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Abstract

The mitochondrial pyruvate dehydrogenase complex (PDC) irreversibly decarboxylates pyruvate to acetyl coenzyme A,

thereby linking glycolysis to the tricarboxylic acid cycle and defining a critical step in cellular bioenergetics. Inhibition of PDC
activity by pyruvate dehydrogenase kinase (PDK)-mediated phosphorylation has been associated with the pathobiology of
many disorders of metabolic integration, including cancer. Consequently, the PDC/PDK axis has long been a therapeutic
target. The most common underlying mechanism accounting for PDC inhibition in these conditions is post-transcriptional
upregulation of one or more PDK isoforms, leading to phosphorylation of the Elx subunit of PDC. Such perturbations of the
PDC/PDK axis induce a “glycolytic shift,” whereby affected cells favor adenosine triphosphate production by glycolysis over
mitochondrial oxidative phosphorylation and cellular proliferation over cellular quiescence. Dichloroacetate is the prototypic
xenobiotic inhibitor of PDK, thereby maintaining PDC in its unphosphorylated, catalytically active form. However, recent in-
terest in the therapeutic targeting of the PDC/PDK axis for the treatment of cancer has yielded a new generation of small mol-
ecule PDK inhibitors. Ongoing investigations of the central role of PDC in cellular energy metabolism and its regulation by
pharmacological effectors of PDKs promise to open multiple exciting vistas into the biochemical understanding and treat-

ment of cancer and other diseases.

Energy is life. For animals and most other life forms on this
planet, life depends on translating the radiant energy of the
sun into adenosine triphosphate (ATP). In animals, this occurs
by converting substrate fuels into energy through the process
of oxidative phosphorylation (OXPHOS) that occurs exclusively
in mitochondria (Figure 1). These organelles catabolize glu-
cose- and amino acid-derived carbon molecules and long-
chain fatty acids to acetyl coenzyme A (CoA), which promotes
flux through the tricarboxylic acid (TCA) cycle. Reducing equiv-
alents, generated by various mitochondrial dehydrogenase re-
actions, provide electrons that are utilized by the first four
complexes of the respiratory chain to reduce molecular oxygen
to water. The fifth complex capitalizes on the proton gradient
across the mitochondrial membrane generated by electron
transport to drive the synthesis of ATP from adenosine

diphosphate (ADP) and inorganic phosphate, thus completing
OXPHOS. Because OXPHOS yields the vast majority of high-
energy phosphate molecules to sustain myriad intracellular re-
actions, interruption of mitochondrial fuel metabolism can be
disastrous for the host.

Central to the efficiency of OXPHOS is the metabolic fate of
pyruvate, which is produced in the cytoplasm, mainly by glycol-
ysis, and which exists in equilibrium with alanine and lactate.
In addition to its interconversion with other 3-carbon mole-
cules, pyruvate may also be carboxylated to oxaloacetate by the
anaplerotic reaction catalyzed by pyruvate carboxylase or may
be decarboxylated to acetyl CoA by the multienzyme pyruvate
dehydrogenase complex (PDC). Many of the calories we con-
sume daily pass through the PDC, which, under aerobic condi-
tions, catalyzes the rate-determining step of glucose and
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Figure 1. Pathways involved in mitochondrial energetics. The two principal mitochondrial fates of glycolytically derived pyruvate are to be carboxylated to oxaloace-
tate, an anaplerotic reaction catalyzed by pyruvate carboxylase, or to be decarboxylated to acetyl coenzyme A (CoA) by the pyruvate dehydrogenase complex (PDC),
which condenses with oxaloacetate to form citrate. Thus, PDC links cytoplasmic glycolysis to the mitochondrial tricarboxylic acid (TCA) cycle. Long-chain fatty acids
may undergo beta-oxidation to also yield acetyl CoA. Reducing equivalents (NADH, FADH,) generated by the PDC catalyzed step, beta-oxidation, and various dehydro-
genases in the TCA cycle, such as alpha ketoglutarate dehydrogenase, donate electrons that enter the respiratory chain of NADH ubiquinone oxidoreductase (complex
I) or at succinate ubiquinone oxidoreductase (complex II). Cytochrome c oxidase (complex IV) catalyzes the reduction of molecular oxygen to water and adenosine tri-
phosphate (ATP) synthase (complex V) produces ATP from ADP and inorganic phosphate. ATP = adenosine triphosphate; ADP = adenosine diphosphate; CoA = coen-
zyme A; e- = electrons; LCF = long-chain fatty acid; PDC = pyruvate dehydrogenase complex; TCA = tricarboxylic acid.

pyruvate oxidation. The PDC and acyl CoA carboxylase, which
initiates the beta-oxidation pathway of long-chain fatty acids,
provide the intramitochondrial starting points for OXPHOS.
Thus, it is not surprising that loss of function mutations in any
component of the PDC or post-translational inhibition of the en-
zyme can lead to devastating clinical consequences (1).

Structure and Regulation of the Mammalian PDC

The 9.5M Da PDC megacomplex is organized into multiple cop-
ies of three enzymatic components (Figure 2) (2-4). The PDC is
highly regulated transcriptionally and post-transcriptionally
(5-8). Changes in the enzymatic activity of the complex are me-
diated primarily by reversible phosphorylation, in which phos-
phorylation of any one of three serine residues (site 1, Ser 293;
site 2, Ser 300; site 3, Ser 232) on the alpha subunit (E1x) of the
E1 (pyruvate dehydrogenase) component renders the entire
complex inactive. Phosphorylation of PDC is catalyzed in hu-
mans by any of four isoforms of pyruvate dehydrogenase kinase
(PDK1-4) that exhibit 70% homology. PDKs are serine/threonine
kinases that are tightly associated with the PDC and bind to the

L2 domain of E2, with the following relative binding affinities:
PDK3 > PDK1 ~ PDK2 > PDK4 (9). Each PDK exhibits different
specificities, in terms of phosphorylation of El« and rates of
phosphorylation (site 1: PDK2 > PDK4 ~ PDK1 > PDK3; site 2:
PDK3 > PDK4 ~ PDK2 > PDK1) (10). Two pyruvate dehydroge-
nase phosphatase isoforms (PDP1 and 2) dephosphorylate the
El« subunit and restore catalytic activity. PDPs are dimers of
catalytic (52kDa) and regulatory (96 kDa) subunits that are dif-
ferentially regulated by certain divalent cations and polyamines
(5,11). Recent evidence suggests that PDPs may be post-
translationally modified in some cancers (12,13). However, the
current understanding of the relationship between PDPs and
cancer is nascent, and neither PDP isoform has yet been investi-
gated as a potentially “drugable” target for any disease.

PDKs show variable tissue expression and sensitivity toward
regulation by a diverse array of endogenous molecules and xe-
nobiotics (5-7,14-17). Rapid regulation of PDC activity is medi-
ated by substrate activation and end product inhibition. PDK2
has the widest tissue distribution and is particularly sensitive to
activation by the PDC reaction products acetyl CoA and NADH.
Acetyl CoA enhances acetylation of the reduced lipoyl groups by
the E2 subunit of PDC. NADH accumulation induces modest
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Figure 2. Pyruvate dehydrogenase complex (PDC mechanism and assembly). Glucose enters cells through glucose transporters and is metabolized to pyruvate in the
cytoplasm. Pyruvate crosses the outer mitochondrial membrane by means of voltage-dependent anion channel and the inner mitochondrial membrane via the mito-
chondrial pyruvate carrier system. Pyruvate is irreversibly decarboxylated by the Elx subunit of the heterotetrameric (x,p,) pyruvate dehydrogenase enzyme, the first
component of the multienzyme PDC. E2 (dihydrolipoyl transacetylase) transfers the acetyl group to a lipoic acid moiety that synthesize up to 60 molecules of acetyl co-
enzyme A (CoA) from reduced CoA per macromolecular complex. Lipoate is reoxidized by the E3 component (dihydrolipoamide dehydrogenase) in a coupled redox re-
action that yields NADH. PDC also utilizes an E3 binding protein to tether the E3 component to the complex’s core. The Elx subunit is located on the X chromosome,
while the remaining PDC proteins are nuclear encoded. Multiple cofactors are required to enable each enzymatic step of the net PDC-catalyzed reaction. Assembly
structure of PDC from reference 2. GLUTS = glucose transporters; PDC = pyruvate dehydrogenase complex; VDAC = voltage-dependent anion channel;

(20%-30%) increases in PDK1 and PDK2. However, an increase in
both acetyl CoA and NADH, as occurs in mitochondrial beta-
oxidation of long-chain fatty acids, results in a two- to threefold
stimulation of PDK1 and PDK2 activities (18).

The N-terminal domain of PDK contains a small binding site
for pyruvate, which is both the natural PDK inhibitor and PDC
substrate, and for the xenobiotic pyruvate analog dichloroace-
tate (DCA). The amino-terminal domain also possesses binding
pockets for other synthetic PDK inhibitors AZ12, Nov3r, Pfz3,
and AZD7545 (Table 1) (19). The carboxy terminal domain in-
cludes the nucleotide binding site and an interface that allows
dimerization of the protein, with the active site of PDK thought
to be located on the domain’s interface (18-21). Potassium ions
appear to be essential for optimal nucleotide binding to PDK2
and also facilitate binding of PDK2 to the inner lipoyl-bearing
domain of the E2 component (dihydrolipoamide transacetylase)
of PDC (19).

In addition to phosphorylation, PDC may be reversibly acety-
lated (22), glutathionylated (23), succinylated (24,25), and glyco-
sylated (26), although the relative physiological impacts of these
post-translational changes remains to be clarified. Recently, the
sirtuin SIRT4 was found to possess lipoamidase activity, en-
abling hydrolysis of the lipoamide cofactors from the E2 compo-
nent and resulting in reduced activity of PDC (27). This finding
is potentially physiologically highly relevant, given the impor-
tance of the mitochondrially localized SIRTs 3-5 in regulating
cellular energetics, signaling, and apoptosis (28). Moreover, glu-
tamine, an important energy substrate in cancer and other pro-
liferative conditions (29), can induce SIRT4 lipoamidase activity,

providing a mechanism for the well-established inhibition of
PDC in cancer (reviewed in [30]). Finally, PDC was recently dis-
covered to be capable of exiting the mitochondria and imported,
intact and functional, into the nucleus (31), thus considerably
extending the biological spectrum of this remarkable enzyme
megacomplex.

