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esearch into targeting tumour
metabolism as a therapeutic approach
has increased since it was added to the
list of hallmarks of cancer in 2011 [1].
Lactate dehydrogenase A (LDHA) is a key enzyme
involved in the Warburg effect, a metabolic
pathway which appears to be universal in
tumours, including primary brain tumours. Most
studies on LDHA have been conducted in noncentral nervous system tumours, and although
studies into inhibiting LDHA as a therapeutic
target for brain tumours, presented in brief here,
have shown promise in reducing tumour growth
and migration, they are few in number and
currently no LDHA inhibitors are available for
clinical use.

Lactate dehydrogenase metabolism
Lactate dehydrogenase (LDH) enzymes increase
the rate of the reaction depicted in figure
1. LDHA has a high affinity for pyruvate,
preferentially converting pyruvate to lactate and
NADH to NAD+ whereas LDHB has a high affinity
for lactate, preferentially converting lactate to
pyruvate and NAD+ to NADH [2].

is available, a characteristic termed aerobic
glycolysis or the Warburg effect, first observed
by Otto Warburg in the 1920s [4].
Brain metabolism is complex and able to
respond dynamically to changes in blood glucose
and lactate concentrations [5]. In mouse and rat
brains, LDHB mRNA expression is predominant
with the exception of strong LDHA expression
in the hippocampal regions CA1, CA2 and CA4,
the ventromedian hypothalamic nucleus, and
the dorsal raphe nucleus as well as moderate
expression in the cerebral cortex [6]. However,
studies have shown that the energy needs of
the brain changes over a lifespan. The human
brain uses high levels of aerobic glycolysis
during foetal growth and development but then
switches to oxidative phosphorylation which is
seen predominantly in the adult brain [7].

LDHA and tumour malignancy
LDHA over-expression is a common characteristic
of cancers; it promotes elevated lactate
concentrations which have been shown to
predict tumour malignancy, recurrence, survival
and metastasis in many types of cancer patients
[3,8]. LDHA is also associated with other poor
prognostic factors including tumour hypoxia
[9], angiogenesis [10], proliferation and glucose
uptake [11] as well as resistance to chemotherapy
[12] and radiotherapy [13].

Deregulation of LDHA in brain
tumours

Figure 1: The reaction catalysed by lactate dehydrogenase (LDH).
Adapted from Valvona et al [3]. LDH catalyses the reversible conversion of pyruvate and NADH to lactate and NAD+.

Under normal physiological conditions,
pyruvate is used to fuel oxidative
phosphorylation and ATP production. However,
when oxygen becomes scarce, ATP is produced
using anaerobic glycolysis, which requires LDHA
to convert pyruvate to lactate (Figure 1). Although
it is less efficient at producing ATP, anaerobic
glycolysis is 100 times faster than oxidative
phosphorylation. Cancer cells upregulate LDHA
to convert pyruvate to lactate in order to
generate ATP via glycolysis even when oxygen
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LDHA has long been known to be regulated
by major transcription factors; hypoxiainducible factor 1 (HIF1) and c-Myc [9, 14]. HIF1
is often stabilised in brain tumours [15] and
associated with a significantly poorer survival
rate [16]. C-Myc expression is also often
deregulated in brain tumour cells, including the
medulloblastoma (MB) subgroup with the worst
outcome (Group 3) [17], and has been shown to
transform rat fibroblasts by up-regulating LDHA
[14]. More recently forkhead box protein M1
(FOXM1) and Kruppel-like factor 4 (KLF4) have
been shown to regulate LDHA transcription [18,
19]. FOXM1 is a marker of poor prognosis in MB
[20] and regulates glioma tumourigenicity [21]
whereas KLF4 is also suppressed in MB [22] and
mutated in meningioma [23]. Like many enzymes,
LDHA post-transcriptional activity is regulated by
phosphorylation and acetylation of amino-acid
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Figure 2. Schematic showing processes that are reportedly
affected by lactate dehydrogenase A (LDHA).
Adapted from Valvona et al [3].
LDHA has been reported to be involved with the
processes listed in the orange box. LDHA has also been
reported to indirectly influence the processes listed in
the red box via aerobic glycolysis and lactate production.
Inhibition of LDHA obstructs aerobic glycolysis and the
processes listed in the red and orange boxes. Cancer cells
are then forced to use oxidative phosphorylation and
pyruvate enters the mitochondria. This leads to reactive
oxygen species (ROS) generation and apoptosis (green box).

