichloroacetate (DCA) and PX-

478, for synergistic interactions in cancer cell lines.

The combination of DCA and PX-478 displayed

significantly stronger effects on cell viability than

either single compound. Therefore, we aimed to further

investigate this combination using a widely accepted

method of quantifying synergism over the whole dose-

response curve introduced by Chou and Talalay [5].

Compounds

DCA, a chlorinated carboxylic acid that was originally ad-

ministered in the treatment of hereditary lactate acidosis

[6], is an inhibitor of pyruvate dehydrogenase kinase (PDK).

Thus, it leads to increased pyruvate dehydrogenase activity

and therefore to an increase in pyruvate decarboxylation to

acetyl-CoA, partially reversing the Warburg effect [7]. The

Warburg effect describes alterations in tumor metabolism

that lead to enhanced aerobic glycolysis and a reduction in

oxidative phosphorylation. These alterations, while being

less energy efficient, provide the necessary building blocks

the tumor needs for proliferation [8, 9]. Furthermore, the

reduction in cell respiration results in suppression of the

mitochondrial-K+ channel axis and thus hyperpolarisation

of the mitochondrial membrane. Consequently, the release

of cytochrome c and AIF is impaired, leading to apoptosis

resistance [10]. DCA was found to normalise this axis and

thereby induce the apoptosis of cancer cells [11, 12]. In

addition to its effects on the mitochondrial membrane po-

tential, DCA is believed to lead to a significant increase in

reactive oxygen species (ROS) generation, which plays an

important role in the induction of apoptosis [13–17]. In

contrast, other authors reported that DCA may function

as a sensitiser for ROS-induced alterations but did not sig-

nificantly increase ROS production per se [16, 18]. In

addition, DCA has been shown to positively regulate p53

as well as to downregulate autophagy, thereby leading to

enhanced tumor cell apoptosis and attenuated cell prolif-

eration [19, 20].

PX-478 is a small molecule that interferes with the

transcription and translation of hypoxia-inducible

factor-1α (HIF-1α) and leads to diminished deubiquiti-

nation of HIF-1α [21]. HIF-1α is physiologically acti-

vated by hypoxia and mediates multiple cellular

alterations via transactivation of various target genes,

such as GLUT1, LDHA and VEGF, and hence increases

aerobic glycolysis in order for the cell to sustain hypoxic

conditions [22]. Hence, PX-478-mediated inhibition of

HIF-1α was found to induce apoptosis and cell cycle ar-

rest in cancer cells [23, 24]. In oesophageal squamous

cell cancer, PX-478 induces apoptosis, reduces cell pro-

liferation and inhibits epithelial-mesenchymal transition

[25]. Welsh et al. identified that the antitumor effect of

PX-478 is positively correlated with HIF-1α levels in hu-

man xenografts [26]. In a study by Lang et al., PX-478

acted synergistically with an ROS inducer, ATO, leading

to more efficient ROS-induced apoptosis via blocking

ROS clearance by the HIF-1/FOXO1/SESN3 pathway

[24].

HIF-1α-mediated inhibition of mitochondrial ROS

production (as a reaction to ROS accumulation, hypoxia

and cytokine stimulation) is achieved partially through a

decrease in the production of acetyl-CoA via upregulation

of PDK-1 and -3, the direct targets of DCA [27, 28]. Add-

itionally, DCA-mediated inhibition of PDK leads to HIF-

1α inhibition and, thereby supresses angiogenesis [14].

Apart from preliminary results indicating a likely syn-

ergism [4], the anticipated interplay of DCA and PX-478

regarding ROS generation, apoptosis and proliferation

makes this combination especially interesting for further

investigations.

In this study, we examined the effects of the combin-

ation of DCA and PX-478 on eight cancer cell lines and

the non-cancerous cell line HEK-293. In addition, we

studied the impact of the combination on ROS gener-

ation, apoptosis induction and cell cycle arrest.

Methods
Cell culture

The breast cancer cell lines MCF-7 and MDA MB-231

were a kind gift from Göran Landberg (Sahlgrenska

Cancer Center, University of Gothenburg, Gothenburg,

Sweden). The colon cancer cell line HT-29, the hepato-

cellular cancer cell line HEPG2, the cervical cancer cell

line HeLa and the adenocarcinoma lung cancer cell

lines A549 and H441, as well as the non-cancerous cell

line HEK-293, were purchased from the American Type

Culture Collection (ATCC). The glioblastoma cell line

U251 was a kind gift from Kai Murk (Charité Berlin,

Germany). A549, HEK-293, HeLa, HEPG2, HT-29,

MCF-7 and U251 cells were cultured in DMEM, and

H441 and MDA-MB-231 cells were cultured in

DMEM/F12. All media contained penicillin/strepto-

mycin (100 Uml− 1), L-glutamine (DMEM: 584 mg l− 1,

DMEM/F12: 365.1 mg l− 1) and 10% heat-inactivated

foetal calf serum (PAN Biotech, Germany). The hu-

midified incubator was set at 37 °C with 5% CO2. Cells

were harvested using 0.05% trypsin/0.02% ethylenedi-

aminetetraacetic acid (EDTA) in PBS.
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Compounds

PX-478 (Hölzel Diagnostika Handels GmbH, Cologne,

Germany) and DCA (Sigma-Aldrich, Munich, Germany)

were dissolved in distilled water.

Cell viability and cell proliferation assays

A total of 0.75 × 104 A549, 1 × 104 HEK-293, 0.3 × 104

HeLa, 0.6 × 104 HEPG2, 1.5 × 104 HT-29, 0.5 × 104 MCF-

7, 1.5 × 104 MDA-MB-231, 1 × 104 H441 and 0.3 × 104

U251 cells per well were seeded in flat bottom 96-well

plates. After 24 h, when the cells were approximately 50%

confluent, DCA, PX-478 or the combination was added.

After 48 h of further incubation, a sulforhodamine B

(SRB) assay was performed. For the SRB assay, cells were

fixed with 10% trichloroacetic acid (w/v) and stained with

0.06% SRB in 1% acetic acid for 30min. Cells were then

repeatedly washed with 1% acetic acid (v/v) and dissolved

in 10mM Tris (pH 10.5). The protein mass was measured

by determining the optical density at a wavelength of 492

nm in a microplate reader. Additionally, in HT-29 cell

MTT assays were performed according to the manufac-

ture’s instructions (data are shown in additional file 1). All

experiments were performed independently three times

with at least 2 technical triplicates (mostly with 3).

Dose-response curves were generated using GraphPad

Prism 7.05 statistical analysis software. The half-maximal

effective concentration (EC50) of each compound was

determined via nonlinear regression.

Confirmation of synergism

Synergism was evaluated with four to seven different

concentrations (mostly with 6), as suggested by Chou

and Talalay [5].

Cells were treated with the combination of DCA and

PX-478 at a constant EC50:EC50 ratio as well as with the

single compounds alone. Significant differences between

each single compound and the combination were assessed

by an unpaired t-test. Only concentrations with p-values

of ≤0.05 for both single compounds compared to the com-

bination were considered to exhibit significant differences

and are marked with an asterisk (*) in the figures.

Combination indices (CIs) were calculated using

CompuSyn software [29]. The CI is a quantitative value

indicating the synergism of a drug combination at

specific concentrations. A value of less than 0.9 indicates

synergism (the lower the CI, the stronger the synergism).

Values from 0.9 to 1 indicate a nearly additive effect,

and a CI value of greater than 1.1 indicates antagonism

[30]. CI values were calculated as follows:

CI ¼
Dð Þ1
Dxð Þ1

þ
Dð Þ2
Dxð Þ2

In the numerators, (D)1 and (D)2 are the concentra-

tions of drug 1 and drug 2, respectively, in the drug

combination that have a certain effect on cell viability (x

%). In the denominators, (Dx)1 and (Dx)2 are the

concentrations of each drug alone (drug 1 or drug 2, re-

spectively) that are necessary to obtain the same effect

(x %) as the drug combination (both drug 1 and drug 2).

