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Abstract: Even in the presence of oxygen most cancer cells convert glucose to lactate via pyruvate instead of performing oxidative phosphorylation (aerobic glycolysis-Warburg effect). Thus, it has been considered to shift pyruvate
- the metabolite of aerobic glycolysis - to acetylCoA by activation of pyruvate dehydrogenase (PDH). AcetylCoA will
then be metabolized by oxidative phosphorylation. Therefore, the purpose of this study was to shift tumor cells from
aerobic glycolysis to oxidative phosphorylation using dichloroacetate (DCA), an inhibitor of PDH-kinase. The effects
of DCA were assayed in vitro in Neuro-2a (murine neuroblastoma), Kelly and SK-N-SH (human neuroblastoma) as
well as SkBr3 (human breast carcinoma) cell lines. The effects of DCA on tumor development were investigated in
vivo using NMRI nu/nu mice bearing subcutaneous Neuro-2a xenografts. For that purpose animals were treated
continuously with DCA in the drinking water. Tumor volumes were monitored using caliper measurements and via
[18F]-FDG-positron emission tomography. DCA treatment increased viability/proliferation in Neuro-2a and SkBr3
cells, but did not cause significant alterations of PDH activity. However, no significant effects of DCA could be observed in Kelly and SK-N-SH cells. Accordingly, in mice bearing Neuro-2a xenografts, DCA significantly increased
tumor proliferation compared to mock-treated mice. Thus, we could demonstrate that DCA - an indicated inhibitor of
tumor growth - efficiently promotes tumor growth in Neuro-2a cells in vitro and in vivo.
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Introduction
Within the last decades dichloroacetate (DCA)
has been established as an efficient therapeutic in treatment of lactic acidosis [1]. Furthermore it was demonstrated that DCA can
act as an effective drug in cancer therapy [2, 3].
DCA has been described to alter the glucose
metabolism of cancer cells by inhibition of pyruvate dehydrogenase kinase (PDK), which is a
negative regulator of pyruvate dehydrogenase
(PDH) [4]. A high activity of pyruvate dehydrogenase is needed to sustain aerobic glucose turnover. Tumor cells are characterized by metabolizing pyruvate to lactate even in the presence
of oxygen (Warburg effect), resulting in a
decreased activity of pyruvate dehydrogenase
[5]. It has been demonstrated that inhibition of
PDK in cancer cells leads to mitochondrial
membrane depolarization and enhanced generation of reactive oxygen species (ROS) finally

