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Abstract
Cancer cells utilize cytosolic glycolysis for their energy production even in the presence of adequate levels of oxygen (Warbug effect) due to mitochondrial defects. Dichloroacetic acid (DCA)
shifts cytosolic glucose metabolism to aerobic oxidation by inhibiting mitochondrial pyruvate dehydrogenase kinase (PDK) and increasing pyruvate uptake. Therefore, DCA has potential in reversing the glycolytic metabolism defect in cancerous cells. DCA is also known to induce apoptosis
in a number of cancer cell lines, the mechanism of which is not well understood. In this study, an
attempt has been made to investigate the effects of DCA on aggressive human breast cancer
(MCF-7) cells as compared with less aggressive mouse osteoblastic (MC3T3) cells. Cell cytotoxicity
was determined by MTT, crystal violet and Trypan blue exclusion assays. Western blot was used to
detect any changes in the expression of apoptotic markers. Flow cytometry was used to measure
apoptotic and necrotic effects of DCA. Mitochondrial integrity was determined by change in mitochondrial membrane potential (Δψm), whereas oxidative damage was determined by production
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of reactive oxygen species (ROS). DCA caused a concentration-dependent cytotoxicity both in
MCF-7 and MC3T3 cell lines. MCF-7 cells were most affected. Flow cytometry results showed a significantly higher apoptosis in MCF-7 even at lower concentrations of DCA. However, higher concentrations of DCA were necrotic. Western blotting showed an increased expression of Mn-SOD-1
upon DCA treatment. Further, DCA decreased Δψm and increased ROS production. The effects of
DCA were more pronounced on MCF-7 cells as compared to MC3T3 cells. Our results suggest that
DCA-induced cytotoxicity in cancerous cells is mediated via changes in Δψm and production of
ROS.
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1. Introduction
Normally, mammalian cells (non-cancerous) produce their energy by aerobic respiration or oxidative phosphorylation utilizing electron transport chain in mitochondria. It has long been recognized that cancerous cells primarily utilize glycolysis even in the presence of adequate oxygen, a phenomenon termed aerobic glycolysis or
“Warburg effect” [1]. This change in cytosolic energy production in malignant cells is associated with reprogramming of mitochondrial function that limits pyruvate uptake for oxidative phosphorylation. This leads to an
accumulation of large quantities of cytosolic lactic acid causing lactic acidosis. Accumulating evidence suggests
that the persistent activation of aerobic glycolytic pathway in tumor cells plays a crucial role in carcinogenesis.
Therefore, the inhibition of the increased glycolytic capacity of malignant cells may provide a key cancer treatment approach.
Dichloroacetic acid (DCA) is a small molecule known to shift cytosolic glucose metabolism to mitochondrial
aerobic oxidation [2] [3] by inhibiting mitochondrial pyruvate dehydrogenase kinase (PDK). In recent years, reprogramming of mitochondrial function by DCA has received a great deal of attention for cancer treatment
strategy as a result of its effectiveness in killing certain types of tumor cells [4]. Studies have now established
that DCA suppresses tumor growth via the inhibition of mitochondrial PDK.
Michelakis and his colleagues reported that DCA had caused cell death in certain types of cancerous cells in
vitro by inducing apoptosis. Additionally, they showed that the tumor size in rats was significantly reduced by
the administration of DCA [5]. In an independent study, Bonnet and co-workers showed that exposing rats to
DCA in drinking water caused regression of their xenografted A549 lung carcinoma cells [2]. In an in vitro
analysis, they further showed that DCA only killed cancerous cells; it did not affect normal somatic cells. These
studies suggested that DCA could be used as a safer yet effective anticancer treatment agent. In a comprehensive
study on cancerous cells, Heshe and colleagues reported that DCA was effective against a panel of 18 immortal
tumor cell lines. They also reported that DCA-induced effects were mediated by decreasing mitochondrial
membrane potential (Δψm) indicating a role for mitochondria-mediated cell death process [3]. This study further
showed that DCA also caused a significant induction of apoptosis in different types of human endometrial cancer cell lines. In other preclinical studies, DCA has been shown to inhibit cell proliferation and induce apoptosis
in a number of cancer cell lines including prostate, breast, lung, endometrial and glioblastoma (GBM) cancer
cell lines [2]. These studies clearly indicated that the treatments with DCA were linked with reduced rates of
cellular proliferation and induction of apoptosis.
Since the major target for DCA was mitochondria, Wong and co-workers studied changes in mitochondrial
membrane potential (Δψm) and found that the DCA-induced changes were linked to a reduced Δψm [6]. Recently, in an in vivo study, DCA has been shown to reduce the growth of lung cancer xenografts and significantly diminish lung metastasis in a rat mammary adenocarcinoma [7]. In addition, the growth of a pancreatic
tumor xenograft was also found to be reduced perhaps by reversal of the glycolytic phenotype. Thus, selective
modulation of the glycolytic phenotype in cancer cells by DCA seems to be a promising approach for an effective and tolerable treatment of cancer in humans, although clinical trials in humans still await confirmation and
outcome of the safety data.
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DCA has recently been regarded as the magic bullet against cancer by the public press, further stimulating the
attraction of DCA for cancer treatment [3]. Its potential as anti-cancer agent is more attractive because it is easily available as a water-soluble small molecule, which is cell permeable and effective specifically in cancer cells
with no or little toxicity to normal cells. It is also cost-effective. Further, DCA has been used in humans for over
30 years to treat lactic acidosis without any significant adverse side effect being reported. So DCA appears to be
a safe drug for human use, although it still needs FDA approval for cancer treatment. The promise that the researchers have found in preclinical studies against adult malignancies and the availability of the limited safety
data in adults and children provides a strong rationale to pursue further research on DCA in an effort to understand its mechanism of action in malignant as well as non-malignant cells. Therefore, in this study, an attempt
has been made to investigate the effects of DCA on cytotoxicity of cancerous cells and study its mechanism of
action. Two representative cell lines, namely MC3T3 mouse osteoblastic cells as less aggressive and MCF-7
human breast cancer cell lines as aggressive cancerous cells were used to compare the effects of DCA.

