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Abstract: Dichloroacetate (DCA), a small molecule mitochondria-targeting agent, can penetrate
the blood-brain barrier, showing potential therapeutic effects on brain tumors. Considering
the effects of DCA on tumor cellular metabolism, penetrating across the blood—brain barrier,
as well as having potential antitumor activity on brain tumors, the purpose of this study is to
investigate the antitumor activity of DCA on C6 glioma cells in vitro and in vivo. DCA inhib-
ited C6 glioma cell proliferation, induced C6 cell apoptosis, and arrested C6 cells in S phase.
DCA can inhibit the expression of heat shock proteins 70 (Hsp70) in a dose-dependent and
time-dependent manner (P < 0.01). Our in vivo antitumor effect results indicated that DCA
markedly inhibited the growth of C6 glioma tumors in both C6 brain tumor-bearing rats and
C6 tumor-bearing nude mice (P < 0.01). DCA significantly induced the ROS production and
decreased the mitochondrial membrane potential in tumor tissues. Our in vivo antitumor effect
results also indicated that DCA has potential antiangiogenic effects. In conclusion, DCA may
be a viable therapeutic agent in the treatment of gliomas.
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Introduction

Malignant gliomas are the most common and deadly brain tumors.! Approximately
20,000 patients are diagnosed with gliomas each year in the United States.? It was
reported that the median survival time of patients with malignant gliomas ranges from
14 to 40-50 weeks despite aggressive multimodality management with surgery, radia-
tion, and chemotherapy.’ Radiotherapy has been of key importance to the treatment
of these tumors for decades.* Newer surgical techniques have become important in
the management of malignant gliomas.>¢ Because of the angiogenesis in malignant
gliomas,’ the antivascular endothelial growth factor therapy has had significant efficacy
in gliomas.® In addition, it was reported that heat shock protein 70 (Hsp70) is overex-
pressed in glioma cells.”!® Overexpressed Hsp70 could decrease the release of cyto-
chrome ¢ and apoptosis inducing factor (AIF), which can then serve an antiapoptotic
function." Therefore, down-regulating Hsp70 expression would enhance the release
of cytochrome ¢ and AIF, leading to tumor cell apoptosis. It is well known that many
chemotherapeutic agents have a low therapeutic index in brain tumors.!? The failure of
chemotherapy is due to the inability of intravenously administered anticancer agents
to reach the brain tissue. The blood—brain barrier (BBB) is one of the most important
obstacles for preventing the penetration of drugs into the central nervous system.!®
Therefore, great efforts have been made to develop various strategies for improving
the penetration of drugs across the BBB, as well as for improving the targeting effect
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to the brain tumors, including targeting drug delivery systems
or conjugates.'*1

Compared to the therapy of using chemotherapeu-
tic agents or molecular-targeting therapeutic agents, an
alternative antitumor approach may be to consider tumor
metabolism.!” Now, mitochondria are increasingly recog-
nized as important targets in tumors because of their central
roles in apoptotic pathways and in cellular metabolism.!'
The most common metabolic hallmark of cancer cells is
their propensity to metabolize glucose to lactic acid at a high
rate even in the presence of oxygen.! Tumor cells produce
a clearly increased amount of their energy through glycoly-
sis under aerobic conditions.? This metabolic switch away
from mitochondrial respiration towards aerobic glycolysis in
tumors could cause tumor cell transformation and suppress
apoptosis.?! Progress in molecular biology has revealed that
energy metabolism is strictly regulated by several protein
kinases. Pyruvate dehydrogenase kinase (PDK) is a gate-
keeping enzyme that regulates the flux of carbohydrates
(pyruvate) into the mitochondria. In the presence of activated
PDK, pyruvate dehydrogenase (PDH), a critical enzyme
that converts pyruvate to acetyl-CoA instead of lactate in
glycolysis, is inhibited, limiting the entry of pyruvate into the
mitochondria. Notably, a recent report showed that the entry
of pyruvate into the Krebs cycle is inhibited in cancer cells,
and aerobic glycolysis is highly increased in cancer cells.?
This bioenergetic difference between cancer and normal cells
would offer a very selective therapeutic target.?!