forcing cells to undergo apoptosis [6]. Since
cells of the Warburg type are highly dependent
on glucose metabolism, administration of DCA
could selectively affect cancer cells [5]. Moreover the capability of DCA to modulate cellular
metabolism and to inhibit tumor growth has
been demonstrated in endometrial cancer
cells, in glioblastoma, in neuroblastoma, and in
prostate cancer cells [7-10].
Based on these promising results our aim was
to evaluate the anti-cancer effects of DCA on
Neuro-2a neuroblastoma cells both in vitro and
in vivo. Neuroblastoma is one of the most frequent solid cancers in early childhood, the
median age at diagnosis being 17 months [11].
The cell of origin in neuroblastoma is thought to
be derived from an incompletely committed
precursor cell of neural crest origin [12].
Neuroblastoma is characterized by a heterogenous occurrence producing almost no symp-
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toms in one patient and causing severe illness
due to local invasion and/or wide dissemination in another patient. The 5-year survival
rates of patients with neuroblastoma have
increased from 52% (in the mid-seventies) to
74% (from 1999 to 2005). However, improved
cure rates are due to more efficient treatment
of patients suffering from the more benign form
of the disease. In contrast, there was only a
slight increase with regard to the therapeutic
benefit in children with high-risk neuroblastoma [12]. Therefore, new therapeutic options
are needed. As described above, DCA could be
a promising compound to effectively reduce
tumor load with only little side effects.
The aim of this study was to analyze the effect
of DCA on the different neuroblastoma cell
lines Neuro-2a, Kelly and SK-N-SH as well as on
the breast cancer cell line SkBr3 in vitro.
Moreover, efficacy of DCA was investigated in a
nude mouse model bearing s.c. Neuro-2a
tumors.
Materials and methods
Cell lines
The neuroblastoma cell lines Neuro-2a (ATCC®:
CCL-131TM, murine), Kelly (DSMZ: ACC 355, human) and SK-N-SH (ATCC®: HTB-11TM, human)
and the human breast carcinoma cell line
SkBr3 (ATCC®: HTB-30TM) were cultivated at
37°C in a humidified atmosphere containing
5% CO2. Neuro-2a cells were grown as monolayers in Dulbeccos MEM containing 1g/l glucose,
GlutaMAX-ITM and pyruvate (Gibco Invitrogen,
Germany) supplemented with 10% FCS. Kelly
and SK-N-SH cells were cultivated in RPMI
1640 (Biochrom AG, Germany) plus 10% FCS
and SkBr3 cells were grown in Dulbeccos MEM
(Biochrom AG, Germany) plus 10% FCS.
Dichloroacetate (DCA) was obtained from
Sigma-Aldrich, Germany.
Assessment of proliferation/viability by real
time measurement of electrical impedance
(xCELLigence assay)
The neuroblastoma cell lines Neuro-2a, Kelly
and SK-N-SH (6,000 cells/well, respectively) as
well as the breast cancer cell line SkBr3 (2,000
cells/well) were seeded in E-plates 16 (Roche,
Germany). The E-plates are multi-well cell culture plates equipped with micro-electrodes at
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the bottom. They were placed on the real time
cell analyzer (RTCA) of the xCELLigence system
(Roche) and the cells were allowed to adhere
overnight in a humidified atmosphere (37°C)
containing 5% CO2. Following adhesion, cells
were treated with 0.5, 1 and 5 mM of DCA. With
the xCELLigence system the electrical impedance across the micro-electrodes of the E-plates was continuously measured. The impedance measurement (expressed as cell index)
provides quantitative information about the
biological status of the cells, including cell number, viability and morphology. Measurement of
cell impedance was performed over 80 h.
Estimation of the mean diameter of Neuro-2a
cells
Neuro-2a cells (2.5 × 104/well) were seeded in
6-well plates and allowed to adhere overnight.
The next day cells were treated with 0.5 mM, 1
mM and 5 mM of DCA for 48 h (in a total volume of 2 ml per well). Cells were harvested
using 500 µl of trypsin/ EDTA per well for 2 min.
Cells were pelleted by centrifugation (3 min,
300 g), the supernatant was discarded and the
cell pellet was re-suspended in culture medium
(1 ml). 50 µl of the cell suspension was diluted
in 10 ml of the CASYTON solution (isotonic dilution liquid). The mean diameter of the cells was
determined using the CASY cell counter according to the recommendations of the manufacturer (Roche, Germany).
Determination of pyruvate dehydrogenase
(PDH) activity
One day after seeding (3 × 107 cells per 175
cm2 flask), Neuro-2a cells were treated with 1
and 5 mM of DCA for up to 48 h. PDH activity
was determined at 0, 24 and 48 h after administration of DCA. To this cells were lysed with
300 µl of a lysis buffer (M-PER containing protease inhibitors) and processed according to
the manufacturer’s instructions (PDH Protein
Quantity Microplate Assay Kit, Abcam, Cambridge, UK). Activity was measured using an
ELISA reader at 450 nm (Bio-Tek 800) and was
expressed as percentage of untreated control.
Animals and tumor model
Female NMRI nu/nu mice (Charles River
Laboratories), 4 weeks old, bearing s.c. Neuro2a tumors were used to examine therapeutic
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Figure 1. Real time measurement of DCA effects on cell proliferation/viability using the xCELLigence system. Neuro2a (A), SkBr3 (B), SK-N-SH (C), and Kelly (D) cells were incubated with different concentrations of DCA approximately
20 h after seeding (arrow) and the cell index was continuously measured via the electrical impedance.

