
REVIEW

Glycolysis inhibition for anticancer treatment

H Pelicano1, DS Martin2,{, R-H Xu3 and P Huang1

1The University of Texas MD Anderson Cancer Center, Houston, TX, USA; 2Memorial Sloan-Kettering Cancer Center, New York,
NY, USA and 3Department of Medical Oncology, Sun Yat-sen University Cancer Center, Guangzhou, China

Most cancer cells exhibit increased glycolysis and use this
metabolic pathway for generation of ATP as a main
source of their energy supply. This phenomenon is known
as the Warburg effect and is considered as one of the most
fundamental metabolic alterations during malignant
transformation. In recent years, there are significant
progresses in our understanding of the underlying
mechanisms and the potential therapeutic implications.
Biochemical and molecular studies suggest several possi-
ble mechanisms by which this metabolic alteration may
evolve during cancer development. These mechanisms
include mitochondrial defects and malfunction, adaptation
to hypoxic tumor microenvironment, oncogenic signaling,
and abnormal expression of metabolic enzymes. Impor-
tantly, the increased dependence of cancer cells on
glycolytic pathway for ATP generation provides a
biochemical basis for the design of therapeutic strategies
to preferentially kill cancer cells by pharmacological
inhibition of glycolysis. Several small molecules have
emerged that exhibit promising anticancer activity in vitro
and in vivo, as single agent or in combination with other
therapeutic modalities. The glycolytic inhibitors are
particularly effective against cancer cells with mitochon-
drial defects or under hypoxic conditions, which are
frequently associated with cellular resistance to conven-
tional anticancer drugs and radiation therapy. Because
increased aerobic glycolysis is commonly seen in a wide
spectrum of human cancers and hypoxia is present in most
tumor microenvironment, development of novel glycolytic
inhibitors as a new class of anticancer agents is likely to
have broad therapeutic applications.
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Introduction

Therapeutic selectivity, or preferential killing of cancer
cells without significant toxicity to normal cells, is one of

the most important considerations in cancer chemother-
apy. Understanding the biological differences between
normal and cancer cells is essential for the design and
development of anticancer drugs with selective antic-
ancer activity. In the recent years, tremendous progress
has been made in our understanding of the molecular
mechanisms of cancer, in identification of specific genes
and signaling pathways involved in carcinogenesis and
cancer progression, and in developing chemical com-
pounds or specific antibodies that specifically target the
oncogenic molecules. Such target-specific agents have
major advantages over the traditional chemotherapeutic
compounds in that the targeting agents specifically
interact with the key molecular players in cancer cells
and have low toxicity to the normal cells. New agents
with a high degree of target specificity and clinical
therapeutic activity, exemplified by Gleevec (imatinib),
Iressa (gefitinib), herceptin (trastuzumab), and rituxi-
mab, represent an exciting direction for cancer drug
development. However, the mechanisms underlying
cancer development and the disease progression are
extremely complex, and it is now recognized that in
many types of cancers there are multiple genetic and
epigenetic alterations. Even within a specific cancer type,
the malignant cell populations are heterogeneous and
contain diverse genetic changes, which further alter over
time because of genetic instability as the disease
progresses. As such, it would be difficult to specifically
kill these cancer cells by targeting a single gene. Proper
combination of multiple target-specific agents may be
required to effectively eliminate the entire cancer cell
population. An alternative strategy to achieve both
therapeutic selectivity and efficiency is to take advantage
of the fundamental difference between cancer cells and
normal cells in their biochemical metabolism. One of the
most prominent metabolic alterations in cancer cells is
the increase in aerobic glycolysis and the dependency on
glycolytic pathway for ATP generation, known as the
Warburg effect (Warburg et al., 1924; Warburg, 1930,
1956). As this metabolic alteration is frequently seen in
cancer cells of various tissue origins, targeting the
glycolytic pathway may preferentially kill the malignant
cells and likely have broad therapeutic implications.
This review article will summarize several important
aspects of the glycolytic pathway in cancer, compounds
that inhibit glycolysis and other relevant metabolic
processes, and their potential applications in cancer
treatment.
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The glycolytic pathway

Glycolysis is a series of metabolic processes by which
one molecule of glucose is catabolized to two molecules
of pyruvate with a net gain of two ATP. The following
equation shows the overall glycolytic reaction:

Glucoseþ2 Pi þ 2 ADP þ 2 NADþ !
2 Pyruvateþ2 ATP þ 2 NADH þ 2 Hþ þ 2 H2O

The glycolytic pathway is also known as the Embden–
Meyerhof pathway, which has two phases, the priming
phase and the energy-yielding phase. As illustrated in
Figure 1, the priming phase uses two molecules of ATP
to convert glucose to fructose-1,6-bisphosphate through
sequential reactions catalysed by hexokinase, phospho-
glucose isomerase, and phosphofructokinase. In the

second phase, fructose-1,6-bisphosphate is further con-
verted stepwise into pyruvate with the production of
four molecules of ATP and two molecules of NADH.
During this process, two ADP and two NADþ are
consumed. In the absence of oxygen, NADþ is
regenerated from NADH by reduction of pyruvate to
lactic acid catalysed by lactate dehydrogenase (LDH).
Under aerobic conditions, pyruvate can be further
oxidized to CO2 and H2O in the mitochondria through
the tricarboxylic acid (TCA) cycle and the respiratory
chain, yielding large amount of ATP.

As illustrated in Figure 1, each reaction in the
glycolytic pathway is catalysed by a specific enzyme or
enzyme complex. In addition to their well-characterized
enzymatic activities, recent studies suggest that some of
the glycolytic enzymes are multi-functional proteins.
For instance, hexokinase, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and enolase have been
implicated to play a role in transcriptional regulation
(Niederacher and Entian, 1991; Herrero et al., 1995; Feo
et al., 2000; Rodriguez et al., 2001; Zheng et al., 2003).
Hexokinase and GAPDH may regulate apoptosis
(Ishitani and Chuang, 1996; Shashidharan et al., 1999;
Tajima et al., 1999; Dastoor and Dreyer, 2001; Gottlob
et al., 2001; Pastorino et al., 2002; Rathmell et al., 2003;
Majewski et al., 2004), and glucose-6-phosphate iso-
merase can affect cell motility (Liotta et al., 1986;
Nabi et al., 1990; Watanabe et al., 1996; Niinaka et al.,
1998; Sun et al., 1999). Furthermore, although glycolysis
is the classical metabolic pathway that generates pyru-
vate, other metabolic reactions such as conversion of
xylulose-5-phosphate to glyceraldehyde-3-phosphate
through the pentose phosphate pathway by transketo-
lase also produce the metabolic intermediate that
channel to the second phase of the glycolytic pathway
(Figure 1, dashed arrows), yielding pyruvate and ATP.
Interestingly, overexpression of the transketolase-like
enzyme 1 (TKTL1) in cancer cells has recently been
reported (Coy et al., 2005). The authors suggest that
since transketolase regulate glucose metabolic flow into
the pentose phosphate pathway, overexpression of
TKTL1 may cause an increase in pentose phosphate
pathway activity, leading to increased generation of
glyceraldehyde-3-phosphate, which in turn is used in the
energy-yielding phase of the glycolytic pathway (Coy
et al., 2005).

