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COMMENTARY
Re-programming tumour cell metabolism to treat cancer: no lone target for
lonidamine
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Tumour cell metabolism is very different from normal cell
metabolism; cancer cells re-programme the metabolic pathways
that occur in normal cells in such a manner that it optimizes their
proliferation, growth and survival. Although this metabolic re-
programming obviously operates to the advantage of the tumour,
it also offers unique opportunities for effective cancer therapy.
Molecules that target the tumour cell-specific metabolic pathways
have potential as novel anti-cancer drugs. Lonidamine belongs to
this group of molecules and is already in use in some countries
for cancer treatment. It has been known for a long time that
lonidamine interferes with energy production in tumour cells by
inhibiting hexokinase II (HKII), a glycolytic enzyme. However,
subsequent studies have uncovered additional pharmacological
targets for the drug, which include the electron transport chain and
the mitochondrial permeability transition pore, thus expanding the

pharmacological effects of the drug on tumour cell metabolism.
A study by Nancolas et al. in a recent issue of the Biochemical
Journal identifies two additional new targets for lonidamine: the
pyruvate transporter in the mitochondria and the H+ -coupled
monocarboxylate transporters in the plasma membrane (PM).
It is thus becoming increasingly apparent that the anti-cancer
effects of lonidamine do not occur through a single target; the
drug works at multiple sites. Irrespective of the molecular targets,
what lonidamine does in the end is to undo what the tumour cells
have done in terms of re-programming cellular metabolism and
mitochondrial function.
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Tumour cells definitely differ from normal cells in many ways;
unlike normal cells, tumour cells exhibit high proliferation rate,
do not senesce and resist cell death. They also re-programme
normal biochemical pathways to best suit their nutritional and
metabolic needs. As a result, tumour cell metabolism is quite
different from normal cell metabolism. Tumour cells not only
up-regulate certain metabolic pathways but also modify others
for their maximal benefit. Notable examples of tumour cell-
specific metabolic pathways are: (i) aerobic glycolysis that
converts glucose to lactate even in the presence of sufficient
oxygen supply, (ii) glutaminolysis that uses the carbon skeleton
in glutamine for oxidation to generate ATP and lactate, (iii)
reductive carboxylation of α-oxoglutarate to generate citrate as
a carbon source for fatty acid synthesis, (iv) gain-of-function
mutations in isocitrate dehydrogenase to generate the metabolite
2-hydroxyglutarate, a modifier of DNA methylation and (v)
suppression of citric acid cycle at specific sites to increase the
cellular levels of succinate, also a modifier of DNA methylation,
and fumarate, a regulator of HIF-1α turnover [1–4]. Indeed,
2-hydroxyglutarate, succinate and fumarate are called onco-
metabolites as these compounds accumulate in cancer cells at
severalfold higher levels than in normal cells and also elicit
profound biological effects promoting initiation and progression
of cancer [5].

Aerobic glycolysis, also known as Warburg effect, is a well-
recognized biochemical phenomenon in tumour cells. The relative
proportion of energy derived from the cytoplasmic glycolysis goes
up whereas that derived from mitochondrial oxidation goes down

in tumour cells. In normal cells, oxygen suppresses glycolysis
because ATP generated by oxidative metabolism of glucose-
derived pyruvate in mitochondria inhibits phosphofructokinase-1,
a rate-limiting step in glycolysis. This process does not occur in
most tumour cells due to suppression of mitochondrial oxidation
[6]. The logic behind the suppression of mitochondrial oxidation
in tumour cells is not entirely clear but it is at least partly to
do with the fact that mitochondrial oxidation is also a source
of reactive oxygen species that could be detrimental to tumour
cells. Although the decreased ATP production in mitochondria
relieves ATP-dependent blockade of glycolysis, this cannot be
the entire explanation for enhanced glycolysis in tumour cells.
The NAD+ /NADH ratio is also an important determinant of
glycolysis rate as it controls the activity of the glycolytic enzyme
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). When the
mitochondrial oxidation is suppressed, NADH is not oxidized to
NAD+ , which would deplete NAD+ that is needed for GAPDH.
This necessitates an alternative mechanism for NAD+ generation
if glycolysis has to continue. Tumour cells hence convert pyruvate,
which is generated from glycolysis but cannot be metabolized
in mitochondria due to the suppressed mitochondrial oxidation,
into lactate; this reaction converts NADH, which is generated at
the level of GAPDH from NAD+ , back into NAD+ to enable
the GAPDH-mediated reaction to continue. The conversion of
pyruvate to lactate occurs in the cytoplasm and the reaction is
catalysed by lactate dehydrogenase (LDH). LDH is a tetramer
consisting of two proteins encoded by two separate genes: LDH-
A and LDH-B. There are five isoforms of LDH that are made up of
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the two subunits in different combinations: A4, A3B1, A2B2, A1B3