efficacy of DCA. Mice (five per cage) were
housed in ventilated cages under standard
conditions at 26°C and 50-60% humidity. Mice
had free access to food and water except for a
time frame of 6 h before performance of
[18F]-FDG PET imaging. Mice were injected s.c.
with 1 × 106 Neuro-2a tumor cells in 100 µl of
PBS close to the right shoulder. Three days
after tumor cell inoculation animals were split
into two groups (n = 5 each): one group had
water supplemented with 300 mg/l of DCA,
while the second group received normal drinking water without any supplementation. All animal experiments were conducted in accordance with the German federal law, the
guidelines for protection of animals and under
permission of the federal department of Upper
Bavaria.
Determination of tumor volume
The tumor volume was determined by measuring height (a), width (b) and depth (c) with a sliding caliper. The volume was then calculated
according to the volume of an ellipsoid (V =
4/3πabc). To check the results of these mea814

surements, tumor volumes were also determined using the DICOM viewers OsiriX and
Amide analyzing the data from [18F]-FDG PET
images.
Tumor staging after DCA treatment using positron emission tomography (PET)
To monitor the impact of DCA on tumor growth
five mice per group (DCA treated and untreated
control) were selected. PET imaging was performed on days 4 and 11 after tumor cell inoculation. Mice were anesthetized using the inhalation anesthetic isoflurane for the length of the
imaging sequence. Mice were imaged for 15
min in the prone position in a microPET Focus
120 scanner (Siemens Preclinical Solutions,
Knoxville, TN, USA) after intravenous injection
of 11.1 MBq [18F]-FDG per mouse.
Tumor/muscle ratio of [18F]-FDG uptake
To exclude imprecisions due to slight differences in the injected [18F]-FDG activities per animal and due to different body weights of the
animals, tumor/muscle (T/M) ratios of [18F]Am J Cancer Res 2015;5(2):812-820
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Figure 2. PDH activities of Neuro-2a cells 24 h (A) and 48 h (B) after treatment with DCA.

FDG uptake per mouse were calculated from
the PET images. For this purpose the volume in
a region of interest of the tumor (ROIT) was
divided by the appropriate volume in the psoas
muscle (ROIM). In this step the entire tumor and
a well-defined area were used for calculation.
Statistics
Statistical analysis was performed using SPSS
(version 19.0, IBM Corporation) and SigmaPlot
11.0 (Systat Software Inc.). Means and standard deviations were calculated. Results were
interpreted as statistically significant with p-values < 0.05. A t-test was used to compare
means of two independent samples and tests
were Bonferroni adjusted.
Results
Real-time measurement of cell growth demonstrates an increase of viability after DCA
treatment
Assessment of viability/proliferation of Neuro2a cells via continuous measurement of electrical impedance using the xCelligence system
displayed a DCA induced promotion of cell proliferation compared to untreated controls
(Figure 1A). The stimulating effect of DCA first
became evident at 44 h after seeding of the
cells, i.e. 24 h after addition of DCA. At 72 h (42
h after administration of DCA) the cell index of
Neuro-2a cells treated with 0.5 mM, 1 mM and
5 mM of DCA was higher than that of the
untreated controls. Surprisingly, the highest
increase of the cell index was observed at the