Hexokinase
The ATP-dependent phosphorylation of glucose to form
glucose-6-phosphate (G-6-P) is the first and rate-limiting
reaction in glycolysis, and is catalysed by tissue-specific
isoenzymes known as hexokinases. This phosphoryla-
tion converts the nonionic glucose to an anion (G-6P)
that is trapped in the cells. Glucose-6-phosphate serves
as the starting point for the sugar to enter the glycolic
pathway or the pentose phosphate pathway (Figure 1),
or for glycogen synthesis. Four mammalian isozymes of
hexokinase (Types I–IV) have been identified, with the
Type IV isozyme often referred to as glucokinase and
found in hepatocytes. Glucokinase has a higher Km for
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Figure 1 Glycolytic pathway and its metabolic interconnection
with the pentose phosphate pathway. The solid arrows indicate
glycolytic reactions, whereas the dashed arrows show the pentose
phosphate pathway. The green arrows indicate further metabolism
of pyruvate downstream of glycolysis. Pentavalent arsenic com-
pound (H3AsO4) abolishes ATP generation by causing arsenolysis
in the glyceraldehyde-3-phosphate dehydrogenase reaction. HK,
hexokinase; PGI, phosphoglucose isomerase; PFK, phosphofruc-
tokinase; TPI, triosephosphate isomerase; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase; PGK, phosphoglycerate kinase;
PGM, phosphoglycerate mutase; PK, pyruvate kinase; PDH:
pyruvate dehydrogenase; LDH: lactate dehydrogenase.
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glucose than other isozymes. The regulation of hexoki-
nase and glucokinase activities is also different. Hex-
okinases I, II, and III are allosterically inhibited by
product accumulation (G-6-P), whereas glucokinases
are not. These enzyme properties favor glucose storage
in the liver during times of glucose excess and peripheral
glucose utilization. Hexokinases are 100 kDa molecules
thought to have evolved by duplication and fusion of a
gene encoding an ancestral 50 kDa hexokinase. Thus,
these isozymes display internal sequence repetition, and
the N- and C-terminal halves have extensive sequence
similarity (Bork et al., 1993; Wilson, 1995; Cárdenas
et al, 1998). Several studies demonstrate that hexoki-
nase, particularly the Type II isoform (HK II), plays a
critical role in initiating and maintaining the high
glucose catabolic rates of rapidly growing tumors. Most
immortalized and malignant cells display increased
expression of HK II, which might contribute to elevated
glycolysis (Bustamante and Pedersen, 1977; Arora et al.,
1990; Rempel et al., 1996). At the genetic level, certain
tumor cells exhibit increased gene copy number of Type
II hexokinase. At the transcriptional level, the gene
promoter shows a wide promiscuity toward multiple
signals activated by glucose, insulin, hypoxic conditions,
and phorbol esters, all of which enhance the rate of
transcription (Mathupala et al., 1997b; Pirinen et al.,
2004). It has also been suggested that the tumor
suppressor p53 may be involved in regulating hexoki-
nase gene transcription (Mathupala et al., 1997a).

At the protein level, hexokinases are either free in the
cytosol or bound to the mitochondrial outer membrane
(Wilson, 2003). The mitochondria-bond hexokinase
seems to have the advantage of using ATP produced
by oxidative phosphorylation as the substrate to
phosphorylate glucose (Golshani-Hebroni and Bess-
man, 1997; Pastorino and Hoek, 2003). It was estimated
that approximately 70% of cellular hexokinase is
associated with mitochondria under basal metabolic
conditions (Lynch et al, 1991). These findings suggest
that oxidative phosphorylation may be efficiently
coupled to the glycolytic pathway via the mitochon-
drial-bound hexokinase. Furthermore, hexokinase binds
to the outer mitochondrial membrane at sites where the
voltage-dependent anion channel (VDAC) is located
(Wilson, 2003). This places the complex in close
association with the adenine nucleotide translocator
(ANT), which spans the inner mitochondrial membrane
and facilitates the exchange of cytoplasmic ADP for
mitochondrial ATP. Since recent studies suggest that
VDAC/ANT may play an important role in regulating
mitochondrial permeability transition and release of
apoptotic factors such as cytochrome c, it is suspected
that hexokinase may also participate in the apoptotic
pathway. For instance, mitochondrial hexokinase activ-
ity seems to be required for the growth factor-induced
cell survival, and Akt (protein kinase B) signaling
appears to promote the association of hexokinase with
VDAC on the mitochondrial membrane and enhance
the mitochondrial hexokinase activity, leading to
inhibition of apoptosis (Gottlob et al., 2001; Bryson
et al., 2002). The molecular mechanism underlying the

antiapoptotic effect of hexokinase is still unclear. Akt-
mediated activation of mitochondrial hexokinase seems
to inhibit cytochrome c release and apoptosis by
antagonizing the proapoptotic function of tBid, which
is an activator of apoptotic molecules Bax and Bak
(Pastorino et al., 2002; Rathmell et al., 2003; Majewski
et al., 2004). Analysis of mitochondrial protein com-
plexes has revealed that glucokinase, a type IV
hexokinase expressed predominantly in liver, is present
in a mitochondrial complex that contains another
VDAC-interacting protein BAD (Danial et al., 2003).
BAD is a pro-apoptotic Bcl-2 family member that
induces apoptosis by inhibiting the anti-apoptotic
molecule Bcl-XL. Transgenic mice expressing a non-
phosphorylated BAD display aberrantly reduced mito-
chondrial glucokinase activity and reduced glucose
tolerance, a condition found in diabetes (Danial et al.,
2003). Thus, it appears that hexokinase and its associa-
tion with mitochondrial protein complex may play
important roles in the essential homeostatic processes
such as glucose metabolism and apoptosis. Inhibition of
this enzyme is likely to have profound effects on cellular
energy metabolism and survival. Thus, hexokinase is an
attractive target for anticancer agents.