As many molecules with mitochondrial activity were
discovered more than a decade ago, newer targeted screen-
ing strategies may uncover many additional compounds with
desirable anticancer activities.?® Dichloroacetate (DCA)
is considered as a small molecule mitochondria-targeting
agent.?! Clinical studies of DCA have shown reduced lactate
levels in patients with congenital lactic acidosis and sep-
sis.?*? It has been reported that DCA activates the PDH by
inhibition of PDK in a dose-dependent manner, and results
in increased delivery of pyruvate into the mitochondria.?
The antitumor activity of DCA on nonsmall cell lung cancer,
breast cancer, glioblastomas, and endometrial and prostate
cancer cells has been demonstrated.?*?° In addition, the
oral bioavailability of DCA is almost 100%.2' DCA can
penetrate into the traditional chemotherapy sanctuary sites.
Interestingly, it was reported that DCA could penetrate
across the BBB,* exhibiting the potential activity for brain
therapy.

Considering the effects of DCA on tumor cell metabolism,
penetrating across the BBB, as well as potential antitumor

activity on brain tumors, in this study, we investigated
the antitumor activity of DCA on C6 gliomas in vitro and
in vivo. The murine C6 glioma cells were selected as the
cell model. The cell proliferation, cell cycle, apoptosis, and
in vitro cytotoxicity of the DCA were also investigated. The
effect of DCA on Hsp70 expression was analyzed in C6 cells
in vitro. The antitumor activity of DCA was evaluated in C6
brain tumor-bearing rats and C6 tumor-bearing nude mice
in vivo. Furthermore, the reactive oxygen species (ROS)
production and mitochondrial membrane potential in tumor
tissues were also investigated. In addition, the antiangiogenic
activity of DCA was evaluated in C6 brain tumor-bearing
rats in vivo.

Materials and methods

Materials

The DCA was obtained from Sinopharm Chemical Reagent
Beijing Co, Ltd (Beijing, People’s Republic of China) and
the solution was adjusted to a pH of 6.8—7.2 by 1 M NaOH
solution. Sulforhodamine B (SRB) and Tris-base were
purchased from Sigma-Aldrich (St Louis, MO, USA). Cell
culture medium, penicillin—streptomycin, fetal bovine serum,
horse serum, and L-glutamine were from Gibco®, Life Tech-
nologies (Carlsbad, CA, USA). All other chemicals were of
analytical grade.

Cell culture

Murine C6 glioma cells were purchased from the Institute
of Material Medical, Chinese Academy of Medical Sciences
and Peking Union Medical College (Beijing, People’s Repub-
lic of China). The C6 cells were routinely grown in Ham’s
F-10 medium supplemented by 2.5% heat-inactivated fetal
bovine serum, 15% horse serum, penicillin (100 U/mL), and
streptomycin (100 wg/mL). All cells were maintained at 37°C
in humidified environment with 5% CO.,.

Animals

Male Sprague Dawley rats (200 £ 20 g) and male BALB/c
nude mice (18-20 g) were obtained from the Experimental
Animal Center of Peking University (Beijing, People’s
Republic of China), and maintained under natural light/dark
conditions. Animals were acclimatized for 7 days prior to
the experiment and were allowed free access to a standard
diet and water. The temperature and relative humidity were
maintained at 25°C and 50%, respectively. All care and
handling of animals were performed with the approval of
the Institutional Authority for Laboratory Animal Care of
Peking University.
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Cell proliferation assay

The effect of DCA on C6 cell proliferation was analyzed
with the SRB assay.?'* Briefly, C6 cells were plated in
96-well culture plates (1 x 10* cells/well). After 24 hours of
incubation, the cells were treated with DCA (0 mM, 5 mM,
10 mM, 25 mM) for 48 hours. After that, cells were fixed
with trichloroacetic acid, then washed and stained with SRB.
Absorbance was measured at 540 nm using a 96-well plate
reader (680; Bio-Rad Laboratories, Hercules, CA, USA).
The percentage of surviving cells was calculated using the
following formula:

Variability % = (1 - A, for the treated cells/
A, for the control cells) x 100 (1)

540n

where Ao

repeated a minimum of three times, with quadruplicate

is the absorbance value. Each assay was
determinations for each dose level.

In vitro cytotoxicity

In vitro cytotoxicity was measured through the SRB
method. Briefly, C6 glioma cells were seeded at a density of
5% 103 cells/well in 96-well transparent plates and incubated
for 24 hours. The medium was then changed, and various
concentrations of the DCA (0 mM, 1 mM, 2 mM, 4 mM,
8 mM, 16 mM, 32 mM, 64 mM, and 128 mM) were used. At
24 hours, the medium was removed, and then cells were fixed
with trichloroacetic acid, and washed and stained with SRB.
The absorbance was measured at 540 nm using a 96-well
plate reader (680; Bio-Rad Laboratories). The survival per-
centages were calculated using the following formula:

Survival % = (A, for the treated cells/A,,
for the control cells) x 100 (2)

where A,
ried out in triplicate. Finally, the drug concentration which
inhibited the cell growth by 50% (IC, ) was determined from

semilogarithmic dose-response plots.

is the absorbance value. Each assay was car-

Cell cycle analysis

Cell cycle perturbations were analyzed by propidium iodide
(PI) DNA staining. Briefly, exponentially growing C6 cells
(5 x 10°) were treated with DCA (0 mM, 5 mM, 20 mM,
40 mM) for 24 hours. At the end of each treatment, cells
were collected after a gentle centrifugation at 1000 rpm
for 5 minutes and then fixed in 70% ethanol for at least
12 hours at 4°C. Ethanol-suspended cells were diluted with

phosphate buffered saline (PBS) and then centrifuged at
1000 rpm for 5 minutes to remove residual ethanol. For
cell cycle analysis, the pellets were suspended in 0.4 mL of
PBS containing 0.02 mg/mL of PI, 1 mg/mL of DNase-free
RNase A and 0.1% of Triton X-100 and incubated at 37°C
for 30 minutes. The number of cells used for cell cycle flow
cytometry was 10,000. Cell cycle profiles were studied
using a flow cytometer (FACSCalibur; Becton Dickinson,
Mountain View, CA, USA). The data were analyzed through
FCS Express V3 software (De Novo Software, Los Angeles,
CA, USA).

Apoptosis assay

The apoptosis was measured through the Annexin
V-fluorescein isothiocyanate (FITC) Apoptosis Detection Kit
(Biosea Biotechnology Co, Ltd, Beijing, People’s Republic
of China) as described by the manufacturer’s instruction.
After exposure to DCA (0 mM, 5 mM, 20 mM, 40 mM) for
24 hours, C6 cells were collected, washed twice with PBS,
gently resuspended in Annexin V binding buffer, and incu-
bated with Annexin V-FITC/PI in the dark for 30 minutes
and analyzed by flow cytometry. In each sample, 10,000 cells
were used for analysis.

Hsp70 measurement

Hsp70 were quantified using a commercial Hsp70 enzyme
linked immunosorbent assay (ELISA) kit (Hyperheal Biotech
Co, Ltd, Shanghai, People’s Republic of China). Briefly,
C6 glioma cells were seeded at a density of 3 x 10° cells/well
in 175 cm? flat-bottom static culture flasks and incubated for
24 hours. The medium was then changed and various concen-
trations of the DCA (0 mM, 0.05 mM, 0.5 mM, and 5 mM)
were used. At 5 hours, 12 hours, or 24 hours, the medium was
removed, and then cells were collected. Hsp70 were quanti-
fied using commercial Hsp70 ELISA kit as described by the
manufacturer’s instruction. The detection limit of these kits
for Hsp70 was 0.05 ng/mL. The control group was performed
on C6 cells with absent DCA (0 mM DCA). Each sample
was run in duplicate and compared with a standard curve.
Each assay was carried out in triplicate.

In vivo anti-tumor effect

C6 brain tumor-bearing rats, established according to our
previous research,'® were randomly divided into four groups
(each group contained ten animals, n = 10). Animals in
group 1 were used as a control group and given distilled
water. Animals in groups 2—4 were treated with DCA at the
dose of 25 mg/kg, 75 mg/kg, or 125 mg/kg, respectively.
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DCA was administrated by oral gavage every day from day
7 after tumor inoculation, and this lasted for 17 consecutive
days. On day 23 after tumor inoculation, all rats for each
group were sacrificed. The tumors were harvested from the
normal brain tissue and weighed. Tumor weight inhibition
(TWI) was calculated by the formula:

TWI = [WC - WD}/WC, 3)

where WC and WD stand for the tumor weight of animals
from the control and treatment groups, respectively.?

In another separate study, the male BALB/c nude mice
were inoculated subcutaneously in the right flank with 0.1 mL
of serum-free Ham’s F-10 medium C6 cell suspension
(4 x 10°). After inoculating the C6 cells into the animals,
the glioma was developed. Administration began at day 6
after inoculation, when the tumor size reached approximately
100—150 mm?®. On day 6 after tumor inoculation, mice were
randomly divided into a control group and three DCA treat-
ment groups. Each group was treated with sterilized water or
DCA (25 kg/mg, 75 mg/kg, or 125 mg/kg for 16 consecutive
days from day 6 to day 21 after inoculation), respectively.
DCA was given by oral gavage. Each group consisted of
seven tumor-bearing mice. Throughout the study, mice were
weighed and tumors were measured with calipers every two
days. Tumor volumes were calculated from the formula:

Tumor volume (mm?) = (major axis) X (minor axis)? x 0.5.
“4)
Animals were sacrificed on day 21 after tumor inoculation.

