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Metabolic aberrations in the form of altered flux through key metabolic pathways are the major hall-
marks of several life-threatening malignancies including malignant gliomas. These adaptations play an 
important role in the enhancement of the survival and proliferation of gliomas at the expense of the 
surrounding normal/healthy tissues. Recent studies in the field of neurooncology have directly targeted 
the altered metabolic pathways of malignant tumor cells for the development of anti-cancer drugs. 
Aerobic glycolysis due to elevated production of lactate from pyruvate regardless of oxygen availability 
is a common metabolic alteration in most malignancies. Aerobic glycolysis offers survival advantages 
in addition to generating substrates such as fatty acids, amino acids and nucleotides required for the 
rapid proliferation of cells. This review outlines the role of pyruvate dehydrogenase kinase (PDK) in glio-
mas as an inhibitor of pyruvate dehydrogenase that catalyzes the oxidative decarboxylation of pyru-
vate. An in-depth investigation on the key metabolic enzyme PDK may provide a novel therapeutic ap-
proach for the treatment of malignant gliomas.
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INTRODUCTION

Pyruvate dehydrogenase kinase (PDK) participates in the 
regulation of the pyruvate dehydrogenase (PDH) complex 
(PDC), in which PDH is the first component. PDK is a kinase 
enzyme that acts to inactivate the enzyme PDH by phosphor-
ylating it using adenosine triphosphate (ATP). Four isomeric 
forms of PDK, namely PDK1-4, exist having tissue specific 
expression, different activities, and dissimilar phosphoryla-
tion rates (see [1] for comprehensive review). PDC, which 
acts as one of the major enzymes responsible for the regula-
tion of glucose metabolism, is a nuclear-encoded mitochon-
drial multienzyme complex that catalyzes oxidative decarbox-
ylation of pyruvate to form acetyl-coenzyme A (CoA) and 
thereby provides the primary link between glycolysis and the 
tricarboxylic acid (TCA) cycle [2]. A phosphorylation/de-
phosphorylation cycle regulates the enzymatic activity of 
PDH, and phosphorylation results in the inactivation of 
PDH. PDC is composed of three catalytic components name-
ly, PDH (E1), dihydrolipoamide transacetylase (E2) and dihy-
drolipoamide dehydrogenase (E3). These components are or-

ganized into large multimeric complexes together with the st-
ructural subunit E3 binding protein. The basic core of the E1 
PDH component is a heterotetramer of two alpha and two 
beta subunits (α2β2), and it catalyzes the first step of pyruvate 
decarboxylation. PDKs inhibit PDC by catalyzing the phos-
phorylation of serine residues in the E1 alpha subunit. PDH is 
one of the most important and pivotal dehydrogenases having 
control over mitochondrial metabolic pathways and catalyzes 
the irreversible decarboxylation of pyruvate to acetyl-CoA, 
CO2 and nicotinamide adenine dinucleotide (reduced form) 
[NAD(H)]. Because PDH controls the entry of carbon into the 
TCA cycle, regulation of PDH activity governs the entry of 
carbons derived from carbohydrates into the mitochondria. 
The reaction has important roles not only in the regulation of 
mitochondrial energy-producing pathways [TCA and oxida-
tive phosphorylation (OXPHOS)], but also in the generation 
of biosynthetic intermediates, such as citrate. Glucose is the 
major source of carbon for mammalian cells, including can-
cerous cells like gliomas. Glucose is metabolized to generate 
ATP, through cytosolic glycolysis and oxygen-dependent mi-
tochondrial metabolism, in which most of the reducing po-
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tential is the outcome of the TCA cycle. The entry of glucose 
into the TCA cycle is controlled by PDH. Thus, the proper 
functioning of mitochondrial metabolic pathways can only be 
achieved through the continuous real-time control of PDH. 
PDK downregulates the activity of PDH and decreases the 
oxidation of pyruvate in mitochondria and increases the con-
version of pyruvate to lactate in the cytosol. Because these 
regulatory processes in numerous pathological conditions are 
extensively altered, these alterations may reflect targets for 
therapeutic interference. 