and B4. The kinetic features of the two subunits for the reaction
catalysis are such that A4 is more tuned to convert pyruvate to
lactate whereas B4 is more tuned to convert lactate to pyruvate.
Accordingly, tumour cells silence the expression of LDH-B, thus
making the conversion of pyruvate to lactate more efficient than
the reverse reaction [7]. The end result is that glycolysis is
accelerated even with the suppression of mitochondrial function
and the proportion of ATP generated from glycolysis (substrate-
level phosphorylation) is increased compared with ATP generated
from mitochondria (oxidative phosphorylation). Even though
the amount of ATP generated in the cytoplasm is increased in
tumour cells, the inhibition of phosphofructokinase-1 by this
excess ATP is relieved because tumour cells also up-regulate
the bifunctional enzyme phosphofructokinase-2/fructose-2,6-
bisphosphatase-3, thus increasing the cellular levels of fructose-
2,6-bisphosphate, a potent activator of phosphofructokinase-1.

Interestingly, there is a parallelism between normal cells
compared with tumour cells and naı̈ve T-cells compared with
activated T-cells in terms of glucose and glutamine metabolism
[8,9]. Similar to normal cells, naı̈ve T-cells exhibit a low
proliferation rate and utilize glycolysis and oxidative metabolism
for ATP generation. In contrast, when these naı̈ve T-cells are
activated by antigen presentation, their proliferation rate goes
up and the cells adopt a metabolic profile that is similar to that
of tumour cells. Activated T-cells rely on aerobic glycolysis as
well as glutaminolysis with suppressed mitochondrial oxidation
for their energy production and proliferation. Both in tumour
cells and activated T-cells, the hypoxia-inducible factor-1α and
the oncogene c-Myc mediate the metabolic re-programming to
facilitate aerobic glycolysis and glutaminolysis.

Although tumour cells have solved the problem of how to keep
glycolysis going while suppressing mitochondrial oxidation at the
same time by converting pyruvate to lactate, the cells now face the
issue of how to deal with lactate. Lactic acid, unless effectively
removed from the cell, will cause intracellular acidification,
thereby compromising cell survival. To solve this problem, tumour
cells up-regulate the H+ -coupled monocarboxylate transporters
MCT1 and MCT4, which mediate the efflux of lactic acid
from the cells [10]. The resulting acidification and increase
in lactate levels in the extracellular milieu provide additional
advantages for the tumour by facilitating acid pH-induced necrosis
of the surrounding cells to make room for tumour growth and
by lactate-induced autocrine signalling via the cell-surface G-
protein-coupled lactate receptor GPR81 whose expression is up-
regulated in tumour cells [11–13].

As tumour cells re-programme metabolic pathways to support
their growth, these tumour cell-specific pathways offer novel
drug targets for cancer therapy. The logic is simple: counter
the re-programmed metabolic pathways to negate their tumour-
promoting advantages. In theory, this can be done by blocking
glycolysis, inhibiting LDH or preventing lactic acid efflux via
MCTs. Indeed, all of these avenues are actively being pursued
as potential targets for cancer therapy in the design of new anti-
cancer drugs. Lonidamine [1-(2,4-dichlorobenzyl)-1H-indazole-
3-carboxylic acid] represents one such drug; it is approved in
many European countries for cancer treatment and has been
shown to improve the efficacy of other chemotherapy agents when
used in combination [14,15]. In the United States, the drug was
evaluated in a phase 3 clinical trial for the treatment of benign
prostatic hyperplasia, but the Food and Drug Administration has
suspended the trial due to development of liver toxicity in some
patients on the drug. However, other clinical trials to determine
the efficacy of lonidamine for different solid tumours are still
ongoing. Investigations into the molecular mechanisms of the