The tumors were harvested and weighed. TWI was calculated
using the formula:

TWI = [WC — WD}/WC, (5)

where WC and WD represent the tumor weight of animals
from control and treatment groups, respectively.

ROS in tumor tissues

The ROS production in tumor tissues was assayed using
the biopsy ROS kit (Genmed Scientifics, Inc, Wilmington,
DE, USA). The tumor tissues of nude mice obtained from
the in vivo antitumor activity experiment were cleaned
to remove the residual blood, and were then cut up and
homogenized with a glass homogenizer. The tissue homo-
genate was incubated with 2’,7’-dichlorfluorescein-diacetate
for 20 minutes at 37°C. Then, the fluorescence was monitored
by a fluorospectrophotometer. The excitation wavelength was
set at 490 nm, while the emission wavelength was 520 nm.

The tumor tissue protein content was quantified by the
Bradford method using bovine serum albumin as standard.
The amount of ROS was expressed in umol/mg mitochon-
drial protein.

MMP in tumor tissues

The determination of mitochondrial membrane potential
(MMP) in tumor tissues was assayed using a biopsy MMP
kit (Genmed Scientifics, Inc). The tumor tissue slices of
nude mice obtained from in vivo antitumor activity experi-
ments were immediately incubated with JC-1 at 37°C for
20 minutes. Then, these tissues were homogenized with a
glass homogenizer, and the homogenate was centrifuged at
1500 g for 10 minutes to attain the supernatant. The fluo-
rescence was monitored by a fluorospectrophotometer. The
excitation wavelength was set at 490 nm, while the emission
wavelength was set at 590 nm and 530 nm for red and green
fluorescence, respectively. The MMP was represented by the
ratio of red and green fluorescence intensity.

Assay of angiogenesis

CD31 staining was used to identify the microvessel vessel
density in the tumor tissues by immunohistochemical
method, as per our previous research.** Briefly, after paraffin-
embedded tumor tissue sections of rats obtained from in vivo
antitumor activity experiments were deparaffinized in xylene
and rehydrated in alcohol, sections were incubated in 0.3%
H,0, to block endogenous peroxidase activity. Each slide
was incubated with normal goat serum (Santa Cruz Biotech-
nology, Inc, Santa Cruz, CA, USA) for 20 minutes at room
temperature, and then incubated in the primary antibody at
4°C overnight. After incubation with the secondary antibody
(ZSGB-BIO, Beijing, People’s Republic of China), biotiny-
lated for 30 minutes at 37°C, each slide was rinsed in PBS
and was incubated in the avidin-biotin peroxidase complex
for 30 minutes at 37°C. The peroxidase was visualized with
3-3’-diamino-benzidinetetrahydrochloride solution and then
counterstained with hematoxylin. Microvessel vessel den-
sity was assessed according to the international consensus
report. Immunostained slides were scanned at X100 magni-
fication to identify the areas with the highest number of
vessels (the so-called “hot spot”). Counts were performed
on ten fields in the hot spot by two independent pathologists
at X200 magnification.

Statistical analysis
Data are presented as the mean * standard deviation.
One-way analysis of variance was used to determine
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significance among groups, after which post-hoc tests with
the Bonferroni correction were used for comparisons between
individual groups. Statistical significance was established at
P < 0.05.

Results
DCA induces cell cycle arrest

and apoptosis in Cé glioma cell lines

The inhibitory effect of DCA on C6 cell growth was
determined by SRB assay. As shown in Figure 1, DCA
inhibited cell growth in the C6 cell line in a concentration-
dependent manner. The value of the antiproliferative ratio
(100% — variability) at 10 mM and 25 mM was 80.6% and
50.5%, respectively. According to the results of in vitro
cytotoxicity, the calculated IC, values of DCA for C6 cells
were 27.0 £ 3.0 mM.

The C6 cells were incubated with DCA for 24 hours.
The cells were fixed, stained with PI, and then analyzed
by flow cytometry. Figure 2 showed the effect of DCA on
the C6 cell cycle progression. It can be seen that treatment
of C6 cells with DCA resulted in an enhancement of the
S-G,/M cell cycle arrest. The amount of cells in the S-G,/M
phase increased from ~17.7% (control cells, 0 mM DCA) to
~34.8%, 34.6%, and 36.7% for C6 cells treated with 5 mM,
20 mM, and 40 mM DCA, respectively.