2. Materials and Methods
2.1. Materials
All cell lines including mouse osteoblastic MC3T3 and human breast adenocarcinoma MCF-7, cell culture media (MEM, DMEM), penicillin, Fetal Bovine Serum (FBS) and streptomycin were obtained from the American
Type Culture Collection (ATCC), Manassas, VA. Vybrant apoptosis assay kit # 4 (V-13243, Molecular Probes)
for flow cytometry analysis was purchased from Invitrogen, Carlsbad, CA. Dichloroacetic acid (DCA, Na-salt),
etoposide, MTT reagents, Crystal Violet, Wortmannin, DMSO, 5’,5’,6’,6’-tetrachloro-1’,1’,3’,3’-iodide (JC-1)
dye, 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescence dye, glacial acidic acid, Trypan blue,
phosphatase inhibitor cocktail, protease inhibitor cocktail, p-amidinophenyl methanesulfonyl fluoride (PMSF)
and other reagents were obtained from Sigma-Aldrich, St. Louis, MO. Manganese dependent super oxide dismutase-1 (Mn-SOD-1) and actin antibodies were obtained from Cell Signaling Technology, Danvers, MA. Secondary antibodies (anti-rabbit IgG or anti-mouse IgG) conjugated to horseradish peroxidase (HRP) were obtained from Sigma-Aldrich, St. Louis, MO. A super Signal West Pico Chemiluminescence kit for detection of
immuno-complex on western blot was from Pierce Biotechnology, Rockford, IL. High performance chemiluminescence X-ray film was purchased from Amersham Biosciences, Piscataway, NJ.

2.2. Cell Culture
Cells were grown following instructions from ATCC. A complete medium containing MEM or DMEM with 10%
FBS was supplemented with antibiotics penicillin (500 units/ml) and streptomycin (500 units/ml) as per manufacturer recommendation. All cells were grown in a humidified CO2 incubator set at 37˚C with 5% CO2 atmosphere. For sub culturing, cells grown to confluence were washed with PBS (11.9 mM phosphates, pH 7.4, 13.7
mM NaCl, 2.7 mM KCl) and then detached with Trypsin-EDTA (0.05% Trypsin/0.53 mM EDTA in HBSS
without sodium bicarbonate, calcium and magnesium) by incubating for 5 minutes or until cells detached. After
incubation, cells were collected by centrifugation at 500 g for 5 minutes. The cells were resuspended in 10 ml of
the complete medium. Cell density was determined by counting the number of cells using a hemocytometer following staining with Trypan blue dye.