Metabolic Flexibility, the PDC/PDK Axis, and
Cancer

Metabolic flexibility may be defined as the ability of a cell to
adaptively utilize metabolic pathways in order to maintain en-
ergy status and physiological functions. Such reprogramming
has emerged as a hallmark of the physiological and pathological
alterations  affecting cellular function and survival
Differentiation of the developing conceptus (32-35), differentia-
tion of pluripotent stem cells (36-39), wound healing (40), and
activation of the innate immune inflammatory response (41-44)
are but some of many homeostatic and defense processes re-
quiring metabolic reprograming necessary for organismal de-
velopment, repair, and survival. Indeed, the dynamic control of
metabolism by immune cells in response to invading pathogens
illustrates the critical importance of metabolic flexibility to sur-
vival. Inhibition of PDC activity has been causally associated
with many acquired disorders, including lactic acidosis (45), dia-
betes and other insulin-resistant states (17,46-48), cerebrovas-
cular and cardiovascular diseases (49-51), late-onset
neurodegenerative diseases (52-54), cancer (30,55), pulmonary
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Table 1. Small molecule pyruvate dehydrogenase Kinase PDK inhibitors*

Chemical name

Pyruvate

R-lipoic acid

Dichloroacetate (sodium salt)

2-chloroproprionate

Inositol esters or ionic complexes,
eg, inositol hexa (N-methylnico-
tinate-dichloroacetate) and
tetra (dichloroacetyl) gluconate
(potassium salt)

(R)-3.3.3-trifluoro-2-hydroxy-2-
methyl propionamides, eg,
Nov3r (Novartis)

Anilide tertiary carbinols, eg,
AZD7545 (AstraZeneca)

S

HiC

Structure
(@]
H
Hsc)k[( ©
(0]
(@]
(Y\/\)LOH
-8
(@]
cl %ONa
Cl
(0]
OCHg4
Cl
ODCA

DCAD:(lj:ODCA

DCAQ™ "O° "CO.K

Potassium tetra (dichloroacetyl)
glucuronate

e
@Y
CHy
Inositol hexa (N-methynlicotinate-

dichloroacetate

CHy O
FoC, CHy” N
HO i : CN
O CH,
o, 0

CHa . Q CFa
HSC’N H’u\j—-cns
o} cl OH

Properties

Ki PDK2 < PDK1~ PDK4 < PDK3;
uncompetitive inhibitor;
synergizes with ADP;

ICso:mM range

Ki PDK1 < PDK4
PDK2 < PDK3;
ICsomM range

Allosteoric inhibitor;
synergizes with ADP;
Ki PDK2 < PDK 1~
PDK4 < PDK3;
ICsomM range

Similar in site of action and po-
tency to DCA

Designed to achieve slow release
of DCA, reducing peak plasma
drug levels and prolonging
dynamics;

similar to DCA in dynamics but
more toxic;

ICsomM range

First orally active PDK inhibitors
not based on u-dihalo-genated
carbonyl compounds (eg, DCA.
2-CP);

binds to lipoyl group binding site
at N terminus;

ICso:mM range

Inhibits PDK1-3 by binding to lipoyl

group binding site;
ICso:mM range

Reference

Stacpoole et al.
1987 (174)

Korotchkina
et al. 2004 (101)

Whitehouse et al.
1974 (103)

Whitehouse et al.
1974 (103)

Stacpoole et al.
1987 (174)

Aicher et al.
1999a (136)
Aicher et al.
1999b (137)

Bebernitz et al.
2000 (138)

(continued)
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Table 1. (continued)

Chemical name Structure Properties Reference
HyC 0
Oy
N-(2-aminoethyl)-2{3-chloro-4-[(4-  HsC 0 Y Allosteric PDK2 inhibitor; Knoechel et al.
isopropylbenzyl)oxy] phe- NH; ICso:mM range 2006 (105)

nyljacetamide; Pfz3 (Pfizer)

Radicicol (monorden)

Mitaplatin

Hemoglobin-DCA conjugate

Mito-DCA

Phenylbutyrate

4,5-diarylisoxazoles

VER-246608

Betulinic acid

Cl
Cl o
= ® 9 ° X cl
PhgP. N o]
5 H Clg
Cl
o]

Binds to ATP binding pocket of
PDK3;
ICso:mM range

Fusion molecule of 1 cisplatin: 2
DCAs via ester linkages;
ICsomM range

Fusion molecule of 1 Hgb: 12 DCAs
targeting monocytic leukemic
cells;

ICso:mM range

Fusion molecule of 1 triphenyl-
phosphonium cation: 3 DCAs to
reportedly facilitate transport
across mitochondrial
membrane;

ICso:mM range

Binds to allosteric site (PDK 1-3
only);
ICso:mM range

Bind to ATP binding pocket;
ICso:mM range

Pan-PDK isoform inhibitor at ATP
binding site;
ICso:mM range

Fusion molecule of betulinic acid
to DCA;
ICso:mM range

Besant et al. 2002
(175)

Xue et al. 2012
(176)

Zhang et al. 2011
(157)

Pathak et al. 2014
(154)

Iannitti et al.
2011 (155)

Ferriero et al.
2015 (156)

Meng et al. 2014

(146)

Moore et al. 2014
(147)

Saha et al. 2015
(118)

(continued)
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Table 1. (continued)

Chemical name Structure Properties Reference
Cl
O
2 O fo]
DCA-oxaliplatin derivatives O‘ N“‘Flt’oi Fusion molecule of 1 platin: 2DCAs  Liu et al. 2015
-~ S
""HZ ,;'3 07 o via ester linkages; (151)
ICsomM range
o] Cl
o cl
cl o] o c
Honokiol DCA (ester derivative cl :0 O Q Reported to increase DCA Bonner et al.
from Magnolia grandiflora) lipophilicity; 2016 (177) o
ICso:mM range g
/ \ 5
o
o
o
g
Hac ’|-I =
Pyruvate analogs containing phos- }—IIB:O Competitive inhibitor of pyruvate; Meurs et al. 2012 5}
phinate or phosphonate group 0O o ICso:mM range (161) 2_
(eg, acetyl phosphinate) E
2
o =
(Y\/\)k g
OH §
CPI-613 (lipoate derivative) s s Inhibits lipoate interactions; Zachar et al. 2011 3
ICsp:mM range (158) o
2
©
Q
o
OH  N-NH =

M77976 (dihydroxyphenyl pyrazole

derivative) O ICsp:mM range 2006 (98) E

£

&

OCH, &

o da
Aromatic DCA derivatives Cl NH CI Binds to PDK1 ATP pocket; Zhang et al. 2016
ICso:mM range (153)
FiC
o]

DCA-loaded tertiary amines

Binds to PDK4 ATP pocket;

Reported to increase DCA stability;

Hiromasa et al.

Trapella et al.

ICso:mM range 2016 (152)
cl \‘)J\ N JH,Cl
g H @

Y (0] Y

xt )< xt )
OH
Furan and thiophene carboxylic g OH Allosteric pyruvate site binding Masini et al. 2016
acids Y=0.8 PDK2 inhibitors (159)
X= Br, CHg, Cl, OH, OAc
monosubstituted
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*2-CP = 2-chloroproprionate; ADP = adenosine diphosphate; ATP = adenosine triphosphate; DCA = dichloroacetate; GBM = glioblastoma; PDC = pyruvate dehydroge-
nase complex; PDK = pyruvate dehydrogenase kinase.

arterial hypertension (56,57), and aging (58). The most common
underlying mechanism accounting for PDC inhibition in these
conditions is post-transcriptional upregulation of one or more
PDKs, leading to phosphorylation of the Elo subunit of PDC.
Such perturbation of the PDC/PDK axis induces a “glycolytic
shift,” whereby affected cells favor ATP production by glycolysis

over OXPHOS (Figure 3). Indeed, over 80 years ago, Otto Warburg
noted the propensity of tumor cells to preferentially utilize gly-
colysis, rather than mitochondrial oxidation, for energy produc-
tion, even in the presence of adequate oxygen concentrations
(59). A molecular basis for this phenomenon, known as aerobic
glycolysis, or the Warburg effect, has emerged over the past
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Figure 3. Mechanisms regulating the pyruvate dehydrogenase complex/pyruvate dehydrogenase kinase (PDC/PDK) axis in cancer. Multiple transcription factors, such
as Myc, Wnt, and hypoxia inducible factors (HIFs) act singly or in concert to transcriptionally increase one or more pyruvate dehydrogenase kinase (PDK) isoforms in a
cancer cell. Activated PDK phosphorylates one or more serine residues on the Elx subunit of the pyruvate dehydrogenase complex (PDC) and inhibits its activity and
pyruvate-driven oxidative phosphorylation (OXPHOS). In turn, reduced OXPHOS activity decreases reactive oxygen species production from the respiratory chain and
the production of other mitochondrially derived chemical signals associated with the induction of apoptosis. In addition, the oncogene Src is reported to directly phos-
phorylate tyrosine residues on Elx in some cancers independently of any changes in PDK expression. Inhibition of PDC and upregulation of glucose transporter 1 and
glycolytic enzymes by HIF and other transcription factors combine to increase intratumoral pyruvate, lactate, and hydrogen ions, which stabilize HIF, thus creating a
positive feedback. This metabolic remodeling induces a high glycolytic rate in tumor cells under both hypoxic and normoxic conditions, the latter resulting in aerobic
glycolysis (Warburg effect). Lactate also suppresses immune surveillance, helping drive tumor metastasis. Accelerated glycolysis also shunts the glycolytic intermedi-
ate glucose-6-phosphate to the pentose phosphate pathway (hexose monophosphate shunt), thereby supplying reducing equivalents (nicotinamide adenine dinucleo-
tide phosphate) and carbon for synthesis of glutathione and nucleotides, buffering tumor cells against oxidative stress and providing biomass for new cells. Many
tumors also draw heavily on glutamine and pyruvate carboxylase-mediated conversion of pyruvate to oxaloacetate for anaplerotic maintenance of the tricarboxylic
acid cycle. HIF = hypoxia inducible factor; NADPH = nicotinamide adenine dinucleotide phosphate; PDC = pyruvate dehydrogenase complex; PDK = pyruvate dehydro-
genase kinase; PPP = pentose phosphate pathway; ROS = reactive oxygen species.