Apoptosis of C6 cells were analyzed by flow cytometry
using Annexin V-FITC/PI. The data indicate that DCA
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20

10
Concentration of DCA (mM)
Figure | Effect of DCA on cell growth in Cé cells.
Notes: C6 cells were treated with DCA (0 mM, 5 mM, 10 mM, 25 mM) for 48 hours
and then analyzed with the SRB assay. Columns, mean (n = 3); bars, SD. **P < 0.0

versus untreated cells.
Abbreviations: DCA, dichloroacetate; SRB, sulforhodamine B; SD, standard deviation.

100

Cells (%)

G1 S

G2-M

Figure 2 Effects of DCA on the cell cycle of Cé cells. The percentage of cells in G|
phase, S phase, and G2-M phase were measured.

Notes: Treatment with 0 mM DCA (control); treatment with 5 mM DCA, treatment
with 20 mM DCA; treatment with 40 mM DCA. Data are presented as mean * SD.
Columns, mean (n = 3); bars, SD. **P < 0.01 versus the control group (0 mM).
Abbreviations: DCA, dichloroacetate; SD, standard deviation.

increased the percentage of total apoptotic cells in a dose-
dependent manner after treatment with DCA (P < 0.01), as
shown in Figure 3. The percentage of total apoptotic cells
increased from ~5.5% (control cells, 0 mM DCA) to ~7.0%,
18.6%, and 24.2% for C6 cells treated with 5 mM, 20 mM.

and 40 mM DCA, respectively.

DCA inhibits Hsp70 expression

in Cé6 cell line

Hsp70 were quantified using a commercial Hsp70 ELISA kit.
As shown in Figure 4, a dose-dependent and time-dependent
inhibition of DCA on the level of Hsp70 has been found.
Compared with the control group (0 mM DCA), the level
of Hsp70 was significantly decreased, except for 0.05 mM
at the 5-hour incubation time point (P < 0.01). The level of
Hsp70 after 24 hours of incubation was also significantly

30 *x
Tt

$$

Total cell apoptosis (%)

Concentration of DCA (mM)

Figure 3 DCA-induced apoptosis in Cé cells using Annexin V-FITC/PI.

Notes: Treatment with 0 mM DCA,; treatment with 5 mM DCA,; treatment with
20 mM DCA; treatment with 40 mM DCA. Data are presented as mean * SD.
Columns, mean (n = 3); bars, SD. **P < 0.0 versus the control group (0 mM);
P < 0.01 versus the 5 mM group; %P < 0.01 versus the 20 mM group.
Abbreviations: DCA, dichloroacetate; FITC,
Pl, propidium iodide; SD, standard deviation.

fluorescein isothiocyanate;
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Figure 4 Effects of DCA on the level of Hsp70 in Cé cells.

Notes: C6 glioma cells were incubated with DCA (0 mM, 0.05 mM, 0.5 mM, and
5 mM) for 5 hours, 12 hours, or 24 hours, respectively. The control group was
performed on Cé cells with absent DCA (0 mM DCA). Hsp70 were quantified using
a commercial Hsp70 ELISA kit. Each sample was run in duplicate and compared with
a standard curve. Each assay was carried out in triplicate. **P < 0.01 versus the
control group (0 mM); 1P < 0.05 or 1P < 0.01 versus the 5-hour incubation group;
&p < 0.0l versus the 12-hour incubation group.

Abbreviations: DCA, dichloroacetate; ELISA, enzyme linked immunosorbent assay.

decreased compared with that after 5 hours or 12 hours of
incubation (P < 0.01).

DCA inhibits Cé glioma tumor

growth in vivo

In the in vivo antitumor activity experiments, the antitu-
mor activity of DCA was evaluated by measuring the
tumor weight in C6 glioma tumor-bearing rats after C6 cell
implantation. In the present study, at days 19 and 21 posttumor
inoculation, two tumor-bearing rats in the control group died
with a tumor weight of 680 mg and 446 mg, respectively.

As shown in Figure 5A, DCA markedly inhibited the
growth of C6 glioma tumors at doses of 25 mg/kg, 75 mg/kg,
and 125 mg/kg (P < 0.01). There were no significant differ-
ences among the DCA treatment groups (25 mg/kg, 75 mg/kg,
and 125 mg/kg). The average tumor weight in the distilled
water, 25 mg/kg, 75 mg/kg, and 125 mg/kg DCA treatment
groups at day 23 after C6 glioma cell implantation was
436 mg, 124 mg, 129 mg, and 125 mg, respectively. The
values of TWI (%) in the 25 mg/kg, 75 mg/kg, and 125 mg/kg
DCA treatment groups compared with that in the control
group were ~71.5%, ~70.4%, and ~71.3%, respectively.