Malignant gliomas are the most frequent primary brain tu-
mors that arise from the supportive non-neuronal cells of the 
brain, called glial cells [3-5]. Malignant gliomas contain mul-
tipotent tumor stem cells having potential to be transformed 
into variants of normal neural progenitor cells that are respon-
sible for populating and repopulating the tumors [6,7]. Aro-
und 30 percent of all brain and central nervous system tumors 
and 80 percent of all malignant brain tumors are gliomas [8]. 
In contrast to neurons, glial cells have the potency to divide 
and multiply, and failure due to any reason in the controlling 
system of this potency results in the formation of a glioma. 
Malignant gliomas are among the most fatal human cancers 
[9,10]. Gliomas are characterized by their infiltrating nature, 
especially into the surrounding normal brain tissue. Similar 
to other human cancers, the formation and progression of dif-
fuse gliomas is accompanied by the overexpression of growth 
factors like platelet-derived growth factor, epidermal growth 
factor receptor, basic fibroblast growth factor, transforming 
growth factor-alpha, and insulin-like growth factor-1 causing 
an autocrine growth-promoting loop, loss of cell cycle con-
trol, activation of oncogenes, inactivation of tumor suppressor 
genes, dysregulation of apoptosis and instability of the ge-
nome. The histological presence of microvascular prolifera-
tion is also an important identifying feature of high grade 
malignant gliomas. Malignant gliomas, primarily glioblasto-
mas, contain angiogenic molecules like vascular endothelial 
growth factor (VEGF) suggesting an “angiogenic switch” for 
the progression to malignant gliomas [4,11]. Physiologic re-
sponse to hypoxia causes the occurrence of tumor angiogene-
sis through the increased transcription of the VEGF gene by 
the hypoxia-inducible factor (HIF) family of transcription fac-
tors [12-14]. Their highly infiltrative nature is one of the major 
challenges that prevents surgical resections and complicates 
the effective delivery of several therapies. The augmentation of 
the tumor in histological grade creates additional features of 
malignancy. Gliomas are named on the basis of the cell type, 
with which they share histological characteristics. They are 
named as ependymomas, astrocytomas (glioblastoma multi-
forme), oligodendrogliomas and mixed gliomas (e.g., oligoas-
trocytomas) on the basis of their resemblance with ependymal 

cells, astrocytes, oligodendrocytes and mixed glial cells, re-
spectively (Fig. 1). Malignant gliomas include glioblastomas 
[World Health Organization (WHO) grade IV], anaplastic as-
trocytomas (WHO grade III), mixed anaplastic oligoastrocy-
tomas (WHO grade III), and anaplastic oligodendrogliomas 
(WHO grade III). 

DYSREGULATED METABOLISM AS  
A HALLMARK OF GLIOMAGENESIS

Growing evidence reveals that all cancers regardless of tis-
sue or cellular origin are a disease of impaired cellular energy 
metabolism [15]. In addition to the previously well recog-
nized hallmarks of cancers [16-19], aerobic glycolysis or the 
Warburg effect is also a robust metabolic feature of most tu-
mors [20-24]. Recent studies on gliomas in experimental 
models show the dependence of glioma cells on glycolysis as 
the primary source of energy [25]. Upregulated glycolysis has 
been established as a defining feature of primary and meta-
static cancers that results in increased glucose consumption 
[23]. Malignant gliomas display high rates of glycolysis and 
lactate production, even in the presence of adequate oxygen, a 
phenomenon well known as aerobic glycolysis or the War-
burg effect. On the other hand, tumor hypoxia results in con-
stitutive upregulation of glycolysis and acidosis, contributing 
to the tumor resistance to therapeutic agents [23,26]. The pro-
gression of gliomagenesis often occurs in a hypoxic microen-
vironment that compels the use of anaerobic glycolysis as the 
primary energy source [23]. Hypoxia stabilizes HIF, a tran-
scription factor, which increases the biological aggressiveness 
of tumors, promoting glycolysis, cellular proliferation, and 

Fig. 1. Classification of gliomas based on the origin of the cells. 
Adult neural stem cells and multipotent progenitors differentiate 
into mature neurons, astrocytes and oligodendrocytes. Neural stem 
cells and different types of progenitor cells can form gliomas. Ma-
ture astrocytes and oligodendrocytes also serve as cells of origin for 
gliomas.
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angiogenesis [27-30]. Once activated, HIF can regulate the 
expression of many glycolytic enzymes including glucose tr-
ansporters and mitochondrial enzymes that are involved in 
the metabolic adaptation to hypoxia through the conversion 
of glucose to pyruvate and subsequently to lactate [31]. Ab-
normal energy metabolism in gliomas is also linked to apop-
totic signaling in the gliomas. Suppressing mitochondrial ac-
tivity may give cancer cells a proliferative advantage by supp-
ressing apoptosis. Understanding the defects in mitochondrial 
energy metabolism and intrinsic apoptotic signaling pathways 
in gliomas can provide novel therapeutic strategies [32].

