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a b s t r a c t

Pyruvate dehydrogenase kinase (PDK) inhibits pyruvate dehydrogenase (PDH) activity and thus promotes
energetic switch from mitochondrial glucose oxidation to cytoplasmic glycolysis in cancerous cells (a
phenomenon known as the ‘Warburg effect’) for their energy need, which facilitates the cancer progres-
sion by resisting induction of apoptosis and promoting tumor metastasis. Thus, in the present investiga-
tion, we explored the molecular mechanisms of the tumoricidal action of dichloroacetate (DCA), a
pyruvate dehydrogenase kinase inhibitor, on cells of a murine T cell lymphoma, designated as Dalton’s
lymphoma (DL). In vitro treatment of tumor cells with DCA inhibited their survival accompanied by a
modulation of the biophysical composition of tumor-conditioned medium with respect to pH, glucose
and lactate. DCA treatment also altered expression of HIF1-a and pH regulators: VATPase and MCT1
and production of cytokines: IL-10, IL-6 and IFN-c. Moreover, we also observed an alteration in the
expression of other apoptosis and cell survival regulatory molecules: PUMA, GLUT1, Bcl2, p53, CAD, cas-
pase-3 and HSP70. The study discusses the role of novel molecular mechanisms underlying DCA-depen-
dent inhibition of tumor cell survival. This study shows for the first time that DCA-dependent alteration
of tumor cell survival involves altered pH homeostasis and glucose metabolism. Thus, these findings will
provide a new insight for therapeutic applications of DCA as a novel antineoplastic agent against T cell
lymphoma.

� 2012 Elsevier Ireland Ltd. All rights reserved.
1. Introduction sion of pyruvate dehydrogenase kinase (PDK), which inhibits pyru-
Neoplastic cells mainly depend on the aerobic glycolysis, known
as the ‘Warburg effect’, for their energy requirement owing to mul-
tiple adaptive mechanisms [1,2]. Due to such physiological state
tumor cells display a high rate of glycolysis and produce lactate
even in the presence of oxygen, which renders growth advantages
by resisting induction of apoptosis and facilitating tumor metasta-
sis [1,3].

The energetic switch from mitochondrial glucose oxidation to
cytoplasmic glycolysis in cancerous cells is a result of overexpres-
d Ltd. All rights reserved.
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vate dehydrogenase activity [4]. Pyruvate dehydrogenase (PDH)
acts as a gate-keeper enzyme for the entry of pyruvate produced
by glycolysis into the mitochondrial tricarboxylic acid (TCA) cycle
by converting it to acetyl-CoA and thus plays a crucial role in reg-
ulation of cellular metabolism [3,5]. The activity of PDH is mainly
regulated by the PDK and pyruvate dehydrogenase phosphatase
(PDP), which inactivates and reactivates it respectively. Thus, tar-
geting the aerobic glycolysis is considered to be a promising novel
approach for cancer treatment.

Dichloroacetate (DCA), an orally active small molecule is a met-
abolic modulator that acts as a PDH activator by inhibiting PDK [4–
6]. Activation of PDH shifts cancer cell metabolism from glycolysis
to glucose oxidation and thus decreases mitochondrial membrane
potential, lactate production, augments reactive oxygen species,
associated with induction of apoptosis and declined tumor cell
proliferation without any harmful manifestation in normal cells
[4,5,7–9].

However, the molecular mechanisms of the action of DCA still
remain speculative to a large extent. DCA can inhibit the tumor
progression in following ways (i) by enhancing apoptosis in
endometrial cancer without any effect on cell proliferation [9];
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(ii) by inhibiting cell proliferation in cancers like breast, lung and
prostate with no effect on apoptosis or cell death [6,10]; and (iii)
by inducing apoptosis as well as inhibiting proliferation in cancers
like colorectal and lung [7,5]. Thus, the mechanisms by which DCA
inhibits growth of a variety of cancer cells could vary depending on
their etiology.