anti-cancer effects of lonidamine have revealed that the drug is
an inhibitor of the glycolytic enzyme hexokinase II (HKII) [16].
There are four isoforms of hexokinase, and HKII is selectively
up-regulated in tumours [17]. In addition, this isoform is bound to
the outer membrane of the mitochondrion where it is physically
associated with the mitochondrial permeability transition pore,
which consists of the adenine nucleotide translocase (ANT)
in the inner mitochondrial membrane (IMM) and the voltage-
dependent anion channel (VDAC) in the outer mitochondrial
membrane (OMM) [18,19]. The interaction of the enzyme with
the permeability pore occurs via VDAC. The physical proximity
of HKII to the permeability pore is important to tumour cells
because it allows the enzyme ready access to mitochondrial ATP
via ANT. The end result of lonidamine treatment is therefore the
blockade of glycolysis, thereby interfering with ATP production
in tumour cells. Subsequent to the original discovery of HKII
as a target, two additional targets have been identified for
lonidamine: VDAC and Complex II. VDAC as a component of
the mitochondrial permeability transition pore plays a critical
role in the control of mitochondria-initiated apoptosis [20]. The
anti-apoptotic proteins such as Bcl-2 maintain the permeability
pore in a closed state, preventing the cytoplasmic release of pro-
apoptotic proteins such as cytochrome c and apoptosis-inducing
factor, which are normally located in the inter-membrane space
of mitochondria. Lonidamine disrupts the barrier function of this
permeability pore, thus triggering apoptosis [21]. Inhibition of
Complex II in the electron transport chain, also known as succinate
dehydrogenase (SDH), by lonidamine interferes with the citric
acid cycle and also with the electron transport chain [22]. Later
studies have revealed the complexity of the interaction between
lonidamine and Complex II [23]; the drug blocks the transfer of
electrons from succinate to Coenzyme Q but does not interfere
with the conversion of succinate to fumarate.

In a recent issue of the Biochemical Journal, Nancolas et al.
[24] have identified two new targets for lonidamine: the
mitochondrial pyruvate carrier (MPC) and the H+ -coupled
monocarboxylate transporters MCT1 and MCT4. Using purified
mitochondria, the authors have shown that lonidamine blocks the
mitochondrial import of pyruvate via the pyruvate transporter
located in the IMM. This transporter is known as the MPC, which
has been recently characterized at the molecular level [25], and
its transport function is energized by the H+ gradient that exists
across the IMM. The inhibition is potent, with the inhibition
constant of ∼2.5 μM. The authors suggest that the drug-induced
blockade of pyruvate entry into mitochondria with consequent
interference with pyruvate oxidation and ATP production within
the mitochondria is at least partly responsible for the anti-cancer
effects of the drug. The drug also blocks the function of the
lactic acid efflux transporters MCT1 and MCT4, though with
comparatively less potency; the inhibition constant is 35–40 μM.
Various clinical trials in humans have shown that the peak plasma
levels of lonidamine are in the range of 15–100 μM at a daily
dose of 150 mg or 180–520 mg/m2 [26,27], clearly demonstrating
that significant inhibition of the MPC and the monocarboxylate
transporters is achievable in clinics with lonidamine. These latest
targets of lonidamine along with the already known ones, their
cellular locations and their biological functions are depicted in
Figure 1. With the study by Nancolas et al., the total number of
pharmacological targets for lonidamine has reached five. It seems
that there is no lone target for lonidamine to fight cancer.