The concentrations (Dx)1 and (Dx)2 were calculated by

CompuSyn with reference to the cell viability data for

the respective compounds. To enhance analytical robust-

ness, most concentrations of the compounds were

doubled. Therefore, potential calculation errors were

minimised, as suggested by Zhao et al. [31]. To generate

the median-effect plots, the following equation was used:

Dx ¼ Dm
fa

1−fa

� �1=m

where Dm is the median effective dose, m is the slope

of the median-effect curve, and fa is the fraction affected.

Since calculation of a CI value is appropriate only when

neither single compound has an effect close to 100%, the

respective CI values are not shown in the Results section

[31]. All data collected in this study can be found in

additional file 1 (additional file 1).

Membrane lipid oxidation rate

HT-29 cells were seeded in 10 cm diameter Petri dishes

and treated with the EC50 dose of DCA, the EC50 dose

of PX-478 or the combination after 24 h when the cells

were approximately 80% confluent. After incubation for

an additional 48 h, cells were harvested with trypsin, pel-

leted and resuspended in 500 μl of PBS. For lipid extrac-

tion, cells were homogenised in a mixture of methanol:

chloroform:water (2:1:1 by volume) using a modified

Bligh/Dyer method. The extracted lipid suspension was

bubbled with argon to prevent artificial oxidation. Then,

alkaline hydrolysis was carried out, and the resulting free

fatty acids were analysed by reversed-phase HPLC (RP-

HPLC). Arachidonic acid and its oxygenated derivative

10−/15-hydroxyeicosatetraenoic acid (HETE) were iden-

tified by their specific retention times and UV spectra

and were quantified via integration [32].

Flow cytometric analysis

Samples were analysed with BD FACS Calibur and Cell

Quest.

Detection of intracellular ROS

Intracellular ROS were detected via an oxidation-sensitive

fluorescent probe (2′,7′-dichlorodihydrofluorescein diace-

tate [H2DCFDA], Bio-Techne GmbH, Germany). HeLa

and MCF-7 cells were seeded in 6 cm diameter Petri

dishes and treated after 24 h at a confluence of 50%. Cells

were treated with the EC50 dose of DCA, PX-478 or the

combination for 48 h. Then, cells were harvested and
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washed twice with PBS. Next, the cells were incubated

with 50 μM H2DCFDA at 37 °C for 20min in the dark

and were then placed on ice. Cells were washed 2 more

times before being analysed by flow cytometry.

Evaluation of apoptosis by Annexin-V-FITC and propidium

iodide staining

HeLa and MCF-7 cells were seeded in 6 cm diameter

Petri dishes and incubated for 24 h to a confluence of

approximately 60%. After 24 h, cells were treated with

PX-478, DCA or the combination and harvested 48 h

later. The following concentrations were used: HeLa

cells—EC50 DCA and 0.5 x EC50 PX-478; MCF-7 cells—

EC50 DCA and EC50 PX-478. Cells were washed twice

with PBS, placed on ice immediately, transferred to

binding buffer (10 mM Hepes, 140 mM NaCl, 2.5 mM

CaCl2; pH 7.4) and stained with Annexin-V-FITC

(Hölzel Diagnostika Handels GmbH, Germany) in the

dark according to the manufacturer’s instructions. After

15 min, propidium iodide (50 μg/ml) was added, and the

cells were analysed by flow cytometry.

Western blot analysis

For Western blotting, cells were seeded in 6 cm diameter

Petri dishes, grown to approximately 80% confluence

and treated with the noted compounds. 24 h later, the

cells were washed with PBS and lysed with lysis buffer

(50 mM β-glycerophosphate pH 7.6, 1.5 mM EGTA, 1.0

mM EDTA, 1% (v/v) Triton X-100, 0.2% (v/v) protease

inhibitor cocktail, 0.4% (v/v) PMSF, 100 mM sodium

vanadate, 500 mM NaF). The samples were separated

under reducing conditions by 10% SDS-PAGE and trans-

ferred to nitrocellulose membranes (Thermo Fisher,

Rockford, USA). The primary antibodies and the corre-

sponding working concentrations are listed in Table 1.

Proteins were detected using SuperSignal West Pico

Chemiluminescent Substrate (Pierce, Thermo Fisher

Scientific, Bonn, Germany). Signals were visualised using

a VersaDoc™ 4000 MP and QuantityOne® 4.6.5 software

(BioRad Laboratories, Munich, Germany) and quantified

using ImageJ 1.52a software (National Institute of

Health, USA; version 1.8.0_112).

Metabolic assays

MCF-7 cells were seeded in an XF 96-well culture

microplate (Agilent, Santa Clara, USA) at 3 × 104 cells

per well in 180 μl of prewarmed assay medium. After 24

h, a mitochondrial respiration assay or glycolytic rate

assay was performed with a Seahorse XFe96 Analyzer

(Agilent Technologies). For the mitochondrial respir-

ation assay, the oxygen consumption rate (OCR) was

measured using the mitochondrial stress test procedure

in XF media (nonbuffered DMEM containing 10mm

glucose, 2 mm L-glutamine and 1mm sodium pyruvate).

The glycolytic rate was measured in accordance with the

Agilent Seahorse XFp Glycolytic Stress Test Kit instruc-

tions. After four measurements of either the baseline

OCR or baseline extracellular acidification rate (ECAR),

DCA solution was injected into the appropriate wells to

the desired working concentration. Before each measure-

ment, the assay medium was gently mixed to restore

normal oxygen tension and pH in the microenvironment

surrounding the cells. Two hours after treatment with

DCA (6 measurements), the actual mitochondrial respir-

ation assay or glycolytic stress test was performed. When

metabolic analysis was complete, the cells were immedi-

ately fixed, and an SRB assay was performed as described

above for data normalisation. Graphs were produced

using GraphPad Prism 7.05 statistical analysis software.

Glycolytic capacity and maximal respiration (Fig. 5) were

calculated as follows:

� maximal respiration (OCR) = (maximum rate

measured after injection of carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone [FCCP]) –

(non-mitochondrial respiration rate)

� non-mitochondrial respiration (OCR) = minimum

rate measured after injection of rotenone &

antimycin A)

� Glycolytic capacity (ECAR) = (maximum rate

measured after injection of oligomycin) – (non-

glycolytic acidification rate)

� non-glycolytic acidification (ECAR) = minimum rate

measured after injection of 2-deoxy-D-glucose

(2DG).

Statistical analysis

Statistical analysis was performed using unpaired T-tests

in GraphPad Prism 7.05 statistical analysis software. Dif-

ferences with a p-value of ≤0.05 were considered signifi-

cant: significant differences compared to the control are

marked with an asterisk (*), while significant differences

Table 1 List of antibodies

Antibody raised against Purchased from Source Dilution

β-actin Cell Signaling (Danvers, USA) Mouse 1:4000

PARP/cleaved PARP (9542) Cell Signaling (Danvers, USA) Rabbit 1:1000

Retinoblastoma p795 (9301) Cell Signaling (Danvers, USA) Rabbit 1:1000

Cyclin D1 (DCS-6) Thermo Scientific (Waltham, USA) Mouse 1:200
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between the combination and both the control and each

single compound are marked with two asterisks (**). All

experiments were performed with at least 2 technical

and 3 biological replicates.

Results
The combination of DCA and PX-478 produces synergistic

effects in eight cancer cell lines and shows only minimal

effects on the non-cancerous cell line HEK-293

In this study, we evaluated the effects of DCA and PX-

478 on eight cancer cell lines, including lung (A549 and

H441), breast (MCF-7 and MDA-MB-231), cervical

(HeLa), hepatocellular (HepG2), colon cancer (HT-29)

and glioblastoma (U251) cell lines (Fig. 1). The EC50

values used for treatment in the combinatorial experi-

ments were determined for all cell lines in preceding

experiments and are henceforth referred to as the ap-

proximated half-maximal effective concentration (EC50a)

values [4] (see additional file 1). The actual EC50 values

for the experiments conducted herein were calculated

afterwards (see Table 2).