815

lowest of the applied DCA concentrations (0.5
mM).
Due to these unexpected results, two human
neuroblastoma cell lines and one human breast
cancer cell line were analyzed accordingly for
comparison. The results of these studies are
shown in Figure 1B-D. Interestingly, DCA displayed a pro-proliferative effect also towards
SkBr3 breast carcinoma cells. However, in contrast to Neuro-2a cells, the highest increase of
the cell index of SkBr3 cells was observed with
5 mM of DCA (Figure 1B). In the two human
neuroblastoma cell lines SK-N-SH and Kelly,
only negligible pro- or anti-proliferative effects
could be induced following application of 0.5
mM, 1 mM and 5 mM of DCA (Figure 1C, 1D).
These results are in agreement with observations of Niewisch [13]. The unexpected results
obtained with Neuro-2a and SkBr3 cells,
prompted us to conduct further in vitro and in
vivo experiments for clarification, exemplarily
with Neuro-2a cells.
DCA treatment did not increase the size of
Neuro-2a cells
The mean diameter of Neuro-2a cells was measured in order to exclude that an increase in
cell size had caused the increase of the electrical impedance. No statistical significant differences in cell size could be observed between
the untreated Neuro-2a cells and the cells
treated with 0.5 mM, 1 mM and 5 mM DCA.
Cells showed a mean diameter of 16.82 µm (±
1.01 µm) prior to seeding and of 16.17 µm (±
1.49 µm) 24 h post seeding. Treatment with 0.5
mM, 1 mM, and 5 mM DCA resulted in 15.63
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the end of the observation
period, i.e. 11 d after allocation of DCA (14 d after tumor
cell inoculation) the tumor volumes were 563.1 cmm (±
362.7 cmm) and 1426.1 cmm
(± 334.1 cmm) in the mocktreated and the DCA treated
animals, respectively. The experiment had to be stopped
prematurely on day 12 due to
the intense tumor growth in
the DCA treatment group.
Advancement of Neuro-2a tumor growth by DCA could also
be visualized using [18F]-FDG
PET. As shown in Figure 4,
tumor sizes in representative
mock-treated and DCA treated
mice did not differ on day one
Figure 3. Tumor volumes (cm3) observed on days 1, 2, 4, 5, 8, 9, 11 after
but clearly differed on day 8
application of DCA in the drinking water compared with the mock-treated
after initiation of DCA treatcontrol group. Red arrows indicate the time points of PET scans; *indicates
ment. DCA treatment of Neurostatistical significance (p < 0.05); n = 5 per group.
2a cells did not result in an
increased uptake of [18F]µm (± 1.51 µm), 15.72 µm 8 ± 1.41 µm), and
FDG compared to untreated cells (data not
shown). Therefore, the visible differences in
15.77 µm (± 1.08) µm at 24 h and 15.36 µm (±
[18F]-FDG PET imaging are clearly due to differ0.73 µm), 15.38 µm (± 0.8 µm) and 15.19 µm
ent tumor sizes.
(± 0.84) µm at 48 h, respectively (n = 3).
Therefore, the observed increase after DCA
DCA treatment results in increased tumor to
treatment is due to an increase of proliferation
muscle (T/M) ratios
of Neuro-2a cells.
DCA triggered changes of pyruvate dehydrogenase (PDH) activity were not statistically
significant
Incubation of Neuro-2a cells with 1 mM DCA
resulted in an increase of PDH activity both at
24 h (117.6% of control) and at 48 h (135.4% of
control) after treatment. 5 mM of DCA induced
an increase of PDH activity at 24 h after treatment (125.7% of control) and at 48 h (134.8%
of control) (Figure 2). However, all observed
DCA triggered changes of PDH activity were not
statistically significant (p = 0.244).
DCA promotes growth of Neuro-2a tumors in a
mouse model
As illustrated in Figure 3, DCA treatment (300
mg/l in the drinking water) significantly
increased the volumes of Neuro-2a tumors
compared to tumors in mock-treated mice on
days 4, 9 and 11 after initiation of treatment. At
816

Using maximum intensity PET images, tumor to
muscle (T/M) ratios of the [18F]-FDG uptake
were calculated with the DICOM viewers Amide
and OsiriX. On day 4 after inoculation of Neuro2a cells, i.e. one day after initiation of DCA
treatment, T/M ratios in the treatment group
(0.76 ± 0.07) and the control group (0.62 ±
0.61) were almost identical, as determined with
Amide. However, on day 8 after initiation of DCA
treatment, i.e. 11 days after tumor cell inoculation, the T/M ratios of the treatment group
(18.3 ± 11.2) were elevated by a factor of 2.04
compared to the control group (8.97 ± 2.91).
This result was confirmed using the DICOM
viewer OsiriX: T/M ratios in DCA treated animals (0.52 ± 0.17) were 2.17 fold higher compared to untreated controls (0.24 ± 0.17) on
day 8.
Discussion
Dichloroacetate (DCA) is a structurally simple,
but potent agent that was suggested as a canAm J Cancer Res 2015;5(2):812-820
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Surprisingly, in our experiments DCA treatment
of the murine neuroblastoma cell line Neuro-2a
resulted in an increase of proliferation with the
strongest effect observed at 0.5 mM DCA.
Treatment with DCA also enhanced proliferation of human SkBr3 breast cancer cells in a
concentration dependent manner. In contrast,
proliferation of the human neuroblastoma cell
lines SK-N-SH and Kelly was neither promoted
nor inhibited by treatment with up to 5 mM of
DCA. These results are - at least partly - confirmed by findings of another study showing
that DCA at low millimolar concentrations
seems to have only minor effects on vitality,
proliferation and apoptosis of neuroblastoma
cell lines SK-N-SH and LS [13]. Beyond, concentrations of 1 and 2 mM DCA did not result in
a significant shift from glycolysis to oxidative
phosphorylation. In summary the authors concluded that DCA might not be a very effective
drug with regard to eradication of differentiated
neuroblastoma cells [13].