The apparent lack of specificity for the interaction of
lonidamine with its targets is intriguing. HKII catalyses the
phosphorylation of glucose, VDAC is an anion channel, Complex
II converts succinate to fumarate and transfers electrons to
Coenzyme Q, MPC transports pyruvate but not lactate and MCT1
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Figure 1 Molecular targets of the anti-cancer drug lonidamine in tumour
cells

To date, five targets have been identified for the drug, which are indicated by numbers 1–5. OAA,
oxaloacetate.

and MCT4 transport pyruvate as well as lactate. There is no
obvious commonality among these different lonidamine targets
either in terms of their biological function or in terms of their
substrates. It is interesting however to note that MPC and MCTs
accept monocarboxylates as substrates and that lonidamine does
possess a monocarboxylate group. But we do not know yet
whether lonidamine is a transportable substrate for either of these
transporters. The study by Nancolas et al. [24] has only shown
that lonidamine inhibits pyruvate transport mediated by MPC and
lactate transport mediated by MCTs, but these findings do not
address the issue of whether or not lonidamine is a transportable
substrate for these transporters. The observed inhibition could be
either due to competition between the monocarboxylate substrates
and lonidamine for the transport process or due to the blockade
of the transport process by lonidamine without itself being
transported across the membrane by the transporters. Studies
from our laboratory have shown that α-methyltryptophan blocks
the function of the amino acid transporter SLC6A14 but is not
a transportable substrate [28]. Additional studies are therefore
needed to determine the mechanism of action of the drug on
MPC and MCTs. About a year ago, we investigated whether
lonidamine is transported via SLC5A8 (also known as SMCT1),
a Na+ -coupled monocarboxylate transporter. We did not find any
evidence of lonidamine transport via the transporter, but we also
did not examine if the drug works as a blocker of the transporter
(E. Babu and V. Ganapathy, unpublished work).

Another interesting issue related to the findings of Nancolas
et al. [24] is the relevance of the observed robust inhibition
of MPC by lonidamine to the anti-cancer efficacy of the drug.
Most tumour cells re-programme their metabolic pathways that
result in defective mitochondrial metabolism of pyruvate. The
major aspect of this re-programme is the tumour cell-specific
up-regulation of the enzyme pyruvate dehydrogenase kinase
(PDK), which phosphorylates the α-subunit of the pyruvate
dehydrogenase complex and inhibits the activity of the complex
[29]. Forcing the tumour cells to metabolize pyruvate by
mitochondrial oxidation is effective in killing these cells. This
seems to be the principal mechanism underlying the anti-cancer
effects of dichloroacetate, an inhibitor of PDH kinase [30].
The ability of dichloroacetate to promote pyruvate oxidation
is evident from the fact that this compound is used as a drug

to treat lactic acidosis. Facilitation of pyruvate metabolism by
the drug alters the equilibrium between lactate and pyruvate by
promoting the LDH-mediated conversion of lactate to pyruvate,
thus reducing lactate levels. The well-established anti-cancer
effects of dichloroacetate and the facilitation of mitochondrial
oxidation of pyruvate as the underlying mechanism raise questions
as to the contribution of lonidamine-mediated inhibition of MPC
to the anti-cancer efficacy of the drug. On the surface, the
ability of both dichloroacetate and lonidamine to function as
anti-cancer drugs seems paradoxical given their opposite effects
on mitochondrial pyruvate metabolism. A possible explanation
for the paradox is the heterogeneity of tumour cells within a
tumour. Tumour cells within a given tumour are not biochemically
homogeneous; some reside in a relatively hypoxic environment
whereas some have adequate supply of oxygen. Therefore,
suppression of mitochondrial oxidative function is not likely to be
a universal phenomenon among the tumour cells within a tumour;
it is thus plausible that dichloroacetate and lonidamine actually
target different groups of tumour cells to elicit their anti-cancer
effects. The ability of lonidamine to inhibit SDH does not raise
similar issues. Loss-of-function mutations in SDH do cause cancer
(e.g. paraganglioma, gastrointestinal stromal tumours) [31], but
lonidamine inhibits the ability of the enzyme to transfer electrons
to Coenzyme Q without blocking the conversion of succinate to
fumarate [23]. Inactivation of SDH causes cancer most likely
through cellular accumulation of the onco-metabolite succinate;
lonidamine may not impact on cellular levels of this metabolite.