While the combination showed synergistic effects in

six investigated tumor entities, the combination exhib-

ited synergistic effects over the complete dose-response

curve in A549 (lung adenocarcinoma) and HEPG2

(hepatocellular carcinoma) cells with CI values ranging

from 0.61 to 0.87 and 0.56 to 0.79, respectively.

EC50 data and best CI values are listed in Table 2. As

illustrated, the synergism between DCA and PX-478 was

observed in all analysed cell lines, with the lowest CI

value in MCF-7 at 0.125 x EC50 (CI = 0.4). To minimise

extrapolation errors, we calculated CI values relying on

experimental data and eliminated CI values for concen-

trations where the effect of either single compound was

too close to 100%, as suggested by Zhao et al. [31]. Inter-

estingly, the combination of DCA and PX-478 strongly

Fig. 1 Synergistic interactions between DCA and PX-478 in eight cancer cell lines. Figure 1 shows the dose-response curves for DCA, PX-478 and

their combination in eight different cell lines as well as the respective CIs (shown to the right of each dose-response curve). Cells were seeded in

96-well plates and treated at a confluence of approximately 50%. Forty-eight hours later, an SRB (protein mass) assay was performed. If applicable,

a CI was calculated with CompuSyn for each concentration. A CI of less than 0.9 indicates synergism, a CI between 0.9 and 1.1 indicates a nearly

additive effect, and a CI of greater than 1.1 indicates antagonism. Approximated EC50 values were used (EC50a) at a constant EC50a:EC50a ratio.

Concentrations for which the effect of combination was significantly different from that of both single compounds and the control (p ≤ 0.05,

unpaired T-Test) are marked with an asterisk (*). Synergistic interactions were confirmed for all cancer cell lines, as indicated by the CI values and

predominant left shifts of the curves. Without exception, the effects of the drug combination surpassed the effects of each single compound
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affected cell viability or the protein mass in all cell lines,

leading to a left shift in the dose-response curves. The

combination treatment allowed the concentration of

each single drug to be noticeably reduced (Table 2). For

example, in MCF-7 cells, the EC50 values of DCA and

PX-478 were reduced by 68 and 64%, respectively.

Collectively considering all cell lines, the EC50 values of

the compounds were profoundly reduced by an average

of 60.7% when used in combination relative to when

used as single agents.

Comparison of the EC50 values of PX-478 in HT-29 and

MDA-MB-231 cells indicates that noticeably higher doses

were needed in these cell lines than in the other cell lines,

indicating resistance to PX-478. For MDA-MB-231 cells,

the resistance to PX-478 resulted in the highest CI value

compared to the other cell lines. Interestingly, the dose-

response curve for DCA was close to that for the combin-

ation (Table 2 and Fig. 1). However, a stronger synergism

was shown for HT-29 cells even though a higher dose of

PX-478 was required (CI = 0.65).

The six cell lines that were sensitive to PX-478 were

significantly more sensitive to the combination of DCA

and PX-478 than the immortalised non-cancerous cell

line HEK-293 at a comparable concentration (Fig. 2).

For example, in MCF-7 cells, 10 mM DCA and 4 μM

PX-478 led to a reduction of 48% in the protein mass,

while 15 mM DCA and 15 μM PX-478 led to a reduction

of only 3% in HEK-293 cells (p = 0.000007). Since we de-

tected a PX-478 resistance in MDA MB-231 and HT-29

cells, we did not use concentrations of PX-478 in

comparable dosages for the combination.

Table 2 lists the EC50 values for DCA, PX-478 and the

combination of both in all tested cell lines. The EC50

values were calculated via curve fitting with the program

GraphPad Prism. In the last column, the lowest CI value

indicating synergism (CI < 0.9) is listed.

The combination of DCA and PX-478 increases ROS levels

and leads to apoptosis and cell cycle arrest

The existing data for PX-478 and DCA suggest some

theories concerning the mechanisms underlying their

Table 2 EC50 values for the single compounds and the combination

Cell line EC50 DCA (mM) EC50 PX-478 (μM) EC50 Combination DCA (mM)/PX-478 (μM) Best CI

A549 (lung) 41.9 30 14.2/15.8 0.61

H441 (lung) 38.6 23.5 8.3/11.9 0.78

HeLa (cervical) 21.2 13.4 8.9/5.8 0.57

HEPG2 (hepatocellular) 21.4 17.7 8.4/6.3 0.56

HT-29 (colon) 26.5 75.6 18.1/28.2 0,65

MCF-7 (breast) 31.5 11.2 10.2/4 0.4

MDA-MB-231 (breast) 26.1 276 23.4/79 0.8

U251 (glioblastoma) 25 30.5 9.5/16.8 0.6

Fig. 2 The combination of DCA and PX-478 shows significantly

lower effects on the non-cancerous cell line HEK-293 than on the six

PX-478-sensitive cancer cell lines (A549, HeLa, HEPG2, MCF-7, U251

and H441). HEK-293 cells were seeded in 96-well plates and treated

with 15mM DCA and 15 μM PX-478 or the combination at a

confluence of approximately 50%. Forty-eight hours later, an SRB

assay was performed. The combination had no significant effect

(97% protein mass) compared to the control (p = 0.3). The effect of

the combination of 15 mM DCA and 15 μM PX-478 on HEK-293 cells

was compared to the effect of similar or lower concentrations of the

combination on the tested cancer cell lines (A549: 15 mM and

16.5 μM, HeLa: 15.5 mM and 10 μM, HEPG2: 10.5 mM and 8 μM, MCF-

7: 10 mM and 4 μM, U251: 10 mM and 18.5 μM and H-441: 9 mM and

12.5 μM respectively). Data points used to generate the dose-

response curves in Fig. 1 were used for comparison. The bars are

marked with an asterisk when the effect on a cancer cell line was

significantly stronger than that on HEK-293 cells. All six PX-478-

sensitive cancer cell lines were significantly more sensitive than HEK-

293 cells to the combination of DCA and PX-478. HT-29 and MDA-

MB-231 cells were not compared, since due to the described

resistance, no doses of PX-478 close to 15 μM were used. This figure

is not applicable for comparing effects between the different cancer

cell lines, since different concentrations of the compounds were

used. For comparisons of synergism, please see Fig. 1 and Table 2
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synergism. In the following experiments, the effects of

this combination on increasing reactive oxygen species

generation, arresting the cell cycle and inducing apop-

tosis were investigated.

The combination of DCA and PX-478 increases ROS levels in

HT-29, MCF-7 and HeLa cell lines

To investigate the relevance of the combination to ROS

production, we performed HPLC measurements with

HT-29 cells to analyse the oxidation of arachidonic acid

derivatives (Fig. 3a). DCA-treated cells showed a non-

significant (21%, p = 0.21) increase in the 5- and 10-

HETE levels compared to those in control cells. In

cells treated with PX-478, the oxidation ratio was

significantly increased by 58% compared to that in

control cells (p = 0.04). The combination treatment

led to a 109% increase in the oxidation ratio, which

was significantly higher than that observed for the control

treatment (p = 0.02) but did not differ significantly from

that observed for PX-478 alone (p = 0.22).

Fig. 3 The combination of DCA and PX-478 leads to increased ROS activity in HT-29 cells. Figure 3 shows HPLC analysis results and cell counts

for HT-29 cells. a: HPLC results for the proportion of arachidonic acid to its oxygenated derivatives 10−/15-HETE for drug treatment compared to

the control treatment are presented. Cells were treated with either the EC50 dose of DCA, the EC50 dose of PX-478 or the combination. Cells

treated with PX-478 alone and with the combination of DCA and PX-478 showed a significant increase in the oxidation ratio compared to that in

control cells, although the difference between the combination and PX-478 was noticeable but not significant. b: The cell count as a percentage

of the control cell count is presented. Treatment with the single compounds DCA and PX-478 led to significant reductions of 65 and 61%,

respectively. Only 15% of the control cells remained after the combination treatment. Significant differences from the control are marked with an

asterisk (*), while significant differences from both the control and each single compound are marked with two asterisks (**). c: The profound

effects of DCA, PX-478 and DCA + PX-478 on cell confluency are shown. All cells were imaged at 40× magnification with a Nikon D90
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Furthermore, we evaluated the relevance of this com-

bination to ROS via FACS analysis with H2DCFDA in

HeLa, MCF-7 and HT-29 cells (Fig. 4). H2DCFDA reacts

with ROS, and fluorescent dichlorofluorescein (DCF)

can be measured in the FL1 channel. The results shown

in Fig. 4b confirmed our HPLC results in HT-29 cells.

