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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.1 Approximately 

20,000 patients are diagnosed with gliomas each year in the United States.2 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.3 Radiotherapy has been of key importance to the treatment 

of these tumors for decades.4 Newer surgical techniques have become important in 

the management of malignant gliomas.5,6 Because of the angiogenesis in malignant 

gliomas,7 the antivascular endothelial growth factor therapy has had significant efficacy 

in gliomas.8 In addition, it was reported that heat shock protein 70 (Hsp70) is overex-

pressed in glioma cells.9,10 Overexpressed Hsp70 could decrease the release of cyto-

chrome c and apoptosis inducing factor (AIF), which can then serve an antiapoptotic 

function.11 Therefore, down-regulating Hsp70 expression would enhance the release 

of cytochrome c and AIF, leading to tumor cell apoptosis. It is well known that many 

chemotherapeutic agents have a low therapeutic index in brain tumors.12 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.13 

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.14–16

Compared to the therapy of using chemotherapeu-

tic agents or molecular-targeting therapeutic agents, an 

alternative antitumor approach may be to consider tumor 

metabolism.17 Now, mitochondria are increasingly recog-

nized as important targets in tumors because of their central 

roles in apoptotic pathways and in cellular metabolism.18 

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.19 Tumor cells produce 

a clearly increased amount of their energy through glycoly-

sis under aerobic conditions.20 This metabolic switch away 

from mitochondrial respiration towards aerobic glycolysis in 

tumors could cause tumor cell transformation and suppress 

apoptosis.21 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.22 

This bioenergetic difference between cancer and normal cells 

would offer a very selective therapeutic target.21

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.23 Dichloroacetate (DCA) 

is considered as a small molecule mitochondria-targeting 

agent.21 Clinical studies of DCA have shown reduced lactate 

levels in patients with congenital lactic acidosis and sep-

sis.24,25 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.26 

The antitumor activity of DCA on nonsmall cell lung cancer, 

breast cancer, glioblastomas, and endometrial and prostate 

cancer cells has been demonstrated.26–29 In addition, the 

oral bioavailability of DCA is almost 100%.21 DCA can 

penetrate into the traditional chemotherapy sanctuary sites. 

Interestingly, it was reported that DCA could penetrate 

across the BBB,30 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 µg/mL). All cells were maintained at 37°C 

in humidified environment with 5% CO
2
.

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.31,32 Briefly, C6  cells were plated in 

96-well culture plates (1 × 104 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
540nm

 for the treated cells/ 

A
540nm

 for the control cells) × 100� (1) 

where A
540nm

 is the absorbance value. Each assay was 

repeated a minimum of three times, with quadruplicate 

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
540nm

 for the treated cells/A
540nm

  

for the control cells) × 100� (2)

where A
540nm

 is the absorbance value. Each assay was car-

ried out in triplicate. Finally, the drug concentration which 

inhibited the cell growth by 50% (IC
50

) was determined from 

semilogarithmic dose–response plots.

Cell cycle analysis
Cell cycle perturbations were analyzed by propidium iodide 

(PI) DNA staining. Briefly, exponentially growing C6 cells 

(5 × 105) 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 × 106 cells/well 

in 175 cm2 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,16 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.33

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 × 106). 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 mm3. 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 (mm3) = (major axis) × (minor axis)2 × 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 µmol/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.34 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
2
O

2
 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 ×100 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 ×200 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 C6 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
50

 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
2
/M cell cycle arrest. The amount of cells in the S-G

2
/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 

0

20

40

60

80

100

120

0 5 10 25

C
el

l p
ro

lif
er

at
io

n
 (

%
)

Concentration of DCA (mM)

**

**

Figure 1 Effect of DCA on cell growth in C6 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 , 0.01 
versus untreated cells. 
Abbreviations: DCA, dichloroacetate; SRB, sulforhodamine B; SD, standard deviation.
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Figure 2 Effects of DCA on the cell cycle of C6 cells. The percentage of cells in G1 
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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.
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Figure 3 DCA-induced apoptosis in C6 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 ,  0.01 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, fluorescein isothiocyanate;  
PI, propidium iodide; 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 C6 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 
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decreased compared with that after 5 hours or 12 hours of 

incubation (P , 0.01).