With the lack of a rational structural or molecular basis for
the interaction of lonidamine with so many seemingly different
proteins with diverse biological functions (enzymes, channels and
transporters), one wonders whether we have seen the last of the
lonidamine pharmacological targets or if more are yet to come.

FUNDING

This work was supported in by the National Institutes of Health [grant number CA190710];
and the Welch Endowed Chair in Biochemistry [grant number BI-0028].

REFERENCES

1 Kroemer, G. and Pouyssegur, J. (2008) Tumor cell metabolism: cancer’s Achilles’ heel.
Cancer Cell 13, 472–482 CrossRef PubMed

2 Galluzzi, L., Kepp, O., Vander Heiden, M.G. and Kroemer, G. (2013) Metabolic targets for
cancer therapy. Nat. Rev. Drug Discov. 12, 829–846 CrossRef PubMed

3 Jang, M., Kim, S.S. and Lee, J. (2013) Cancer cell metabolism: implications for
therapeutic targets. Exp. Mol. Med. 45, e45 CrossRef PubMed

4 Ganapathy, V., Thangaraju, M. and Prasad, P.D. (2009) Nutrient transporters in cancer:
relevance to Warburg hypothesis and beyond. Pharmacol. Ther. 121, 29–40
CrossRef PubMed

5 Nowicki, S. and Gottlieb, E. (2015) Oncometabolites: tailoring our genes. FEBS J. 282,
2796–2805 CrossRef PubMed

6 Bhat, T.A., Kumar, S., Chaudhary, A.K., Yadav, N. and Chandra, D. (2015) Restoration of
mitochondria function as a target for cancer therapy. Drug. Discov. Today 20, 635–643
CrossRef PubMed

7 Miao, P., Sheng, S., Sun, X., Liu, J. and Huang, G. (2013) Lactate dehydrogenase A in
cancer: a promising target for diagnosis and therapy. IUBMB Life 65, 904–910
CrossRef PubMed

8 Chi, H. (2012) Regulation and function of mTOR signaling in T cell fate decisions. Nat.
Rev. Immunol. 12, 325–338 PubMed

9 Waickman, A.T. and Powell, J.D. (2012) mTOR, metabolism, and the regulation of T-cell
differentiation and function. Immunol. Rev. 249, 43–58 CrossRef PubMed

10 Halestrap, A.P. (2013) The SLC16 gene family – structure, role and regulation in health
and disease. Mol. Aspects Med. 34, 337–349 CrossRef PubMed

11 Dhup, S., Dadhich, R.K., Porporato, P.E. and Sonveaux, P. (2012) Multiple biological
activities of lactic acid in cancer: influences on tumor growth, angiogenesis and
metastasis. Curr. Pharm. Des. 18, 1319–1330 CrossRef PubMed

c© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.

http://dx.doi.org/10.1016/j.ccr.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18538731
http://dx.doi.org/10.1038/nrd4145
http://www.ncbi.nlm.nih.gov/pubmed/24113830
http://dx.doi.org/10.1038/emm.2013.85
http://www.ncbi.nlm.nih.gov/pubmed/24091747
http://dx.doi.org/10.1016/j.pharmthera.2008.09.005
http://www.ncbi.nlm.nih.gov/pubmed/18992769
http://dx.doi.org/10.1111/febs.13295
http://www.ncbi.nlm.nih.gov/pubmed/25864878
http://dx.doi.org/10.1016/j.drudis.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25766095
http://dx.doi.org/10.1002/iub.1216
http://www.ncbi.nlm.nih.gov/pubmed/24265197
http://www.ncbi.nlm.nih.gov/pubmed/22517423
http://dx.doi.org/10.1111/j.1600-065X.2012.01152.x
http://www.ncbi.nlm.nih.gov/pubmed/22889214
http://dx.doi.org/10.1016/j.mam.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23506875
http://dx.doi.org/10.2174/138161212799504902
http://www.ncbi.nlm.nih.gov/pubmed/22360558