Considering the fact that about 18% of malignancies are of
hematological origin [11], which are also considered complicated
for clinical management [12,13], using a murine model of a trans-
plantable T cell lymphoma of spontaneous origin, designated as
Dalton’s lymphoma (DL), we have been investigating various as-
pects of host–tumor interactions related to tumor progression
and development of effective therapeutic strategies against tumor
cells of lymphocyte origin [14–19]. DL originated in DBA (H-2d)
strain of mouse as a thyoma [20,21]. The tumor cells can be grown
both as ascites and solid tumor [22], display a massive aneuploidy
[23] and gender dimorphism [16]. Moreover, the DL cells show a
stage dependent variation in susceptibility to anticancer drugs
[17].

Although due to its easy availability and low cost, DCA is con-
sidered as a potential drug for antineoplastic applications, it is
yet to be approved for anticancer treatment. Nevertheless, it has
only been tested against a few types of cancer cells. Since, there
are no reports with respect to antineoplastic action of DCA against
T cell tumors, this study was undertaken to investigate the so far
unexplored molecular mechanisms regarding the antineoplastic
action of DCA with respect to hematological malignancy of T cell
origin using above mentioned DL model.
2. Materials and methods

2.1. Mice and tumor system

Pathogen-free inbred adult male mice of BALB/c (H-2d) strain
were used at 8–12 weeks of age. The mice were procured from
the animal house facility of the Banaras Hindu University approved
by the institutional animal ethical committee and kept in the ani-
mal rooms of the School of Biotechnology. Mice received food and
water ad libitum and were treated with utmost humane care. For
all purposes, mice were sacrificed by cervical dislocation. DL is
maintained in ascitic form by serial transplantation in BALB/c mice
or in an in vitro cell culture system by serial passage. Irrespective of
whether the DL cells were obtained from the in vitro culture sys-
tem maintained as suspension cultures or from the ascitic fluid,
they exhibited similar phenotypic features.
2.2. Reagents

All reagents used were of tissue culture or analytical grade. Tis-
sue culture medium RPMI 1640 was purchased from Hyclone
(USA), supplemented with 20 lg/ml gentamycin, 100 lg/ml strep-
tomycin, 100 IU penicillin purchased from Himedia (India) and 10%
fetal calf serum from Hyclone (USA), henceforth, referred to as
complete medium. Sodium Dichloroacetate (>99% pure containing
up to <1% Sodium Bicarbonate) was obtained from BuyDCA.com
(Sonora CA). DCFDA was purchased from Sigma–Aldrich (USA).
Antibodies against Bcl2, b-actin, CAD, IFN-c, IL-10, MCT1, VATPase,
(Imgenex, USA), Caspase-3 (Sigma–Aldrich, USA), HSP70, IL-6, p53
(Chemicon International, UK), GLUT1 (Affinity Bio Reagents, USA),
were purchased from the indicated sources. Secondary antibodies
conjugated to alkaline phosphatase were obtained from Bangalore
Genie (India). Primers for RT-PCR were purchased from Abion
International AG (Germany) and Integrated DNA Technologies
(USA). BCIP/NBT was purchased from Amresco (USA). TUNEL assay
kit was purchased from Invitrogen (USA). Annexin-V assay kit was
purchased from Imgenex (USA).

2.3. Cell cultures

Single cell suspension of thymocytes was prepared following
previously described standard procedures [24] from freshly iso-
lated thymus of mice. Colo205 cell line (colon adenocarcinoma)
was obtained from National Centre For cell Science (NCCS), Pune
(India) and other cell lines U87 (glioblastoma), AGS (gastric adeno-
carcinoma), SiHa (cervical cancer) and MCF7 (breast adenocarci-
noma) were gifted by Dr. A.C. Bharti, Institute of Cytology and
Preventive Oncology (ICPO), Noida (India). Thymocytes, DL (Tu-
mor) cells and cell lines namely: Colo205, U87, AGS, SiHa &
MCF7 cells (1 � 106 cells/ml) were incubated in 96 well culture
plate in complete RPMI medium with or without the indicated con-
centrations of DCA at 37 �C in humidified atmosphere of a CO2 (5%
CO2) incubator. DCA was solubilized in PBS (pH 7.3 ± 0.1) at a con-
centration of 8.0 M for preparation of a stock solution and further
diluted in complete medium before adding to cell cultures at the
indicated final concentration.