FACS analysis showed that compared to the control

treatment, DCA did not affect ROS activity in any cell

line. ROS production was significantly increased in HeLa

cells (2 to 12%, p = 0.008) but not in MCF-7 cells (3 to

4%, p = 0.37) or HT-29 cells (7 to 10%, p = 0.089) treated

with PX-478 alone compared to control cells. Compared

to the single compounds, the combination led to signifi-

cant increases of 28% (p = 0.021), 16% (p = 0.0002) and

37% (p = 0.014) in HeLa, MCF-7 and HT-29 cells,

respectively. Thus, as our results in HeLa, MCF-7 and

HT-29 cells suggest, increased ROS is likely to play an

important role in the synergism of DCA + PX-478 com-

bination treatment.

The combination of DCA and PX-478 leads to apoptosis and

a reduction in proliferation

Western blot analyses of PARP/cleaved PARP, Ser795-

phosphorylated Retinoblastoma protein (pRB1) and Cyclin

D1 were performed in HT-29 and MCF-7 cells (Fig. 5). In

MCF-7 cells, two concentrations of DCA and PX-478

(EC50 and 0.5 x EC50) and the respective combinations

were analysed. In HT-29 cells (DCA EC50 and PX-478 0.5

x EC50), the level of cleaved PARP was significantly higher

in cells treated with the combination than in cells treated

with the single compounds (p = 0.002). In MCF-7 cells,

the combination led to the highest levels of cleaved PARP

at both doses, with significant differences compared to

control and DCA-treated cells but non-significant differ-

ences compared to PX-478-treated cells (p = 0.086 and

p = 0.087). However, via FACS analysis with Annexin-V-

FITC staining, we identified significantly increased levels

of programmed cell death for the combination of DCA

and PX-478 in MCF-7 cells compared to PX-478-treated

cells (Fig. 6). While 12% of PX-478-treated cells were

Annexin-V-FITC-positive, the percentage increased to

20% after combination treatment (p = 0.004). Thus, we

concluded that apoptosis is a relevant factor for this syner-

gism in HT-29 and MCF-7 cells.

For both cell lines, pRB1 levels were significantly lower

in combination-treated cells than in single compound-

treated cells and control cells (Fig. 5). Furthermore, we

observed an interesting effect of the combination in

Fig. 4 The combination of DCA and PX-478 leads to increased ROS activity. Figure 3 shows the ROS activity assessed by flow cytometric analysis

with H2DCFDA in HeLa, MCF-7 and HT-29 cells. Cells were incubated to a confluence of 50% and were then treated with either DCA, PX-478 or

the combination for 48 h. The following concentrations of the compounds were used: HeLa—DCA and PX-478, EC50; MCF-7 and HT-29—DCA,

EC50 and PX-478, 0.5 x EC50. Panel a shows representative histograms for the analysis of DCF-FITC in HeLa cells. Panel b shows the results in HeLa,

MCF-7 and HT-29 cells as bar graphs. Three independent experiments were performed. Significant results compared to the control are marked

with an asterisk (*). The combination of DCA and PX-478 led to the highest ROS activity in all cell lines, which was significantly increased

compared to that in the corresponding control, DCA-treated and PX-478-treated cells (marked with two asterisks [**])
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MCF-7 cells: while PX-478 alone did not affect the level

of pRB1 at 0.5 x EC50 and EC50, DCA led to decreased

levels of pRB1 (52 and 54%, respectively). For the com-

bination, pRB1 levels were reduced to 33% compared to

control at the lower concentration and 25% at the higher

concentration (p = 0.027 and 0.046 compared to the

single compounds, respectively). These data suggest that

DCA alone has limited effects on pRB1 levels in MCF-7

cells while the combination affects RB1 phosphorylation

more strongly.

Furthermore, we used Western blotting to evaluate the

impact of the compounds on Cyclin D1 levels. In HT-29

and MCF-7 cells, the level of Cyclin D1 exhibited the

greatest reduction for the combination treatment (p =

0.009 and p = 0.005, respectively, compared to control

treatment). However, the differences with respect to

Fig. 5 The combination of DCA and PX-478 leads to increased levels of cleaved PARP and reduced levels of Cyclin D1 and pRB1 in HT-29 and MCF-7

cells. Cells were incubated to a confluence of approximately 80% and treated with DCA and PX-478 at the following concentrations: HT-29—DCA,

EC50 and PX-478, 0.5 x EC50; MCF-7—either DCA and PX-478, 0.5 x EC50 or EC50. Twenty-four hours later, the cells were harvested, and Western blot

analyses were performed. a: Three independent Western blots are shown for each antibody except for β-actin (only one representative blot is shown

here). The blots presented here are cropped; please see additional file 2 for full-length blots. b: The results are presented as the fold change relative to

the control. Significant differences are marked with an asterisk (*). The level of cleaved PARP was significantly increased in HT-29 cells treated with the

combination (p = 0.00002) compared to HT-29 cells treated with the single compounds. For MCF-7 cells, a clear trend was visible for both

concentrations (p = 0.086 or p = 0.087, respectively). Significant differences compared to the control are marked with an asterisk (*); significant

differences between the combination of DCA and PX-478 and each single compound are marked with two asterisks (**). The combination of DCA and

PX-478 significantly reduced cyclin D1 and pRB1 levels in both cell lines and at both concentrations in MCF-7 cells
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each single compound were non-significant (Fig. 5).

Collectively, these data suggest that the combination

of DCA and PX-478 synergistically reduces cell

proliferation.

The effect of DCA was verified via real-time measurement

of metabolism (seahorse XFe96)

To verify the effects of DCA on glycolysis, studies with

the Seahorse XFe96 Analyzer were performed (Fig. 7).

We measured real-time changes in the oxygen consump-

tion rate (OCR) and the extracellular acidification rate

(ECAR). Two hours after treatment with DCA, the

protocols for the mitochondrial respiration assay and the

glycolytic rate assay were performed. The results

supported the hypothesis that DCA increases the influx

of pyruvate into mitochondria, which led to a 42% in-

crease in maximal respiration (p = 0.004). In addition,

we observed a 73% reduction in glycolytic capacity when

DCA was added (p = 0.0001).

Discussion
In this study, we demonstrate that DCA and PX-478 are

a potent combination that exerts synergistic effects in all

tested cancer cell lines and proved thereby to be effect-

ive in various tumor entities in vitro including colorectal,

lung, breast, cervical, liver and brain cancer while having

limited effects on the non-cancerous cell line HEK-293

(Figs. 1 and 2). We found the combination to induce cell

cycle arrest and apoptosis as well as increasing the

generation of ROS in a colorectal and a breast cancer

cell line (HT-29 and MCF-7).

The EC50 of PX-478 ranged from 11.2 to 276 μM,

indicating a drug resistance for MDA MB-231 cells

(276 μM). Interestingly, this resistance does not inhibit

synergism, with a CI value of 0.8. However, best CI

values where lower in all other cell lines. Via its effect

on HIF-1α, PX-478 has already shown synergistic poten-

tial with different compounds. In combination with

arsenic trioxide (ATO), PX-478 increases ROS and,

likely, ROS-induced apoptosis [24]. As our data suggest,

this mechanism might also apply to the combination of

DCA + PX-478. Interestingly, both DCA and PX-478

mediate antitumoral effects through inhibition of PDKs,

which can partially explain the synergism observed here.