1506 Y.D. Bhutia, E. Babu and V. Ganapathy

12 Roland, C.L., Arumugam, T., Dang, D., Liu, S.H., Philip, B., Gomez, S., Burns, W.R.,
Ramachandran, V., Wang, H., Cruz-Monserrate, Z. and Logsdon, C.D. (2014) Cell surface
lactate receptor GPR81 is crucial for cancer cell survival. Cancer Res. 74, 5301–5310
CrossRef PubMed

13 Staubert, C., Broom, O.J. and Nordstrom, A. (2015) Hydroxycarboxylic acid receptors are
essential for breast cancer cells to control their lipid/fatty acid metabolism. Oncotarget 6,
19706–19720 CrossRef PubMed

14 Di Cosimo, S., Ferretti, G., Papaldo, P., Carlini, P., Fabi, A. and Cognetti, F. (2003)
Lonidamine: efficacy and safety in clinical trials for the treatment of solid tumors. Drugs
Today (Barc) 39, 157–174 CrossRef PubMed

15 Cervantes-Madrid, D., Romero, Y. and Duenas-Gonzalez, A. (2015) Reviving lonidamine
and 6-diazo-5-oxo-L-norleucine to be used in combination for metabolic cancer therapy.
Biomed. Res. Int. 2015, 690492 CrossRef

16 Floridi, A., Paggi, M.G., D’Atri, S., De Martino, C., Marcante, M.L., Silvestrini, B. and
Caputo, A. (1981) Effect of lonidamine on the energy metabolism of Ehrlich Ascites tumor
cells. Cancer Res. 41, 4661–4666 PubMed

17 Mathupala, S.P., Ko, Y.H. and Pedersen, P.L. (2009) Hexokinase-2 bound to mitochondria:
cancer’s stygian link to the “Warburg Effect” and a pivotal target for cancer therapy. Semin.
Cancer Biol. 19, 17–24 CrossRef PubMed

18 Shoshan-Barmatz, V., Ben-Hail, D., Admoni, L., Krelin, Y. and Tripathi, S.S. (2015) The
mitochondrial voltage-dependent anion channel 1 in tumor cells. Biochim. Biophys. Acta
1848, 2547–2575 CrossRef PubMed

19 Bonora, M. and Pinton, P. (2014) The mitochondrial permeability transition pore and
cancer: molecular mechanisms involved in cell death. Front. Oncol. 4, 302
CrossRef PubMed

20 Tsujimoto, Y. and Shimizu, S. (2007) Role of the mitochondrial membrane permeability
transition in cell death. Apoptosis 12, 835–840 CrossRef PubMed

21 Ravagnan, L., Marzo, I., Costantini, P., Susin, S.A., Zamzami, N., Petit, P.X., Hirsch, F.,
Goulbern, M., Poupon, M.F., Miccoli, L. et al. (1999) Lonidamine triggers apoptosis via a
direct, Bcl-2-inhibited effect on the mitochondrial permeability transition pore. Oncogene
18, 2537–2546 CrossRef PubMed

22 Floridi, A. and Lehninger, A.L. (1983) Action of the antitumor and antispermatogenic
agent lonidamine on electron transport in Ehrlich ascites tumor mitochondria. Arch.
Biochem. Biophys. 226, 73–83 CrossRef PubMed

23 Guo, L., Shestov, A.A., Worth, A.J., Nath, K., Nelson, D.S., Leeper, D.B., Glickson, J.D.
and Blair, I.A. (2016) Inhibition of mitochondrial complex II by the anticancer agent
lonidamine. J. Biol. Chem. 291, 42–57 CrossRef PubMed

24 Nancolas, B., Guo, L., Zhou, R., Nath, K., Nelson, D.S., Leeper, D.B., Blair, I.A., Glickson,
J.D. and Halestrap, A.P. (2016) The anti-tumour agent lonidamine is a potent inhibitor of
the mitochondrial pyruvate carrier and plasma membrane monocarboxylate transporters.
Biochem. J., in the press

25 Bricker, D.K., Taylor, E.B., Schell, J.C., Orsak, T., Boutron, A., Chen, Y.C., Cox, J.E.,
Cardon, C.M., Van Vranken, J.G., Dephoure, N. et al. (2012) A mitochondrial pyruvate
carrier required for pyruvate uptake in yeast, Drosophila, and humans. Science 337,
96–100 CrossRef PubMed