In another separate study, the male BALB/c nude
mice were inoculated subcutaneously with C6 glioma cell
suspension. Mice were randomly divided into a sterilized
water group and three DCA treatment groups (25 mg/kg,
75 mg/kg, and 125 mg/kg). Each group consisted of seven
tumor-bearing mice. As shown in Figure 5B, DCA mark-
edly inhibited the growth of C6 glioma tumors at doses of
25 mg/kg, 75 mg/kg, and 125 mg/kg compared with that in
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Figure 5 In vivo antitumor activity of DCA on Cé brain tumor-bearing rats and Cé
tumor-bearing BALB/c nude mice. In vivo antitumor activity of DCA on (A) Cé brain
tumor-bearing rats and (B and C) Cé tumor-bearing BALB/c nude mice. (A) Tumor
weight at the time of sacrifice, 23 days postinoculation. DCA was administrated
by oral gavage every day from day 7 after tumor inoculation, and it lasted for
17 consecutive days. Animals were sacrificed on day 23 after tumor inoculation.
Control group, distilled water (n = 8); DCA treatment groups, at doses of 25 mg/kg,
75 mg/kg, or 125 mgl/kg, respectively (n = 10). (B) Tumor growth inhibition with
DCA; (C) tumor weight at the time of sacrifice, 2| days postinoculation. DCA was
administrated by oral gavage every day from day 6 after tumor inoculation and lasted
for 16 consecutive days. Throughout the study, mice were weighed and tumors
were measured with calipers every 2 days. Tumor volumes were calculated from
the formula:
Tumor volume (mm?®) = (major axis) X (minor axis)? x 0.5. (1)

Animals were sacrificed on day 2| posttumor inoculation. The tumors were
harvested and weighed. Control group, sterilized water (n = 7); DCA treatment
groups, at doses of 25 mg/kg, 75 mg/kg, or 125 mg/kg, respectively (n = 7). Columns
or point, mean; bars, SD. **P < 0.01, versus control group.
Abbreviations: DCA, dichloroacetate; n, number; SD, standard deviation.

sterilized water group (P < 0.01). There were also no signifi-
cant differences among the DCA treatment groups (25 mg/kg,
75 mg/kg, and 125 mg/kg). At day 21 after C6 glioma
cell implantation, the average tumor volume in sterilized
water and DCA treatment groups (25 mg/kg, 75 mg/kg,
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and 125 mg/kg) was 1940 £ 441 mm?, 801 £ 182 mm’,
845 £ 156 mm?, and 596 = 107 mm’, respectively. The
average tumor weight in the sterilized water, 25 mg/kg,
75 mg/kg, and 125 mg/kg DCA treatment groups at day 21
after C6 glioma cell implantation was 2539 mg, 924 mg,
1059 mg, and 864 mg, respectively (Figure 5C). The values
of TWI (%) in the 25 mg/kg, 75 mg/kg, and 125 mg/kg DCA
treatment groups compared with that in sterilized water group
were ~60.2%, ~54.5%, and ~62.9%, respectively.

DCA increases ROS production, decreases
MMP, and inhibits angiogenesis in tumor

tissues in vivo

The ROS production in tumor tissues after DCA administra-
tion to C6 tumor-bearing nude mice was evaluated. When
C6 tumor-bearing nude mice were treated with DCA for
16 consecutive days (from day 6 to day 21), on day 21 after
tumor inoculation, the ROS production in the tumor tissues
was significantly increased compared with that in untreated
animals (P < 0.01), as shown in Figure 6A. The ROS produc-
tion in 25 mg/kg, 75 mg/kg, or 125 mg/kg DCA treatment
groups was 2.5-, 3.1-, and 2.4-fold higher than that in the
untreated group, respectively.

The MMP in tumor tissues after DCA administration
to C6 tumor-bearing nude mice was also investigated.
When tumor-bearing nude mice were treated with DCA
for 16 consecutive days (from day 6 to day 21), on day 21
after tumor inoculation, the MMP in the tumor tissues was
significantly decreased compared with that in untreated
animals (P < 0.01), as shown in Figure 6B. The red/green
fluorescence ratio in 25 mg/kg, 75 mg/kg, or 125 mg/kg DCA
treatment groups was 77%, 77%, and 83% lower than that in
the untreated group, respectively.