2.3. Cytotoxicity Assays
A number of methods including ethidium bromide/acridine orange (EB/AO) staining, MTT, crystal violet and
Trypan blue exclusion assays were used to determine the cytotoxic effects of DCA. For DCA or other drug
treatment, cells were seeded at a specific density depending upon the type of experiment and the cell culture
plates used. After 24 hrs culture, drugs were added as bolus from stock solutions and mixed immediately to
achieve the desired final concentrations. Further, incubations were continued for additional time intervals as required (see figure legends). Cells were then used for various assays, stained using appropriate staining procedures or harvested for biochemical determinations. Any variations in experimental procedures are described under figure legends.
For screening the cytotoxicity of DCA on various cell lines, MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT assay) or crystal violet (CV assay) reagents were used. The cells were seeded in
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96-well plates (Costar, USA) at a density of 1.0 - 1.5 × 104 cells per well and grown for 24 hrs. Various concentrations of DCA or vehicle controls were then added to the wells and incubated for additional 48 hrs at 37˚C
with 5% CO2. In MTT assay, mitochondrial dehydrogenase activity is used as an indicator of cell viability. It
was assessed by the mitochondrial-dependent reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) to formazan [8]. Briefly, the cells were washed twice with the medium free of FBS. A 10 μl
MTT solution (5 mg/ml) was added to 90 μl in cell culture medium free of FBS, and the cells were incubated for
an additional 4 hrs in the dark. Thereafter, the medium was removed, and the cells were lysed with 100 μl of
dimethylsulfoxide (DMSO) to dissolve the purple insoluble MTT formazan produced by mitochondrial succinate dehydrogenase. An automated microplate reader set at 570 nm wavelength was used to measure the conversion of MTT to formazan by metabolically viable cells. The crystal violet assay is based on the inability of
dead cells to adhere to cell culture plastic dish [9]. Cells were washed with PBS to remove dead non-adherent
cells. The remaining adherent viable cells were fixed with methanol and stained with 0.1% crystal violet solution for 10 minutes. The plates were thoroughly washed with water, and crystal violet was dissolved in 33% glacial acetic acid. The absorbance of the dissolved dye, corresponding to the number of viable cells, was measured
in an automated microplate reader at 570 nm [10]. The results of MTT and crystal violet assays were presented
as % of the control values obtained from untreated cells. The cell viability was calculated as follows [11]. The %
of dead cells = (A sample − A blank) (A control − A blank) × 100 . All determinations were performed in triplicates, and each experiment was repeated at least three times for statistical analysis.
Cell viability was also determined by Trypan blue dye exclusion assay. Briefly, cells were detached by trypsinization and suspended in the medium as described for counting of the cells using hemocytometer. An aliquot of
90 μl of the cell suspension was transferred to an Eppendorf tube and mixed with 10 μl of 0.4% (w/v) Trypan
blue dye. An aliquot of 10 μl of this mixture was loaded on each of the two sides of the counting chamber underneath the cover slip of the hemocytometer for cell counting. Cells stained with Trypan blue were counted as
dead cells. Cells without Trypan blue stain were counted as live cells. Approximately 200 - 300 cells per treatment were counted for statistical calculations. Each experiment was performed in triplicates and repeated independently at least three times.
EB/AO staining was used as another criterion for cell viability following treatment with DCA. Cells were
washed with PBS (10 mM, pH 7.4) and stained with a solution of 100 mg/ml acridine orange and 100 mg/ml
ethidium bromide in PBS mixed together in a ratio of 1:1. Cells were then visualized immediately under UV
light using a Nikon Labophot fluorescence microscope equipped with a digital camera. Photographs were taken
using randomly selected fields. In order to determine the percentage of cells undergoing apoptosis or cell death
process, the photographs were used to count the number of live (green) and dead (red) cells. Acridine orange
stains live cells green, whereas ethidium bromide stains fragmented nuclear DNA in dead cells red. Approximately 200 - 300 cells per treatment were counted for statistical calculations.

2.4. Flow Cytometry Analysis
For separation of apoptotic and necrotic cells, flow cytometry was performed as described earlier [12] following
staining of the cells with YO-PRO-I and PI dyes using Vybrant apoptosis assay kit # 4 (V-13243, Molecular
Probes). Briefly, following treatment of cells with DCA to induce apoptosis, cells were harvested by acutase and
washed with PBS, pH 7.4. The cell density was adjusted to ≈6 × 105 cells/ ml in PBS, pH 7.4. 1 μl of YO-PRO-I
stock solution (component A) and 1 μl of PI stock solution (component B) were mixed per ml of cell suspension.
After 30 minutes incubation at 4˚C, the cells were analyzed using BD FasCalibur flow cytometry to sort out
cells labelled with each fluorescent probe from a total cell population. Fluorescence emissions were measured at
515 - 545 nm for FITC using a FL-1 PMT detector and 564 - 606 nm for PI using FL-2 PMT detector. In a quadrant (Figure 4), live cells showed little or no fluorescence (lower left), necrotic cells showed red and green fluorescence (upper left and right), and apoptotic cells showed green fluorescence (lower right).