residues. The oncogenic receptor tyrosine
kinase FGFR1, expressed in meningioma and
glioma [24], has been shown to directly
phosphorylate LDHA at Y10 and Y83 [25].
Y10 phosphorylation of LDHA promotes
active, tetrameric LDHA formation whereas
phosphorylation of Y83 promotes NADH
substrate binding [25]. Together these
studies suggest that LDHA expression is
commonly deregulated in a range of brain
tumours.

LDHA and brain tumour
growth and survival
Reports predominantly indicate that
LDHA suppression inhibits tumour cell
proliferation and survival [3, 26]. Aerobic
glycolysis benefits cancer cells by avoiding
generation of reactive oxygen species
by oxidative phosphorylation, and the
intermediates of the citric acid cycle
(required for oxidative phosphorylation)
are utilised to synthesise the lipids, fatty
acids and nucleotides required for rapid
cell proliferation [27].
Interestingly, recent studies have
demonstrated that LDHA is inhibited
in the Isocitrate dehydrogenase (IDH)
subgroup of glioblastoma (GBM) which
characteristically has a slower progression,
greater survival rates and better prognosis
than the other GBM subgroups [28]. Even
brain tumour stem cell (BTSC) lines which
once had IDH mutations but lost their
mutant IDH allele had silenced LDHA.
Analysis of data from The Cancer Genome
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Atlas and REMBRANDT public databases,
revealed that low expression of LDHA and
high methylation of the LDHA promoter
was found in IDHmt GBM patients and
glioma patients whose tumours overexpressed LDHA had a median survival of
16 months whereas patients whose tumour
under-expressed LDHA had a median
survival of >50 months [28]. These studies
suggest that the silencing of LDHA in GBMs
with IDH mutations may be responsible
in part for the characteristically slow
progression of IDH mutant GBMs.

LDHA and brain tumour
migration and metastasis
Secondary brain tumours, derived from
other cancers such as breast, lung and
melanoma, are the most common type
of adult brain tumour and the reported
incidence is rising. LDHA expression
correlates with metastasis and poor
patient prognosis in many tumours [11, 29].
The most frequently reported mechanism
by which LDHA modulates cell migration
and invasion is through lactate production.
Lactate causes acidification of the
microenvironment which promotes tumour
cell invasion by inducing apoptosis of
normal cells and pH-dependent activation
of metalloproteinases (MMPs) and
cathepsins which degrade the extracellular
matrix and basement membranes [30,
31]. Seliger et al found that, in high grade
glioma cell lines, the knockdown of
LDHA resulted in a decrease in lactate

concentrations which caused a reduction
of THBS-1 and TGF-β2 expression and
reduced migration by approximately 40%
compared to the control [32]. Furthermore,
addition of lactate or synthetic THBS-1
rescued TGF-β2 expression and glioma
migration [32]. In another study it was
found that MMP-2, which is over-expressed
in high-grade glioma, is also up-regulated
by LDHA through lactate induction of
TGF-β2 [33]. It is probable that reducing
lactate production through targeting LDHA
would cause a reduction in metastasis and
prolong patient survival.