To evaluate the antiangiogenic activity of DCA in
vivo, microvessel vessel density in tumor tissues after
DCA administration to tumor-bearing rats was assessed by
immunohistochemistry. As shown in Figure 7, microvessels
were easily observed by CD31 staining. The numbers of
the microvessels in the DCA treatment groups (25 mg/kg,
75 mg/kg, and 125 mg/kg) were 11 + 1.4, 2.3 £ 0.6 and
1.3 £ 0.6 respectively, which were significantly lower than
the number in the untreated group (14 £ 2.8).

Discussion

As a small molecule mitochondria-targeting agent, DCA can
penetrate the BBB, showing potential therapeutic effects on
brain tumors. In addition, the oral bioavailability of DCA is
nearly 100%; therefore, the objective of the present study
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Figure 6 The ROS production and the MMP in nude mice tumor tissues. (A) The
ROS production and (B) the MMP in nude mice tumor tissues.

Notes: The ROS production in tumor tissues was assayed by using a biopsy ROS kit.
The tumor tissues of mice were cleaned, cut up, and then homogenized. The tissue
homogenate was incubated with 2’,7’-dichlorfluorescein-diacetate for 20 minutes
at 37°C. Then, the fluorescence was monitored by a fluorospectrophotometer.
The amount of ROS was expressed in umol/mg mitochondrial protein. The MMP
determination of tumor tissue biopsy was assayed using biopsy MMP kit. The tumor
tissue slices of mice obtained from in vivo antitumor activity experiments were
immediately incubated with JC-1 at 37°C for 20 minutes. Then, these tissues were
homogenized. The homogenate was centrifuged. The obtained supernatant was
monitored by a fluorospectrophotometer. The mitochondrial membrane potential
change was expressed by the ratio of red and green fluorescence intensity. Columns,
mean (n = 3); bars, SD. **P < 0.01 versus the control group.

Abbreviations: ROS, reactive oxygen species; MMP, mitochondrial membrane potential;
RFU, relative fluorescent units; SD, standard deviation.

was to investigate the potential antitumor activity of DCA
on brain tumors in vitro and in vivo.

The unique metabolism of most solid tumors integrates
many proximal pathways and results in a consideration of
mitochondria. The characteristic of tumor metabolism indicated
that tumor cells rapidly use glucose and convert the majority
of'it to lactate, even in the presence of oxygen, which is the so-
called aerobic glycolysis or Warburg effect. PDH is a metabolic
switch that determines whether or not mitochondrial respira-
tion or aerobic glycolysis should occur.®® It converts pyruvate
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Figure 7 The representative micrographs of the immunohistochemical detection of
CD31* microvessels. The representative micrographs of the immunohistochemical
detection of CD31* microvessels in Cé brain tumor-bearing rats in (A) the control
group, (B) the DCA treatment group at 25 mg/kg, (C) the DCA treatment group at
75 mg/kg, and (D) the DCA treatment group at 125 mg/kg.

Note: Final magnification, x200.

Abbreviation: DCA, dichloroacetate.

to acetyl-CoA.* Acetyl-CoA is fed to the Krebs cycle, pro-
ducing the electron donors nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FADH,). NADH
donates electrons to complex 1 of the electron transport chain.
The flux of electrons down the electron transport chain is
associated with the elevated production of ROS, which could
depolarize MMP. Mitochondrial depolarization and increased
ROS are associated with opening of the mitochondrial transition
pore. Opening of the MMP-sensitive mitochondrial transition
pore allows for the efflux of cytochrome ¢ and AIF from the
mitochondria into the cytoplasm and induces apoptosis.?® Our
previous in vitro results indicated that DCA can increase the
activity of PDH, induce ROS production, and decrease MMP
in C6 cells,’” showing that DCA can induces the apoptosis of
C6 cells through the activation of the mitochondrial pathway.

Cell cycle control represents a major regulatory mecha-
nism of cell growth.*® Blockade of the cell cycle is regarded
as an effective strategy for the development of novel can-
cer therapies.**° It has been reported that DCA treatment
resulted in an increase in the proportion of tumor cells in
the S phase, showing a decrease in proliferation as well as
the induction of apoptosis.?”*! Our cell cycle analysis results
revealed that DCA-induced C6 cells in the S phase cell cycle
arrest with an accompanying decrease in the G1 phase. We
suggested that the results of this cell cycle arrest may partly
explain DCA-inducing apoptosis and antiproliferation in
C6 cells.