Figure 4. [18F]-FDG PET scans of Neuro-2a tumor
bearing mice. Scans were performed on days 1 and
8 after application of DCA in the drinking water (300
mg/L) or mock-treatment (i.e. at days 4 and 11 after
tumor cell inoculation). Arrows indicate locations of
tumors.

cer therapeutic previously [6, 14]. DCA has
been reported to unfold its anti-proliferative
and apoptosis inducing potential by inhibition
of pyruvate dehydrogenase kinase [6]. Moreover, DCA might induce the “normalization” of
hyperpolarized mitochondria of cancer cells,
resulting in enhanced generation of reactive
oxygen species (ROS) and subsequently programmed cell death [6]. As shown previously,
DCA particularly targets those cells that are
defective in the mitochondrial electron transport chain [14]. Keeping in mind that DCA offers
anti-cancer properties at relatively low toxicity,
our aim was to investigate the effects of DCA
on neuroblastoma cells [4, 15-19]. These cells
have been reported to vary in their sensitivity
towards the administration of DCA. Furthermore,
it was postulated previously that the growth of
undifferentiated neuroblastoma cells is specifically inhibited by DCA [9].
817

Furthermore, we could show that treatment of
Neuro-2a cells with DCA resulted in a slight, but
insignificant increase of pyruvate dehydrogenase (PDH) activity both after 24 h and 48 h (at
1 mM and 5 mM of DCA). This does not support
the fact, that DCA might alter PDH activity significantly in Neuro-2a cells by inhibition of pyruvate dehydrogenase kinase. In another study it
was shown that treatment with DCA enhances
the flux of pyruvate into the mitochondria, promotes glucose oxidation and finally results in
increased apoptosis [2]. These effects of DCA
were confirmed by several independent groups
in breast cancer cells, non-small cell lung cancer cells, glioblastoma, endometrial and prostate cancer cells [6-8]. It has been show that in
A549, HL60, MCF-7 and PC3 cells apoptosis
was induced preferably at DCA concentrations
above 25 mM, and not at concentrations below
1 mM [14]. This points to the fact, that the
effects of DCA might be dependent on the cell
lines used for the experiments. Our data suggest that neuroblastoma cells in particular are
not susceptible to DCA treatment at concentrations of up to 5 mM.
In accordance with the in vitro results, Neuro2a tumors in NMRI nu/nu mice showed
enhanced proliferation following DCA treatment. This tumor promoting effect was
observed at a DCA concentration of 300 mg/l
in the drinking water. The tumors that develAm J Cancer Res 2015;5(2):812-820
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oped 11 d after allocation of DCA (14 d after
tumor cell inoculation) were 2.5 fold (caliper
measurements) or 2.2 fold (OsiriX quantification) larger than those of the control group.
These findings are contradictory to the results
of a previously published paper [6]. After subcutaneous injection of A549 human non-small
cell lung cancer cells into nude athymic rats the
animals were supplied with DCA added to the
drinking water (75 mg/l). Treatment with DCA
induced apoptosis and deceased tumor growth
but did not induce toxic side effects towards
the hematopoietic system. To confirm these
results, DCA was administered intraperitoneally twice a day at a dose of 250 mg/kg given for
21 days or by supplementation in the drinking
water at 0.075 mg/l in a athymic nude rat
model of A549-ASC1 human lung tumor xenografts [14]. In this study parenteral administration of DCA was not effective in decreasing
tumor growth whereas DCA showed activity
against tumor xenografts when given orally.
Unfortunately, the authors did not provide a
possible explanation for this unexpected result.
Moreover, it was investigated if a combined
administration of DCA and capecitabine, a prodrug of 5-fluorouracil, could result in reduced
tumor growth [20]. In an allograft model (female
C57BL/6 mice) B16 melanoma cells and in a
xenograft model (BALB/c-nu mice) A549 tumor
cells were inoculated subcutaneously, respectively. DCA was added to the drinking water at a
final concentration of 1.4 g/L. DCA enhanced
the primary apoptotic effects of capecitabine in
both B16 tumors and A549 non-small cell lung
cancer cells. The authors concluded that DCA
alone had only little antitumor effects [20].
[18F]-FDG PET imaging proved to be adequate
to monitor development of Neuro-2a tumors in
our study. Imaging data were confirmed by
using the two different DICOM viewers Amide
and OsiriX. Our results are in accordance with
those of another study demonstrating that
[18F]-FDG is particularly useful in imaging of
neuroblastoma tumors in patients that do not
express norepinephrine transporters and hence cannot be detected by Iodine-123 metaiodobenzylguanidine (MIBG) [21]. In this phase 1
study 14 children with relapsed neuroblastoma
were enrolled with the aim to evaluate the functional response to new therapies. In patients
expressing the norepinephrine transporter on
tumor cells Iodine-123 MIBG scans proved to
be more sensitive for individual lesion detec818