LDHA and brain tumour
evasion of the immune
response
Again, it is thought that lactate generation,
promoted by LDHA, is the predominant
cause of LDHA-mediated evasion of
the immune response [34]. A study in
GBMs revealed that LDHA induced the
transcription and expression of natural
killer group 2 member D (NKG2D) ligands
on circulating monocytes and tumour
infiltrating myeloid cells [35]. Chronic
exposure to NKG2D ligands expressed by
monocytes down-regulates the expression
of NKG2D receptors on natural killer
cells, preventing their ability to lyse
NKG2D ligand-expressing tumour cells
[36]. Previous studies in glioma have also
shown that TGF-β can decrease NKG2D
expression on NK cells in vitro [37]. As
discussed previously, lactate production by
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LDHA activates TGF-β in glioma [33]; therefore it is possible
that LDHA also activates TGF-β to promote evasion of the
immune response.

LDHA and the brain tumour
microenvironment
LDHA can influence the tumour microenvironment through
generation of lactate which lowers pH. Primary brain
tumours have been found to have a mean pH of 6.8 and as
low as 5.9 compared to normal brain tissue which has a pH
of 7.1 [38]. It has also been shown that an acidic pH induces
glioma stem cell markers and promotes angiogenesis and
malignancy, furthermore in vitro elevation of pH reversed
these effects [39]. Angiogenesis is a hallmark of many
tumours, including GBMs, and is stimulated by angiogenic
factors including VEGF and IL-8. An acute acidic extracellular
pH has been shown to promote up-regulation of VEGF
in human glioma cells independently of hypoxia and
furthermore hypoxia and acidic pH did not have a synergistic
effect on VEGF transcription [40].

LDHA therapy development
There are several LDHA inhibitors which have been used in
vitro and in vivo studies in many types of cancer including
oxamate [41], Galloflavin [42], Mn(II) complexes [43],
quinoline 3-sulfonamides [44], azido and alkyne compounds
[45] and N-hydroxyindole-based (NHI) inhibitors [46], all of
which show promise but still require refinement in terms of
specificity, potency and reducing toxic effects.
Unpublished studies by the Pilkington group have also
shown that oxamate significantly reduces the proliferation
and motility of MB cell lines. However in terms of brain
tumours, Gossypol, a derivative of cotton seed oil, which
inhibits LDHA and LDHC has shown the most promise
[47]. Coyle et al found that gossypol treatment of mouse
xenograft models decreased the mean weight of tumours by
more than 50% and furthermore, the most sensitive glioma
cell lines had higher LDHA expression levels [48]. Gossypol
has been shown to be well tolerated in clinical trials and has
also shown promise in recurrent malignant glioma trials [49,
50]. Two more clinical trials with gossypol and GBM have
been completed (NCT00540722 and NCT00390403) but the
results have not yet been published.

Summary
Research has shown that LDHA and lactate are involved
directly and indirectly in many aspects of tumour growth,
migration, invasion and maintenance in a wide range of
tumours (Figure 2) [3, 34]. Studies of LDHA and lactate in
brain tumours have shown promise but the extent of these
studies is severely lacking. Furthermore, targeting LDHA and
tumour metabolism downstream of pyruvate synthesis is
an attractive option as the effect on non-neoplastic cells
should be minimal. Brain tumours are often more difficult
to treat than other cancers as therapeutic drugs often have
limited propensity to cross the protective blood-brain
barrier (BBB). Although current available LDHA inhibitors are
not approved for clinical use, to our knowledge, no groups
have tested whether any potential LDHA inhibitors are
even able to cross the BBB. This article is a brief summary
of the function of LDHA and brain tumours which has been
reviewed more extensively by Valvona et al [3].
186