decade. Stable overexpression of the master transcription fac-
tors hypoxia-inducible factor 1 alpha (HIF1lx) and the oncogene
Myc, among others, plays a determining role in the pathogene-
sis of the Warburg effect. The relationship between HIFlx and
cancer biology is being intensely investigated (60,61), but ac-
tions of HIF1o most relevant to this discussion are the upregula-
tion of the widely expressed plasma membrane glucose
transporter GLUT1, most enzymes of glycolysis, and all PDKs.
As a result, PDC and OXPHOS are inhibited, and the rates of gly-
colysis and lactate production are accelerated. Indeed, intratu-
moral lactate concentrations may reach 10 to 20 mM and have
been inversely associated with tumor recurrence, proliferation,
and survival (62-64). Magnetic resonance imaging studies of
glioblastomas (GBMs) have also revealed high lactate concentra-
tions relative to normal brain tissue and an inverse association
between tumor lactate (but not pyruvate) and survival (65-67).
The relationship between lactate and cancer progression re-
flects the pleotropic actions of this three carbon molecule.
Multiple independent studies have demonstrated that lactate
generated by hypoxic tumor cells reaches oxidative tumor cells
via the monocarboxylate transporter 1, where it is utilized as an
important mitochondrial energy substrate (68-71). By its metab-
olism, lactate acts as a free radical quencher to limit oxidative

stress in tumor cells and induce tumor radioresistance (72-74).
Lactate also modulates immune cell function to suppress host
immunosurveilance and promote tumor cell migration and me-
tastasis (75-78). Furthermore, lactate helps sustain a positive
feedback loop, whereby lactate, pyruvate, hydrogen ions, and
the TCA cycle intermediates succinate and fumarate can stabi-
lize HIFla, perpetuating upregulation of glycolytic enzymes,
PDKs, and various angiogenesis-stimulating molecules to facili-
tate tumor growth and survival (70,79,80). Consequently, lactate
per se has become a potential therapeutic target in cancer, ei-
ther by inhibiting its uptake and/or formation by tumor cells
(71,77,81), or by accelerating its oxidative removal at the level of
the PDC/PDK axis (30,82). The glycolytic shift also results in dis-
ruption of cellular ion channels, increased mitochondrial mem-
brane potential (A¥Ym), and multiple additional biochemical
events that promote tumor growth, metastasis, and survival.
PDK1 and 4, which are normally most highly expressed in heart
and skeletal muscle, respectively, in healthy organisms, are
also frequently overexpressed in diverse cancers (15,83-85) and
have been associated with the capacity of some tumors to resist
anoikis (86). PDK3 expression in colon cancer is also reported to
be associated directly with metastatic spread and inversely
with survival (87). Thus, specific PDK isoform expression in
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tumors cannot always be predicted from expression levels
found in normal tissues. There is also evidence that PDKs may
at least indirectly influence cell cycle events (84) and can, in
turn, be regulated by oncogenes (85-87).

Targeted inhibition of PDKs reverses the Warburg effect in
tumor cells, reduces lactate concentration in the tumor micro-
environment, increases the production of mitochondrially gen-
erated reactive oxygen species (ROS), and decreases A¥Ym and
HIF1o expression and induces a caspase-mediated apoptosis se-
lective to tumor cells (88), leading to decreased tumor vasculo-
genesis and proliferation in vivo and increased survival in
several experimental models (reviewed in [30]).

Solid tumors typically are heterogeneous collections of both
malignant stem and differentiated cells and of host stromal
cells, with varying degrees of oxygen tension, vascularity, and
bioenergetic needs (89-92). Furthermore, the relationship be-
tween aerobic glycolysis and oxidative metabolism in tumors is
not controlled by a toggle switch but by a rheostat, enabling
both processes to occur concurrently to variable degrees. Such
plasticity in the regulation of metabolism yields multiple bene-
fits to a cancer’s survival and growth. Aerobic glycolysis per se
produces modest amounts of ATP compared with OXPHOS.
However, acidification of the tumor microenvironment by in-
creased production of lactate and hydrogen ions has been
linked directly to host immune suppression, tumor invasion,
and decreased host survival (reviewed in [30]). Accelerated gly-
colysis by cancer cells also provides increased glucose carbon
via glucose 6-phosphate to the pentose phosphate pathway
(hexose monophosphate shunt), which supplies nucleotide
precursors and reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) for glutathione synthesis. Thus, glycolysis gener-
ates both tumor biomass and protection against oxidative stress.

Upon entering the mitochondrial matrix, pyruvate may be ir-
reversibly decarboxylated by PDC to acetyl CoA or irreversibly car-
boxylated by pyruvate carboxylase (PC) to oxaloacetate (Figure 1).
Overexpression of PDK by tumor cells would inhibit PDC and thus
potentially redirect pyruvate to oxaloacetate formation via pyru-
vate carboxylase, which catalyzes an anapleurotic process aimed
at maintaining TCA cycle intermediates. Such a mechanism has
been described in non-small cell lung carcinomas in vivo, from
data obtained by perioperative administration of uniformly la-
beled **C-glucose (93). However, active flux through PDC and ro-
bust TCA cycle activity in vivo has also been reported using stable
isotope kinetics in patients with glioblastomas (94). Another ana-
plerotic substrate of likely importance in tumor metabolism is
glutamine, which is converted to the TCA cycle intermediate o-
ketoglutarate in mitochondria by glutaminase (95). Regardless of
how the TCA cycle is maintained, it provides multiple anabolic
precursors critical for biomass production and growth of tumors.

Small Molecule PDK Inhibitors

As recently reviewed (96,97), the known PDK inhibitors act at
one of four binding sites: 1) a pyruvate binding site, 2) a nucleo-
tide binding site, 3) a lipoamide binding site, and 4) an allosteric
site. All but the nucleotide binding pocket are located in the reg-
ulatory N-terminal R domain of the kinases (98).

Naturally Occurring Inhibitors

Several endogenous molecules can modify PDC activity (Table 1).
As described above, pyruvate, NAD", and CoA exert substrate ac-
tivation of PDC by inhibiting PDKs, although only pyruvate acts
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on the kinases directly, while the stimulatory effects of NAD"
and acetyl CoA are mediated via reductive acetylation of the
lipoyl residues of the inner lipoyl domains of the E2 component
(dihydrolipoyl acetyl transferase), thereby inhibiting docking of
PDK to PDC (20). Substrate-level doses of pyruvate increase oxy-
gen consumption in certain tumors, inducing transient hypoxia
and potentiating the antitumor effects of the hypoxia-activated
prodrug TH-302 (99,100). Naturally occurring R-lipoic acid is cova-
lently attached to the PDC through a specific lysine residue to
facilitate the overall decarboxylation of pyruvate to acetyl CoA. R-
lipoic acid and, to variable degrees, S-lipoic acid and R-dihydroli-
poic acid stimulate PDC activity by inhibiting PDKs, although the
precise molecular mechanisms are unknown (101).

Dichloroacetate

The original xenobiotic developed for clinical use as a PDK in-
hibitor is DCA, which was discovered to modulate glucose and
fat metabolism (102) before its direct effect on the PDC/PDK axis
was known (103). DCA is most active against the ubiquitous
PDK2 isoform (Ki ~0.2mM), approximately equipotent against
PDK1 and PDK4, and has low activity against the PDK3 isoform
that normally is most abundant in testes (5). DCA is thought to
bind to the pyruvate-binding pocket, together with ADP, leading
to disruption of the binding of the kinase to the lipoyl (E2) do-
main of PDC (104). Other evidence suggests that DCA binds to
the allosteric site to promote local conformational changes in
both the nucleotide and lipoamide binding sites (96,105,106).
DCA is rapidly absorbed, widely distributed in vivo, and readily
crosses the blood-brain barrier, which accounts for the rapid
(within minutes) stimulation of PDC activity following its oral or
parenteral administration (reviewed in [49]). Repeated dosing
leads to a more sustained increase in PDC activity that has been
attributed to decreased enzyme turnover (reviewed in [107]),
thereby providing a second mechanism for PDC stimulation.

DCA has been administered as an investigational drug for
over 30 years in the treatment of type 2 diabetes, acquired and
congenital hyperlipoproteinemias, myocardial ischemia and fail-
ure, acquired and congenital lactic acidosis (due to PDC deficiency
and other inborn errors of mitochondrial metabolism), and, most
recently, cancer (30,55,107). Typical oral and parenteral daily
doses range from 10 to 50 mg/kg. Its effect on PDC activity occurs
within 15 to 30minutes of an administered dose, as observed
clinically by the reduction in circulating lactate concentration,
which is a useful biomarker of the drug’s in vivo dynamics
(49,108). Early concerns about DCA’s toxicity in rodents and ca-
nines (49) were not reproducible in chronically treated humans,
except for a reversible sensory and motor peripheral neuropathy
(109). However, this adverse effect appears dependent mainly on
the age and genotype of the recipient (107). Biotransformation of
DCA to glyoxylate (which is inactive toward PDC) is mediated by
glutathione transferase zeta 1 (GSTZ1), with the rate of biotrans-
formation directly dependent on subject age (110) and GSTZ1 hap-
lotype expression (111). The drug is safe when administered daily
for one to two decades in children with congenital PDC deficiency
or other primary mitochondrial diseases (112) and is generally
well tolerated in adults, providing dose adjustments are made for
age and GSTZ1 haplotype.