While DCA suppresses PDK-1, HIF-1α increases PDK-1

expression [27, 28]. Thus, PX-478 reinforces the primary

Fig. 6 DCA + PX-478 induced significantly higher levels of apoptosis than DCA or PX-478 alone in MCF-7 and HeLa cells. Figure 6 shows the

results of flow cytometric analysis with Annexin-V-FITC and propidium iodide in MCF-7 and HeLa cells. At 60% confluence, MCF-7 cells were

treated with either the EC50 dose of DCA or the EC50 dose of PX-478, while HeLa cells were treated with the EC50 dose of DCA and 0.5 times the

EC50 dose of PX-478. Three independent experiments were performed. Panel b shows bar graphs indicating the percentages of Annexin-VF-ITC-

positive MCF-7 and HeLa cells. Significant differences compared to the control are marked with an asterisk (*). Representative dot plots are shown

for MCF-7 cells in panel a. The combination of DCA and PX-478 led to the greatest percentage of Annexin-V-FITC-positive cells, and the

percentage was significantly different from that of control, DCA-treated and PX-478-treated cells for both cell lines (**) (p = 0.004 and 0.042 for

MCF-7 cells and HeLa cells, respectively)
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effect of DCA indirectly, thereby synergistically increas-

ing ROS production when combined with DCA, as our

data suggest (Figs. 3 and 4). These results are in line

with the findings of Lang et al. and support the hypoth-

esis that PX-478, as a HIF-1α inhibitor, may be benefi-

cial for different therapeutic approaches.

The EC50 of DCA ranged from 21.2 mM to 41.9 mM

(Fig. 2). A heterogeneity of the DCA-mediated effects in

different cancer cell lines can be seen when our real-

time metabolic assay results are compared with those of

Tataranni et al. and Lucido et al. [17, 33]. DCA strongly

increased maximal respiration and decreased glycolytic

capacity in MCF-7 cells (Fig. 7), while in pancreatic car-

cinoma as well as head and neck squamous cell cancer,

both glycolytic capacity and maximal respiration were

decreased. Consistent with our findings however, Ma

et al. found increased maximal respiration in non-small

cell lung cancer cells treated with DCA [34].

Hence, literature as well as our data suggest that DCA

mediates heterogenic metabolic modulation depending

on the metabolic status of a cancer cell. Interestingly,

cells primarily undergoing oxidative phosphorylation as

well as cells relying primarily on aerobic glycolysis can

both be sensitive to DCA [35–39].

As DCA has attracted considerable attention in recent

years, many examples of synergism have been detected. 5-

Fluorouracil, a platinum-based chemotherapy, a SIRT2

inhibitor, metformin, omeprazole + tamoxifen, sorafenib,

erlotinib and gefitinib have shown synergistic effects in

combination with DCA in vivo and in vitro [15, 34, 40–48].

Clinical trials with DCA in cancer therapy, congenital

lactic acidosis and pulmonary arterial hypertension have

Fig. 7 Mitochondrial respiration assay and glycolytic stress test with DCA. Figure 7 shows the results of the mitochondrial respiration assay (a) and

glycolytic stress test (b) of DCA-treated MCF-7 cells performed with a Seahorse XFe96 analyzer. Three independent experiments were performed with

at least four technical replicates. After measurement of the baseline OCR and ECAR, the EC50 dose of DCA was injected. After six measurement cycles,

oligomycin (inhibition of ATP synthase), FCCP (uncoupling agent) and rotenone & antimycin A (inhibition of respiratory chain) were added for the

mitochondrial respiration assay (a), and glucose, oligomycin and 2-DG (inhibition of glycolysis) were added for the glycolytic rate assay (b). Three

measurement cycles were performed after each chemical was added. a: As shown, DCA increased the maximal OCR and thereby the maximal

respiration of MCF-7 cells. b: Furthermore, DCA reduced the maximal ECAR and thereby the glycolytic capacity. See the Methods section for the exact

calculation procedures and definitions of glycolytic capacity, maximal respiration, non-mitochondrial OCR and non-glycolytic acidification rate. In MCF-

7 cells, DCA increased the maximal respiration by 42% and decreased the glycolytic capacity by 73% (p = 0.004 and 0.0001, respectively)
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been performed in recent decades and are ongoing

[49–51]. Although DCA has not yet been imple-

mented in clinical cancer treatment regimens, interest

in DCA has not decreased. Authors of clinical trials

with DCA suggest DCA in combination with chemo-

therapy in previously treated metastatic breast cancer

and non-small cell lung cancer (ClinicalTrials.gov

Identifier: NCT01029925) [45] and as an apoptosis

sensitiser for recurrent solid tumors (ClinicalTrials.gov

Identifier: NCT00566410) in less advanced disease

stage [52].

Although a phase 1 clinical trial of PX-478 conducted

in 2010 in patients with advanced solid tumors showed

that PX-478 was well tolerated at low doses, with

consistent HIF-1α inhibition and prolonged duration of

stable disease [53], it seems to have been abandoned as

an anticancer drug, as no further clinical trials with PX-

478 have been registered. If PX-478 is used in combin-

ation with DCA, obstacles such as its dose-limiting

toxicity could be eliminated. We believe that synergism

is an important strategy for successfully including prom-

ising compounds such as DCA and/or PX-478 in cancer

therapy. Our data indicates that the concentrations of

DCA and PX-478 could be reduced by an average of

approximately 60.7%. Considering the concentrations of

DCA achieved in clinical studies and our EC50 values in

the different cell lines tested, we conclude that combin-

ation of DCA and PX-478 can help attain the concentra-

tions needed for a therapeutic effect.

Limitations

In this study, we focused on the effect of the specific

compounds and their combination rather than identify-

ing whether a certain effect can be directly linked to a

specific mode of action of a single compound. These

conclusions must be drawn considering the existing data

for single compounds.

While DCA exerts an immediate effect via PDH acti-

vation (see the results of the real-time metabolic assays,

Fig. 7), PX-478-mediated inhibition of the transcription

factor HIF-1α consequently shows relatively delayed ef-

fects. HIF-1α, having a short half-life of eight to 20 min

itself [54], regulates more than 100 proteins, exemplarily

GLUT1 and VEGFA, with half-lifes of approximately

7–8 h [55, 56].

We performed Western blot analysis after 24 or 48 h

of incubation to partially address this issue, but we did

not consistently quantify the individual effects of DCA

and PX-478 at the respective time points. Consequently,

we did not analyse the dynamics of this combination.

Conclusion

In summary, we found synergistic effects of the combin-

ation DCA and PX-478 in all analysed cancer cell lines,

including colorectal, lung, breast, cervical, liver and brain

cancer. Induction of apoptosis, generation of ROS and

inhibition of proliferation played important roles in this

synergism. Considering the promising synergism be-

tween the two compounds presented here and the

evidence generated by various research groups about the

effects of DCA and PX-478, commencement of in vivo

trials (e.g. xenografts) is recommended.

Abbreviations

CI: Combination index; DCA: Dichloroacetate; FACS: Fluorescence-activated

cell sorting; HPLC: High performance liquid chromatography; HIF-1α: Hypoxia

inducible factor α; ROS: Reactive oxygen species; w/v: Weight per volume; v/

v: Volume per volume

Supplementary Information
The online version contains supplementary material available at https://doi.

org/10.1186/s12885-021-08186-9.

Additional file 1. Includes data of: Combination experiments with DCA

and PX-478, flow cytometric analysis, HPLC analysis, Western blot analysis

and Seahorse analysis.

Additional file 2. Includes all Western Blots.

Acknowledgements

We acknowledge support from the German Research Foundation (DFG) and

the Open Access Publication Fund of Charité – Universitätsmedizin Berlin.

Thanks for the support throughout the project to Gudrun Mrawietz, Klaus-

Dieter Irrgang, Kai Murk, Juliane Schiweck, Marjann Schäfer, Gustav

Steinemann, Laura Michalick, Lothar Lucka, Kim Stolte, Marlon Tilgner and

Michael Fähling. This work is dedicated to Ralf Redemund and Jutta Hinke-

Ruhnau.

Authors’ contributions

Conceptualisation of the project was done by JP, JR and AK. Experiments

were performed by JP, JR, CP, MS, HW, NN, HK and AK. AK and JP were

responsible for project administration and supervision. Writing and editing

was done by JP, JR, AK, BE and KD. All authors read and approved the

manuscript.