ROLE OF PDKS IN GLIOMAS

Regulation of glucose metabolism by PDK  
in gliomas: altered energy metabolism

Tumor cells show an increased dependence on glycolysis 
for ATP production, even in the presence of plentiful oxygen 
[33,34]. More than half a century ago, Otto Warburg postu-
lated that cancer cells predominantly produce ATP through a 
high rate of glycolysis followed by lactic acid fermentation in 
the cytosol, rather than by the comparative low rate of glycol-
ysis followed by oxidation of pyruvate in mitochondria in 
non-cancerous cells [23,35]. This change in metabolism was 
postulated as a fundamental cause of cancer (Warburg effect) 
[36,37]. Griguer et al. [38] have investigated the specific bio-
energetic markers associated with the metabolic phenotypes 
of numerous glioma cell lines. They speculated that heteroge-
neity existed in glucose metabolism and identified important 
biological markers in glioma cells that are critical for the pro-
gression of gliomas. Similarly, Morfouace et al. [39] have re-
cently investigated the difference in glucose metabolism be-
tween rat glioma stem cells and neural stem cells. Mitochon-
drial inactivation in cancer is predominantly due to the inhi-
bition of PDH by PDK. NAD+ required for a high glycolytic 
flux is generated by the conversion of pyruvate into lactate. 
Recently van Horssen et al. [40] have reported based on the 
genetic and pharmacological inhibition of nicotinamide pho-
sphoribosyltransferase in glioma cells that the fluctuation in 
intracellular [NAD(H)], which occurs in response to the re-
programming of cellular metabolism, significantly affects cell 
growth and invasion, suggesting that nutrient- or drug-medi-
ated modulation of NAD(H) could be a new possible option 
for controlling the motility and invasion of glioma cells. The 
upregulated level of lactate is considered as a cause for a poor 
prognosis in several cancers including malignant gliomas 
[41,42]. This has resulted in an extensive search to identify 
glycolysis inhibitors for use in cancer therapy. Dichloroacetate 
(DCA), a PDK inhibitor, has fuelled prospects for such meta-
bolic targeting, and further investigations are ongoing to vali-

date the potential of metabolic targeting as a cancer therapy 
[43].

Alterations in cellular energy metabolism, the glycolytic 
pathway in particular, are one of the important distinguish-
able features of cancer cells. Pyruvate is a critical metabolic 
checkpoint because it can have two fates. It can either be con-
verted to acetyl CoA by PDH to enter into the TCA cycle or 
be transformed to lactate by lactate dehydrogenase (Fig. 2). 
PDH is the pivotal enzyme that can characterize cancer cell 
metabolism based on the two alternative PDH substrates 
available in cancer cells, namely pyruvate and acetaldehyde 
[44]. Glycolytic metabolism is upregulated in gliomas [45,46]. 
In normal cells, PDH, associated with the inner mitochondri-
al membrane, decarboxylates pyruvate to acetyl-CoA, which 
then feeds into the TCA cycle to produce citrate in the mito-
chondria. Consequently, PDH links the cytosolic glycolytic 
pathway to the mitochondrial TCA cycle. On the other hand, 
the activity of the PDH decreases in cancer cells and turns it-
self into a non-oxidative decarboxylase. The reduced activity 
of PDH is mainly due to the binding and phosphorylation of 
its subunits by a regulatory enzyme PDK [47]. PDK modu-
lates PDH by phosphorylating three serine residues in the al-
pha subunit of PDH-E1 [47], which results in reduced activi-
ty. PDK activation shunts pyruvate away from the mitochon-
dria leading to decreased flux through the TCA cycle, and 
subsequently the reduced release of NADH and FADH2 to 

Fig. 2. Potential role played by PDKs in malignant gliomas. Glucose 
entering the cell is metabolized by glycolysis to pyruvate. Most of 
the pyruvate in non-cancerous cells enters the mitochondria under 
aerobic conditions and a small fraction is metabolized to lactate. 
PDH in mitochondria converts pyruvate into acetyl-CoA, which en-
ters the TCA cycle. On the other hand, in glioma cells, the oxidative 
(mitochondrial) pathway of glucose utilization is suppressed, and 
most of the pyruvate is converted into lactate. Hence, the relative 
activities of LDH and PDH determine the fate of pyruvate. PDK, 
which can be inhibited by DCA, inhibits PDH through phosphoryla-
tion and regulates its activities. HIF-1 induces PDK, which inacti-
vates PDH resulting in suppression of the TCA cycle and mitochon-
drial respiration. Moreover, HIF-1 also stimulates glycolysis and the 
expression of LDH, thereby facilitating the conversion of pyruvate 
into lactate. DCA: dichloroacetate, HIF: hypoxia-inducible factor, 
LDH: lactate dehydrogenase, PDH: pyruvate dehydrogenase, PDK: 
pyruvate dehydrogenase kinase, TCA: tricarboxylic acid.
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the electron transport chain. 