2.5. Determination of Mitochondrial Membrane Potential
For analysis of mitochondrial membrane potential (Δψm), MC3T3 or MCF-7 cells were seeded at a density of
2.5 × 104 cells in 96-well plates and incubated overnight. Cells were then treated with DCA or PBS (control) as
described above and maintained in supplemented medium. After 48 hrs, cells were washed with PBS, pH 7.4
and incubated with medium containing 10 μl of 10 mg/ml 5’,5’,6’,6’-tetrachloro-1’,1’,3’,3’-iodide (JC-1dye) for
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20 min at 37˚C. In normal cells, the dye concentrates in the mitochondrial matrix due to the electrochemical potential gradient where it forms red fluorescence aggregates. A reaction that affects the mitochondrial membrane
potential prevents the accumulation of the JC-1 dye in the mitochondria and thus the dye is dispersed throughout
the entire cell leading to a shift from red (590 nm) to green (525 nm) fluorescence. Finally, the cells were
washed and resuspended in 100 μl PBS for fluorescence measurements using microplate reader (SYNERGY H4,
BioTek, hybrid technology). Mitochondrial depolarization is indicated by a decrease in red/green fluorescence
ratio. All mitochondrial membrane potential analyses were performed in triplicates and each experiment was
repeated independently at least three times.

2.6. Determination of Reactive Oxygen Species (ROS)
For the assessment of the production of intracellular ROS, MC3T3 and MCF-7 cells were plated in the black
clear bottom 96-well plates at a cell density of 1.0 - 1.5 × 104 cells per well and treated with DCA for 48 hrs as
described above. A solution of 2’,7’-dihydrochloroflurorescein acetate (DCFH-DA) was added to the medium at
a final concentration of 10 μM and the cells were allowed to stain for 90 min in the dark. After DCFH-DA
staining, the cells were washed twice and resuspended in 100 μl of PBS. DCFH-DA intensity was examined using fluorescence microplate reader (SYNERGY H4, Bio Tek, hybrid technology) at 485/535 nm. The data presented is a representative experiment performed independently at least three times in triplicate samples.

2.7. Preparation of Cell Lysate and Western Blotting
After appropriate treatments to induce cytotoxicity or apoptosis, the culture media were collected and centrifuged at 1100 g for 5 min to collect floating cells. Cell lysates were prepared by first washing the attached cells
once with ice-cold PBS, pH 7.4 and then lysed for 20 min with a lysis buffer (RIPA) containing a protease inhibitor cocktail, a 1 mM phosphatase inhibitor cocktail and 0.1 M PMSF. The floating cells collected were mixed
with corresponding cell lysates. Following cell lysis, cell debris was removed by centrifugation at 12,000 g (Eppindroff centrifuge) for 15 min at 4˚C. Protein concentration in cell lysates was determined by using a standard
Coomassie Bradford protein assay according to the manufacturer’s instructions (Bio-Rad, Hercules, CA). Western blotting procedures followed were as described by Agarwal et al., 2009. In order to prepare protein samples
for SDS-PAGE, cell lysates were mixed with equal volumes of 2× sample buffer (0.5 MTris-HCl, pH = 6.8, 20%
glycerol, 4% (w/v) SDS, 0.5% (w/v) bromophenol blue) and boiled for 5 min at 100˚C. Samples containing 100
μg proteins were separated by 10% SDS-PAGE. The proteins from the gels were electrophoretically transferred
onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA). The membranes were blocked with
5% skimmed milk prepared in Tris-buffer saline (150 mM NaCl and 20 mM Tris-HCl, pH 7.2) containing 0.05%
Tween-20 (TBS-T) for 1 hr at room temperature. The membranes were then incubated with diluted primary antibodies overnight at 4˚C with constant shaking. The primary antibody dilutions were prepared according to the
manufacturers’ recommendations. After primary antibody incubation, the membranes were washed three times
for 10 min each with TBS-T and were incubated for 2 hrs with a 1:2000 dilution of an appropriate secondary antibody (anti-rabbit IgG for polyclonal or anti-mouse IgG for monoclonal antibodies) conjugated to horseradish
peroxidase (HRP) in 2% skimmed milk in TBS-T (Sigma-Aldrich, St. Louis, MO). Signal detection was
achieved with a Super Signal West Pico Chemiluminescence kit (Pierce Biotechnology, Rockford, IL) and high
performance chemiluminescence film (Amersham Biosciences, Piscataway, NJ).

2.8. Statistical Analysis
The results are expressed as a mean ± SD from three to four independent experiments or as described under figure legends. One-way ANOVA test was used to evaluate statistical significance between control and experimental groups. The p-value of <0.05 was taken as the value with significant difference.