Funding

Jonas Parczyk received a stipend by the Berlin Institute of Health. Open

Access funding enabled and organized by Projekt DEAL.

Availability of data and materials

All data generated or analysed during this study are included in this

published article and its supplementary files (additional file 1 and

additional file 2).

Declarations

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Received: 30 September 2020 Accepted: 14 April 2021

References

1. Schweim JK, Schweim HG. Status quo and future developments of

combinations of medicinal products. Synergy 2014;1(1):70–75. Available

from: http://dx.doi.org/https://doi.org/10.1016/j.synres.2014.07.007

Parczyk et al. BMC Cancer          (2021) 21:481 Page 12 of 14

https://doi.org/10.1186/s12885-021-08186-9
https://doi.org/10.1186/s12885-021-08186-9
https://doi.org/10.1016/j.synres.2014.07.007


2. Zimmermann GR, Lehár J, Keith CT. Multi-target therapeutics: when the

whole is greater than the sum of the parts. Drug Discov Today. 2007;12(1–

2):34–42. https://doi.org/10.1016/j.drudis.2006.11.008.

3. Al-Lazikani B, Banerji U, Workman P. Combinatorial drug therapy for cancer

in the post-genomic era. Nat Biotechnol. 2012;30(7):679–92. Available from:

http://www.ncbi.nlm.nih.gov/pubmed/22781697%5Cnhttp://www.

pubmedcentral.nih.gov/articlerender.fcgi?artid=4320499&tool=

pmcentrez&rendertype=abstract. https://doi.org/10.1038/nbt.2284.

4. Ruhnau J, Parczyk J, Danker K, Eickholt B, Klein A. Synergisms of genome

and metabolism stabilizing antitumor therapy (GMSAT) in human breast

and colon cancer cell lines: a novel approach to screen for synergism. BMC

Cancer. 2020;20(1):617. Available from: /pmc/articles/PMC7331156/?report=

abstract. [cited 2020 Sep 13].

5. Chou TC, Talalay P. Quantitative analysis of dose-effect relationships: the

combined effects of multiple drugs or enzyme inhibitors. Adv Enzyme

Regul. 1984;22:27–55 [cited 2016 mar 8] Available from: http://www.ncbi.

nlm.nih.gov/pubmed/6382953.

6. Abdelmalak M, Lew A, Ramezani R, Shroads AL, Coats BS, Langaee T, et al.

Long-term safety of dichloroacetate in congenital lactic acidosis. Mol Genet

Metab. 2013;109(2):139–43 [cited 2016 Mar 22] Available from: http://www.

pubmedcentral.nih.gov/articlerender.fcgi?artid=3751427&tool=

pmcentrez&rendertype=abstract.

7. Stacpoole PW. The pharmacology of dichloroacetate. Metabolism. 1989;38:

1124–44.

8. Chen Z, Lu W, Garcia-Prieto C, Huang P. The Warburg effect and its cancer

therapeutic implications. J Bioenerg Biomembr . 2007;39(3):267–274. [cited

2019 Jul 23] Available from: http://link.springer.com/https://doi.org/10.1007/

s10863-007-9086-x

9. Warburg O, Wind F, Negelein E. The metabolism of tumors in the body. J

Gen Physiol. 1927;8(6):519–30. https://doi.org/10.1085/jgp.8.6.519.

10. Bonnet S, Archer SL, Allalunis-Turner J, Haromy A, Beaulieu C, Thompson R,

et al. A mitochondria-K+ channel Axis is suppressed in Cancer and its

normalization promotes apoptosis and inhibits Cancer growth. Cancer Cell.

2007;11(1):37–51. https://doi.org/10.1016/j.ccr.2006.10.020.

11. Bonnet S, Archer SL, Allalunis-Turner J, Haromy A, Beaulieu C, Thompson R,

et al. A mitochondria-K+ channel axis is suppressed in cancer and its

normalization promotes apoptosis and inhibits cancer growth. Cancer Cell.

2007;11(1):37–51 [cited 2018 Jun 13] Available from: https://www.

sciencedirect.com/science/article/pii/S1535610806003722?via%3Dihub.

12. Wong JYY, Huggins GS, Debidda M, Munshi NC, De Vivo I. Dichloroacetate

induces apoptosis in endometrial cancer cells. Gynecol Oncol. 2008;109(3):

394–402. https://doi.org/10.1016/j.ygyno.2008.01.038.

13. Saed GM, Fletcher NM, Jiang ZL, Abu-Soud HM, Diamond MP.

Dichloroacetate induces apoptosis of epithelial ovarian cancer cells through

a mechanism involving modulation of oxidative stress. Reprod Sci. 2011;

18(12):1253–61 [cited 2020 Jan 20] Available from: http://www.ncbi.nlm.nih.

gov/pubmed/21701041.

14. Sutendra G, Dromparis P, Kinnaird A, Stenson TH, Haromy A, Parker JMR,

McMurtry MS, Michelakis ED Mitochondrial activation by inhibition of PDKII

suppresses HIF1a signaling and angiogenesis in cancer. Oncogene 2013;

32(13):1638–1650. Available from: http://dx.doi.org/https://doi.org/10.1038/

onc.2012.198

15. Ward NP, Poff AM, Koutnik AP, D’Agostino DP. Complex I inhibition

augments dichloroacetate cytotoxicity through enhancing oxidative stress

in VM-M3 glioblastoma cells. PLoS One. 2017;12(6):1–18.

16. Lu H, Lu Y, Xie Y, Qiu S, Li X, Fan Z. Rational combination with PDK1

inhibition overcomes cetuximab resistance in head and neck squamous cell

carcinoma. JCI Insight. 2019;4(19):1–16.

17. Tataranni T, Agriesti F, Pacelli C, Ruggieri V, Laurenzana I, Mazzoccoli C, et al.

Dichloroacetate affects mitochondrial function and Stemness-associated

properties in pancreatic Cancer cell lines. Cells. 2019;8(5):478. https://doi.

org/10.3390/cells8050478.

18. Alkarakooly Z, Al-Anbaky QA, Kannan K, Ali N. Metabolic reprogramming by

Dichloroacetic acid potentiates photodynamic therapy of human breast

adenocarcinoma MCF-7 cells. PLoS One. 2018;13(10):e0206182.

19. Lu X, Zhou D, Hou B, Liu QX, Chen Q, Deng XF, et al. Dichloroacetate

enhances the antitumor efficacy of chemotherapeutic agents via inhibiting

autophagy in non-small-cell lung cancer. Cancer Manag Res. 2018;10:1231–

41. https://doi.org/10.2147/CMAR.S156530.

20. Agnoletto C, Melloni E, Casciano F, Rigolin GM, Rimondi E, Celeghini C, et al.

Sodium dichloroacetate exhibits anti-leukemic activity in B-chronic

lymphocytic leukemia (B-CLL) and synergizes with the p53 activator Nutlin-

3. Oncotarget. 2014;5(12):4347–60 Available from: http://www.

pubmedcentral.nih.gov/articlerender.fcgi?artid=4147328&tool=

pmcentrez&rendertype=abstract.

21. Koh MY, Spivak-Kroizman T, Venturini S, Welsh S, Williams RR, Kirkpatrick DL,

et al. Molecular mechanisms for the activity of PX-478, an antitumor

inhibitor of the hypoxia-inducible factor-1alpha. Mol Cancer Ther. 2008;7(1):

90–100 [cited 2019 Dec 22] Available from: http://www.ncbi.nlm.nih.gov/

pubmed/18202012.

22. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. 2003;3(10):

721–32. https://doi.org/10.1038/nrc1187.

23. Palayoor ST, Mitchell JB, Cerna D, Degraff W, John-Aryankalayil M, Coleman

CN. PX-478, an inhibitor of hypoxia-inducible factor-1alpha, enhances

radiosensitivity of prostate carcinoma cells. Int J Cancer. 2008;123(10):2430–7

[cited 2018 Apr 13] Available from: http://www.ncbi.nlm.nih.gov/pubmed/1

8729192.