Regulation of PDK expression and mitochondrial 
respiration by hypoxia inducible factor (HIF) 
in gliomas

The uptake of glucose by metastatic cancer cells remarkably 
increases compared to non-cancerous cells, which causes a 
switch from the oxygen-dependent metabolic pathway, the 
TCA cycle, to an oxygen-independent pathway, glycolysis un-
der hypoxic conditions [48]. Hypoxia in solid tumors plays an 
important role in the propagation of a cascade of molecular 
pathways in favor of tumor growth [49]. Hypoxia-induced 
HIFs stimulate angiogenesis and increase malignancy, metas-
tasis, and resistance to therapy [50]. HIF-1α is one of the key 
factors that regulates the expression of VEGF, which plays an 
important role in angiogenesis in gliomas [51]. Under hypox-
ic condition, mammalian cells undergo a metabolic change in 
which glucose consumption is elevated and glycolytic pyru-
vate is redirected to lactate, in order to enable net ATP pro-
duction by an oxygen-independent mechanism [52]. This 
shift from an oxidative to a glycolytic metabolism helps to 
maintain redox homeostasis, cell growth and survival. This 
metabolic shift is mediated by HIFs that control the transcrip-
tion of key enzymes involved in glucose metabolism [53]. HIF-
1 promotes glycolysis by upregulating the expression of glu-
cose transporters and glycolytic enzymes. NAD+ regeneration 
is coupled with pyruvate reduction to lactate which enables 
continued glycolysis and ATP production in hypoxic cells. 
HIF-1 activates PDK which shunts pyruvate away from the 
mitochondria. HIF-1-induced PDK inhibits PDH and blocks 
the conversion of pyruvate to acetyl CoA resulting in decre-
ased flux through the TCA cycle. The compromised TCA cy-
cle activity causes the attenuation of oxidative phosphoryla-
tion and mitochondrial reactive oxygen species (ROS) pro-
duction. This shut-down of the formation of mitochondrial 
acetyl-CoA and OXPHOS contributes to the increase in lac-
tate, which acidifies the microenvironment leading to increa-
sed invasion and migration. HIF-1α plays a crucial role in the 
progression of malignant gliomas that are characterized by 
their effective immune escape mechanisms. Recently, Tong et 
al. [54] have reported that hypoxia increases cell invasion thro-
ugh the time-dependent expression of HIF-1α in human glio-
ma cells.

PDK overexpression in hypoxia attenuates ROS generation 
and inhibits cell death due to hypoxia-induced apoptosis [55]. 
Here, PDK serves as a gate-keeping enzyme, which regulates 
pyruvate flux from the cytoplasm into the mitochondria, the 
site for glucose oxidation. PDK prevents the coupling of gly-
colysis to glucose oxidation by inhibiting its target enzyme 
PDH. Consequently, glycolysis is completed in the cytoplasm, 

where further metabolic transformation of pyruvate occurs 
without being oxidized in the mitochondria. This metabolic 
shift is a primary response in most tissues having a hypoxic 
adaptation. Therefore, elements involved in the hypoxia-re-
sponse pathway can be a promising candidate for therapeutic 
targeting in gliomas.

METABOLIC MODULATION THROUGH 
PDK INHIBITION: A THERAPEUTIC 
APPROACH IN THE TREATMENT OF 
MALIGNANT GLIOMAS

Malignant gliomas in addition to several other solid tumors 
develop resistance to cell death in part through the switch 
from mitochondrial oxidative phosphorylation to cytoplas-
mic glycolysis. Identification of aerobic glycolysis as a thera-
peutic target offers a novel means for the treatment of glio-
mas. PDH is the key regulator of cellular metabolism, which 
is inhibited by PDK. Inhibition of the enzyme PDH leads to 
the conversion of pyruvate into lactate. High levels of lactate 
are closely associated with a poor prognosis in various types 
of cancers including malignant gliomas [41,56]. It necessitates 
the identification of glycolysis inhibitors for the treatment of 
malignant gliomas. 