Glucose-6-phosphate isomerase
The interconversion of G-6-P and fructose-6-phosphate
is catalysed by phosphoglucose isomerase (PGI), which
plays an important role in both the glycolytic and
gluconeogenesis pathways (Harrison, 1974). Interest-
ingly, recent studies have revealed that GPI can also
function as an autocrine motility factor (AMF), which is
secreted from the tumor cells to promote cell motility
and proliferation (Niinaka et al., 1998; Sun et al, 1999).
Autocrine motility factor and its receptor AMFR (gp78)
were originally identified in melanoma and oncogene-
transfected metastatic NIH3T3 cells, and the AMF/
AMFR interaction seems to stimulate tumor cell
migration in vitro and enhance metastasis and angiogen-
esis in vivo (Liotta et al, 1986; Nabi et al., 1990;
Watanabe et al., 1996; Funasaka et al., 2001, 2002).
Autocrine motility factor receptor is overexpressed in
various metastatic tumors and is correlated with a poor
prognosis (Hirono et al., 1996). The presence of GPI in
serum and urine is associated with cancer progression
and indicates poor prognosis (Baumann and Brand,
1988; Baumann et al., 1990; Filella et al., 1991). The
expression of PGI is stimulated by hypoxia (Yoon et al.,
2001; Niizeki et al., 2002). Thus, in addition to its well-
defined enzymatic activity in the glycolytic pathway,
GPI also functions as a cytokine extracellularly and is
associated with aggressive malignant behaviors.

Phosphofructokinase
This enzyme catalyses the rate-limiting phosphorylation
of fructose-6-phosphate to fructose-1,6-bisphosphate,
using ATP as the energy source. Phosphofructokinase
is allosterically regulated by 2,3-diphosphoglycerate
(DPG) (Layzer et al, 1969). Three forms of phospho-
fructokinase, M (muscle), L (liver), and P (platelet),
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have been identified in humans (Vora, 1983).
The involvement of phosphofructokinase in cancer is
unclear.

Aldolase
Aldolase catalyses the reversible conversion of fructose-
1,6-bisphosphate to glyceraldehyde-3-phosphate and
dihydroxyacetone phosphate. Aldolase is a tetramer of
identical subunits of 40 kDa each. Three distinct
isoenzymes (A–C) have been identified. Interestingly,
this enzyme becomes elevated in the serum of patients
with certain malignant tumors (Taguchi and Takagi,
2001). Proteome analysis indicates that this enzyme is
overexpressed in human lung squamous carcinoma
(Li et al., 2006).

Glyceraldehyde-3-phosphate dehydrogenase
Glyceraldehyde-3-phosphate dehydrogenase is well
known as a classical glycolytic enzyme encoded by a
‘housekeeping gene’ which is constitutively expressed in
most cells. This enzyme catalyses an essential redox
reaction in the glycolytic pathway: conversion of
glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate
coupled with the reduction of NADþ to NADH.
Glyceraldehyde-3-phosphate dehydrogenase is unique
among the glycolytic enzymes because of its ability to
bind NADþ or NADH, and also to DNA and RNA
(Perucho et al., 1980; Grosse et al., 1986; Nagy et al.,
2000). This unique property enables this protein to
affect multiple cellular processes including endocytosis,
membrane fusion, vesicular secretory, nuclear tRNA
transport, and DNA replication and repair (Sirover,
2005). Nuclear GAPDH forms an Oct-1 transcriptional
coactivator complex, OCA-S, which is an S-phase-
dependent transactivator of the gene encoding histone
H2B (Zheng et al., 2003). The DNA-binding property of
GAPDH is enhanced when the NADH/NADþ ratio is
low, leading to enhanced OCA-S activity and H2B
expression. Interesting, GAPDH is implicated in apop-
tosis when it is translocated into the nucleus (Chuang
et al., 2005), although the molecular mechanism
responsible for its nuclear translocation and its role in
cancer remain to be defined.