DCA inhibits C6 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 C6 brain tumor-bearing rats and C6 
tumor-bearing BALB/c nude mice. In vivo antitumor activity of DCA on (A) C6 brain 
tumor-bearing rats and (B and C) C6 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 mg/kg, respectively (n = 10). (B) Tumor growth inhibition with 
DCA; (C) tumor weight at the time of sacrifice, 21 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 (mm3) = (major axis) × (minor axis)2 × 0.5.� (1)

Animals were sacrificed on day 21 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  mm3, 801 ± 182  mm3, 

845 ± 156  mm3, and 596 ± 107  mm3, 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 µmol/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.35 It converts pyruvate 
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to acetyl-CoA.36 Acetyl-CoA is fed to the Krebs cycle, pro-

ducing the electron donors nicotinamide adenine dinucleotide 

(NADH) and flavin adenine dinucleotide (FADH
2
). 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 c and AIF from the 

mitochondria into the cytoplasm and induces apoptosis.26 Our 

previous in vitro results indicated that DCA can increase the 

activity of PDH, induce ROS production, and decrease MMP 

in C6 cells,37 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.38 Blockade of the cell cycle is regarded 

as an effective strategy for the development of novel can-

cer therapies.39,40 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.27,41 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 

a molecular chaperone, leading to the inhibition of apoptosis 

by both caspase-dependent and/or independent pathways.42 

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
50

) values of DCA 

were about 27 mM for C6 cells. Similar IC
50

 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.43,44 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%.45 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.45 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.46

A B

C D

30 µm 30 µm

30 µm30 µm

Figure 7 The representative micrographs of the immunohistochemical detection of 
CD31+ microvessels. The representative micrographs of the immunohistochemical 
detection of CD31+ microvessels in C6 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, ×200. 
Abbreviation: DCA, dichloroacetate.
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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.47 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-1α) is 

activated and induces angiogenesis. In addition, HIF-1α can 

also induce the expression of PDK,48 which can inhibit the 

activity of PDH. The inhibition effect of DCA on HIF-1α 

would decrease vascular endothelial growth factor and 

inhibit angiogenesis.45 In addition, because the cancer cells 

were “normalized” following the increase in mitochondrial 

respiration and mitochondrial depolarization,21 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-1α 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.

Acknowledgments
The authors gratefully acknowledge financial support 

from the National Natural Science Foundation of China 

(No 81172992) and the National Basic Research Program of 

China (973 Program 2009CB930300 and 2013CB932501) 

and Innovation Team of the Ministry of Education 

(No BMU20110263).

Disclosure
The authors report no conflicts of interest in this work.

References
	 1.	 Van Meir EG, Hadjipanayis CG, Norden AD, Shu HK, Wen PY,  

Olson JJ. Exciting new advances in neuro-oncology: the avenue to a cure 
for malignant glioma. CA Cancer J Clin. 2010;60(3):166–193.

	 2.	 Khasraw M, Lassman AB. Advances in the treatment of malignant 
gliomas. Curr Oncol Rep. 2010;12(1):26–33.

	 3.	 Avgeropoulos NG, Batchelor TT. New treatment strategies for malig-
nant gliomas. Oncologist. 1999;4(3):209–224.

	 4.	 Stieber VW, Mehta MP. Advances in radiation therapy for brain tumors. 
Neurol Clin. 2007;25(4):1005–1033, ix.

	 5.	 Souweidane MM, Luther N. Endoscopic resection of solid intraven-
tricular brain tumors. J Neurosurg. 2006;105(2):271–278.

	 6.	 Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella F,  
Reulen HJ; for ALA-Glioma Study Group. Fluorescence-guided 
surgery with 5-aminolevulinic acid for resection of malignant glioma:  
a randomised controlled multicentre phase III trial. Lancet Oncol. 
2006;7(5):392–401.

	 7.	 El Hallani S, Boisselier B, Peglion F, et al. A new alternative mechanism 
in glioblastoma vascularization: tubular vasculogenic mimicry. Brain. 
2010;133(Pt 4):973–982.

	 8.	 Buie LW, Valgus J. Bevacizumab: a treatment option for recurrent glio-
blastoma multiforme. Ann Pharmacother. 2008;42(10):1486–1490.

	 9.	 Liu Y, Zheng T, Zhao S, et al. Inhibition of heat shock protein response 
enhances PS-341-mediated glioma cell death. Ann Surg Oncol. 2012; 
19 Suppl 3:S421–S429.

	10.	 Fedrigo CA, Grivicich I, Schunemann DP, et  al. Radioresistance of 
human glioma spheroids and expression of HSP70, p53 and EGFr. 
Radiat Oncol. 2011;6:156.

	11.	 Garrido C, Gurbuxani S, Ravagnan L, Kroemer G. Heat shock proteins: 
endogenous modulators of apoptotic cell death. Biochem Biophys Res 
Commun. 2001;286(3):433–442.

	12.	 Koo YE, Reddy GR, Bhojani M, et al. Brain cancer diagnosis and therapy 
with nanoplatforms. Adv Drug Deliv Rev. 2006;58(14):1556–1577.