Since the first report in 2007 of DCA’s pro-apoptotic effects
in human cancer cells studied in vitro and in animals implanted
with human tumors (88), more than 200 preclinical studies of
human tumors derived from all three germ layers have been
fairly consistent in reporting the ability of DCA to knock down
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Table 2. The PDC/PDK axis as a therapeutic target in brain cancer*

Study design Major findings Reference

Cell culture First demonstration of antitumor effect of small molecule targeting
(DCA); PDC/PDK axis in multiple human tumors, including
glioblastoma

DCA reversed Warburg effect in rat glioma cells and synergized with
etoposide or irradiation to induce Foxo 3 and p53 and Bax-dependent
apoptosis

DCA reversed Warburg effect and decreased proliferation of human GBM
xenograft

DCA reversed Warburg effect and Hedgehog-dependent neuronal and
meduloblastoma growth

DCA reactivated the suppressed PDC activity and abrogated clonogenic
advantage in u87 GBM cells conferred by roH1 mutation and decreased
proliferation in vitro

DCA induced mitochondrial-mediated oxidative stress and apoptosis in
multiple GBM cell lines and primary cultures

DCA induced cell cycle arrest and sensitized GBM cells in vitro and in vitro ~ Shen et al. 2015 (169)
to irradiation, increasing survival

DCA induced cell cycle in human GBM cells

DCA inhibited growth of GBM cells and increased survival of rodent gli-
oma allograft

Bonnet et al. 2007 (88)

Cell culture; xenograft Morfouace et al. 2012 (165)

Cell culture; xenograft Lietal. 2015 (116)

Cell culture; xenograft Di et al. 2014 (166)

Cell culture Izquierdo-Garcia et al. 2015 (167)

Cell culture Shen et al. 2015 (168)
Cell culture; xenograft

Cell culture
Cell culture; xenograft

Takakashi et al. 2015 (170)
Wicks et al. 2015 (171)

Allograft Hyperpolarized [2-'*C pyruvate] used in rat glioma model to demonstrate Park et al. 2015 (172)
DCA’s ability to promote oxidative metabolism in tumor
Allograft Hyperpolarized [1-*C pyruvate] used in rat glioma model to demonstrate Park et al. 2013 (173)

DCA’s ability to increase flow through PDC

Excised GBM and phase I trial ~ DCA inhibited H1F1x, PDK, and angiogenesis, depolarized mitochondria,
increased tumor apoptosis, and caused reversible peripheral neuropa-
thy and possibly decreased tumor growth in 5 adults with recurred

Michelakis et al. 2010 (133)

o)
M
S
tm
g

GBMs
Phase I trial

Personalized, genetics-based DCA dosing in 8 adults with recurred brain

Dunbar et al. 2014 (113)

tumors was well tolerated, without major neurotoxicity

*DCA = dichloroacetate; GBM = glioblastoma; PDC = pyruvate dehydrogenase complex; PDK = pyruvate dehydrogenase kinase.

the levels of overexpressed tumor PDKs, shift metabolism from
glycolysis to OXPHOS, depolarize the A¥m, and, when mea-
sured, decrease tumor volume, proliferation, and metastases
(30,113-122). Particular attention has focused on the drug’s pre-
clinical and clinical effects in brain cancer (Table 2). Like pyru-
vate, DCA has been shown to stimulate tumor oxygen
consumption, inducing a local hypoxic state that increases tu-
mor sensitivity to hypoxia-specific chemotherapy (123).
However, resistance to the in vitro antitumor effects of DCA has
also been reported and appears to be due to variable molecular
mechanisms associated with specific tumor cell types (30,124~
126). More consistent are the drug’s in vivo actions against hu-
man cancer xenographs in rodent models. Stable upregulation
of HIF1v. in tumors not only exerts a metabolic shift favoring gly-
colysis over OXPHOS and inhibition of release from mitochon-
dria of pro-apoptotic factors, but also promotes tumor
proliferation and metastases by increasing expression of vascu-
lar endothelial growth factor (VEGF) and other vasculogenic
molecules (127). The impact of HIFlx-induced vasculogenesis is
best appreciated experimentally by in vivo experiments, in
which DCA inhibits HIFlu expression, tumor vasculogenesis,
and proliferation and increases survival (reviewed in [30]).

An additional property of the drug that may have therapeu-
tic potential in cancer is inhibition of mitochondrial fatty acid -
oxidation, which, so far, has been established only in mamma-
lian muscle and liver under conditions of fasting or diabetes
(122,128). Long-chain fatty acid oxidation has recently been
found to be essential for nucleotide and DNA synthesis in endo-
thelial cells, and inhibition of p-oxidation blocks endothelial cell

proliferation (129). Thus, in addition to decreasing HIFlz-medi-
ated angiogenesis, DCA may exert another anti-angiogenic ac-
tion through suppression of a metabolic process required for
endothelial cell growth.

DCA may exhibit another potential mechanism of antitumor
action because of its effect on lactate metabolism. DCA is the
most potent lactate-lowering drug in clinical use (108) because
of its ability to stimulate PDC activity and increase oxidative re-
moval of lactate. The ability of DCA to lower tissue and circulat-
ing levels of lactate (and accompanying protons) may be an
underappreciated, but potent, antitumor action of this and
other PDK inhibitors because of the role of lactate in tumor im-
munity, growth, and metastasis and the well-established in-
verse clinical association of lactate with survival (30,130-132).

Two phase I trials of oral DCA (<25 mg/kg/d) in adult patients
with recurrent primary high-grade astrocytomas or metastases
to the brain from non-central nervous system cancers (113,133),
one phase I trial in adults with various solid tumors (55), and a
brief report of three other patients with recurrent malignancies
(134) have indicated the drug to be generally well tolerated.
Peripheral neuropathy remains a dose-limiting side effect of
chronic DCA (55,133), but it can be mitigated or prevented by ex-
ploiting genetics-based dosing (113).

DCA Mimetics

Many other mono- or di-halogenated derivatives of short-chain
fatty acids have been found to activate PDC by inhibiting PDKs
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and probably also bind to the pyruvate site (103). Of these,
2-chloropropionate is similar in potency to DCA in rat heart mi-
tochondria, but it is too toxic for clinical use (135). DCA is not
patentable, so its development has been hampered by a lack of
pharmaceutical support. However, as the prototypic PDK inhibi-
tor, DCA has generated considerable interest from industry and
academia, resulting in the synthesis of many patentable small
molecule derivatives designed to be more potent and/or more
selective toward PDKs. Early efforts by Novartis (136-139) and
AstraZeneca (105,139-142) to develop inhibitors for the treat-
ment of type 2 diabetes failed because of lack of efficacy, unto-
ward toxicity, or both (143). It is noteworthy that nearly all of
these derivatives contain one or more halogens (chloride and/or
fluoride) attached to much larger and bulkier structures than
DCA and bind to sites other than that occupied by pyruvate or
DCA (Table 2). Others (144) have employed three-dimensional
quantitative structure-activity relationships using comparative
molecular field analysis to design a number of small molecule
inhibitors that, to date, lack published evidence of safety or bio-
logical activity.

The most recent burst of interest in developing PDK inhibi-
tors is founded on DCA’s reported anticancer effects. Many
compounds have been advocated as therapeutic “metabolic
modulators” of cancer cells, targeting glucose uptake, glycolysis,
mitochondrial respiration, A¥Ym, the mitochondrial permeabil-
ity transition pore, or mitochondrial DNA (147). Numerous
preclinical studies have employed DCA as combination therapy
with established anticancer agents. Newly synthesized antican-
cer PDK inhibitors include Mitaplatin (148-150), which contains
two molecules of DCA bound to cisplatin. Mitaplatin dissociates
within cells, allowing cisplatin to target nuclear DNA while DCA
inhibits PDK and reverses the Warburg effect. Although initial
preclinical studies are promising, it will be interesting to ob-
serve the chronic safety and tolerability of combining these two
potential peripheral neurotoxins. Others have synthesized dia-
m(m)ine platinum (II) complexes also bearing DCA, the most po-
tent in vitro being an equimolecular combination of DCA and
the oxaliplatin analog (151).

Betulinic acid (BA) is a pentacyclic triterpenoid that occurs
naturally in some plants and that is reported to have antitumor
activity but poor solubility (118). Esterification of the C-3 hy-
droxyl group of BA with DCA creates “Bet-CA,” which increases
the solubility of BA and is reported to reduce tumor growth and
metastases to an extent greater than either BA or DCA alone.
DCA-loaded tertiary amines have been synthesized, ostensibly
to increase DCA in vivo stability (152), as have aromatic deriva-
tives (153).

Multiple DCA molecules have also been bound to hemoglo-
bin (97). The complex is thought to be taken up by cells by the
hemoglobin scavenger receptor, with the desired purpose of
treating monocytic leukemia. So-called “mito-DCA” links a lipo-
philic trephenyl-phosphorium cation to three DCA molecules
and has been reported to exceed DCA’s in vitro activity toward
human prostate cancer cells (154).

Phenylbutyrate also stimulates PDC by inhibiting PDKs; its
potency is similar to that of DCA, but its site of inhibition differs.
The drug is already in use for certain rare urea cycle disorders,
but it has multiple other pharmacological actions, including in-
hibition of histone deacetylation (155,156). Phenylbutyrate so
far lacks published evidence of safety and efficacy in conditions
in which there is a congenital or acquired defect of PDC.

PDK isoforms belong to the GHKL ATPase/kinase superfam-
ily that includes heat-shock protein-90 (Hsp 90) and that share a
unique ATP-binding pocket located in the C-terminus of PDKs.
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Conformational changes in portions of the binding pocket are
coupled to ATP hydrolysis and protein-protein interactions,
properties exploited by Tso and coworkers (145) in converting
an established Hsp 90 inhibitor into novel inhibitors specific to
each PDK isoform. The lead compound of this series, 2[(2,4-
dihydrophenyl) sulfonyl] isoidoline-4,6-diol, with a Ki of 0.18 uM
for PDK2, improved glucose tolerance and decreased hepatic
stenosis in diet-induced obese mice. Others have targeted the
same ATP-binding pocket shared by PDK and Hsp90 with 4,5
diarylisoxazole derivates to inhibit tumor cell PDK and prolifer-
ation. The pan-isoform ATP competitive inhibitor of PDK VER-
246608 has little apparent activity against Hsp 90 but does
exhibit modest in vitro antiproliferative activity in various can-
cer cell lines (146).

Finally, various PDK inhibitors, based on naturally occurring
PDC substrates or cofactors (157,158) or on structurally novel
pyrazole (98) or furan and thiophene carboxylate (159) com-
pounds, have also been tested for initial inhibitory activity.

Is Chronic Suppression of PDK Good for You?

There are no known experiments of nature in which PDKs are
absent or functionally inactive, save for one possible exception:
an American strain of Doberman pinschers in which a 16bp
splice site deletion in the PDK4 gene reportedly is causally asso-
ciated with the development of dilated cardiomyopathy
(160,161). However, this finding could not be replicated in a
larger cohort of Doberman pinschers of European origin (162).
Nevertheless, fibroblasts from American Dobermans with di-
lated cardiomyopathy that were homozygous or heterozygous
for the PDK4 mutation reportedly did exhibit reduced mitochon-
drial oxidative capacity, compared with cells from dogs without
the mutation (163). While intriguing, these controversial results
do not provide convincing insight into the genetic or pharmaco-
logical health implications of long-term suppression of PDKs
nor, by inference, of chronic activation of PDC. However, data
from children with congenital deficiency of PDC or one or more
complexes of the respiratory chain who have been exposed for
several years to oral DCA provide no evidence of global or
organ-specific toxicity, save for the possibility of asymptomatic
reversible peripheral neuropathy (112,164).