Phosphoglycerate kinase
This enzyme catalyses the conversion of 1,3-bisphos-
phoglycerate to 3-phosphoglycerate coupled with the
generation of ATP from ADP. Two isozymes of PGK
have been identified. Phosphoglycerate kinase (PGK)-1
is ubiquitously expressed in somatic cells, whereas PGK-
2 seems to express only in spermatozoa (VandeBerg,
1985). Phosphoglycerate kinase consists of two domains
that are connected by a conserved hinge with the ADP/
ATP-binding site located in the C-terminal domain and
the phosphoglycerate-binding site in the N-terminal
domain. A conformational rearrangement involving
bending of the hinge occurs upon binding of both
substrates, bringing them in position for phosphate
transfer.

Phosphoglycerate mutase
The glycolytic enzyme phosphoglycerate mutase cata-
lyses the interconversion of glycerate-3-phosphate and
glycerate-2-phosphate. Phosphoglycerate mutase re-
quires D-glycerate-2,3-diphosphate for activation by
donating one of its phosphoryl groups to form a
covalently linked phosphoryl enzyme. A recent study
using proteome analysis showed that this enzyme seems
to be differentially overexpressed in human lung
squamous carcinoma (Li et al., 2006).

Enolase
Enolase catalyses the conversion of 2-phosphoglycerate
to phosphoenolpyruvate. The enzyme is highly con-
served, and tissue-specific isoforms are found with
minor kinetic differences (Marangos et al., 1978). Three
major isoforms of enolase have been identified in
mammals. The a-isoform is expressed in fetal cells and
other adult cell types, the b-isoform is expressed in
striated muscle, and the g-isoform is neuron-specific.
The expression of enolase is regulated both develop-
mentally and tissue specifically, but the enzyme kinetic
properties of all isoenzymes are similar. A recent
proteome analysis showed that a-enolase is overex-
pressed in human lung squamous carcinoma (Li et al.,
2006).

Pyruvate kinase
Pyruvate kinase (PK) catalyses the irreversible phos-
phoryl group transfer from phosphoenolpyruvate to
ADP, yielding pyruvate and ATP. Pyruvate is an
essential metabolic intermediate that channels into
several metabolic pathways. Pyruvate kinase is a
tetramer that is allosterically activated by phosphoe-
nolpyruvate and negatively regulated by ATP. Interest-
ingly, tumor cells in particular express the PK isoenzyme
type M2 (M2-PK), which seem to regulate the propor-
tions of glucose carbons for synthetic processes or for
glycolytic energy production (Mazurek et al., 2005). The
dimeric form of M2-PK is present predominantly in
tumor cells (known as tumor M2-PK), and such
dimerization appears to be caused by direct interaction
of M2-PK with certain oncoproteins. This regulatory
mechanism is thought to allow tumor cells to survive
in environments with varying oxygen and nutrients
(Mazurek et al., 2005).

Lactate dehydrogenase
Lactate dehydrogenase is a tetramer of A and B
subunits, encoded by two separate genes. This enzyme
catalyses the conversion of pyruvate to lactate coupled
with an oxidation of NADH to NADþ , which is
essential for the glycolytic pathway. Interestingly,
LDH-A gene is controlled by hypoxia inducible factor
(HIF)-1a, whereas LDH-B gene is not regulated by low
oxygen. In addition to its essential role in glucose
metabolism, LDH-A isoform has been identified as a
single-stranded-DNA-binding protein (Cattaneo et al.,
1985; Grosse et al., 1986). Lactate dehydrogenase-5 was
also identified as a DNA-helix-destabilizing protein and
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speculated to be involved in transcription (Williams
et al., 1985). The binding of LDH-A to single-stranded
DNA is inhibited by NADH, which induces conforma-
tional change and modulates the DNA-binding activity
of LDH (Cattaneo et al., 1985; Williams et al., 1985).
More recent biochemical studies suggest that LDH-A
and LDH-B are components of a cell-cycle-dependent
transcriptional coactivator (Zheng et al, 2003). These
unexpected observations indicate that a fraction of
LDH might participate in DNA replication and RNA
transcription.