	13.	 Pardridge WM. BBB-Genomics: creating new openings for brain-drug 
targeting. Drug Discov Today. 2001;6(8):381–383.

	14.	 Gan CW, Feng SS. Transferrin-conjugated nanoparticles of 
poly(lactide)-D-alpha-tocopheryl polyethylene glycol succinate diblock 
copolymer for targeted drug delivery across the blood-brain barrier. 
Biomaterials. 2010;31(30):7748–7757.

	15.	 Chertok B, David AE, Yang VC. Polyethyleneimine-modified iron 
oxide nanoparticles for brain tumor drug delivery using magnetic 
targeting and intra-carotid administration. Biomaterials. 2010;31(24): 
6317–6324.

	16.	 Ke XY, Zhao BJ, Zhao X, et al. The therapeutic efficacy of conjugated 
linoleic acid – paclitaxel on glioma in the rat. Biomaterials. 2010; 
31(22):5855–5864.

	17.	 Pan JG, Mak TW. Metabolic targeting as an anticancer strategy: dawn 
of a new era? Sci STKE. 2007;2007(381):pe14.

	18.	 Samudio I, Fiegl M, Andreeff M. Mitochondrial uncoupling and the 
Warburg effect: molecular basis for the reprogramming of cancer cell 
metabolism. Cancer Res. 2009;69(6):2163–2166.

	19.	 Pathania D, Millard M, Neamati N. Opportunities in discovery and 
delivery of anticancer drugs targeting mitochondria and cancer cell 
metabolism. Adv Drug Deliv Rev. 2009;61(14):1250–1275.

	20.	 Warburg O. On the origin of cancer cells. Science. February 24, 1956; 
123(3191):309–314.

	21.	 Michelakis ED, Webster L, Mackey JR. Dichloroacetate (DCA) 
as a potential metabolic-targeting therapy for cancer. Br J Cancer. 
2008;99(7):989–994.

	22.	 Yeung SJ, Pan J, Lee MH. Roles of p53, MYC and HIF-1 in regulat-
ing glycolysis – the seventh hallmark of cancer. Cell Mol Life Sci. 
2008;65(24):3981–3999.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

197

Antitumor activity of dichloroacetate

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


OncoTargets and Therapy

Publish your work in this journal

Submit your manuscript here: http://www.dovepress.com/oncotargets-and-therapy-journal

OncoTargets and Therapy is an international, peer-reviewed, open access 
journal focusing on the pathological basis of all cancers, potential 
targets for therapy and treatment protocols employed to improve the 
management of cancer patients. The journal also focuses on the impact 
of management programs and new therapeutic agents and protocols on 

patient perspectives such as quality of life, adherence and satisfaction. 
The manuscript management system is completely online and includes 
a very quick and fair peer-review system, which is all easy to use. Visit 
http://www.dovepress.com/testimonials.php to read real quotes from 
published authors.

OncoTargets and Therapy 2013:6

	23.	 Fulda S, Galluzzi L, Kroemer G. Targeting mitochondria for cancer 
therapy. Nat Rev Drug Discov. 2010;9(6):447–464.

	24.	 Coude FX, Saudubray JM, DeMaugre F, Marsac C, Leroux JP,  
Charpentier C. Dichloroacetate as treatment for congenital lactic 
acidosis. N Engl J Med. 1978;299(24):1365–1366.

	25.	 Stacpoole PW, Wright EC, Baumgartner TG, et al. A controlled clinical 
trial of dichloroacetate for treatment of lactic acidosis in adults. The 
Dichloroacetate-Lactic Acidosis Study Group. N Engl J Med. 1992; 
327(22):1564–1569.

	26.	 Bonnet S, Archer SL, Allalunis-Turner J, et al. A mitochondria-K+ chan-
nel axis is suppressed in cancer and its normalization promotes apoptosis 
and inhibits cancer growth. Cancer Cell. 2007;11(1):37–51.

	27.	 Wong JY, Huggins GS, Debidda M, Munshi NC, De Vivo I. 
Dichloroacetate induces apoptosis in endometrial cancer cells. 
Gynecol Oncol. 2008;109(3):394–402.

	28.	 Cao W, Yacoub S, Shiverick KT, et al. Dichloroacetate (DCA) sensitizes 
both wild-type and over expressing Bcl-2 prostate cancer cells in vitro 
to radiation. Prostate. 2008;68(11):1223–1231.

	29.	 Kuroda Y, Toshima K, Watanabe T, et  al. Effects of dichloroacetate 
on pyruvate metabolism in rat brain in vivo. Pediatr Res. 1984;18(10): 
936–938.