24. Lang M, Wang X, Wang H, Dong J, Lan C, Hao J, et al. Arsenic trioxide plus

PX-478 achieves effective treatment in pancreatic ductal adenocarcinoma.

Cancer Lett. 2016;378(2):87–96 [cited 2018 Apr 13] Available from: http://

www.ncbi.nlm.nih.gov/pubmed/27212442.

25. Zhu Y, Zang Y, Zhao F, Li Z, Zhang J, Fang L, et al. Inhibition of HIF-1α by

PX-478 suppresses tumor growth of esophageal squamous cell cancer

in vitro and in vivo. Am J Cancer Res. 2017;7(5):1198–212 [cited 2020 Jan

19] Available from: http://www.ncbi.nlm.nih.gov/pubmed/28560067.

26. Welsh S, Williams R, Kirkpatrick L, Paine-Murrieta G, Powis G. Antitumor

activity and pharmacodynamic properties of PX-478, an inhibitor of

hypoxia-inducible factor-1alpha. Mol Cancer Ther. 2004;3(3):233–44.

27. Kim JW, Tchernyshyov I, Semenza GL, Dang CV. HIF-1-mediated expression

of pyruvate dehydrogenase kinase: a metabolic switch required for cellular

adaptation to hypoxia. Cell Metab. 2006;3(3):177–85. https://doi.org/10.1016/

j.cmet.2006.02.002.

28. Kirito K, Hu Y, Komatsu N. HIF-1 prevents the overproduction of

mitochondrial ROS after cytokine stimulation through induction of PDK-1.

Cell Cycle. 2009;8(17):2844–9. https://doi.org/10.4161/cc.8.17.9544.

29. Chou TC, Martin N. CompuSyn for Drug Combinations: PC Software and

User’s Guide: A Computer Program for Quantitation of Synergism and

Antagonism in Drug Combinations, and the Determination of IC50 and

ED50 and LD50 Values. Paramus: ComboSyn Inc; 2005.

30. Chou T-C. Preclinical versus clinical drug combination studies. Leuk

Lymphoma. 2008;49(11):2059–80 [cited 2016 Apr 9] Available from: http://

www.ncbi.nlm.nih.gov/pubmed/19021049.

31. Zhao L, Wientjes MG, Au JL-S. Evaluation of combination chemotherapy:

integration of nonlinear regression, curve shift, isobologram, and

combination index analyses. Clin Cancer Res. 2004;10(23):7994–8004

[cited 2016 Apr 13] Available from: http://www.ncbi.nlm.nih.gov/

pubmed/15585635.

32. Kuhn H, Belkner J, Wiesner R, Brash AR. Oxygenation of biological

membranes by the pure reticulocyte lipoxygenase. J Biol Chem. 1990;

265(30):18351–61. https://doi.org/10.1016/S0021-9258(17)44759-4.

33. Lucido CT, Miskimins WK, Vermeer PD. Propranolol promotes glucose

dependence and synergizes with dichloroacetate for anti-cancer activity in

HNSCC. Basel: Cancers. 2018;10(12):476.

34. Ma W, Zhao X, Wang K, Liu J, Huang G. Dichloroacetic acid (DCA) synergizes

with the SIRT2 inhibitor Sirtinol and AGK2 to enhance anti-tumor efficacy in

non-small cell lung cancer. Cancer Biol Ther. 2018 Sep 2;19(9):835–46.

https://doi.org/10.1080/15384047.2018.1480281.

35. Schoonjans CA, Joudiou N, Brusa D, Corbet C, Feron O, Gallez B. Acidosis-

induced metabolic reprogramming in tumor cells enhances the anti-

proliferative activity of the PDK inhibitor dichloroacetate. Cancer Lett. 2020

Feb 1;470:18–28. https://doi.org/10.1016/j.canlet.2019.12.003.

36. Zhou L, Liu L, Chai W, Zhao T, Jin X, Guo X, et al. Dichloroacetic acid

upregulates apoptosis of ovarian cancer cells by regulating mitochondrial

function. Onco Targets Ther. 2019;12:1729–39. https://doi.org/10.2147/OTT.

S194329.

37. Chaudhary AK, Bhat TA, Kumar S, Kumar A, Kumar R, Underwood W, et al.

Mitochondrial dysfunction-mediated apoptosis resistance associates with

defective heat shock protein response in African-American men with

prostate cancer. Br J Cancer. 2016;114(10):1090–100. https://doi.org/10.1038/

bjc.2016.88.

38. Roh J-L, Park JY, Kim EH, Jang HJ, Kwon M. Activation of mitochondrial

oxidation by PDK2 inhibition reverses cisplatin resistance in head and neck

Parczyk et al. BMC Cancer          (2021) 21:481 Page 13 of 14

https://doi.org/10.1016/j.drudis.2006.11.008
https://doi.org/10.1038/nbt.2284
https://www.pmc/articles/PMC7331156/?report=abstract
https://www.pmc/articles/PMC7331156/?report=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3751427&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3751427&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3751427&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1007/s10863-007-9086-x
https://doi.org/10.1007/s10863-007-9086-x
https://doi.org/10.1085/jgp.8.6.519
https://doi.org/10.1016/j.ccr.2006.10.020
https://www.sciencedirect.com/science/article/pii/S1535610806003722?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1535610806003722?via%3Dihub
https://doi.org/10.1016/j.ygyno.2008.01.038
http://www.ncbi.nlm.nih.gov/pubmed/21701041
http://www.ncbi.nlm.nih.gov/pubmed/21701041
https://doi.org/10.1038/onc.2012.198
https://doi.org/10.1038/onc.2012.198
https://doi.org/10.3390/cells8050478
https://doi.org/10.3390/cells8050478
https://doi.org/10.2147/CMAR.S156530
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4147328&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4147328&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4147328&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/18202012
http://www.ncbi.nlm.nih.gov/pubmed/18202012
https://doi.org/10.1038/nrc1187
http://www.ncbi.nlm.nih.gov/pubmed/18729192
http://www.ncbi.nlm.nih.gov/pubmed/18729192
http://www.ncbi.nlm.nih.gov/pubmed/27212442
http://www.ncbi.nlm.nih.gov/pubmed/27212442
http://www.ncbi.nlm.nih.gov/pubmed/28560067
https://doi.org/10.1016/j.cmet.2006.02.002
https://doi.org/10.1016/j.cmet.2006.02.002
https://doi.org/10.4161/cc.8.17.9544
http://www.ncbi.nlm.nih.gov/pubmed/19021049
http://www.ncbi.nlm.nih.gov/pubmed/19021049
http://www.ncbi.nlm.nih.gov/pubmed/15585635
http://www.ncbi.nlm.nih.gov/pubmed/15585635
https://doi.org/10.1016/S0021-9258(17)44759-4
https://doi.org/10.1080/15384047.2018.1480281
https://doi.org/10.1016/j.canlet.2019.12.003
https://doi.org/10.2147/OTT.S194329
https://doi.org/10.2147/OTT.S194329
https://doi.org/10.1038/bjc.2016.88
https://doi.org/10.1038/bjc.2016.88


cancer. Cancer Lett. 2016;371(1):20–9 [cited 2020 Jan 24] Available from:

http://www.ncbi.nlm.nih.gov/pubmed/26607904.

39. Ruggieri V, Agriesti F, Scrima R, Laurenzana I, Perrone D, Tataranni T, et al.

Dichloroacetate, a selective mitochondria-targeting drug for oral squamous

cell carcinoma: a metabolic perspective of treatment. Oncotarget. 2015;6(2):

1217–30. https://doi.org/10.18632/oncotarget.2721.

40. Xuan Y, Hur H, Ham I-H, Yun J, Lee J-Y, Shim W, et al. Dichloroacetate

attenuates hypoxia-induced resistance to 5-fluorouracil in gastric cancer

through the regulation of glucose metabolism. Exp Cell Res. 2014;321(2):

219–30 [cited 2018 May 28] Available from: https://www.sciencedirect.com/

science/article/pii/S0014482713005260?via%3Dihub.