Conclusions

PDK inhibitors represent an exciting field of research into the
metabolic modulation of cancer, but several important ques-
tions remain to be adequately addressed. For example, given
the cellular heterogeneity of tumors, it is almost certain that
there exists important tissue variability in PDK isoform expres-
sion within a tumor. Thus, identifying a single isoform to “type”
a cancer and use this information to “track” tumor progression
or drug response may be problematic, particularly because tu-
mor heterogeneity evolves during its natural progression and in
response to therapy. In this regard, there have been no studies
that have prospectively examined the relative expression or ac-
tivity of PDK isoforms in cancer, although this may be crucial in
understanding possible causes of tumor resistance to or escape
from treatment. Therefore, preoperative or other pretreatment
tissue PDK typing may be vital to guiding rational therapy with
PDK inhibitors. Further research is also needed to better define
the physiological relevance of post-translational modification
of PDC apart from the canonical phosphorylation-
dephosphorylation mechanism. In particular, such epigenetic
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changes in the PDC/PDK axis could have far-reaching conse-
quences in determining its role in multiple physiological and
pathophysiological conditions. Lastly, and based on the data so
far obtained only with DCA, it will be essential to determine the
role of PDK inhibitors as adjuncts to standard radiotherapy and
chemotherapeutics, in terms of both safety and efficacy. For ex-
ample, it may be possible that such combination therapy can re-
duce patient exposure to standard treatments, thereby
mitigating their toxicities. On the other hand, it will be impor-
tant to investigate whether new PDK inhibitors share DCA’s po-
tential to induce peripheral neuropathy and whether this
adverse effect is additive or synergistic with standard chemo-
therapeutic agents that are also potentially neurotoxic.
Consequently, the kinetics and biotransformation of these
agents must be elucidated prior to clinical testing.

Despite these caveats, there remains much hope that a new
generation of small molecule regulators of the PDC/PDK axis will
advance both the understanding of the biological importance of
this metabolic junction box and foster the treatment of an ex-
panding array of diseases in which mitochondrial energetics is
perturbed. However, recently synthesized PDK inhibitors are still
years away from proving their clinical utility. Until then, their
structurally humble predecessor, consisting of chlorinated vine-
gar, remains actively investigated for its therapeutic effects.
Personalized, genetics-based dosing of DCA for chronic adminis-
tration should widen this orphan drug’s therapeutic window and
continue to advance our understanding of how regulation of the
PDC/PDK axis integrates human physiology and disease.

Notes

The author would like to thank Aaron Aponick, PhD,
Department of Chemistry, University of Florida, for invaluable
help in constructing Table 1.

References

1. Patel KP, O'Brien TW, Subramony SH, Shuster ], Stacpoole PW. The spec-
trum of pyruvate dehydrogenase complex deficiency: Clinical, biochemi-
cal and genetic features in 371 patients. Mol Genet Metab. 2012;106(3):
385-394.

2. Zhou ZH, McCarthy DB, O’Connor CM, Reed L], Stoops JK. The remarkable
structural and functional organization of the eukaryotic pyruvate dehydro-
genase complexes. Proc Natl Acad Sci U S A. 2001;98(26):14802-14807.

3. Yu X, Hiromasa Y, Tsen H, Stoops JK, Roche TE, Zhou ZH. Structures of
the human pyruvate dehydrogenase complex cores: A highly conserved
catalytic center with flexible N-terminal domains. Structure. 2008;16(1):
104-114.

4. Patel MS, Korotchkina LG, Sidhu S. Interaction of E1 and E3 components
with the core proteins of the human pyruvate dehydrogenase complex.
J Mol Catal B Enzym. 2009;61(1-2):2-6.

5. Bowker-Kinley MM, Davis WI, Wu P, Harris RA, Popov KM. Evidence for exis-
tence of tissue-specific regulation of the mammalian pyruvate dehydroge-
nase complex. Biochem J. 1998;329(pt 1):191-196.

6. Sugden MC, Holness MJ. Recent advances in mechanisms regulating glucose
oxidation at the level of the pyruvate dehydrogenase complex by PDKs. Am ]
Physiol Endocrinol Metab. 2003;284(5):e855-e862.

7. Sugden MC, Holness MJ. Mechanisms underlying regulation of the expres-
sion and activities of the mammalian pyruvate dehydrogenase kinases.
Arch Physiol Biochem. 2006;112(3):139-149.

8. Roche TE and Hiromasa Y. Pyruvate dehydrogenase kinase regulatory
mechanisms and inhibition in treating diabetes, heart ischemia, and can-
cer. Cell Mol Life Sci. 2007;64(7-8):830-849.

9. Wynn RM, Kato M, Chuang]JL, Tso SC, LiJ, Chuang DT. Pyruvate dehydroge-
nase kinase-4 structures reveal a metastable open conformation fostering
robust core-free basal activity. J Biol Chem. 2008;283(37):25305-25315.

10. Kato M, LiJ, Chuang]L, Chuang DT. Distinct structural mechanisms for inhi-
bition of pyruvate dehydrogenase kinase isoforms by AZD7545, dichloroace-
tate, and radicicol. Structure. 2007;15(8):992-1004.

11. Chen G, WangL, Liu S, Chuang C, Roche TE. Activated function of the pyru-
vate dehydrogenase phosphatase through Ca2+-facilitated binding to the

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

inner lipoyl domain of the dihydrolipoyl acetyltransferase. ] Biol Chem. 1996;
271(45):28064-28070.

Fan J, Shan C, Kang HB, et al. Tyr phosphorylation of PDP1 toggles recruit-
ment between ACAT1 and SIRT3 to regulate the pyruvate dehydrogenate
complex. Mol Cell. 2014;53(4):534-548.

Shan C, Kang HB, EIf S, et al. Tyr-94 phosphorylation inhibits pyruvate dehy-
drogenase phosphatase 1 and promotes tumor growth. J Biol Chem. 2014;
289(31):21413-21422.

Motojima K, Seto K. Fibrates and statins rapidly and synergistically induce
pyruvate dehydrogenase kinase 4 mRNA in the liver and muscles of mice.
Biol Pharm Bull. 2003;26(7):954-958.

Hsieh MC, Das D, Sambandam N, Zhang MQ, Nahlé Z. Regulation of the
PDK4 isozyme by the Rb-E2F1 complex. ] Biol Chem. 2008;283(41):
27410-27417.

JeongJY, Jeong NH, Park KG, Lee IK. Transcriptional regulation of pyruvate
dehydrogenase kinase. Diabetes Metab J. 2012;36(5):328-335.

Harris RA, Bowker-Kinley MM, Huang B, Wu P. Regulation of the activity of
the pyruvate dehydrogenase complex. Adv Enzyme Regul. 2002;42:249-259.
Bao H, Kasten SA, Yan X, Roche TE. Pyruvate dehydrogenase kinase isoform
2 activity limited and further inhibited by slowing down the rate of dissocia-
tion of ADP. Biochemistry. 2004;43(42):13432-13441.

Green T, Grigorian A, Klyuyeva A, Tuganova A, Luo M, Popov KM. Structural and
functional insights into the molecular mechanisms responsible for the regula-
tion of pyruvate dehydrogenase kinase 2. ] Biol Chem. 2008;283(23):15789-15798.
Hiromasa Y, Roche TE. (2003) Facilitated interaction between the pyruvate
dehydrogenase kinase isoform 2 and the dihydrolipoyl acetyltransferase.
] Biol Chem. 2003;278(36):33681-33693.

Brautigam CA, Wynn RM, Chuang JL, Chuang DT. Subunit and catalytic
component stoichiometries of an in vitro reconstituted human pyruvate de-
hydrogenase complex. ] Biol Chem. 2009;284(19):13086-13098.

Schwer B, Eckersdorff M, LiY, et al. Calorie restriction alters mitochondrial
protein acetylation. Aging Cell. 2009;8(5);604-606.

Chan JCY, Soh ACK, Koh SK, Zhou L, Chan ECY. Protein gultathionylation:
The hidden hand in acetaminophen toxicity. Paper presented at 19th North
American ISSX/29 JSSX Meeting; October 2014; San Francisco, CA.

Weinert BT, Schélz C, Wagner SA, et al. Lysine succinylation is a frequently
occurring modification in prokaryotes and eukaryotes and extensively over-
laps with acetylation. Cell Rep. 2013;4(4):842-851.

Park ], Chen Y, Tishkoff DX, et al. SIRT5-mediated lysine desuccinylation
impacts diverse metabolic pathways. Mol Cell. 2013;50(6):919-930.
Burnham-Marusich AR, Berninsone PM. Multiple proteins with essential
mitochondrial functions have glycosylated isoforms. Mitochondrion. 2012;
12(4):423-427.

Mathias RA, Greco TM, Oberstein A, et al. Sirtuin 4 is a lipoamidase regulat-
ing pyruvate dehydrogenase complex activity.Cell. 2014;159(7):1615-1625.
Verdin E, Hirschey MD, Finley LW, Haigis MC. Sirtuin regulation of mito-
chondria: Energy production, apoptosis, and signaling. Trends Biochem Sci.
2010;35(12):669-675.

Bhutia YD, Babu E, Ramachandran S, Ganapathy V. Amino acid transporters
in cancer and their relevance to “glutamine addiction”: Novel targets for the
design of a new class of anticancer drugs. Cancer Res. 2015;75(9):1782-1788.
Kankotia S, Stacpoole PW. Dichloroacetate and cancer: New home for an or-
phan drug? Biochim Biophys Acta. 2014;1846(2):617-629.

Sutendra G, Kinnaird A, Dromparis P, et al. A nuclear pyruvate dehydroge-
nase complex is important for the generation of acetyl-CoA and histone
acetylation. Cell. 2014;158(1):84-97.

Tokomakov AA, Terazawa Y, Ileeda M, Shirouza M, Fukami Y, Yokoyama S.
Comparative expression analysis of multiple PDK genes in Xenopus laevis
during oogenesis, maturation, fertilization and early embryogenesis. Gene
Expr Patters. 2009;9(3):158-165.

Pereira SC, Rodrigues AS, Sousa MI, Correla M, Perestrelo T, Ramalho-Sautos
J. From gametogenesis to and stem cells to cancer: Common metabolic
themes. Hum Reprod Update. 2014;20(6):924-943.

Xie Y, Zhou S, Jiang Z, et al. Hypoxic stress induces, but cannot sustain tro-
phoblast stem cell differentiation to labyrinthine placenta due to mitochon-
drial insufficiency. Stem Cell Res. 2014;13(3 pt A):478-491.

Zuo RJ, Gu X-W, Qi Q-R, et al. Warburg- like glycolysis and lactate shuttle in
mouse decidua during early pregnancy. J Biol Chem. 2015;290(35):
21280-21291.