2.4. Cell survival assay

Survival of cells was estimated by a standard MTT assay accord-
ing to a method described earlier [18] with slight modifications.
MTT [3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bro-
mide] was dissolved in PBS at a concentration of 5 mg/ml. MTT
solution (50 ll) was added to each well of the culture plate con-
taining tumor cells in 200 ll medium and incubated at 37 �C for
4 h. The medium was then carefully removed, without disturbing
the dark blue formazan crystals. Fifty microliters of DMSO was
added to each well and mixed thoroughly to dissolve the formazan
crystals. Plates were then read on a microplate reader (Labsystems,
Finland) at a wavelength of 540 nm. Data is presented as % survival,
which is calculated by normalizing the O.D. values of experimental
groups against control.

2.5. Analyses of apoptosis

Induction of apoptosis in tumor cells was estimated by multiple
methods as described earlier [18], including enumeration of apop-
totic cell population by Wright–Giemsa, TUNEL & Annexin-V along
with estimation of % DNA fragmentation.

2.5.1. Wright–Giemsa staining
Cell suspensions were smeared on a slide and air-dried, fixed in

methanol, stained with Wright–Giemsa staining solution, mounted
on glycerine, and analyzed under light microscope (Carl Zeiss, Ger-
many) at 400� magnification. Apoptotic cells were identified on
the basis of morphological features that included contracted cell
bodies; condensed, uniformly circumscribed and densely stained
chromatin; and membrane bound apoptotic bodies containing
one or more nuclear fragments. The percentage of apoptotic cells
was determined by counting more than 300 cells in at least 3 sep-
arate microscopic fields.

2.5.2. TUNEL staining
Apoptotic cells were identified by TUNEL staining using a TUN-

EL assay kit (Invitrogen, USA), following to the manufacturer’s
instructions. Briefly, DL cells were fixed in 1% paraformaldehyde
solution in PBS at 4 �C for 15 min followed by incubation in 70%
ethanol at �20 �C for 30 min. Cells were then incubated in DNA
labeling solution containing TdT enzyme and BrdUTP at 37 �C for
60 min followed by washing with rinse buffer and incubation in
Alexa Fluor 488 dye-labeled anti-BrdU antibody for 30 min at room



Table 1
Primer sequences for RT-PCR analysis.

Genes Primer sequences

HIF-1a F-50-CTCAAAGTCGGACAGCCTCA-30

R-50-CCCTGCAGTAGGTTTCTGCT-30

PUMA F-50-CAGACTGTGAATCCTGTGCT-30

R-50-ACAGTATCTTACAGGCTGGG-30

GLUT1 F-50-CTTTGTGGCCTTCTTTGAAG-30

R-50-CCACACAGTTGCTCCACAT-30

MCT1 F-50- CCATTGTGGAATGCTGTCCT-30

R-50- CCTACTTCTTTCCCCCATCC-30

b-Actin F-50-GGCACAGTGTGGGTGAC-30

R-50-CTGGCACCACACCTTCTAC-30
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temperature. Apoptotic cells were identified both under phase con-
trast and fluorescence optics. Cells which fluoresced brightly were
apoptotic when observed under fluorescence optics of fluorescence
microscope (Nikon, Japan).

2.5.3. Annexin-V staining for detection of apoptotic cells
DL cells were stained with annexin-V-FITC apoptosis detection

kit (Imgenex, USA). DL cells were washed thrice with PBS and
resuspended in binding buffer containing annexin-V-FITC reagent.
After incubation at room temperature for 20 min, the cells were
observed under fluorescence microscope (Nikon, Japan). Cells
showing dark green fluorescence were determined as apoptotic
and also simultaneously confirmed for apoptotic morphology un-
der phase contrast optics.

