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pyruvate entry into the mitochondria, reversing the increase in glycol-
ysis to glucose oxidation ratio, improving mitochondrial function, and
reversing mitochondrial hyperpolarization (3). DCA therefore de-
creases tumor growth in vitro and in vivo, without affecting noncancer
mitochondria and tissues (3, 16-20). The increase in mitochondrial
respiration is associated with an increase in production of mitochon-
drial reactive oxygen species (mROS), predominantly superoxide. Su-
peroxide can be dismutated to H,O,, a relatively stable mROS that can
reach other cellular structures beyond the mitochondria. For example,
H,0; can activate redox-sensitive voltage-dependent potassium chan-
nels in the plasma membrane and, at least in some tissues, promote a
decrease in intracellular calcium (3, 4). Other redox-sensitive targets
may include p53, which is activated when oxidized (21, 22). The
P53 axis is inhibited in GBM, contributing to the increased prolifera-
tive state of GBM cells (1). p53 also represses hypoxia-inducible
factor-1o. (HIF-1o)-stimulated transcription because p53 and HIF-1a
compete for the same cotranscription factor (23, 24). HIF-1o. increases
the expression of glucose transporters and several glycolytic enzymes
as well as PDK, thus sustaining the glycolytic phenotype (25, 26).
In addition, HIF-1o increases the expression of vascular endothelial
growth factor (VEGF), enhancing angiogenesis. Angiogenesis may
also be enhanced by normoxic HIF-1a activation. Because mitochondria
are important oxygen sensors (27), inhibited mitochondria may trans-

Fig. 1. A¥m and PDK in GBM
and normal brain. (A) A¥m and
mROS in freshly excised human
GBM tissue compared to non-
cancer brain tissue obtained
during epilepsy surgery (con-
trol). The A¥m-sensitive dye
TMRM accumulated at a higher
concentration in untreated GBM
cells than in DCA-treated GBM
or noncancer cells. DCA is selec-
tive for GBM cells, as no effect is
seen on noncancer brain tissue.
The mitochondria-specific dye
mitoSOX accumulated at a higher
concentration in the DCA-treated
tissue than in untreated tissue.
*P < 0.05, compared to GBM
vehicle; *P < 0.001, compared
to GBM vehicle. AFU, arbitrary
fluorescence units. (B) Expres-
sion of PDKIl in GBM and normal
brain by confocal immunohisto-
chemistry. The nuclei are stained
in blue with 4'6-diamidino-2-
phenylindole (DAPI). PCNA is only
expressed in the tumor tissue.
The arrows point to cells coex-
pressing PCNA and PDKII. (C)
The PDK isoenzyme PDKII (which
has the lowest K; for DCA), but
not PDKI, is expressed in human
GBM tumors at a higher level
than in noncancer brain tissue.
In these immunoblots, P indi-
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mit pseudohypoxic redox signals and activate HIF-1a even during
normoxia (28-30). In addition, a decrease in o-ketoglutarate, a direct
product of the Krebs’ cycle, may also promote HIF activation because
it is a cofactor for the prolyl hydroxylation reaction that degrades
HIF-1a (30).

We hypothesized that orally administered DCA, which crosses
the blood-brain barrier, would decrease GBM growth in vivo. We
further suggested that this could occur by (i) reversing the glyco-
lytic phenotype and normalizing A¥m, which would promote
mitochondria-dependent apoptosis; (ii) increasing mROS and pro-
moting p53 activation; and (iii) increasing a-ketoglutarate concen-
trations. The last two effects would lead to inhibition of HIF-1a, a
decrease in VEGF, and inhibition of angiogenesis.