Several recent reports have placed DCA, a molecule used 
for over two decades in the treatment of certain pediatric mi-
tochondrial diseases, as a PDK inhibitor to treat malignancies 
[57]. DCA is a pyruvate mimetic compound, which stimulates 
mitochondrial function by inhibiting PDKs. Inhibition of 
PDKs by DCA reactivates PDH and allows pyruvate to be ox-
idized in the mitochondria. Simultaneously, this induces apo-
ptosis in cancer cells, with little or no effect on non-cancerous 
cells. DCA increases apoptosis in malignant glioma cells. The 
crystal structure of PDK2 in complex with DCA shows that 
DCA occupies the pyruvate binding site in the N-terminal 
regulatory (R) domain of PDK [58]. It has been reported that 
PDK2 is the most sensitive and PDK3 the most resistant, while 
PDK1 and PDK4 are relatively sensitive to DCA inhibition 
[59,60]. Wong et al. [61] have reported that DCA is an effec-
tive sensitizer in most endometrial cancer cell lines to apopto-
sis through nuclear factor of activated T-cells, Kv1.5 and p53 
upregulated modulator of apoptosis-mediated mechanisms. 
DCA can promote a metabolic shift from glycolysis to oxida-
tive phosphorylation [62], thereby inducing apoptosis by low-
ering the mitochondrial membrane potential, activating potas-
sium channels and inhibiting tumor cell growth [57,63,64]. 
Although there are some reports describing controversies for 
DCA in its antitumor efficacy versus toxicity in normal tissues 
in vitro and in vivo, evidence supports the effective role of 
DCA in killing several types of cancer cells [43,57,65-69]. Mi-
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chelakis et al. [70] have recently tested the potency of DCA to 
reverse cancer-specific metabolic and mitochondrial remod-
eling in glioblastoma, suggesting metabolic modulation th-
rough PDK inhibition as a novel therapeutic strategy for the 
treatment of glioblastoma multiforme (GBM). DCA treat-
ment rapidly reversed mitochondrial hyperpolarization in 
GBM. DCA therapy induced apoptosis and increased mito-
chondrial reactive oxygen species in GBM by inhibiting HIF-
1α, promoting p53 activation and suppressing angiogenesis. 
Up until now, gliomas have been one of the most dreadful 
malignant tumors with no successful treatment [71]; this dis-
covery opens new therapeutic possibilities. Morfouace et al. 
[39] have recently studied the impact of DCA on the apoptot-
ic pathway in a rat model. The authors have suggested the de-
pendence of early tumorigenesis on glycolysis, and they have 
provided the rationale for the combination of DCA with con-
ventional treatments to eradicate cancer stem cells and to pre-
vent tumor relapse while preserving neural stem cells. Recent-
ly, Duan et al. [72] have investigated the antitumor activity of 
DCA in C6 rat glioma cells in vitro and in vivo. They found 
that DCA inhibited C6 glioma cell proliferation, induced C6 
cell apoptosis, arrested cell cycle in S phase, induced ROS pro-
duction, decreased the mitochondrial membrane potential in 
tumor tissues and finally exhibited anti-angiogenic effects. 
These findings suggest that PDK could be a promising thera-
peutic target for the treatment of malignant gliomas. Recent 
reports have suggested phenylbutyrate as a possible and a saf-
er alternative to DCA as a PDK inhibitor [73,74]. 

CONCLUDING REMARKS

Multiple layers of metabolic alterations play an important 
role in the proliferation and survival of cancer cells. Evidence 
documented in recent years indicates the reprogrammed gli-
oma cell metabolism could be exploited as a therapeutic tar-
get of malignancies. HIF-induced PDK plays a pivotal role in 
regulating mitochondrial activity. PDK acts as a gate-keeping 
mitochondrial enzyme that downregulates PDH activity, de-
creases the oxidation of pyruvate in mitochondria, and in-
creases the conversion of pyruvate to lactate in the cytosol. 
Increased tumorigenicity correlates with higher PDK activity, 
lower PDH activity and a dependence on glycolytic pathways. 
Thus, the metabolic targeting of PDK can be a fruitful effort 
in designing treatment strategies that can slow down glioma 
progression and improve the response to therapy. PDK inhi-
bition could result in a positive clinical outcome in the treat-
ment of malignant gliomas with greater sensitivity to glyco-
lytic inhibitors. Investigations on the impact of specific PDK 
inhibitors (for example, DCA and phenylbutyrate) on the 
metabolic network as a whole, including fatty acids, nucleo-

tides and amino acid metabolism, needs to be conducted in 
the future for toxicity-free and targeted treatment of malig-
nant gliomas.

Conflicts of Interest
The authors have no financial conflicts of interest.

Acknowledgments
This work was supported by National Research Foundation (NRF) grants 

funded by the Ministry of Education, Science and Technology (MEST) of 
the Korean government (2012-0009328). This study was also supported by 
a grant from the Korean Health technology R&D Project, Ministry of 
Health & Welfare, Republic of Korea (A111345).

REFERENCES

1.	 Jha MK, Jeon S, Suk K. Pyruvate Dehydrogenase Kinases in the Ner-
vous System: Their Principal Functions in Neuronal-glial Metabolic In-
teraction and Neuro-metabolic Disorders. Curr Neuropharmacol 2012; 
10:393-403.

2.	 Patel MS, Roche TE. Molecular biology and biochemistry of pyruvate 
dehydrogenase complexes. FASEB J 1990;4:3224-33.

3.	 Mamelak AN, Jacoby DB. Targeted delivery of antitumoral therapy to 
glioma and other malignancies with synthetic chlorotoxin (TM-601). 
Expert Opin Drug Deliv 2007;4:175-86.