2.5.4. Estimation of percent DNA fragmentation
Treated or untreated DL cells were lysed in 0.5 ml of Tris–EDTA

buffer (pH 7.4) containing 0.2% (v/v) Triton X-100 and the frag-
mented DNA was separated from intact chromatin in a microfuge
tube (labeled as B) by centrifugation at 13,000g at 4 �C for
10 min. Supernatant containing the fragmented DNA was trans-
ferred to another microfuge tube (labeled as T). A volume of
0.5 ml of 25% TCA was added to each T and B tubes and vortexed
vigorously. DNA was precipitated overnight at 4 �C and collected
at 13,000g at 4 �C for 10 min. Supernatant was discarded and
80 ll of 5% TCA was added to each pellet. DNA was hydrolyzed
by heating at 90 �C for 15 min. At this stage, a blank was included
containing 80 ll of 5% TCA. Then 160 ll of freshly prepared diphe-
nylamine (DPA) reagent (150 mg diphenylamine in 10 ml glacial
acetic acid, 150 ll concentrated H2SO4 and 50 ll of acetaldehyde
solution) was added and the tubes were allowed to stand overnight
at room temperature to develop color. One hundred microlitre of
this colored solution was transferred to the wells of a 96-well
flat-bottomed ELISA plate and absorbance was measured at
600 nm in a microtitre ELISA plate reader (Labsystems, Finland).
Percent DNA fragmentation was calculated as:

DNA fragmentationð%Þ ¼ ½T=ðT þ BÞ� � 100

where T = absorbance of fragmented DNA and T + B = absorbance of
total DNA.

2.6. ELISA for detection of cytokines

A standard ELISA was performed to detect the presence of indi-
cated cytokines following a method described earlier [17]. Briefly,
polystyrene microwell plates (Tarsons, Kolkata, India) were coated
with 10 lg of protein sample and incubated overnight at 4 �C. In
the negative control, test samples were not added to wells of ELISA
plates and were processed for subsequent steps in the same ways
as described for the experimental sets. The plates were washed
with 0.15 M PBS containing 0.1% (v/v) Tween 20 (PBS-Tween). Un-
bound sites were saturated with PBS containing 1% bovine serum
albumin (BSA). The plates were again washed with PBS-Tween fol-
lowed by addition of antibodies against the indicated proteins at a
dilution of 1:1000. The plates were incubated at 37 �C for 60 min
followed by addition of 50 ll of p-nitrophenyl phosphate (NPP)
(1 mg/ml) in enzyme substrate buffer. The absorbance was mea-
sured after 10 min at 405 nm in an ELISA plate reader (Labsystems,
Finland) and the cytokines level is presented as pg/ml.

2.7. Western immunoblot analysis

Western immunoblot analysis for detection of indicated pro-
teins was carried out following a method described earlier [18].
Cells were washed with chilled PBS and lysed in 50 ll of lysis buf-
fer (20 mM Tris-Cl, pH 8.0, 137 mM NaCl, 10% (v/v) glycerol, 1% (v/
v) Triton X-100, 2 mM EDTA; 1 mM phenylmethylsulfonyl fluoride,
20 lM leupeptin containing aprotinin at 0.15 U ml�1) for 20 min at
4 �C. Protein content in each sample was determined by using stan-
dard Bradford method. Twenty microgram of Triton X-100 solubi-
lized proteins was separated on 10% SDS–polyacrylamide gel at
20 mA. The gel was processed further for immunoblotting. The
separated proteins were transferred onto a nitrocellulose mem-
brane (Sartorius, Germany) (1.5 h at 150 mA), immunoblotted with
antibodies against HSP70, p53, Bcl2, Caspase-3, CAD, GLUT1, MCT1,
and VATPase and probed with a secondary antibody: anti-rabbit
IgG conjugated to alkaline phosphatase and detected by a BCIP/
NBT solution (Amresco, USA). Equal loading of proteins was deter-
mined by using equal cell number for preparation of lysates, load-
ing of equal protein content and immunoblotting of b-actin.

2.8. RT–PCR for expression of mRNA of PUMA, HIF1-a, GLUT1 and
MCT1

RT–PCR analysis for the expression of mRNA for indicated genes
and b-actin were carried out according to a method described ear-
lier [16] using a one step RT–PCR cell to cDNA kit (Ambion, USA).
Primer sequences for various genes are shown in Table 1. PCR
was performed for 15 min to make cDNA at 50 �C. The amplifica-
tion was carried out for 30 cycles with initial denaturation at
94 �C for 2 min followed by annealing (annealing temperature as
per respective primer design) for 30 s and elongation at 72 �C for
30 s. The samples were separated on an agarose gel (1%) containing
ethidium bromide (0.3 lg/ml). Bands were visualized and analyzed
on a UV-transilluminator (Biorad, Australia).