	30.	 Abemayor E, Kovachich GB, Haugaard N. Effects of dichloroacetate 
on brain pyruvate dehydrogenase. J Neurochem. 1984;42(1):38–42.

	31.	 Vichai V, Kirtikara K. Sulforhodamine B colorimetric assay for cyto-
toxicity screening. Nat Protoc. 2006;1(3):1112–1116.

	32.	 Huang Y, Chen XM, Zhao BX, et al. Antiangiogenic activity of steri-
cally stabilized liposomes containing paclitaxel (SSL-PTX): in vitro 
and in vivo. AAPS Pharm Sci Tech. 2010;11(2):752–759.

	33.	 Petrangolini G, Supino R, Pratesi G, et al. Effect of a novel vacuolar-
H+-ATPase inhibitor on cell and tumor response to camptothecins.  
J Pharmacol Exp Ther. 2006;318(3):939–946.

	34.	 Zhao BJ, Ke XY, Huang Y, et al. The antiangiogenic efficacy of NGR-
modified PEG-DSPE micelles containing paclitaxel (NGR-M-PTX) for 
the treatment of glioma in rats. J Drug Target. 2011;19(5):382–390.

	35.	 Shanmugam M, McBrayer SK, Rosen ST. Targeting the Warburg effect 
in hematological malignancies: from PET to therapy. Curr Opin Oncol. 
2009;21(6):531–536.

	36.	 Stacpoole PW, Henderson GN, Yan Z, James MO. Clinical pharmacology 
and toxicology of dichloroacetate. Environ Health Perspect. 1998;106 
Suppl 4:989–994.

	37.	 Zhao X, Wang X, Yu KF, et al. Effects of dichloroacetate on the acti-
vation of the mitochondrial pathway in C6 cells in vitro. Journal of 
Chinese Pharmaceutical Sciences. 2011;20(5):460–465.

	38.	 Jeong HW, Han DC, Son KH, et al. Antitumor effect of the cinnamal-
dehyde derivative CB403 through the arrest of cell cycle progression 
in the G2/M phase. Biochem Pharmacol. 2003;65(8):1343–1350.

	39.	 Buolamwini JK. Cell cycle molecular targets in novel anticancer drug 
discovery. Curr Pharm Des. 2000;6(4):379–392.

	40.	 McDonald ER 3rd, El-Deiry WS. Cell cycle control as a basis for cancer 
drug development (Review). Int J Oncol. 2000;16(5):871–886.

	41.	 Madhok BM, Yeluri S, Perry SL, Hughes TA, Jayne DG. Dichloroacetate 
induces apoptosis and cell-cycle arrest in colorectal cancer cells. Br J 
Cancer. 2010;102(12):1746–1752.

	42.	 Sarkar R, Mukherjee S, Biswas J, Roy M. Sulphoraphane, a naturally 
occurring isothiocyanate induces apoptosis in breast cancer cells by 
targeting heat shock proteins. Biochem Biophys Res Commun. 2012; 
427(1):80–85.

	43.	 Howlett RA, Heigenhauser GJ, Hultman E, Hollidge-Horvat MG, 
Spriet LL. Effects of dichloroacetate infusion on human skeletal muscle 
metabolism at the onset of exercise. Am J Physiol. 1999;277(1 Pt 1): 
E18–E25.

	44.	 Parolin ML, Spriet LL, Hultman E, et al. Effects of PDH activation by 
dichloroacetate in human skeletal muscle during exercise in hypoxia. 
Am J Physiol Endocrinol Metab. 2000;279(4):E752–E761.

	45.	 Michelakis ED, Sutendra G, Dromparis P, et  al. Metabolic modula-
tion of glioblastoma with dichloroacetate. Sci Transl Med. 2010; 
2(31):31ra34.

	46.	 Mori M, Yamagata T, Goto T, Saito S, Momoi MY. Dichloroacetate 
treatment for mitochondrial cytopathy: long-term effects in MELAS. 
Brain Dev. 2004;26(7):453–458.

	47.	 Louis DN, Ohgaki H, Wiestler OD, et al. The 2007 WHO classifica-
tion of tumours of the central nervous system. Acta Neuropathol. 
2007;114(2):97–109.

	48.	 Cairns RA, Papandreou I, Sutphin PD, Denko NC. Metabolic 
targeting of hypoxia and HIF1 in solid tumors can enhance cytotoxic 
chemotherapy. Proc Natl Acad Sci U S A. 2007;104(22):9445–9450.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

Dovepress

198

Duan et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com/oncotargets-and-therapy-journal
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 2: 
	Nimber of times reviewed: 