3. Results
3.1. DCA Induces Cytotoxicity in Cancerous Cells
MTT assays are widely used to evaluate the overall cytotoxicity of the cell death-inducing drugs. In our experiments, the ability of DCA to promote cell death or cytotoxicity was evaluated by MTT assays in a number of
cancer cell lines. The results are presented in Figure 1. The cytotoxic effects of DCA were observed on all
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Figures 1. Effect of DCA on cytotoxicity. Indicated cell lines were grown and seeded at a density of 10 - 15 × 103
cells/well in 96-well plates as described in materials and methods. After 24 hrs, cells were treated with indicated
concentrations of DCA. Cell culture continued for additional 48 hrs. Cell viability was determined by MTT assays.
The values shown are mean ± SD from at least three independent experiments each performed in triplicates. Experimental values with **p < 0.01 were taken as significantly different as compared with their controls. One-way
ANOVA determined statistical significance. *p < 0.05.

cancer cell lines in a dose-dependent manner. MCF-7 breast cancer cell line was the most sensitive to DCA-induced cell death. MC3T3 osteoblastic cell line was the least sensitive to DCA-induced cytotoxicity. MC3T3 cell
line has been shown to behave like less aggressive or non-aggressive cell line whereas MCF-7 cell line is known
to behave as aggressive cancer cell line. In order to compare the effects of DCA on aggressive and non-aggressive cancer cells, we selected MCF-7 and MC3T3 as aggressive and non-aggressive cell lines respectively for
further studies.
Crystal violet (CV) assays and Trypan blue staining were used as additional criteria to determine DCA-induced cytotoxicity in these two selected cell lines. Similar to MTT assays, CV and Trypan blue staining showed
that DCA caused more cytotoxicity in MCF-7 breast cancer than MC3T3 osteoblastic cell line (Figure 2). The
differential effects of DCA on these two cell lines were determined in a dose dependent manner (25 and 200
mM DCA) for 48 hrs of treatment.
Using a median dose of 50 mM DCA, we have also determined the cytotoxicity of DCA on MCF-7 and
MC3T3 cells in a time-dependent manner (Figure 3). Our cytotoxicity assays indicated that DCA caused more
cytotoxicity in aggressive cancerous cell line such as MCF-7 as compared to non-aggressive or less aggressive
cell line such as MC3T3.

3.2. Cytotoxicity of DCA Is Mediated by Apoptosis
Our goal was to determine whether DCA-induced cytotoxicity was mediated via its apoptotic effects or merely
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Figure 2. Comparison of the cytotoxic effect of DCA on MCF-7 and MC3T3 cells. MC3T3 and MCF-7 cells were seeded at
a density of 10 - 15 × 103 cells/well in 96-well plates or 10 × 104 cells/plates in 6-well plates as described in materials and
methods. After 24 hrs, cells were treated with indicated concentrations of DCA. Cell culture continued for additional 48 hrs.
Cell viability was determined by crystal violet (CV) assays (upper panel) or Trypan blue staining (lower panel). The values
shown are mean ± SD from at least three independent experiments each performed in triplicates. Experimental values with
**
p < 0.01 were taken as significantly different as compared with their controls. One-way ANOVA determined statistical significance.
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Figure 3. Time-dependent effect of DCA. MC3T3 and MCF-7 cells were seeded at a density of 10 - 15 × 103 cells/well in
96-well plates and grown in normal MEM and DMEM medium respectively with 10% FBS. 50 mM was added to induce
apoptosis for 12, 24, 36, 48 and 60 hrs. The percentage of cells undergoing apoptosis was determined by MTT assays. Results shown are the mean values ± SD determined from triplicate samples of three independent experiments. **p < 0.01.

1240

Z. Alkarakooly et al.

due to non-specific cell death by necrosis. We chose MC3T3 as non-aggressive cell line, which is more resistant
to cytotoxicity by DCA, and MCF-7 as aggressive cell line, which is more sensitive to DCA-induced cell death.
Acridine orange and ethidium bromide staining was used as a criterion to determine apoptotic cell death. This
method is frequently used to study the induction of apoptosis. Characteristic morphological changes due to
apoptosis were assessed by fluorescence microscopy using acridine orange and ethidium bromide staining at 25
mM and 100 mM DCA at 48 hrs of treatments. These concentrations were selected because they were close to
the IC50 values for more sensitive MCF-7 and more resistant MC3T3 cell lines, respectively. The results showed
a significantly higher amount of apoptotic cell death in MCF-7 cells than in MC3T3 cells (Figure 4) complementing our cytotoxicity data. Therefore, it is likely that the DCA-induced cytotoxicity observed earlier in our
cytotoxicity assays could be at least partly related to the apoptotic cell death.
To confirm whether DCA-induced cell death was due to apoptosis, we performed flow cytometry analysis.
This method distinguishes cells undergoing apoptosis and necrosis from the normal population. Figure 5 shows
that at 25 mM DCA, both MCF-7 and MC3T3 cells had a significantly higher population of apoptotic cells as
compared with their respective controls. However, necrosis increased with increasing DCA concentration. These
results suggest that higher concentrations of DCA cause necrosis, while lower concentrations of DCA induce
apoptosis. The overall cell death was, however, more in MCF-7 cells than in MC3T3 cells at all doses of DCA
confirming our previous findings on cytotoxicity assays.