26 Young, C.W., Currie, V.E., Kim, J.H., O’Hehir, M.R., Farag, F.M. and Kinahan, J.E. (1984)
Phase I and clinical pharmacologic evaluation of lonidamine in patients with advanced
cancer. Oncology 41 Suppl 1, 60–65 CrossRef PubMed

27 Newell, D.R., Mansi, J., Hardy, J., Button, D., Jenns, K., Smith, I.E., Picollo, R. and
Catanese, B. (1991) The pharmacokinetics of oral lonidamine in breast and lung cancer
patients. Semin. Oncol. 18 2 Suppl 4, 11–17 PubMed

28 Karunakaran, S., Umapathy, N.S., Thangaraju, M., Hatanaka, T., Itagaki, S., Munn, D.H.,
Prasad, P.D. and Ganapathy, V. (2008) Interaction of tryptophan derivative with SLC6A14
(ATB0, + ) reveals the potential of the transporter as a drug target for cancer chemotherapy.
Biochem. J. 414, 343–355 CrossRef PubMed

29 Saunier, E., Benelli, C. and Bortoli, S. (2016) The pyruvate dehydrogenase complex in
cancer: an old metabolic gatekeeper regulated by new pathways and pharmacological
agents. Int. J. Cancer 138, 809–817 CrossRef PubMed

30 Kankotia, S. and Stacpoole, P.W. (2014) Dichloroacetate and cancer: new home for an
orphan drug? Biochim. Biophys. Acta 1846, 617–629

31 Gill, A.J. (2012) Succinate dehydrogenase (SDH) and mitochondrial driven neoplasia.
Pathology 44, 285–292 CrossRef PubMed

Received 4 February 2016/18 February 2016; accepted 19 February 2016
Version of Record published 27 May 2016, doi:10.1042/BCJ20160068

c© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.

http://dx.doi.org/10.1158/0008-5472.CAN-14-0319
http://www.ncbi.nlm.nih.gov/pubmed/24928781
http://dx.doi.org/10.18632/oncotarget.3565
http://www.ncbi.nlm.nih.gov/pubmed/25839160
http://dx.doi.org/10.1358/dot.2003.39.3.799451
http://www.ncbi.nlm.nih.gov/pubmed/12730701
http://dx.doi.org/10.1155/2015/690492
http://www.ncbi.nlm.nih.gov/pubmed/7306982
http://dx.doi.org/10.1016/j.semcancer.2008.11.006
http://www.ncbi.nlm.nih.gov/pubmed/19101634
http://dx.doi.org/10.1016/j.bbamem.2014.10.040
http://www.ncbi.nlm.nih.gov/pubmed/25448878
http://dx.doi.org/10.3389/fonc.2014.00302
http://www.ncbi.nlm.nih.gov/pubmed/25478322
http://dx.doi.org/10.1007/s10495-006-0525-7
http://www.ncbi.nlm.nih.gov/pubmed/17136322
http://dx.doi.org/10.1038/sj.onc.1202625
http://www.ncbi.nlm.nih.gov/pubmed/10353597
http://dx.doi.org/10.1016/0003-9861(83)90272-2
http://www.ncbi.nlm.nih.gov/pubmed/6227286
http://dx.doi.org/10.1074/jbc.M115.697516
http://www.ncbi.nlm.nih.gov/pubmed/26521302
http://dx.doi.org/10.1126/science.1218099
http://www.ncbi.nlm.nih.gov/pubmed/22628558
http://dx.doi.org/10.1159/000225888
http://www.ncbi.nlm.nih.gov/pubmed/6717897
http://www.ncbi.nlm.nih.gov/pubmed/2031191
http://dx.doi.org/10.1042/BJ20080622
http://www.ncbi.nlm.nih.gov/pubmed/18522536
http://dx.doi.org/10.1002/ijc.29564
http://www.ncbi.nlm.nih.gov/pubmed/25868605
http://dx.doi.org/10.1097/PAT.0b013e3283539932
http://www.ncbi.nlm.nih.gov/pubmed/22544211