References
1. Hanahan D and Weinberg RA. Hallmarks of cancer: the next generation.
Cell 2011; Mar 144: 646-74.
2. Kopperschläger G and KirchbergerJ. Methods for the separation of lactate
dehydrogenases and clinical significance of the enzyme. J Chromatogr B
Biomed Appl 1996;684:25-49.
3. Valvona CJ, Fillmore HL, Nunn PB et al. The Regulation and Function
of Lactate Dehydrogenase A: Therapeutic Potential in Brain Tumor. Brain
Pathol 2015 Aug.
4. Warburg O. On respiratory impairment in cancer cells. Science
1956;124:269-70.
5. Overgaard M, Rasmussen P, Bohm AM, et al. Hypoxia and exercise provoke
both lactate release and lactate oxidation by the human brain. FASEB J.
2012;26:3012-20.
6. Laughton JD, Charnay Y, Belloir B, et al. Differential messenger RNA
distribution of lactate dehydrogenase LDH-1 and LDH-5 isoforms in the rat
brain. Neuroscience 2000; 96:619-25.
7. Goyal MS, Hawrylycz M, Miller JA, et al. Aerobic glycolysis in the human
brain is associated with development and neotenous gene expression. Cell
Metab 2024;19:49-57.
8. Walenta S and Mueller-Klieser WF. Lactate: mirror and motor of tumor
malignancy. Semin Radiat Oncol 2004;14:267-74.
9. Semenza GL, Jiang BH, Leung SW, et al. Hypoxia response elements in
the aldolase A, enolase 1, and lactate dehydrogenase A gene promoters
contain essential binding sites for hypoxia-inducible factor 1. J Biol Chem
1996;271:32529-37.
10. Kolev Y, Uetake H, Takagi Y, et al. Lactate dehydrogenase-5 (LDH-5)
expression in human gastric cancer: association with hypoxia-inducible factor
(HIF-1alpha) pathway, angiogenic factors production and poor prognosis.
Ann Surg Oncol 2008;15:2336-44.
11. Grimm M, Alexander D, Munz A, et al. Increased LDH5 expression is
associated with lymph node metastasis and outcome in oral squamous cell
carcinoma. Clin Exp Metastasis 2013;30:529-40.
12. Koukourakis MI, Giatromanolaki A, Sivridis E, et al. Prognostic and
predictive role of lactate dehydrogenase 5 expression in colorectal cancer
patients treated with PTK787/ZK 222584 (vatalanib) antiangiogenic
therapy. Clin Cancer Res 2011;17:4892-900.
13. Koukourakis MI, Giatromanolaki A, Panteliadou M., et al. Lactate
dehydrogenase 5 isoenzyme overexpression defines resistance of prostate cancer
to radiotherapy. Br J Cancer 2014;110:2217-23.
14. Shim H, Dolde C, Lewis BC, et al. c-Myc transactivation of LDH-A:
implications for tumor metabolism and growth. Proc Natl Acad Sci USA
1997;94:6658-63.
15. Reszec J, Rutkowski R, and Chyczewski L. The expression of hypoxiainducible factor-1 in primary brain tumors. Int J Neurosci
2013;123:657-62.
16. Lu R, Jiang M, Chen Z, et al. Lactate dehydrogenase 5 expression in NonHodgkin lymphoma is associated with the induced hypoxia regulated protein
and poor prognosis. PLoS One 203;8:e74853.
17. Taylor MD, Northcott PA, Korshunov A, et al. Molecular subgroups of
medulloblastoma: the current consensus. Acta Neuropathol
2012;123:465-72.
18. Cui J, Shi M, Xie D, et al. FOXM1 Promotes the Warburg Effect and
Pancreatic Cancer Progression via Transactivation of LDHA Expression. Clin
Cancer Res 2014 Apr.
19. Shi M, Cui J, Du J, et al. A Novel KLF4/LDHA Signaling Pathway Regulates
Aerobic Glycolysis in and Progression of Pancreatic Cancer. Clin Cancer Res
2014;20:4370-80.
20. Priller M, Pöschl J, Abrão L, et al. Expression of FoxM1 is required for the
proliferation of medulloblastoma cells and indicates worse survival of patients.
Clin Cancer Res 2011;17:6791-801.
21. Liu M, Dai B, Kang SH, et al. FoxM1B is overexpressed in human
glioblastomas and critically regulates the tumorigenicity of glioma cells.
Cancer Res 2006;66:3593-602.
22. Nakahara Y, Northcott PA, Li M, et al. Genetic and epigenetic inactivation
of Kruppel-like factor 4 in medulloblastoma. Neoplasia 2010;12:20-7.
23. Reuss DE, Piro RM, Jones DT, et al. Secretory meningiomas are defined
by combined KLF4 K409Q and TRAF7 mutations. Acta Neuropathol
2013;125:351-8.
24. Ueba T, Takahashi JA, Fukumoto M, et al. Expression of fibroblast growth
factor receptor-1 in human glioma and meningioma tissues. Neurosurgery
1994;34:221-5; discussion 225-6.
25. Fan J, Hitosugi T, Chung TW, et al. Tyrosine phosphorylation of lactate
dehydrogenase A is important for NADH/NAD(+) redox homeostasis in
cancer cells. Mol Cell Biol 2011;31:4938-50.