3.3. DCA Depolarizes Mitochondrial Membrane in Cancerous Cells
Since mitochondria are the primary target for DCA, we examined whether DCA affects mitochondrial function
by measuring changes in its membrane potential. Mitochondrial membrane potential is known to be affected by
its oxidative status, which is likely to be impaired in cancerous cells. The JC-1 dye staining to determine change
in the ratio of red/green fluorescence is a well-established method to determining mitochondrial membrane integrity. The ratio of red/green fluorescence was decreased drastically in MCF-7 breast cancer aggressive cells following dose-dependent DCA treatment (Figure 6) indicating that DCA depolarizes mitochondrial membrane
and decreased the membrane potential in cancerous cells. Such a decrease in mitochondrial membrane potential
was not significant in MC3T3 non-aggressive osteoblastic cells.

Figure 4. Dose-dependent effect of DCA on apoptosis. MC3T3 and MCF-7 cells were seeded at density of 10 × 104
cells/well in six-well plates and grown in normal MEM and
DMEM with 10% FBS. Indicated concentrations of DCA were
used to induce apoptosis for 48 hours and then cells were
stained with acridine orange/ethidium bromide and visualized
under UV light using a fluorescence microscope. The percentage apoptosis was determined by counting live (green) and
dead (red) cells. Higher doses of treatment lost dead cells during staining. Values in graph are mean ± SD from three experiments performed in triplicates. **p < 0.01.
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Figure 5. Flow cytometry analysis. MC3T3 and MCF-7 cells were cultured as described in materials and methods.
Cells were then treated with indicated doses of DCA for 48 hours to induce apoptosis. Apoptosis and necrosis was
determined by flow cytometry using Vybrant apoptosis assay kit # 4 under optimized conditions. Shown in a quadrant are live cells (lower left), necrotic cells (upper left, upper right), and apoptotic cells (lower right). Flow cytometry results are from a representative experiment repeated three times with similar results.

3.4. DCA Produces Reactive Oxygen Species (ROS) in Cancerous Cells
Production of ROS is another criterion to evaluate oxidative cellular damage and thus cytotoxicity. We examined whether DCA-induced cytotoxicity was linked with ROS production and whether the level of ROS
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Figure 6. Determination of mitochondrial membrane potential. MCF-7 and MC3T3 cells were
grown as above. Cells were treated with DCA or PBS (control) for 48 hrs. During last 30 min
incubation, cells were subjected to media containing JC-1dye (10 mg/ml) for 20 min at 37˚C.
The mitochondrial potential was measured using a fluorescence microplate reader. Data are expressed as relative ratio of red to green fluorescence. The level of JC-1 retained by untreated
cells was considered to be 100%. Exposure of MC3T3 and MCF-7 cells to DCA was associated
with a significant reduction in Δψm compared to control in MCF-7 cells; data shown represent
mean ± SD of three independent experiments. **p < 0.01.

production was different in non-aggressive MC3T3 and aggressive MCF-7 cancer cell lines. Our results suggested that DCA significantly increased ROS production in MCF-7 cells in a dose dependent manner (Figure 7).
The production of ROS was not significant in MC3T3 non-aggressive cell line suggesting that DCA-induced
cytotoxicity observed in aggressive breast cancer cells is, at least in part, mediated by cellular damage due to
ROS production.
Manganese super oxide dismutase-1 (Mn-SOD-1), a marker for cytotoxic damage by oxygen free radicals,
was also measured in response to DCA treatment. DCA induced the expression of Mn-SOD-1 in MCF-7 cells
more than in MC3T3 cells (Figure 8). These results confirm our findings that DCA induces cytotoxicity by inducing oxidative stress in mitochondria due to production of enhanced amounts of ROS in aggressive cancer
cells.
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Figure 7. Determination of ROS generation. MCF-7 and MC3T3 cells were grown as above. Cells
were exposed to different concentrations of DCA or PBS as indicated for 48 hrs. Cells were then incubated in the presence of 10 μM DCFH-DA for 30min for cell staining fluorescence microplate
reader. Data shown represent mean ± SD of three independent experiments.
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Figure 8. Effect of DCA-induced expression of Mn-SOD1. MC3T3 and MCF-7 Cells were cultured
as described in materials and methods. Cells were treated with indicated concentrations of DCA for
48 hrs. 200 μM etoposide was used as a positive control for apoptosis induced expression. After these
treatments, cell lysates were prepared in lysis buffer and subjected to SDS-PAGE followed by Western blot analysis, as detailed in materials and methods section. Membranes were probed by specific
antibodies to SOD1 followed by horseradish peroxidase conjugated secondary antibody. Actin was
used as an internal loading control to account for any variation in protein loading. The blots were visualized by chemiluminescence staining and autoradiography. Data are representative experiments for
each antibody repeated multiple times with similar results.
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4. Discussion