2.9. Measurement of intracellular reactive oxygen species (ROS)

ROS measurement was carried out as described earlier by Furu-
ta et al. (2008) [25] with slight modifications. Untreated or tumor
cells treated with DCA for 3 h were washed followed by incubation
with HBSS containing the fluorescent dye dichlorodihydrofluores-
cein diacetate, (DCFDA) at a final concentration 0.1 mM. The cells
were further incubated at 37 �C for 45 min, followed by washing
with PBS. The cells stained with dye were visualized under fluores-
cence microscope (Nikon, Japan) at a magnification of 400� and
photographed. The amount of staining was quantified by MCID
software.

2.10. Estimation of lactate

Lactate concentration in culture supernatant was measured
using an enzymatic colorimetric method (Spinreact, Granada,
Spain) as described by Somoza et al. (2007) [26]. Briefly, 1 ll sam-
ple was diluted in 200 ll 50 mM PIPES (pH 7.5) containing 4-chlo-
rophenol (4 mM), lactate oxidase (800 U/l), peroxidase (2000 U/l),
and 4-aminophenazone (0.4 mM), followed by incubation for



Fig. 1. Effect of DCA on the survival of tumor cells and thymocytes in vitro. Tumor cells (1 � 106 cells/ml) were incubated for 24 h in medium alone or containing indicated
concentrations of DCA (a) followed by estimation of tumor cell survival by MTT assay as described in materials and methods. Thymocytes (1 � 106 cells/ml) were incubated in
medium alone or containing the indicated concentrations of DCA (b) followed by estimation of cell survival by MTT assay as described in materials and methods. Values
shown are mean ± SD of three independent experiments done in triplicate.⁄p < 0.05 vs. values of tumor cells incubated in medium alone.

Fig. 2. Antineoplastic effect of DCA on cell lines of different origins. Cells (1 � 106 cells/ml) were incubated for 24 h with the mentioned doses of DCA followed by estimation
of cell survival by MTT assay as described in materials and methods. Values shown are mean ± SD of three independent experiments done in triplicate.⁄p < 0.05 vs. values of
cells incubated in medium alone.
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10 min at room temperature, and measurement of absorbance at
505 nm was recorded. Lactate concentration was expressed in mil-
ligram per deciliter.
2.11. Quantification of glucose

Glucose content in culture supernatant was measured using a
commercial kit from Agappe diagnostics LTD, Kerala, India based
on conversion of glucose to H2O2 by converting it into a colored
red quinine product by the action of peroxidase as described by
Chaudhuri et al. (2006) [27]. Briefly, 10 ll of culture supernatant
sample was mixed with 1 ml of working reagent containing phos-
phate buffer (pH 7.4), phenol, glucose-oxidase, peroxidase and 4-
aminoantipyrine and was incubated for 10 min at 37 �C. The final
reading was taken at 505 nm. Glucose concentration was ex-
pressed in milligram per deciliter.
2.12. Statistical analysis

All experiments were conducted thrice in triplicate. The statis-
tical significance of differences between test groups was analyzed
using SIGMASTAT� software to calculate 1-way analysis of vari-
ance (ANOVA) with student Neuman-Kuels post hoc comparisons.
The difference was considered significant when p was less than
0.05.
3. Results

3.1. DCA reduces the survival of tumor cells but not thymocytes in vitro

Tumor cells (1 � 106 cells/ml) were incubated in medium alone
or containing the indicated concentrations of DCA for 24 h fol-
lowed by estimation of cell survival by MTT assay. Results are



Fig. 3. Effect of DCA on the induction of apoptosis in tumor cells. Tumor cells (1 � 106 cells/ml) were incubated for 24 h in medium alone or containing the indicated
concentrations of DCA followed by enumeration of apoptotic cell population by Wright-Giemsa (a), Annexin-V (b) and TUNEL staining (c) and estimation of DNA
fragmentation (d) as described in materials and methods. The percentage of apoptotic cells was determined by counting more than 300 cells in at least 3 separate microscopic
fields. Plates shown in each right panel are from a representative experiment in which tumor cells were incubated in the presence or absence of DCA (30 mM) for 24 h to show
the phenotype of the apoptotic cells analyzed by each respective method. Arrows indicate the apoptotic cells. Values shown are mean ± SD of three independent experiments
done in triplicate. ⁄p < 0.05 vs. values for DL cells incubated in medium alone. Plates shown (a,b,c) are from a representative experiment out of three independent experiments
with similar results.