RESULTS

Effects of DCA on mitochondria from 49 freshly isolated
GBM tumors

To determine whether human GBM could be a target for metabolic
therapy with DCA, we studied 49 freshly excised consecutive
primary GBMs (60% male, 48 + 11 years). In addition to the clin-
ical and neuropathology reports, we confirmed GBM identity with
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cates the positive control (cell lysate with high expression of PDK, provided commercially in the antibody kit). There is variability in the amount of
PDK among different tumors, which may not necessarily predict the activity of the enzyme in vivo (n = 3 for control; n = 8 for GBM tissue). *P < 0.05.
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immunohistochemistry, which showed expression of glial fibrillary
acidic protein (GFAP) but no BIII-tubulin or oligodendrocyte markers
(fig. S1). A¥m was increased in the freshly isolated GBMs compared
to noncancer brain tissues obtained in epilepsy surgery (n = 3) (Fig. 1A).
DCA, but not vehicle (normal saline), caused mitochondrial de-
polarization in GBM but not in normal brain tissue. DCA also increased
GBM mROS (Fig. 1A). This suggested that the metabolic and mito-
chondrial remodeling in GBM is partially reversible and that this re-
modeling is at least in part regulated by PDK. The response to DCA is
consistent with a higher concentration of PDKII [the most ubiquitous-
ly expressed isoform and the one with the lowest K; for DCA (31)] in
GBM than in noncancer brain tissue, as seen with immunohisto-
chemistry and immunoblots (Fig. 1, B and C). Cells exhibiting the
highest PDKII concentrations also contained proliferating cell nuclear
antigen (PCNA), suggesting that these cells were proliferating (Fig. 1B).
These data, collected over a 2-year period, strengthened the rationale for
subsequently administering DCA to patients with GBM (4).

Clinical effects of DCA on five patients with GBM

We then treated with DCA five consecutive patients with primary GBM,
referred from our brain cancer program and from whom tissue was avail-
able from the last debulking surgery. Three patients (patients 1 to 3) had

Fig. 2. In vivo effects of DCA
in patients with GBM. (A) T1
gadolinium—-enhanced axial MRI
images (left, midventricular level;
right, supraventricular level)
and merged positron emission
tomography (PET)-MRI images
taken before and after treatment
with DCA for patients 1 (left) and
2 (right). After 15 months of treat-
ment with oral DCA as the only
therapeutic agent, apparent
resolution of the tumor is seen
in patient 2. In patient 1, the
metastatic paraventricular tumor
mass regressed after 9 months
of therapy with DCA. Baseline,
month 3 of DCA therapy; +9
months, month 12 of DCA ther-
apy. In patient 1, the primary tu-
mor site (which is not seen at
the level of these images but
can be seen in fig. S2) remained
unchanged in this interval. (B)
Representative micrographs from
tissue taken from patient 3 (see
text for clinical details) and sum-
mary data (patients 2 to 4), quan-
tifying tumor proliferation (%
PCNA-positive cells) and apoptosis
(% TUNEL-positive cells) before
and after chronic DCA therapy.
There is a decrease in the num-
ber of cells [shown by the number of nuclei, in blue (DAPI)], a signif-
icant decrease in the expression of PCNA, and a significant increase in
apoptosis after treatment with DCA. Percent of PCNA- or TUNEL-positive
cells were measured blindly in eight random fields per slide; a minimum
of three slides per experiment was used (n = ~350 to 400 cells per pa-

www.ScienceTranslationalMedicine.org

recurrent GBM with disease progression after several chemotherapies
(in addition to the standard treatment with surgery, RT, and TMZ)
and were considered appropriate for palliative therapy. Two additional
patients (patients 4 and 5) were newly diagnosed, and after the initial
debulking surgery, DCA was administered in addition to the standard
treatment of RT and TMZ. In patient 4, a 3-month pretreatment with
DCA was followed by the addition of RT and TMZ, whereas in patient
5 DCA was initiated simultaneously with RT and TMZ, after debulk-
ing surgery. If the patients required reoperation or autopsy, tissue
from the last debulking surgery (before DCA administration) was
compared to the post-DCA treatment tissue. Their clinical information
is summarized in table S1. DCA has been administered to patients for
>30 years, mainly in the treatment of inborn errors of mitochondrial
metabolism, and pharmacokinetic and pharmacodynamic data are
available (5, 32-34). We treated patients with a starting dose of
12.5 mg/kg orally twice a day for 1 month, at which point the dose
was increased to 25 mg/kg orally twice a day. We then followed a dose
de-escalation protocol, decreasing the dose by 50% when dose-limiting
toxicity occurred. The patients were followed clinically for up to
15 months. None of the patients had hematologic, hepatic, renal, or
cardiac toxicity (table S1). Peripheral neuropathy was the only appar-
ent toxicity. Patients had variable dose-dependent degrees of peripheral

tient). *P < 0.01. (C) PDH activity is significantly increased in GBM tissues
from patients treated with DCA, compared to the baseline tissues from
the same patients, taken before DCA treatment. This suggests effective
inhibition of PDK within the tumor tissue in vivo (n = 3 patients). *P <
0.001.
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