Heat shock proteins (HSPs) are involved in protein fold-
ing, aggregation, transport, and/or stabilization by acting as
amolecular chaperone, leading to the inhibition of apoptosis
by both caspase-dependent and/or independent pathways.*
HSPs are overexpressed in a wide range of human cancers
and are implicated in tumor cell proliferation, differentiation,
invasion, and metastasis. It has been reported that Hsp70
expression was much more abundant in glioma tumor cells,
such as C6 cells, than in normal brain tissues. Considering
the fact that high expression of HSPs is essential for cancer
survival, the inhibition of HSPs is an important strategy of
anticancer therapy. Our current results indicated that DCA
could down-regulate Hsp70 expression in C6 cells in a
dose-dependent and time-dependent manner, showing a new
pathway of DCA-induced C6 cell apoptosis.

Unlike cytotoxic chemotherapeutic agents, the half
maximal inhibitory concentration (IC,)) values of DCA
were about 27 mM for C6 cells. Similar IC, values of DCA
(15-30 mM) for U251, SKOV-3, A549, and MDA-MB-231
cell lines were also observed (data not shown). These results
indicated that DCA has unique antitumor mechanisms on
tumor cell lines.

In the present research, the antitumor activity of DCA
after oral administration was investigated in C6 brain
tumor-bearing rats and C6 tumor-bearing nude mice in
vivo. Our in vivo antitumor activity results indicated that
DCA markedly inhibited the growth of C6 glioma tumor
in both C6 brain tumor-bearing rats and C6 tumor-bearing
nude mice (P < 0.01). We also found no significant differ-
ence in the antitumor activity among the DCA treatment
groups (25, 75 and 125 mg/kg). It was reported that DCA
administered at 35-50 mg/kg decreases lactate levels by
more than 60% and directly activates PDH by threefold to
sixfold.*** Our in vivo antitumor activity results suggested
that DCA might possibly produce the antitumor activity
at a dose lower than 25 mg/kg. In a clinical experiment,
each of five glioblastoma patients was treated with oral
DCA for up to 15 months. The starting oral dose of DCA
was 12.5 mg/kg twice a day for 1 month, at which point
the dose was increased to 25 mg/kg orally twice a day, if
dose-limiting toxicity occurred, decreasing the dose by
50%.% The efficacy and safety of DCA on the treatment of
glioblastoma was confirmed, even at a dose of 6.25 mg/kg
orally twice a day.** In addition, after 5 years of continued
treatment with oral DCA at a dose of 25 mg/kg, the serum
DCA levels are only slightly increased compared with the
levels after the first several doses, also showing its safety
for oral administration at this dose.*
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DCA can enter the circulation rapidly after oral
administration and then generate the stimulation of PDH
activity generally within minutes. Our in vivo results in
tumor tissues indicated that DCA significantly induced ROS
production and decreased MMP in tumor tissues, showing
similar mechanisms with those observed in vitro.

Histologically, glioblastomas are highly angiogenic
and characterized by microvascular proliferations.*’ In the
present research, the antiangiogenic activity of DCA was
investigated in vivo by immunohistochemistry. The numbers
of microvessels in the DCA treatment groups were signifi-
cantly decreased, suggesting the potential antiangiogenic
effect of DCA. It has been reported that early carcinogen-
esis often occurs in a hypoxic microenvironment. Under
hypoxic conditions, hypoxia-inducible factor (HIF-10) is
activated and induces angiogenesis. In addition, HIF-1¢: can
also induce the expression of PDK,* which can inhibit the
activity of PDH. The inhibition effect of DCA on HIF-1a
would decrease vascular endothelial growth factor and
inhibit angiogenesis.* In addition, because the cancer cells
were “normalized” following the increase in mitochondrial

respiration and mitochondrial depolarization,?

we sug-
gested that the hypoxic microenvironment in or around
tumor tissue would be improved. We also found that, unlike
the results obtained from in vivo antitumor experiments,
the antiangiogenic effect in the 25 mg/kg treatment group
was lower than that in 75 mg/kg or 125 mg/kg treatment
groups. Therefore, we suggested that the inhibition of DCA
on HIF-1o or vascular endothelial growth factor would be
further investigated.

In conclusion, DCA induces the apoptosis of C6 cells
through the activation of the mitochondrial pathway, arrest-
ing the cell cycle of C6 cells in S phase and down-regulating
Hsp70 expression. Our in vivo antitumor experiment results
indicated that DCA markedly inhibited the growth of
C6 glioma tumors in both C6 brain tumor-bearing rats and
C6 tumor-bearing nude mice (P < 0.01). DCA significantly
induced the ROS production and decreased the MMP in
tumor tissues. Our in vivo antitumor activity results also
indicated that DCA has an antiangiogenic effect.
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