Fig. 4. Effect of DCA on the production of ROS in tumor cells. Tumor cells
(1 � 106 cells/ml) were incubated in medium alone or DCA (30 mM) containing
medium for 3 h followed by estimation of ROS production as described in materials
and methods. Values shown are mean ± SD of three independent experiments done
in triplicate. ⁄p < 0.05 vs values for DL cells incubated in medium alone. Plates
shown are from a representative experiment out of three independent experiments
with similar results. Arrows indicate DCFDA positive cells.
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shown in Fig. 1(a). Incubation of tumor cells in medium containing
DCA resulted in a significant dose-dependent decline in tumor cell
survival compared to tumor cells incubated in medium alone. We
observed the optimum inhibitory effect of DCA on tumor cell sur-
vival at 30 mM concentration. Thymocytes (1 � 106 cells/ml) were
incubated in medium containing indicated concentrations of DCA
or medium alone for 24 h followed by estimation of cell survival
by MTT assay. Results are shown in Fig. 1(b). DCA treatment of thy-
mocytes did not alter their survival, indicating that DCA at the con-
centrations checked, was non-cytotoxic for normal cells.
3.2. DCA manifests antineoplastic action against cell lines of varying
etiology

Indicated cell lines (1 � 106 cells/ml) were incubated in med-
ium alone or containing the mentioned dose range of DCA for
24 h prior to estimation of cell survival by MTT assay. Results are
shown in Fig. 2. DCA treatment resulted in a dose dependent signif-
icant inhibition of cell survival compared to respective untreated
controls.

3.3. DCA induces apoptosis in tumor cells

Tumor cells (1 � 106 cells/ml) were incubated in medium with
or without the indicated concentration of DCA for 24 h and induc-
tion of apoptosis was confirmed by Wright-Giemsa (Fig. 3a), An-
nexin-V (Fig. 3b), TUNEL (Fig. 3c) staining and estimation of
percent DNA fragmentation (Fig. 3d). DCA was found to induce
apoptosis in DL cells in a dose dependent manner.

3.4. Effect of DCA treatment on the production of ROS in tumor cells

As ROS production is reported to be one of the earliest response
events following DCA treatment [10], tumor cells (1 � 106 cells/ml)
were incubated in medium with or without DCA (30 mM) for 3 h
followed by determination of ROS production as described in mate-
rials and methods. Results are shown in Fig. 4. The production of
ROS in DCA-treated tumor cells was found to be significantly in-
creased compared to control.

3.5. Modulation of cell survival regulatory genes and proteins in DCA-
treated tumor cells

Tumor cells (1 � 106 cells/ml) were incubated in medium alone
or containing DCA (30 mM) for 24 h, followed by RT-PCR and
immunodetection for the expression of HIF1-a and PUMA genes
and HSP70, Bcl2, p53, caspase-3 and CAD proteins. Results are
shown in Fig. 5. DCA treatment of tumor cells resulted in an inhi-
bition in the expression of HIF1-a gene along with HSP70 and Bcl2
proteins whereas the expression of PUMA at the mRNA level
(Fig. 5a) and p53, caspase-3 and CAD at the protein level (Fig. 5b)
was found to be augmented in comparison to the respective con-
trols in both mRNA and protein levels.



Fig. 5. Effect of DCA on the expression of cell survival regulatory genes and proteins
in tumor cells. Tumor cells (1 � 106 cells/ml) were treated for 24 h in vitro in
medium alone or containing DCA (30 mM) followed by analysis of the expression of
cell survival regulatory genes HIF-1a and PUMA (a) by RT-PCR and proteins HSP70,
Bcl2, p53, caspase-3 and CAD (b) by immunoblotting as described in materials and
methods. Bands shown are from a representative experiment out of three
independent experiments done in triplicate. Values shown in bar diagrams are
mean ± SD of densitometric analysis of the bands. Densitometric analysis was
carried out by comparing the density of indicated proteins/genes against the b-actin
by using a ‘Quantity One’ software of Biorad. Y axis shows relative intensity.