DCA is a small molecule, which has long been known to act on mitochondria as its primary subcellular target. In
cancerous cells, it induces cell death and therefore considered as a molecule of interest in reducing cancer
growth both in vitro and in vivo studies [2] [4] [6] [13]-[16]. These beneficial effects of DCA occur without affecting noncancerous cells or causing systemic toxicity. DCA treatment is known to significantly increase glucose oxidation that only takes place in functional mitochondria. Cancerous cells display enormously high
amounts of cytosolic glycolysis perhaps due to defect in mitochondrial function. DCA treatment seems to correct this defect by restoring mitochondrial function.
One of the unique bioenergetics features in tumor cells is the observance of “Warburg effect” which has received a great deal of attention as a potential therapeutic target in cancer therapy [17]. Most cancer cells exhibit
increased cytosolic glycolysis as a primary metabolic pathway for ATP production, despite the availability of
oxygen source. This phenomenon is closely related with the case of apoptotic resistance in cancerous cells. The
reversal of this process from cytosolic glycolysis to the mitochondrial oxidation may trigger apoptosis in cancerous cells [2] [5] [6] [18] [19]. The key regulator of glucose oxidation is pyruvate dehydrogenase (PDH),
which is inhibited by pyruvate dehydrogenase kinase (PDK) in most tumor cells. Bonnet and co-workers, in
2007, found that DCA could significantly inhibit the PDK activity in tumor cells. DCA was later found to promote apoptosis in lung, breast and glioblastoma cancer cells [20].
In this study, we have examined the effects of DCA on cell viability of human breast (MCF-7) cancer cell
lines and compared with the effects on a non-aggressive MC3T3 cancer cell line. Our study demonstrated that
not all cell lines were susceptible to DCA-induced cell death to the same degree of sensitivity. We have also
confirmed that DCA induces apoptotic effects at least at lower doses, as previously reported by other researchers
[6] [18] [21]. Our data demonstrated that the aggressive cancerous cells MCF-7, was more sensitive to DCA
than less aggressive MC3T3. Our findings were also comparable with previous findings [18], where it was
shown that the stimulation of apoptosis or cell death and changes in mitochondrial function were more obvious
in highly aggressive and metastatic cancer cells like LoVo than in the less aggressive HT29 and SW480 cells.
Our results are in conformity with earlier findings where Wong and co-workers have demonstrated that DCA
reduces endometrial cancer cell viability in a dose-dependent manner by inducing apoptosis while having no effect on non-cancerous cells.
MCF-7 cell line originally developed in the Michigan Cancer Foundation (from which it carries its name) in
1973 from a pleural effusion [22] is the most commonly used breast cancer cell line in in vitro research as an
aggressive cancer cell line. It is aggressive cancer cell line as it is not derived from the primary breast tumor; it
is rather derived from the tumor which was metastasized [23]. On the other hand, the MC3T3 cell line was originally isolated for varying degrees of osteogenic potential and has been widely used as a normal non-cancerous
model cell line in bone biology. The MC3T3 cell line used in this study is a MC3T3-E1 sub-line, most frequently and conveniently used as physiologically relevant system for transcriptional control studies [24]. Although it is a non-human cell line, it displays features of a non-cancerous cell line and comparable to other less
aggressive human colorectal cell line such as HCT116 used in this study. MC3T3 cell line has also been used as
a non-aggressive cancer cell line by other investigators.
We showed that DCA produced differential responses in aggressive and less-aggressive cancer with IC50 value close to 25 mM in MCF-7 cells. This is in agreement with other published studies [18] [25] demonstrating the
IC50 values for aggressive cancer cells ranging 20 - 30 mM DCA. The basis for differential effects of DCA on
cancerous and non-cancerous cells may reside in its influence on mitochondrial function. DCA inhibits PDK and
activates PDH. This leads to an enhanced pyruvate uptake and energy production from mitochondrial oxidative
respiration and induction of apoptosis by intrinsic pathway involving caspase-3 and cytochrome c. Although
these findings are comparable with other published studies [2] [6] [13], our results vary in certain respect. In our
study, DCA caused cytotoxicity at higher doses; the apoptosis was seen only at lower concentrations of DCA.
Similar results are reported by other groups where apoptosis in cancer cells was seen at doses as low as 0.5 - 10
mM [2] [6] [19]. Interestingly, some researchers in their study on breast cancer cells found that DCA inhibited
cell proliferation but the induction of apoptosis by DCA was not clear [16]. Therefore, we can safely state that
although DCA causes cell death and inhibits growth of some cancer cells but the essential mechanism may be