tion in relapsed neuroblastoma than FDG-PET
scans. Nevertheless detection of neuroblastoma tumors that do not express the norepinephrine transporter was feasible using FDG-PET
[21].
Besides it was demonstrated that DCA significantly reduces tumor proliferation in undifferentiated malignant neuroblastoma cells, whereas more differentiated cells are refractory to
DCA treatment [9]. In this study the human neuroblastoma cell line SKNBE2 was injected subcutaneously into NOD-SCID mice. Intragastric treatment of mice with DCA caused a dose
dependent cell cycle delay. Furthermore, tumor
volumes after treatment with 2.5 mg/kg and
25 mg/kg of DCA were reduced by 30% and
55%, respectively.
On the other hand DCA has also been reported
to be carcinogenic. DCA concentrations above
0.5 g/L in the drinking water induced cancer
growth in B6C3F1 mice after exposure of up to
60 weeks [22]. Neoplasia was firstly detected
between 30 and 35 weeks in animals treated
with 3.5 and 5.0 g/L of DCA, respectively. A
maximum tumor incidence was observed at 2
g/l DCA by 60 weeks. The exact mechanism by
which DCA induces these malignant lesions
remained unclear. The authors of the study
suggested that exposure to DCA in chronic, lowdose concentrations might result in epigenetic
alterations finally causing cancer [22]. Toxic
side effects were also observed in B6C3F1
mice within 12 months upon treatment with
DCA [23]. Administration of 1 or 2 g/l DCA in
the drinking water for up to 52 weeks resulted
in significant liver lesions in mice. The livers
were enlarged with some areas showing necrosis. Beyond, administration of DCA also resulted in glycogen-rich foci. When the treatment
was stopped at 37 weeks, the lesions persisted
but did not progress to hepatocellular carcinoma [23]. Different pathways might be involved
with regard to the toxic effects of DCA. It was
suggested that exposure to DCA provides a
selective growth advantage to spontaneous
occurring CTA mutations in the H-ras codon 61
[24]. While this H-ras activation appeared to be
an important feature of the hepatocarcinogenicity upon exposure to DCA, its role might not
be crucial for the development of this type of
tumor since a significant number of liver neoplasms are without evidence of H-ras activation [24].
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The carcinogenicity of DCA might also be linked
to its’ decreased elimination rate after repetitive dosing, which was noted in humans [25]. It
has been described that DCA both is converted
to glyoxylic acid by human glutathione-S-transferase-zeta (GST-zeta), an enzyme that is involved in DCA metabolism in rodents and humans,
and inhibits GST-zeta [26, 27]. GST-zeta is
involved in the isomerization of maleylacetoacetate (MAA) to fumarylacetoacetate (FAA),
which then is hydrolysed to fumarate and acetoacetate by fumarylacetoacetate hydrolase
(FAH) [28]. FAH deficiency causes type 1 hereditary tyrosinemia (HT1), a disease that is associated with an elevated risk of liver cancer [28]. It
has been suggested that this risk might to be
due to the accumulation of FAA and MAA or
their metabolites [28, 29]. Since DCA interacts
with GST-zeta, exposure to DCA might hence
contribute to an accumulation of MAA or FAA at
toxicologically relevant levels, both of which
substrates are suspected to increase cancer
risk [30].
In conclusion, our results indicate that therapeutic application of DCA should be carefully
considered with regard to the treated tumor
type and possible adverse effects in vivo.
Overall, beneficial effects of DCA in treatment
of neuroblastoma seem questionable.
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