Fig. 6. DCA treatment inhibits the expression of GLUT1 and pH regulatory genes
and proteins in tumor cells. Tumor cells (1 � 106 cells/ml) were incubated in vitro
for 24 h in medium alone or containing DCA (30 mM) followed by processing of
cells for RT-PCR and immunoblot analysis of the indicated genes (a) and proteins
(b). Bands shown are from a representative experiment out of three independent
experiments done in triplicate. Values shown in bar diagrams are mean ± SD of
densitometric analysis of the bands. Densitometric analysis was carried out by
comparing the density of indicated proteins/genes against the b-actin by using a
‘Quantity One’ software of Biorad. Y axis shows relative intensity.

Table 2
Modulation in the biophysical composition of conditioned medium of DCA-treated
tumor cells.

Parameters In vitro treatment

Medium DCA

Glucose (mg/dl) 63.3 ± 0.26 107.1 ± 0.30*

Lactate (mg/dl) 57.7 ± 0.35 40.3 ± 0.28*

pH 7.1 ± 0.02 7.5 ± 0.03*

Tumor cells (1 � 106 cells/ml) were incubated for 24 h in medium alone or con-
taining DCA (30 mM) followed by estimation of glucose, lactate and pH in cell-free
culture supernatant as described in materials and methods. Values shown are
mean ± SD of three independent experiments done in triplicates.
*
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3.6. Effect of DCA treatment on the expression GLUT1 and pH
regulators in tumor cells

Tumor cells (1 � 106 cells/ml) were incubated in medium
with or without DCA (30 mM) for 24 h followed by RT-PCR of
GLUT1 and MCT1 and immunodetection of GLUT1, MCT1 and
VATPase by western blotting. Results are shown in Fig. 6. The
expression of GLUT1, MCT1 and VATPase was found to be inhibited
following DCA treatment of tumor cells compared to respective
controls.
p < 0.05 vs. values for tumor cells incubated in medium alone.
3.7. Reversal in biophysical composition of conditioned medium of
DCA-treated tumor cells in vitro

Tumor cells (1 � 106 cells/ml) were incubated in medium alone
or containing DCA (30 mM) for 24 h followed by measurement of
pH and estimation of lactate and glucose in culture supernatant.
Results are shown in Table 2. A significant increase in the level of
pH and glucose was observed in the culture supernatant of DCA-
treated tumor cells compared to control. The level of lactate was
found to significantly decline in the culture supernatant of tumor
cells treated with DCA compared to control.

3.8. Modulation in the production of cytokines in DCA-treated tumor
cells

Cell-free culture supernatants obtained from tumor cells
(1 � 106 cells/ml) incubated in medium alone or containing DCA



Fig. 7. In vitro treatment of tumor cells with DCA modulates cytokines production.
Cell-free culture supernatant obtained from tumor cells incubated in medium alone
or containing DCA (30 mM) were immunodetected for the indicated cytokines by
ELISA as described in material and methods. Values shown in are mean ± SD of three
independent experiments done in triplicate. ⁄p < 0.05 vs. values for tumor cells
incubated in medium alone.
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(30 mM) for 24 h, were immunodetected for the presence of the
indicated cytokines by ELISA. Results are shown in Fig. 7. We ob-
served a significant increase in the level of IFN-c and IL-6 along
with a decline of IL-10 in the culture supernatant of DCA-treated
tumor cells compared to untreated control.