Yoshida Y, Takahashi K, Okita K, Ichisaka T, Yamanaka S. Hypoxia en-
hances the generation of induced pluripotent stem cells. Cell Stem Cell. 2009;
5(3):237-241.

Folmes CD, Nelson TJ, Martinez-Fernandez A, et al. Somatic oxidative bioen-
ergetics transitions into pluripotency-dependent glycolysis to facilitate nu-
clear programming. Cell Metab. 2011;14(2):264-271.

Prigione A, Rohwer N, Hoffmann S, et al. HIF1x modulates cell fate reprog-
ramming through early glycolytic shift and upregulation of PDK 1-3 and
PKM2. Stem Cells. 2014;32(2):364-376.

Rodrigues AJ, Correia M, Gomes A, et al. Dichloroactate, the pyruvate dehy-
drogenase complex and the modulation of mESC pluripotency. PLoS One.
2015;10(7):€0131663.

Zhang X, Yan X, ChengL, et al. Wound healing improvement with PHD-2 si-
lenced fibroblasts in diabetic mice. PLoS One. 2013;8(12):e84548.

220z 1snbny oz uo 1senb Aq z61 128¢/1 20XIP/L L/60 L/81onIe/0ul/woo dno-olwspeoe//:sdjy wols pspeojumoq



P. W. Stacpoole | 12o0f14

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

Cheng SC, Scicluna BP, Arts RJ, et al. Broad defects in the energy metabolism
of leukocytes underlie immunoparalysis in sepsis. Nat Immunol. 2016;17(4):
406-413.

Haas R, Smith ], Rocher-Ros V, et al. Lactate regulates metabolic and pro-
inflammatory circuits in control of T cell migration and effector functions.
PLoS Biol. 2015;13(7):€1002202.

Chang C-H, Pearce EL. Emerging concepts of T cell metabolism as a target of
immunotherapy. Nat Immunon. 2016;17(4):364-368.

Semba H, Takeda N, Isagawa T, et al. HIF-12-PDK1 axis-induced active gly-
colysis plays an essential role in macrophage migratory capacity. Nat
Commun. 2016;7:11635.

Stacpoole PW. Lactic acidosis. Endocrinol Metab Clin North Am. 1993;22(2):
221-245.

Pettit FH, Humphreys ], Reed LJ. Regulation of pyruvate dehydrogenase ki-
nase activity by protein thiol-disulfide exchange. Proc Natl Acad Sci U S A.
1982;79(13):3945-3948.

Holness MJ, Kraus A, Harris RA, Sugden MC. Targeted upregulation of pyru-
vate dehydrogenase kinase (PDK)-4 in slow-twitch skeletal muscle under-
lies the stable modification of the regulatory characteristics of PDK induced
by high-fat feeding. Diabetes. 2000;49(5):775-781.

Constantin-Teodosiu D. Regulation of muscle pyruvate dehydrogenase
complex in insulin resistance: Effects of exercise and dichloroacetate.
Diabetes Metab J. 2013;37(5):301-314.

Stacpoole PW. The pharmacology of dichloroacetate. Metabolism. 1989;
38(11):1124-1144.

Bersin RM, Stacpoole PW. Dichloroacetate as metabolic therapy for myocar-
dial ischemia and failure. Am Heart J. 1997;134(5 pt 1):841-855.

Deuse T, Hua X, Wang D, et al. Dichloroacetate prevents restenosis in pre-
clinical animal models of vessel injury. Nature. 2014;509(7502):641-644.

Blass JP, Sheu RK, Gibson GE. Inherent abnormalities in energy metabolism
in Alzheimer disease. Interaction with cerebrovascular compromise. Ann N
Y Acad Sci. 2000;903:204-221.

Andreassen OA, Ferrante R], Huang HM, et al. Dichloroacetate exerts thera-
peutic effects in transgenic mouse models of Huntington’s disease. Ann
Neurol. 2001;50(1):112-117.

Bobba A, Amadoro G, La Piana G, Calissano P, Atlante A. Glycolytic enzyme
upregulation and numbness of mitochondrial activity characterize the early
phase of apoptosis in cerebellar granule cells. Apoptosis. 2015;20(1):10-28.
Chu QS, Sangha R, Spratlin ], et al. A phase I open-labeled, single-arm, dose-
escalation, study of dichloroacetate (DCA) in patients with advanced solid
tumors. Invest New Drugs. 2015;33(3):603-610.

Dromparis P, Sutendra G, Michelakis ED. The role of mitochondria in pulmo-
nary vascular remodeling. ] Mol Med (Berl). 2010;88(10):1003-1010.

Ryan JJ, Archer SL. The right ventricle in pulmonary arterial hypertension:
Disorders of metabolism, angiogenesis and adrenergic signaling in right
ventricular failure. Circ Res. 2014;115(1):176-188.

Stacpoole PW. The pyruvate dehydrogenase complex as a therapeutic target
for age-related diseases. Aging Cell. 2012;11(3):371-377.

Warburg O, Posener K, Negelein E. Ueber den stoffwechsel der tumoren.
Biochem Z. 1924;152:319-344.

DeBerardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Sci Adv.
2016;2(5):€1600200.

Semenza GL. Oxygen sensing, homeostasis, and disease. N Engl ] Med. 2011;
365(6):537-547.

Brizel DM, Schroeder T, Scher RL, et al. Elevated tumor lactate concentra-
tions predict for an increased risk of metastases in head-and-neck cancer.
IntJ Radiat Oncol Biol Phys. 2001;51(2):349-353.

Walenta S, Wetlerling M, Leherke M, et al. High lactate levels predict likeli-
hood of metastases, tumor recurrence, and restricted patient survival in hu-
man cervical cancers. Cancer Res. 2000;60(4):916-921.

Walenta S, Schroeder T, Mueller-Klieser W. Lactate in solid malignant tu-
mors: Potential basis of a metabolic classification in clinical oncology. Curr
Med Chem. 2004;11(16):2195-2204.

Park I, Larson PEZ, Zierliut ML, et al. Hyperpolarized *C magnetic resonance
metabolic imaging: Application to brain tumors. Neuro Oncol. 2010;12(2):
133-144.

Saraswathy S, Crawford FW, Lamborn KR, et al. Evaluation of MR markers
that predict survival in patients with newly diagnosed GBM prior to adju-
vant therapy.J Neurooncol. 2009;91(1):69-81.

Kahlon AS, Alexander M, Kahlon A, Wright J. Lactate levels with glioblas-
toma multiforme. Proc (Bayl Univ Med Cent). 2016;29(3):313-314.

Feron O. Pyruvate into lactate and back: From the Warburg effect to symbi-
otic energy fuel exchange in cancer cells. Radiother Oncol. 2009;92(3):329-333.
Vegran F, Boidot R, Michiels C, Sonveaux P, Feron O. Lactate influx through
the endothelial cell monocarboxylate transporter MCT1 supports an NF-xB/
IL 8 pathway that drives tumor angiogenesis. Cancer Res. 2011;71(7):
2550-2560.

Goodwin ML, Jin H, Straessler K, et al. Modeling alveolar soft part sarcoma-
genesis in the mouse; a role for lactate in tumor microenvironment. Cancer
Cell. 2014;26(6):851-862.

Sonveaux P, Vegran F, Schroeder T, et al. Targeting lactate-fueled respira-
tion selectively kills hypoxie tumor cells in mice. J Clin Invest. 2008;118(12):
3930-3942.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Groussard C, Morel J, Chevance M, Monanier M, Dillard J, Delamarche A.
Free radical scavenging and antioxidant effects of lactate ion: An in vitro
study. ] App Physiol. 2000;89(1):169-175.

Sattler UG, Mueller-Klieser W. The anti-oxidant capacity of tumor glycoly-
sis. IntJ Radiat Biol. 2009;85(11):963-971.

Calorini L, Peppicelli S, Bianchini F. Extracellular acidity as favouring factor
of tumor progression and metastatic dissemination. Exp Oncol. 2012;34(2):
79-84.

Gottfried E, Kunz-Schuglart LA, Ebner S, et al. Tumor-derived lactic acid
modulates dendritic cell activation and antigen expression. Blood. 2006;
107(5):2013-2021.

Goetze K, Walenta S, Ksiazkiewicz M, Kunz-Schughart LA, Mueller-Klieser
W. Lactate enhances motility of tumor cells and inhibits monocyte migra-
tion and cytokine release. Int ] Oncol. 2011;39(2):453-463.

Doherty JR, Cleveland JL. Targeting lactate metabolism for cancer therapeu-
tics. J Clin Invest. 2013;123(9):3685-3692.

Colegio OR, Chen NQ, Szabo AL, et al. Functional polarization of tumour-
associated macrophages by tumour-derived lactic acid. Nature. 2014;
513(7519):559-563.

Hirschhaeuser F, Sattler UG, Mueller-Klieser W. Lactate: A metabolic key
player in cancer. Cancer Res. 2011;71(22):6921-6925.

Vyas S, Zaganjor E, Haigis MG. Mitochondria and cancer.Cell. 2016;166(3):
555-566.

Hu S, Jiang Q, Luo D, et al. miR-2006 is a key regulator of tumor progression
and metabolism targeting lactate dehydrogenase A in human malignant gli-
oma. Onco Target. 2016;7(30):48423-48431.

Ohashi T, Akazawa T, Aoki M, et al. Dichloracetate improves immune dys-
function caused by tumor-secreted lactic acid and increases antitumor im-
munoreactivity. IntJ Cancer. 2013;133(5):1107-1118.

Grassian AR, Metallo CM, Coloff L, Stephanopoulos G, Brugge JS. Erk regula-
tion of pyruvate dehydrogenase flux through PDK4 modulates cell prolifera-
tion. Genes Dev. 2011;25(16):1716-1733.

Kaplon ], Zheng L, Meissl K, et al. A key role for mitochondrial gatekeeper
pyruvate dehydrogenase in oncogene-induced senescence. Nature. 2013;
498(7452):109-112.

Pate KT, Stringari C, Sprowl-Tanio S, et al. Wnt signaling directs a metabolic
program of glycolysis and angiogenesis in colon cancer. EMBO J. 2014;33(13):
1454-1473.

Kamarajugadda S, Stemboroski L, Cai Q, et al. Glucose oxidation modulates
anoikis and tumor metastasis. Mol Cell Biol. 2012;32(10):1893-1907.