Volume 10 Issue 6 • January/February 2016

NEURO-ONCOLOGY

26. Le A, Cooper CR, Gouw AM, et al. Inhibition of lactate dehydrogenase A
induces oxidative stress and inhibits tumor progression. Proc Natl Acad Sci
USA 2010;107:2037-42.
27. Vander Heiden MG, Cantley LC, and Thompson CB. Understanding
the Warburg effect: the metabolic requirements of cell proliferation. Science
2009;324;1029-33.
28. Chesnelong C, Chaumeil MM, Blough MD, et al. Lactate dehydrogenase
A silencing in IDH mutant gliomas. Neuro Oncol 2014;16:686-95.
29. Brizel DM, Schroeder T, Scher RL, et al. Elevated tumor lactate
concentrations predict for an increased risk of metastases in head-and-neck
cancer. Int J Radiat Oncol Biol Phys 2001;51:349-53.
30. Kato Y, Lambert CA, Colige AC, et al. Acidic extracellular pH induces
matrix metalloproteinase-9 expression in mouse metastatic melanoma cells
through the phospholipase D-mitogen-activated protein kinase signaling. J
Biol Chem 2005;280:10938-44.
31. Goetze K, Walenta S, Ksiazkiewicz M, et al. Lactate enhances motility
of tumor cells and inhibits monocyte migration and cytokine release. Int J
Oncol 2011;39:453-63.
32. Seliger C, Leukel P, Moeckel S, et al. Lactate-Modulated Induction of
THBS-1 Activates Transforming Growth Factor (TGF)-beta2 and Migration
of Glioma Cells In Vitro. PLoS One 2013;8: e78935.
33. Baumann F, Leukel P, Doerfelt A, et al. Lactate promotes glioma migration
by TGF-beta2-dependent regulation of matrix metalloproteinase-2. Neuro
Oncol 2009;11:368-80.
34. Hirschhaeuser F, Sattler UG, Mueller-Klieser W. Lactate: a metabolic key
player in cancer. Cancer Res 2011;71:6921-5.
35. Crane CA, Austgen K, Haberthur K, et al. Immune evasion mediated
by tumor-derived lactate dehydrogenase induction of NKG2D ligands on
myeloid cells in glioblastoma patients. Proc Natl Acad Sci USA 2014 Aug.

BioMedES Ltd

Producing the very best definitive versions of
your biomedical reports and papers
www.biomedes.co.uk
Why not contact us at:
BioMedES Ltd
Leggat House, Keithhall,
Inverurie, AB51 0LX, UK.
T: +44-1467-6702809,
F: +44-1467-629123,
E: info@biomedes.co.uk

Never heard of us?

Not surprising, since our operations are
mostly “behind the scenes”. But we may
be able to help you with your publication
problems, from technical notes to e-books.