4.	 Louis DN. Molecular pathology of malignant gliomas. Annu Rev Pathol 
2006;1:97-117.

5.	 Ricard D, Idbaih A, Ducray F, Lahutte M, Hoang-Xuan K, Delattre JY. 
Primary brain tumours in adults. Lancet 2012;379:1984-96.

6.	 Galli R, Binda E, Orfanelli U, et al. Isolation and characterization of tu-
morigenic, stem-like neural precursors from human glioblastoma. Can-
cer Res 2004;64:7011-21.

7.	 Singh SK, Hawkins C, Clarke ID, et al. Identification of human brain tu-
mour initiating cells. Nature 2004;432:396-401.

8.	 Goodenberger ML, Jenkins RB. Genetics of adult glioma. Cancer Genet 
2012;205:613-21.

9.	 Dolecek TA, Propp JM, Stroup NE, Kruchko C. CBTRUS statistical re-
port: primary brain and central nervous system tumors diagnosed in the 
United States in 2005-2009. Neuro Oncol 2012;14 Suppl 5:v1-49.

10.	 Patil SA, Hosni-Ahmed A, Jones TS, Patil R, Pfeffer LM, Miller DD. 
Novel approaches to glioma drug design and drug screening. Expert 
Opin Drug Discov 2013;8:1135-51.

11.	 Brat DJ, Mapstone TB. Malignant glioma physiology: cellular response 
to hypoxia and its role in tumor progression. Ann Intern Med 2003;138: 
659-68.

12.	 Brat DJ, Van Meir EG. Vaso-occlusive and prothrombotic mechanisms 
associated with tumor hypoxia, necrosis, and accelerated growth in glio-
blastoma. Lab Invest 2004;84:397-405.

13.	 Brat DJ, Castellano-Sanchez AA, Hunter SB, et al. Pseudopalisades in 
glioblastoma are hypoxic, express extracellular matrix proteases, and 
are formed by an actively migrating cell population. Cancer Res 2004;64: 
920-7.

14.	 Maxwell PH, Pugh CW, Ratcliffe PJ. Activation of the HIF pathway in 
cancer. Curr Opin Genet Dev 2001;11:293-9.

15.	 Seyfried TN, Shelton LM. Cancer as a metabolic disease. Nutr Metab 
(Lond) 2010;7:7.

16.	 Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. 
Cell 2011;144:646-74.

17.	 Abbott RG, Forrest S, Pienta KJ. Simulating the hallmarks of cancer. 
Artif Life 2006;12:617-34.

18.	 Cavallo F, De Giovanni C, Nanni P, Forni G, Lollini PL. 2011: the im-
mune hallmarks of cancer. Cancer Immunol Immunother 2011;60:319-
26.

19.	 Hanahan D, Weinberg RA. The hallmarks of cancer. Cell 2000;100:57-



62  Brain Tumor Res Treat  2013;1:57-63

PDK in Glioma

70.
20.	 Seyfried TN, Mukherjee P. Targeting energy metabolism in brain can-

cer: review and hypothesis. Nutr Metab (Lond) 2005;2:30.
21.	 Semenza GL, Artemov D, Bedi A, et al. ‘The metabolism of tumours’: 

70 years later. Novartis Found Symp 2001;240:251-60; discussion 260-4.
22.	 Ristow M. Oxidative metabolism in cancer growth. Curr Opin Clin 

Nutr Metab Care 2006;9:339-45.
23.	 Gatenby RA, Gillies RJ. Why do cancers have high aerobic glycolysis? 

Nat Rev Cancer 2004;4:891-9.
24.	 Gogvadze V, Orrenius S, Zhivotovsky B. Mitochondria in cancer cells: 

what is so special about them? Trends Cell Biol 2008;18:165-73.
25.	 Maurer GD, Brucker DP, Bähr O, et al. Differential utilization of ketone 

bodies by neurons and glioma cell lines: a rationale for ketogenic diet as 
experimental glioma therapy. BMC Cancer 2011;11:315.

26.	 Harris AL. Hypoxia--a key regulatory factor in tumour growth. Nat Rev 
Cancer 2002;2:38-47.

27.	 Provenzano PP, Cuevas C, Chang AE, Goel VK, Von Hoff DD, Hingo-
rani SR. Enzymatic targeting of the stroma ablates physical barriers to 
treatment of pancreatic ductal adenocarcinoma. Cancer Cell 2012;21: 
418-29.