cell-type dependent. Higher doses of DCA cause non-specific cell death or necrosis.
Further to our investigation on the mechanism of action of DCA in inducing cytotoxicity, we looked at
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changes in mitochondrial membrane potential (Δψm). Treatment with DCA reduced the Δψm in aggressive
MCF-7 cells but there was no significant effect on Δψm in less aggressive MC3T3 cells (Figure 6). This suggests that DCA promotes mitochondrial respiration in aggressive cancerous cells leading to the depolarization of
mitochondrial membrane and induction of cell death by the proximal pathway of mitochondria as described in
previous studies [2] [6] [13]. These results are also in agreement with other findings reported in the literature [18]
where changes in mitochondrial function are evidently linked to the invasive nature of LoVo cells than the less
invasiveness of HT29 and SW480 cells.
Our study has also provided a link that the cytotoxic effects of DCA are perhaps mediated due to the production of ROS. We have found that the intracellular ROS production was significantly increased in MCF-7 cells
treated with DCA (Figure 7). It is well known that cancer cells largely depend on cytosolic glycolysis for their
ATP production. Our results indicated that DCA might shift the glucose metabolism of MCF-7 cells back to
oxidative phosphorylation. This would lead to an enhanced glucose oxidation by mitochondrial electron transport chain resulting in a sustained production of ROS, which, in turn, could inhibit the mitochondrial H+ efflux
and ultimately decreased Δψm. These changes might also lead to the opening of mitochondrial membrane pores
(MTP) by DCA and thus allowing the release of cytochrome c and induction of other apoptosis inducing factors
with an ultimate result in enhanced cell death [20].
Most early stage tumors occur in a microenvironment and depend heavily on anaerobic glycolysis for energy
needs due to mitochondrial defects [5] [26]. Dysfunction of mitochondria are also a continuous source of ROS
in tumor cells. In response to high levels of ROS, cancer cells express high levels of manganese dependent
superoxide dismutase (Mn-SOD-1), which converts 2 O −2 into H2O and O2 [27]. Mn-SOD-1 is an important enzyme responsible for the detoxification of O −2 and is considered a key antioxidant in aerobic cells. Deficiency
in this enzyme or inhibition of its activity may cause an accumulation of increased amounts of O −2 in the cells.
This will result in the persistence of the oncogenic phenotype [28]. Consistent with this role of Mn-SOD1, our
results showed a significant increase in the expression of Mn-SOD-1 in MCF-7 compared to MC3T3 cells
(Figure 8); only high concentrations of DCA increase Mn-SOD-1 expression in MC3T3 cells. This might be
due to that MC3T3 cells have less hypoxic environment. Similar to our results, Saed and coworkers [29] have
found an increased expression of Mn-SOD-1 during treatment of epithelial ovarian cells (EOC) with DCA.
However, in other studies using different cancer cells lines, it was reported that the levels of Mn-SOD-1 decreased. This decrease in Mn-SOD-1 was associated with an increase in apoptosis [30]-[32]. So any disturbance
in levels of SOD would affect free radicals, and thus cytotoxicity. Whether ROS promote tumor cell survival or
act as antitumorigenic agents depends on the cell and tissue type, the location of ROS production, and the concentration of individual ROS [33].
It has been shown that DCA increases PUMA transcripts in endometrial carcinoma cell lines with an apoptotic response suggesting a p53-PUMA-mediated mechanism may be involved in DCA-induced apoptosis [6]. In
our studies, we found that DCA increased Akt activation in MCF-7 but not in MC3T3 cells (results not shown).
Previous studies [34] showed that DCA when administered on mice reduced the expression of PKB/Akt in liver;
though they did not measure the levels of p-Akt. Therefore, it may be possible that alternative pathways are
operative in DCA-induced apoptosis [35] [36].

5. Conclusion
DCA induces more cytotoxicity in aggressive cancerous cells than in non-aggressive cancerous cells. This was
established by MTT, crystal violet, Trypan blue and acridine orange/ethidium bromide staining. Flow cytometry
was used to confirm and differentiate apoptotic vs. necrotic effects of DCA. At lower concentrations, DCA
brings about apoptotic changes but at higher concentrations, most cytotoxic effects of DCA are related to necrosis. Most prominent effects of DCA were seen on changing mitochondrial membrane potential (Δψm) and the
production of reactive oxygen species (ROS). The increased expression of Mn-SOD1 is likely a consequence of
the increased production of ROS. Taken together, our results suggest that DCA causes significantly higher cytotoxicity in aggressive cancerous cells than in non-aggressive cancerous cells and these effects are primarily
mediated by its action on mitochondrial membrane potential and the production of ROS.
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