Lu CW, Lin SC, Chien CW, et al. Overexpression of pyruvate dehydrogenase
kinase 3 increases drug resistance and early recurrence in colon cancer.AmJ
Pathol. 2011;179(3):1405-1414.

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(1):37-51.

Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg
effect: The metabolic requirements of cell proliferation. Science. 2009;
324(5930):1029-1033.

Verhaak RG, Hoadley KA, Purdom E, et al. Cancer Genome Atlas Research
Network. Integrated genomic analysis identifies clinically relevant subtypes
of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and
NF1. Cancer Cell. 2010;7(1):98-110.

Ward PS, Thompson CB. Signaling in control of cell growth and metabolism.
Cold Spring Harb Perspect Biol. 2012;4(7):a006783.

Feng W, Gentles A, Nair RV, et al. Targeting unique metabolic properties of
breast tumor initiating cells. Stem Cells. 2014;32(7):1734-1745.

Sellers K, Fox MP, Bousamra M 2nd, et al. Pyruvate carboxylase is critical
for non-small-cell lung cancer proliferation. J Clin Invest. 2015;125(2):
687-698.

Maher EA, Marin-Valencia I, Bachoo RM, et al. Metabolism of [U-13
Clglucose in human brain tumors in vivo. NMR Biomed. 2012;25(11):
1234-1244.

Hensley CT, DeBerardinis RJ. In vivo analysis of lung cancer metabolism:
Nothing like the real thing. J Clin Invest. 2015;125(2):495-497.

Saunier E, Benelli C, Bortoli S. The pyruvate dehydrogenase complex in can-
cer: An old metabolic gatekeeper regulated by new pathways and pharma-
cological agents. Int] Cancer. 2016;138(4):809-817.

Zhang SL, Hu X, Zhang W, Yao H, Tam KY. Development of pyruvate dehy-
drogenase kinase inhibitors in medicinal chemistry with particular empha-
sis as anticancer agents. Drug Discov Today. 2015;20(9):1112-1119.

Hiromasa Y, Hu L, Roche TE. Ligand-induced effects on pyruvate dehydroge-
nase kinase isoform 2. ] Biol Chem. 2006;281(18):12568-12579.

Takakusagi Y, Matsumoto S, Saito K, et al. Pyruvate induces transient tumor
hypoxia by enhancing mitochondrial oxygen consumption and potentiates
the anti-tumor effect of a hypoxia-activated prodrug TH-302. PLoS One. 2014;
9(9):€107995.

Wojtkowiak JW, Cornnell HC, Matsumoto S, et al. (2015) Pyruvate sensitizes
pancreatic tumors to hypoxia-activated prodrug TH-302. Cancer Metab. 2015;
3(1):2.

Korotchkina LG, Sidhu S, Patel MS. R-lipoic acid inhibits mammalian pyru-
vate dehydrogenase kinase. Free Radic Res. 2004;38(10):1083-1092.

/W02 dno-olWwapeoe//:sdny woJj papeojumoq

2
=
?
<)
(=4

220z 1snbny 0g uo 1senb Aq z61128€



o)
M
S
tm
g

130f14 | JNCIJ Natl Cancer Inst, 2017, Vol. 109, No. 11

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Stacpoole PW, Felts JM. (1970) Diisopropylammonium dichloroacetate
(DIPA) and sodium dichloracetate (DCA): Effect on glucose and fat metabo-
lism in normal and diabetic tissue. Metabolism. 1970;19(1):71-78.
Whitehouse S, Cooper RH, Randle PJ. Mechanism of activation of pyruvate
dehydrogenase by dichloroacetate and other halogenated carboxylic acids.
Biochem . 1974;141(3):761-774.

LiJ, Kato M, Chuang DT. Pivotal role of the C-terminal DW-motif in mediat-
ing inhibition of pyruvate dehydrogenase kinase 2 by dichloroacetate. J Biol
Chem. 2009;284(49):34458-34467.

Knoechel TR, Tucker AD, Robinson CM, et al. Regulatory roles of the N-ter-
minal domain based on crystal structures of human pyruvate dehydroge-
nase kinase 2 containing physiological and synthetic ligands. Biochemistry.
2006;45(2):402-415.

Kato M, Wynn RM, Chuang JL, et al. Structural basis for inactivation of the
human pyruvate dehydrogenase complex by phosphorylation: Role of dis-
ordered phosphorylation loops. Structure. 2008;16(12):1849-1859.

Stacpoole PW. The dichloroacetate dilemma: Environmental hazard versus
therapeutic goldmine—both or neither? Environ Health Perspect. 2011;19(2):
155-158.

Stacpoole PW, Nagaraja NV, Hutson AD. Efficacy of dichloroacetate as a
lactate-lowering drug. J Clin Pharmacol. 2003;43(7):683-691.

Kaufmann P, Engelstad K, Wei Y, et al. Dichloroacetate causes toxic neurop-
athy in MELAS: A randomized, controlled clinical trial. Neurology. 2006;66(3):
324-330.

Shroads AL, Guo X, Dixit V, Liu HP, James MO, Stacpoole PW. Age-dependent
kinetics and metabolism of dichloroacetate: Possible relevance to toxicity.
J Pharmacol Exp Ther. 2008;324(3):1163-1171.

Shroads AL, Langaee T, Coats BS, et al. Human polymorphisms in the gluta-
thione transferase zeta 1/maleylacetoacetate isomerase gene influence the
toxicokinetics of dichloroacetate. J Clin Pharmacol. 2012;52(6):837-849.
Abdelmalak M, Lew A, Ramezani R, et al. Long-term safety of dichloroace-
tate in congenital lactic acidosis. Mol Genet Metab. 2013;109(2):139-143.
Dunbar EM, Coats BS, Shroads AL, et al. Phase 1 trial of dichloroacetate
(DCA) in adults with recurrent malignant brain tumors. Invest New Drugs.
2014;32(3):452-464.

Hong SE, Shin KS, Lee YH, et al. Inhibition of S6K1 enhances
dichloroacetate-induced cell death. J Cancer Res Clin Oncol. 2015;141(7):
1171-1179.

Ho N, Coomber BL. Pyruvate dehydrogenase kinase expression and meta-
bolic changes following dichloroacetate exposure in anoxic human colorec-
tal cancer cells. Exp Cell Res. 2015;331(1):73-81.

Li C,MengG, Sul, et al. Dichloroacetate blocks aerobic glycolytic adaptation
to attenuated measles virus and promotes viral replication leading to en-
hanced oncolysis in glioblastoma. Oncotarget. 2015;6(3):1544-1555.

Rellinger EJ, Romain C, Choi S, Qiao J, Chung DH. Silencing gastrin-releasing
peptide receptor suppresses key regulators of aerobic glycolysis in neuro-
blastoma cells.Pediatr Blood Cancer. 2015;62(4):581-586.

Saha S, Ghosh M, Dutta SK. A potent tumoricidal co-drug 'Bet-CA'—an ester
derivative of betulinic acid and dichloroacetate selectively and synergisti-
cally kills cancer cells. Sci Rep. 2015;5:7762.

Shavit R, llouze M, Feinberg T, Lawrence YR, Tzur Y, Peled N. Mitochondrial
induction as a potential radio-sensitizer in lung cancer cells—a short report.
Cell Oncol (Dordr). 2015;38(3):247-252.

Shen H, Han E, Joshi S, Dilda PJ, McDonald KL. Sensitization of glioblastoma
cells to irradiation by modulating the glucose metabolism. Mod Cancer Ther.
2015;14(8):1794-1804.

Xie Q, Zhang HF, Guo YZ, et al. Combination of Taxol and dichloroacetate re-
sults in synergistically inhibitory effects on Taxol-resistant oral cancer cells
under hypoxia. Mol Med Rep. 2015;11(4):2935-2940.

Zhou X, Chen R, Yu Z, et al. Dichloroacetate restores drug sensitivity in
paclitaxel-resistant cells by inducing citric acid accumulation. Mol Cancer.
2015;14(1):63.

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

Babu E, Ramachandran S, CoothanKandaswamy V, et al. Role of SLC5A8, a
plasma membrane transporter and a tumor suppressor, in the antitumor
activity of dichloroacetate. Oncogene. 2011;30(38):4026—4037.

Heshe D, Hoogestraat S, Brauckmann C, Karst U, Boos ], Lanvers-Kaminsky
C. Dichloroacetate metabolically targeted therapy defeats cytotoxicity of
standard anticancer drugs. Cancer Chemother Pharmacol. 2011;67(3):647-655.
Delaney LM, Ho N, Morrison ], Farias NR, Mosser DD, Coomber BL.
Dichloroacetate affects proliferation but not survival of human colorectal
cancer cells. Apoptosis. 2015;20(1):63-74.

Pugh CW, Ratcliffe PJ. Regulation of angiogenesis by hypoxia: Role of the HIF
system. Nat Med. 2003;9(6):677-684.

Stacpoole PW, Harman EM, Curry SH, Baumgartner TG, Misbin RIL
Treatment of lactic acidosis with dichloroacetate. N Engl ] Med. 1983;309(7):
390-396.

Schoors S, Bruning U, Missiaen R, et al. Fatty acid carbon is essential for
dNTP synthesis in endothelial cells. Nature. 2015;520(7546):192-197.
Cassavaugh ], Lounsbury KM. Hypoxia-mediated biological control. J Cell
Biochem. 2011;112(3):735-744.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Doherty JR, Cleveland JL. Targeting lactate metabolism for cancer therapeu-
tics. J Clin Invest. 2013;123(9):3685-3692.

Lee DC, Sohn HA, Park ZY, et al. A lactate-induced response to hypoxia.Cell.
2015;161(3):595-609.

Michelakis ED, Sutendra G, Dromparis P, et al. Metabolic modulation of glio-
blastoma with dichloroacetate. Sci Transl Med. 2010;2(31):31ra34.

Khan A, Marier D, Marsden E, Andrews D, Eliaz I. (2014) A novel form of
dichloroacetate therapy for patients with advanced cancer: A report of 3
cases. Altern Ther Health Med. 2014;20(suppl 2):21-28.

Yount EA, Felten SY, O’Connor BL, et al. Comparison of the metabolic and
toxic effects of 2-chloropropionate and dichloroacetate. ] Pharmacol Exp
Ther. 1982;222(2):501-508.

Aicher TD, Anderson RC, Bebernitz GR, et al. (R)-3,3,3-trifluoro-2-hydroxy-2-
methylpropionamides are orally active inhibitors of pyruvate dehydroge-
nase kinase. ] Med Chem. 1999;42(15):2741-2746.