28.	 Bertout JA, Patel SA, Simon MC. The impact of O2 availability on hu-
man cancer. Nat Rev Cancer 2008;8:967-75.

29.	 Semenza GL. Oxygen sensing, homeostasis, and disease. N Engl J Med 
2011;365:537-47.

30.	 Goel S, Duda DG, Xu L, et al. Normalization of the vasculature for 
treatment of cancer and other diseases. Physiol Rev 2011;91:1071-121.

31.	 Semenza GL. Hypoxia-inducible factors in physiology and medicine. 
Cell 2012;148:399-408.

32.	 Sutendra G, Michelakis ED. Pyruvate dehydrogenase kinase as a novel 
therapeutic target in oncology. Front Oncol 2013;3:38.

33.	 Warburg O. On the origin of cancer cells. Science 1956;123:309-14.
34.	 Warburg O. On respiratory impairment in cancer cells. Science 1956; 

124:269-70.
35.	 Kim JW, Dang CV. Cancer’s molecular sweet tooth and the Warburg ef-

fect. Cancer Res 2006;66:8927-30.
36.	 Bertram JS. The molecular biology of cancer. Mol Aspects Med 2000; 

21:167-223.
37.	 Grandér D. How do mutated oncogenes and tumor suppressor genes 

cause cancer? Med Oncol 1998;15:20-6.
38.	 Griguer CE, Oliva CR, Gillespie GY. Glucose metabolism heterogeneity 

in human and mouse malignant glioma cell lines. J Neurooncol 2005;74: 
123-33.

39.	 Morfouace M, Lalier L, Bahut M, et al. Comparison of spheroids formed 
by rat glioma stem cells and neural stem cells reveals differences in glu-
cose metabolism and promising therapeutic applications. J Biol Chem 
2012;287:33664-74.

40.	 van Horssen R, Willemse M, Haeger A, et al. Intracellular NAD(H) lev-
els control motility and invasion of glioma cells. Cell Mol Life Sci 2013; 
70:2175-90.

41.	 Brizel DM, Schroeder T, Scher RL, et al. Elevated tumor lactate concen-
trations predict for an increased risk of metastases in head-and-neck 
cancer. Int J Radiat Oncol Biol Phys 2001;51:349-53.

42.	 Cairns RA, Bennewith KL, Graves EE, Giaccia AJ, Chang DT, Denko 
NC. Pharmacologically increased tumor hypoxia can be measured by 
18F-Fluoroazomycin arabinoside positron emission tomography and 
enhances tumor response to hypoxic cytotoxin PR-104. Clin Cancer 
Res 2009;15:7170-4.

43.	 Zwicker F, Kirsner A, Peschke P, et al. Dichloroacetate induces tumor-
specific radiosensitivity in vitro but attenuates radiation-induced tumor 
growth delay in vivo. Strahlenther Onkol 2013;189:684-92.

44.	 Ralph SJ, Rodríguez-Enríquez S, Neuzil J, Moreno-Sánchez R. Bioener-
getic pathways in tumor mitochondria as targets for cancer therapy and 
the importance of the ROS-induced apoptotic trigger. Mol Aspects Med 
2010;31:29-59.

45.	 Oudard S, Arvelo F, Miccoli L, et al. High glycolysis in gliomas despite 

low hexokinase transcription and activity correlated to chromosome 10 
loss. Br J Cancer 1996;74:839-45.

46.	 Mineura K, Yasuda T, Kowada M, Shishido F, Ogawa T, Uemura K. 
Positron emission tomographic evaluation of histological malignancy 
in gliomas using oxygen-15 and fluorine-18-fluorodeoxyglucose. Neu-
rol Res 1986;8:164-8.

47.	 Roche TE, Hiromasa Y. Pyruvate dehydrogenase kinase regulatory 
mechanisms and inhibition in treating diabetes, heart ischemia, and 
cancer. Cell Mol Life Sci 2007;64:830-49.

48.	 Ke Q, Costa M. Hypoxia-inducible factor-1 (HIF-1). Mol Pharmacol 
2006;70:1469-80.

49.	 Wu G, Luo J, Rana JS, Laham R, Sellke FW, Li J. Involvement of COX-2 
in VEGF-induced angiogenesis via P38 and JNK pathways in vascular 
endothelial cells. Cardiovasc Res 2006;69:512-9.

50.	 Airley RE, Mobasheri A. Hypoxic regulation of glucose transport, an-
aerobic metabolism and angiogenesis in cancer: novel pathways and 
targets for anticancer therapeutics. Chemotherapy 2007;53:233-56.

51.	 Liang C, Guo S, Yang L. All-trans retinoic acid upregulates VEGF ex-
pression in glioma cells in vitro. J Biomed Res 2013;27:51-5.