41. Fang J, Xie J, Wang B-S, Wang B-S, Yu D-H, Yu D-H, et al. Dichloroacetate

shifts the metabolism from glycolysis to glucose oxidation and exhibits

synergistic growth inhibition with cisplatin in HeLa cells. Int J Oncol. 2011;

38(2):409–17 [cited 2018 May 28] Available from: http://www.spandidos-

publications.com/ijo/38/2/409.

42. Yang Z, Tam KY. Anti-cancer synergy of dichloroacetate and EGFR tyrosine

kinase inhibitors in NSCLC cell lines. Eur J Pharmacol. 2016;789:458–67

Available from: https://www.sciencedirect.com/science/article/pii/S00142

9991630509X?via%3Dihub.

43. Haugrud AB, Zhuang Y, Coppock JD, Miskimins WK. Dichloroacetate

enhances apoptotic cell death via oxidative damage and attenuates lactate

production in metformin-treated breast cancer cells. Breast Cancer Res

Treat. 2014;147(3):539–50. https://doi.org/10.1007/s10549-014-3128-y.

44. Choi YW, Lim IK. Sensitization of metformin-cytotoxicity by dichloroacetate

via reprogramming glucose metabolism in cancer cells. Cancer Lett. 2014;

346(2):300–8 [cited 2018 may 18] Available from: http://www.ncbi.nlm.nih.

gov/pubmed/24480191.

45. Garon EB, Christofk HR, Hosmer W, Britten CD, Bahng A, Crabtree MJ, et al.

Dichloroacetate should be considered with platinum-based chemotherapy

in hypoxic tumors rather than as a single agent in advanced non-small cell

lung cancer. J Cancer Res Clin Oncol. 2014;140(3):443–52. https://doi.org/1

0.1007/s00432-014-1583-9.

46. Ishiguro T, Ishiguro R, Ishiguro M, Iwai S. Co-treatment of dichloroacetate,

omeprazole and tamoxifen exhibited synergistically antiproliferative effect

on malignant tumors: in vivo experiments and a case report.

Hepatogastroenterology. 2012;59(116):994–6 [cited 2016 Apr 12] Available

from: http://www.ncbi.nlm.nih.gov/pubmed/22580646.

47. Shen YC, Ou DL, Hsu C, Lin KL, Chang CY, Lin CY, et al. Activating oxidative

phosphorylation by a pyruvate dehydrogenase kinase inhibitor overcomes

sorafenib resistance of hepatocellular carcinoma. Br J Cancer. 2013;108(1):

72–81. https://doi.org/10.1038/bjc.2012.559.

48. Liang Y, Hou L, Li L, Li L, Zhu L, Wang Y, et al. Dichloroacetate restores

colorectal cancer chemosensitivity through the p53/miR-149-3p/PDK2-

mediated glucose metabolic pathway. Oncogene. 2020;39(2):469–85

[cited 2020 Sep 25] Available from: http://www.nature.com/articles/s413

88-019-1035-8.

49. Michelakis ED, Gurtu V, Webster L, Barnes G, Watson G, Howard L, et al.

Inhibition of pyruvate dehydrogenase kinase improves pulmonary arterial

hypertension in genetically susceptible patients. Sci Transl Med. 2017;9(413):

eaao4583.

50. Shroads AL, Coats BS, McDonough CW, Langaee T, Stacpoole PW.

Haplotype variations in glutathione transferase zeta 1 influence the kinetics

and dynamics of chronic dichloroacetate in children. J Clin Pharmacol. 2015;

55(1):50–55. [cited 2018 Jun 14] Available from: http://doi.wiley.com/https://

doi.org/10.1002/jcph.371

51. Dunbar EM, Coats BS, Shroads AL, Langaee T, Lew A, Forder JR, et al. Phase

1 trial of dichloroacetate (DCA) in adults with recurrent malignant brain

tumors. Invest New Drugs. 2014;32(3):452–64 [cited 2018 Jun 14] Available

from: http://www.ncbi.nlm.nih.gov/pubmed/24297161.

52. Chu QS, Sangha R, Spratlin J, Vos LJ, Mackey JR, Mcewan AJB, et al. A phase

I open-labeled, single-arm, dose-escalation, study of dichloroacetate (DCA )

in patients with advanced solid tumors. Invest New Drugs. 2015;1:603–10.

53. Tibes R, Falchook GS, Von Hoff DD, Weiss GJ, Iyengar T, Kurzrock R, et al.

Results from a phase I, dose-escalation study of PX-478, an orally available

inhibitor of HIF-1α. J Clin Oncol. 2010;28(15_suppl):3076–3076. [cited 2019

Jul 22] Available from: http://ascopubs.org/doi/https://doi.org/10.1200/jco.2

010.28.15_suppl.3076.

54. Jewell UR, Kvietikova I, Scheid A, Bauer C, Wenger RH, Gassmann M.

Induction of HIF–1α in response to hypoxia is instantaneous. FASEB J. 2001;

15(7):1312–4. https://doi.org/10.1096/fj.00-0732fje.

55. Abir R, Fisch B, Jessel S, Felz C, Ben-Haroush A, Orvieto R. Improving

posttransplantation survival of human ovarian tissue by treating the host

and graft. Fertil Steril 2011;95(4):1205–1210. Available from: http://dx.doi.org/

https://doi.org/10.1016/j.fertnstert.2010.07.1082

56. Fernandes R, Hosoya K. Ichi, Pereira P. reactive oxygen species

downregulate glucose transport system in retinal endothelial cells. Am J

Physiol Cell Physiol. 2011;300(4):927–36.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Parczyk et al. BMC Cancer          (2021) 21:481 Page 14 of 14

http://www.ncbi.nlm.nih.gov/pubmed/26607904
https://doi.org/10.18632/oncotarget.2721
https://www.sciencedirect.com/science/article/pii/S0014482713005260?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0014482713005260?via%3Dihub
http://www.spandidos-publications.com/ijo/38/2/409
http://www.spandidos-publications.com/ijo/38/2/409
https://www.sciencedirect.com/science/article/pii/S001429991630509X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S001429991630509X?via%3Dihub
https://doi.org/10.1007/s10549-014-3128-y
http://www.ncbi.nlm.nih.gov/pubmed/24480191
http://www.ncbi.nlm.nih.gov/pubmed/24480191
https://doi.org/10.1007/s00432-014-1583-9
https://doi.org/10.1007/s00432-014-1583-9
http://www.ncbi.nlm.nih.gov/pubmed/22580646
https://doi.org/10.1038/bjc.2012.559
http://www.nature.com/articles/s41388-019-1035-8
http://www.nature.com/articles/s41388-019-1035-8
https://doi.org/10.1002/jcph.371
https://doi.org/10.1002/jcph.371
http://www.ncbi.nlm.nih.gov/pubmed/24297161
http://ascopubs.org/doi/
https://doi.org/10.1200/jco.2010.28.15_suppl.3076
https://doi.org/10.1200/jco.2010.28.15_suppl.3076
https://doi.org/10.1096/fj.00-0732fje
https://doi.org/10.1016/j.fertnstert.2010.07.1082

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Compounds

	Methods
	Cell culture
	Compounds
	Cell viability and cell proliferation assays
	Confirmation of synergism
	Membrane lipid oxidation rate
	Flow cytometric analysis
	Detection of intracellular ROS
	Evaluation of apoptosis by Annexin-V-FITC and propidium iodide staining

	Western blot analysis
	Metabolic assays
	Statistical analysis

	Results
	The combination of DCA and PX-478 produces synergistic effects in eight cancer cell lines and shows only minimal effects on the non-cancerous cell line HEK-293
	The combination of DCA and PX-478 increases ROS levels and leads to apoptosis and cell cycle arrest
	The combination of DCA and PX-478 increases ROS levels in HT-29, MCF-7 and HeLa cell lines
	The combination of DCA and PX-478 leads to apoptosis and a reduction in proliferation

	The effect of DCA was verified via real-time measurement of metabolism (seahorse XFe96)

	Discussion
	Limitations
	Conclusion
	Abbreviations

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