Aicher TD, Damon RE, Koletar J, et al. Triterpene and diterpene inhibitors of py-
ruvate dehydrogenase kinase (PDK). Bioorg Med Chem Lett. 1999(15):2223-2228.
Bebernitz GR, Aicher TD, Stanton JL, et al. Anilides of (R)-trifluoro-2-hy-
droxy-2-methylpropionic acid as inhibitors of pyruvate dehydrogenase ki-
nase. ] Med Chem. 2000;43(11):2248-2257.

Mann WR, Dragland CJ, Vinluan CC, Vedananda TR, Bell PA, Aicher TD.
Diverse mechanisms of inhibition of pyruvate dehydrogenase kinase by
structurally distinct inhibitors. Biochim Biophys Acta. 2000;480(1-2):283-292.
Morrell JA, Orme J, Butlin RJ, Roche TE, Mayers RM, Kilgour E. AZD7545 is a
selective inhibitor of pyruvate dehydrogenase kinase 2. Biochem Soc Trans.
2003;31(pt 6):1168-1170.

Huang B, Wu P, Popov KM, Harris RA. Starvation and diabetes reduce the
amount of pyruvate dehydrogenase phosphatase in rat heart and kidney.
Diabetes. 2003;52(6):1371-1376.

Mayers RM, Butlin R], Kilgour E, et al. AZD7545, a novel inhibitor of pyruvate
dehydrogenase kinase 2 (PDHK?2), activates pyruvate dehydrogenase in vivo
and improves blood glucose control in obese (fa/fa) Zucker rats. Biochem Soc
Trans. 2003;31(pt 6):1165-1167.

Jones HB, Reens ], Johnson E, Brocklehurst S, Slater I. Myocardial steatosis
and necrosis in atria and ventricles of rats given pyruvate dehydrogenase
kinase inhibitors. Toxicol Pathol. 2014;42(8):1250-1266.

Aboye TL, Sobhia ME, Bharatam PV. 3D-QSAR studies of pyruvate dehydro-
genase kinase inhibitors based on a divide and conquer strategy. Bioorg Med
Chem. 2004;12(10):2709-2715.

Tso SC, Qi X, Gui WJ, et al. Structure-guided development of specific pyru-
vate dehydrogenase kinase inhibitors targeting the ATP-binding pocket.
] Biol Chem. 2014;289(7):4432-4443.

Meng T, Zhang D, Xie Z, et al. Discovery and optimization of 4,5-diarylisoxa-
zoles as potent dual inhibitors of pyruvate dehydrogenase kinase and heat
shock protein 90.] Med Chem. 2014;57(23):9832-9843.

Moore JD, Staniszewska A, Shaw T, et al. VER-246608, a novel pan-isoform
ATP competitive inhibitor of pyruvate dehydrogenase kinase, disrupts
Warburg metabolism and induces context-dependent cytostasis in cancer
cells. Oncotarget. 2014;5(24):12862-12876.

Dhar S, Lippard SJ. Mitaplatin, a potent fusion of cisplatin and the orphan
drug dichloroacetate. Proc Natl Acad Sci U S A. 2009;106(52):22199-22204.
Wang F, Ogasawara MA, Huang P. Small mitochondria-targeting molecules
as anti-cancer agents. Mol Aspects Med. 2010;31(1):75-92.

Johnstone TC, Kulak N, Pridgen EM, Farokhzad OC, Langer R, Lippard SJ.
Nanoparticle encapsulation of mitaplatin and the effect thereof on in vivo
properties. ACS Nano. 2013;7(7):5675-5683.

Liu W, Jiang J, Xu Y, et al. Design, synthesis and anticancer activity of dia-
m(m)ine platinum(Il) complexes bearing a small-molecular cell apoptosis
inducer dichloroacetate.] Inorg Biochem. 2015;146:14-18.

Trapella C. Voltan R, Melloni E, Design synthesis and biological characteri-
zation of novel mitochondria targeted dichloroacetate-loaded compounds
with antileukemic activity. ] Med Chem. 2016;59(1):147-156.

Zhang SL, Hu X, Zhang W, Tam KY. Unexpected discovery of dichloroacetate
derived adenosine triphosphate competitors targeting pyruvate dehydroge-
nase kinas, to inhibit cancer proliferation. ] Med Chem. 2016;59(7):3562-3568.
Pathak RK, Marrache S, Harn DA, Dhar S. Mito-DCA: A mitochondria tar-
geted molecular scaffold for efficacious delivery of metabolic modulator
dichloroacetate. ACS Chem Biol. 2014;9(5):1178-1187.

Iannitti T, Palmieri B. Clinical and experimental applications of sodium phe-
nylbutyrate. Drugs R D. 2011;11(3):227-249.

Ferriero R, lannuzzi C, Manco G, Brunetti-Pierri N. Differential inhibition of
PDKs by phenylbutyrate and enhancement of pyruvate dehydrogenase
complex activity by combination with dichloroacetate. J Inherit Metab Dis.
2015;38(5):895-904.

ZhangN, Palmer AF. Development of a dichloroacetic acid-hemoglobin con-
jugate as a potential targeted anti-cancer therapeutic. Biotechnol Bioeng.
2011;108(6):1413-1420.

Zachar Z, Marecok ], Maturo C, et al. Non-redox-active lipoate derivatives
disrupt cancer cell mitochondrial metabolism and are potent anticancer
agents in vivo. ] Mol Med (Berl). 2011;89(11):1137-1148.

Masini T, Birkaya B, vanDijk S, et al. Furoates and thenoates inhibit pyruvate
dehydrogenase kinase 2 allosterically by binding to its pyruvate regulatory
site. ] Enzyme Inhib Med Chem. 2016;31(suppl 4):170-175.

220z 1snbny oz uo 1senb Aq z61 128¢/1 20XIP/L L/60 L/81onIe/0ul/woo dno-olwspeoe//:sdjy wols pspeojumoq



P. W. Stacpoole | 14o0f14

160.

161.

162.

164.

165.

166.

167.

Mausberg TB, Wess G, SimiakJ, et al. A locus on chromosome 5 is associated
with dilated cardiomyopathy in Doberman Pinschers. PLoS One. 2011;6(5):
€20042.

Meurs KM, Lahmers S, Keene BW, et al. A splice site mutation in a gene
encoding for PDK4, a mitochondrial protein, is associated with the develop-
ment of dilated cardiomyopathy in the Doberman pinscher. Hum Genet.
2012;131(8):1319-1325.

Owczarck-ipska M, Mausberg TB, Stephenson H, Dukes-McEwan ], Wess G,
Leeb T. A 16-bp deletion in the canine PDK4 gene is not associated with dia-
lated cardiomyopathy in a European cohort of Doberman pinscher. Anim
Genet. 2013;44(2):239.

. Sosa I, Estrada AH, Winter BD, Erger KE, Conlon TJ. In vitro ovulation of mi-

tochondrial dysfunction and treatment with adeno-associated virus vector
in fibroblasts from Doberman Pinschers with dilated cardiomyopathy and a
pyruvate dehydrogenase kinase 4 mutation. Am ] Vet Res. 2016;77(2):
156-161.

Stacpoole PW, Gilbert LR, Neiberger RE, et al. Evaluation of long-term treat-
ment of children with congenital lactic acidosis with dichloroacetate.
Pediatrics. 2008;121(5):€1223-e1228.

Morfouace M, Lalier L, Bahut M, et al. Comparison of spheroids formed by
rat glomia stem cells and neural stem cells reveals differences in glucose
metabolism and promising therapeutic applications. ] Biol Chem. 2012;
287(40):33664-33674.

Di Magno L, Manzi D, D’Amico D, et al. Druggable glycolytic requirement for
Hedgehog-dependent neuronal and medulloblastoma growth. Cell Cycle.
2014;13(21):3404-3413.

Izquierdo-Garcia JL, Viswanath P, Eriksson P, et al. IDH1 mutation indu-
ces reprogramming of pyruvate metabolism. Cancer Res. 2015;75(15):
2999-3009.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Shen H, Decollogne S, Dilda PJ, et al. Dual-targeting of aberrant glucose me-
tabolism in glioblastoma. J Exp Clin Cancer Res. 2015;34(1):14.

Shen H, Hau E, Joshi S, Dilda PJ, McDonald KL. Sensitization of glioblastoma
cells to irradiation by modulating the glucose metabolism. Mol Cancer Ther.
2015;14(8):1794-1804.

Takahashi M, Watari E, Takahashi H. Dichloroacetate induces cell cycle
arrest in human glioblastoma cells persistently infected with measles vi-
rus: A way for controlling viral persistent infection. Antiviral Res. 2015;
113:107-110.

Wicks RT, Azadi J, Mangraviti A, et al. Local delivery of cancer-cell glycolytic
inhibitors in high-grade glioma. Neuro Oncol. 2015;17(1):70-80.

Park JM, Josan S, Jang T, et al. Volumetric spiral chemical shift imaging of
hyperpolarized [2-'3C] pyruvate in a rat C6 glioma model. Magn Reson Med.
2015;75(3):973-984.

Park JM, Recht LD, Josan S, et al. Metabolic response of glioma to dichloroa-
cetate measured in vivo by hyperpolarized (13)C magnetic resonance spec-
troscopic imaging. Neuro Oncol. 2013;15(4):433—441.

Stacpoole PW, Gonzalez MG, Vlasak ], Oshiro Y, Bodor N. Dichloroacetate de-
rivatives. Metabolic effects and pharmacodynamics in normal rats. Life Sci.
1987;41(18):2167-2176.

Besant PG, Lasker MV, Bui CD, Turck CW. Inhibition of branched-chain al-
pha-keto acid dehydrogenase kinase and Sln1 yeast histidine kinase by the
antifungal antibiotic radicicol. Mol Pharmacol. 2002;62(2):289-296.

Xue X, You S, Zhang Q, et al. Mitaplatin increases sensitivity of tumor cells
to cisplatin by inducing mitochondrial dysfunction. Mol Pharm. 2012;9(3):
634-644.

Bonner MY, Karlsson I, Rodolfo M, Arnold RS, Vergani E, Arbiser JL. Honokiol
bis-dichloroacetate (Honokiol DCA) demonstrates activity in vemurafenib-
resistant melanoma in vivo. Oncotarget. 2016;7(11):12857-12868.

/W02 dno-olWwapeoe//:sdny woJj papeojumoq

2
=
?
(e
(=4

220z 1snbny 0g uo 1senb Aq z61128€



	djx071-TF1
	djx071-TF2