36. Oppenheim DE, Roberts SJ, Clarke SL, et al. Sustained localized
expression of ligand for the activating NKG2D receptor impairs natural
cytotoxicity in vivo and reduces tumor immunosurveillance. Nat Immunol,
vol. 6, pp. 928-37, Sep 2005.
37. Crane CA, Han SJ, Barry JJ, et al. TGF-beta downregulates the activating
receptor NKG2D on NK cells and CD8+ T cells in glioma patients. Neuro
Oncol 2010;12:7-13.
38. Vaupel P, Kallinowski F, and Okunieff P. Blood flow, oxygen and nutrient
supply, and metabolic microenvironment of human tumors: a review. Cancer
Res 1989;49:6449-65.
39. Hjelmeland AB, Wu Q, Heddleston JM, et al. Acidic stress promotes a
glioma stem cell phenotype. Cell Death Differ 2011;18:829-40.
40. Fukumura D, Xu L, Chen Y, et al. Hypoxia and acidosis independently
up-regulate vascular endothelial growth factor transcription in brain tumors
in vivo. Cancer Res 2001;61:6020-4.
41. Zhai X, Yang Y, Wan J, et al. Inhibition of LDH-A by oxamate induces
G2/M arrest, apoptosis and increases radiosensitivity in nasopharyngeal
carcinoma cells. Oncol Rep 2013;30:2983-91.
42. Farabegoli F, Vettraino M, Manerba M, et al. Galloflavin, a new lactate
dehydrogenase inhibitor, induces the death of human breast cancer cells with
different glycolytic attitude by affecting distinct signaling pathways. Eur J
Pharm Sci 2012;47:729-38.

What does BioMedES do?   
• BioMedES reworks sound scientific papers,
technical reports, and other (biomedical)
documents, putting them into the most
idiomatic English and passes the most stringent
peer review and quality control assessments
• It copy edits for a number of big biomedical
publishing houses
• Runs four journals in the life sciences

43. Xue JJ, Chen QY, Kong MY, et al. Synthesis, cytotoxicity for mimics of
catalase: Inhibitors of lactate dehydrogenase and hypoxia inducible factor.
Eur J Med Chem 2014;80C:1-7.

• It provides the Secretariat for an international
organisation for cell biology (www.ifcbiol.org)
and an enterprise company

44. Billiard J, Dennison JB, Briand J, et al. Quinoline 3-sulfonamides inhibit
lactate dehydrogenase A and reverse aerobic glycolysis in cancer cells. Cancer
Metab 2013;1:19.

• It prepares and publishes e-books in
biomedicine

45. Moorhouse AD, Spiteri C, Sharma P, et al. Targeting glycolysis: a fragment
based approach towards bifunctional inhibitors of hLDH-5. Chem Commun
(Camb) 2011;47:230-2.

• It designs logos for biomedical and many other
organisations

46. Granchi C, Roy S, Giacomelli C, et al. Discovery of N-hydroxyindole-based
inhibitors of human lactate dehydrogenase isoform A (LDH-A) as starvation
agents against cancer cells. J Med Chem 2011;54:1599-612.
47. Lee CY, Moon YS, Yuan JH, et al. Enzyme inactivation and inhibition by
gossypol. Mol Cell Biochem 1982;47:65-70.
48. Coyle T, Levante S, Shetler M, at al. In vitro and in vivo cytotoxicity of
gossypol against central nervous system tumor cell lines. J Neurooncol
1994;19:25-35.

• It collates and prepares abstracts for scientific
and other meetings
• The company is involved in arranging both
national and international conferences
• It also runs courses on scientific and medical
writing, and on electronic publishing at home
and abroad

49. Bushunow P, Reidenberg MM, Wasenko J, et al. Gossypol treatment of
recurrent adult malignant gliomas. J Neurooncol 1999;43:79-86.
50. Stein RC, Joseph AE, Matlin SA, et al. A preliminary clinical study of
gossypol in advanced human cancer. Cancer Chemother Pharmacol
1992;30:480-2.

Volume 10 Issue 6 • January/February 2016

187