4. Discussion

In the present investigation, we demonstrate the antitumor ac-
tion of DCA against tumor cells of hematological origin, moreover,
DCA also shows antineoplastic action against cell lines of various
etiology indicating its broad spectrum of antitumor potential. The
inhibitory action of DCA on cell survival was DL specific as DCA
showed no effect on survival of thymocytes. Moreover, the inhib-
itory effect of DCA on tumor cell survival was associated with an
augmented induction of apoptosis. Thus we next explored the
molecular mechanisms of DCA-induced inhibition of tumor cell
survival and apoptosis. Reactive oxygen species (ROS) have been
shown to play an indispensable role in DCA-induced apoptosis
in a variety of malignant cells [4,5,8,10]. DCA augments the gen-
eration of ROS by allowing entry of NADH produced by TCA cycle
to complex I of the electron transport chain associated with reac-
tivation of PDH activity [4,5]. Similarly, in our case also we found
a significantly augmented ROS production in DCA-treated tumor
cells, which may constitute one of the mechanisms of DCA-in-
duced tumor cell death. Moreover, we also observed augmented
expression of p53, PUMA, caspase-3 and CAD along with a decline
of HIF1-a and Bcl2. It has been reported that ROS oxidizes and
thus activates p53 [28], which in turn promotes apoptosis by reg-
ulating the expression level of two main cell survival regulatory
molecules viz. PUMA and HIF1-a, respectively [29,30]. Further,
the altered expression of PUMA and HIF1-a is demonstrated to
down-regulate the expression of anti-apoptotic protein Bcl2
[31,32], which in turn promotes caspase-3 and CAD activation
along with declined expression of HIF1-a [33,34], culminating
in induction of apoptosis. Nevertheless, DCA also induces apopto-
sis in tumor cells by decreasing mitochondrial membrane hyper-
polarization resulting in activation of pro-apoptotic mediators
[4,5,35,36]. Therefore, the aforementioned mechanisms could also
underlie DCA-induced augmented apoptosis observed in our
study. Interestingly, we also observed a declined expression of
HSP70 protein in DCA-treated tumor cells, which has been dem-
onstrated to play a central role in regulating cell survival
[37,38]. To the best of our knowledge, this is the first report
showing the inhibition of HSP70 expression in tumor cells by
DCA. The declined expression of HSP70 has been correlated to a
decline in the expression of HIF1-a [39,40]. Moreover, it has been
found that the expression of Bcl2 and activation of caspases reg-
ulated by HSP70 [41–43].

We also found an elevation in the level of glucose in tumor-con-
ditioned medium concomitant to a declined expression of GLUT1
in DCA-treated tumor cells. Review of literature reveals that GLUT1
regulates the uptake of glucose inside in tumor cells [44–46]. Thus
the over-expression of GLUT1 can be correlated with tumor pro-
gression and its poor prognosis [44–47]. Moreover, GLUT1 expres-
sion is modulated by HIF1-a, HSP70 and p53 [48–50]. Therefore,
the inhibited GLUT1 expression observed in DCA-treated tumor
cells could be attributed to a declined HIF1-a and HSP70 along
with an increased expression of p53. We also observed an increase
in the pH of conditioned medium of DCA-treated tumor cells,
which could be correlated to a low level of lactate along with an
inhibited expression of two key pH regulators: MCT1 and VATPase,
of which MCT1 is a transporter of lactate [51]. The low level of lac-
tate in tumor-conditioned medium can also be associated to a de-
clined glucose uptake by DCA-treated tumor cells owing to: (1) a
down-regulated GLUT1 expression; and (2) shifting of tumor cell
metabolism from glycolysis to glucose oxidation. Nevertheless,
extracellular pH of tumor cells has been reported to play a very
crucial role in tumor cell survival by modulating expression of
HIF1-a and its downstream genes [52,53]. Therefore, the increased
extra-cellular pH of DCA-treated tumor cells as observed in our
study may also be correlated to the declined expression of HIF1-
a. The possible targeted genes downstream to HIF1-a could be
GLUT1 and HSP70 the expression of which was observed to get
modulated in DCA-treated tumor cells. This report shows for the
first time the effect of DCA on expression of pH regulators and
GLUT1 in tumor cells by which it may contribute to the modulation
in the composition of extracellular milieu of tumor cells, triggering
induction of apoptosis.

Another novel observation of the present investigation
demonstrates modulated production of cytokines by DCA-treated
tumor cells. DCA treatment of tumor cells resulted in a down-
regulated expression of IL-10, whereas IL-6 and IFN-c were
up-regulated. The altered cytokine balance may inhibit tumor cell
survival by modulating expression of cell survival regulatory
molecules like Bcl2, p53, and GLUT1 [54–57] along with pH
regulators: like MCT1 and VATPase [18,19]. As summarized in
Fig. 8 DCA triggers tumor cell death by ushering multiple
molecular mechanisms culminating in induction of apoptosis. In
conclusion, this study presents the novel molecular mechanisms
underlying DCA-induced apoptosis in T cell lymphoma and thus
may provide a new insight for antineoplastic therapeutic applica-
tion of DCA.



Fig. 8. Summary of molecular mechanisms implicated in DCA-induced tumor cell apoptosis. Summary indicates the multiple pathways and molecules involved in inhibition
of tumor cell survival by DCA.
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