52.	 Greer SN, Metcalf JL, Wang Y, Ohh M. The updated biology of hypox-
ia-inducible factor. EMBO J 2012;31:2448-60.

53.	 Pescador N, Villar D, Cifuentes D, et al. Hypoxia promotes glycogen 
accumulation through hypoxia inducible factor (HIF)-mediated induc-
tion of glycogen synthase 1. PLoS One 2010;5:e9644.

54.	 Tong JJ, Yan Z, Jian R, Tao H, Hui OT, Jian C. RhoA regulates invasion 
of glioma cells via the c-Jun NH2-terminal kinase pathway under hy-
poxia. Oncol Lett 2012;4:495-500.

55.	 Kim JW, Tchernyshyov I, Semenza GL, Dang CV. HIF-1-mediated ex-
pression of pyruvate dehydrogenase kinase: a metabolic switch required 
for cellular adaptation to hypoxia. Cell Metab 2006;3:177-85.

56.	 Walenta S, Snyder S, Haroon ZA, et al. Tissue gradients of energy me-
tabolites mirror oxygen tension gradients in a rat mammary carcinoma 
model. Int J Radiat Oncol Biol Phys 2001;51:840-8.

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

58.	 Knoechel TR, Tucker AD, Robinson CM, et al. Regulatory roles of the 
N-terminal domain based on crystal structures of human pyruvate de-
hydrogenase kinase 2 containing physiological and synthetic ligands. 
Biochemistry 2006;45:402-15.

59.	 Bowker-Kinley MM, Davis WI, Wu P, Harris RA, Popov KM. Evidence 
for existence of tissue-specific regulation of the mammalian pyruvate 
dehydrogenase complex. Biochem J 1998;329(Pt 1):191-6.

60.	 Baker JC, Yan X, Peng T, Kasten S, Roche TE. Marked differences be-
tween two isoforms of human pyruvate dehydrogenase kinase. J Biol 
Chem 2000;275:15773-81.

61.	 Wong JY, Huggins GS, Debidda M, Munshi NC, De Vivo I. Dichloro-
acetate induces apoptosis in endometrial cancer cells. Gynecol Oncol 
2008;109:394-402.

62.	 Stacpoole PW, Nagaraja NV, Hutson AD. Efficacy of dichloroacetate as 
a lactate-lowering drug. J Clin Pharmacol 2003;43:683-91.

63.	 Michelakis ED, Webster L, Mackey JR. Dichloroacetate (DCA) as a po-
tential metabolic-targeting therapy for cancer. Br J Cancer 2008;99:989-
94.

64.	 Pearson H. Cancer patients opt for unapproved drug. Nature 2007;446: 
474-5.

65.	 Papandreou I, Goliasova T, Denko NC. Anticancer drugs that target 
metabolism: is dichloroacetate the new paradigm? Int J Cancer 2011; 
128:1001-8.

66.	 Yaromina A, Meyer S, Fabian C, et al. Effects of three modifiers of gly-
colysis on ATP, lactate, hypoxia, and growth in human tumor cell lines 
in vivo. Strahlenther Onkol 2012;188:431-7.

67.	 Stockwin LH, Yu SX, Borgel S, et al. Sodium dichloroacetate selectively 
targets cells with defects in the mitochondrial ETC. Int J Cancer 
2010;127:2510-9.



MK Jha et al.

63

68.	 Ralph SJ, Neuzil J. Mitochondria as targets for cancer therapy. Mol Nutr 
Food Res 2009;53:9-28.

69.	 Cai P, Boor PJ, Khan MF, Kaphalia BS, Ansari GA, Konig R. Immuno- 
and hepato-toxicity of dichloroacetic acid in MRL(+/+) and B(6)C(3)
F(1) mice. J Immunotoxicol 2007;4:107-15.

70.	 Michelakis ED, Sutendra G, Dromparis P, et al. Metabolic modulation 
of glioblastoma with dichloroacetate. Sci Transl Med 2010;2:31ra34.

71.	 Huse JT, Holland EC. Targeting brain cancer: advances in the molecu-
lar pathology of malignant glioma and medulloblastoma. Nat Rev Can-

cer 2010;10:319-31.
72.	 Duan Y, Zhao X, Ren W, et al. Antitumor activity of dichloroacetate on 

C6 glioma cell: in vitro and in vivo evaluation. Onco Targets Ther 2013; 
6:189-98.

73.	 Ferriero R, Manco G, Lamantea E, et al. Phenylbutyrate therapy for py-
ruvate dehydrogenase complex deficiency and lactic acidosis. Sci Transl 
Med 2013;5:175ra31.

74.	 Bolden JE, Peart MJ, Johnstone RW. Anticancer activities of histone 
deacetylase inhibitors. Nat Rev Drug Discov 2006;5:769-84.