Increase of aerobic glycolysis in cancer

The phenomenon of aerobic glycolysis increase in cancer
cells was first described by Otto Warburg (1930) over 70
years ago. He showed that compared to normal cells,
malignant cells exhibit significantly elevated glycolytic
activity even in the presence of sufficient oxygen, and
considered this phenomenon as the most fundamental
metabolic alteration in malignant transformation, or
‘the origin of cancer cells’ (Warburg, 1956). Although
the cause–effect relationship between the increase in
aerobic glycolysis and the development of cancer
is controversial (Zu and Guppy, 2004), increased
glycolysis has been consistently observed in many
cancer cells of various tissue origins (for a review, see
Semenza et al., 2001), suggesting that this metabolic
alteration is common in cancer. Indeed, the positron
emission tomography (PET) widely used in clinical
diagnosis of cancer is based on the fact that cancer
cells are highly glycolytic and actively uptake glucose.
The Warburg effect can be viewed as a prominent
biochemical symptom of cancer cells that reflects a
fundamental change in their energy metabolic
activity. Several mechanisms have been suggested to
affect energy metabolism and thus contribute to the
Warburg effect. These mechanisms include (1) mito-
chondrial defects, (2) adaptation to hypoxic environ-
ment in cancer tissues, (3) oncogenic signals, and (4)
abnormal expression of certain metabolic enzymes.

Table 1 provides a summary and explanations of these
possible mechanisms.

Mitochondrial respiration injury
Mitochondrial respiration injury has long been sus-
pected to be a factor responsible for increased glycolysis
in cancer cells (Warburg, 1956), although the underlying
molecular mechanisms remain unclear. Subsequent
studies revealed that mitochondrial DNA (mtDNA)
has high rates of mutations in cancer cells (for a review,
see Carew and Huang, 2002; Singh, 2004; Taylor and
Turnbull, 2005). For instance, frequent mtDNA muta-
tions have been observed in prostate cancer (Chen and
Kadlubar, 2004), breast cancer (Zhu et al., 2005), gastric
cancer (Zhao et al., 2005), and leukemia (Carew et al.,
2003). Several factors seem to contribute to the high
mutation rates in mtDNA. These factors include the
close physical location of mtDNA to the ROS genera-
tion sites in the mitochondria, lack of histone protec-
tion, and weak DNA repair capacity in the
mitochondria. Because the mitochondria genome en-
codes 13 important protein components of the respira-
tory chain, mutations in mtDNA are likely to affect its
encoded proteins and compromise the function of the
respiratory chain. Since most of the mtDNA is
structural gene sequence without introns, the possibility
is high that a mutation in mtDNA would cause
malfunction of the respiratory chain. Because oxidative
phosphorylation in the mitochondria and glycolysis in
the cytosol are two major metabolic pathways, by which
ATP may be generated from glucose, malfunction of the
mitochondrial respiratory chain would force the cells to
use glycolytic pathway to generate ATP. Because the
production of ATP is much more efficient through
oxidative phosphorylation (36 ATP per glucose) than by
glycolysis (two ATP per glucose), a small loss of
respiratory function would require a substantial increase
of glycolytic activity to maintain the energy balance.

Hypoxia
Hypoxia is a strong modulator of energy metabolism.
Without mtDNA mutations, a functional defect in

Table 1 Potential mechanisms leading to increase in glycolysis in cancer cells

Mechanism Explanation/example Reference

1. Mitochondrial defects mtDNA mutations lead to malfunction in respiration
and oxidative phosphorylation

Carew and Huang (2002), Singh (2004), Taylor and
Turnbull (2005)

2. Hypoxia Adaptation to respiratory suppression owing to lack
of oxygen in microenvironment

Gatenby and Gillies (2004), Brahimi-Horn and
Pouyssegur (2005)

3. Oncogenic signals Ras, Src Flier et al. (1987), Ramanathan et al. (2005)
Akt, Elstrom et al. (2004), Gottlob et al. (2001)
Bcr-abl Boren et al. (2001), Serkova and Boros (2005)

4. Altered metabolic enzymes Hexokinase II Bustamante and Pedersen (1977), Rempel et al.
(1996)

TKTL1 overexpression Coy et al. (2005)
FH and SDH mutation Astuti et al. (2001), Neumann et al. (2004), Pawlu

et al. (2005), Selak et al. (2005)

MtDNA, mitochondrial DNA; TKTL1, transketolase-like enzyme 1; FH, fumarate hydratase; SDH, succinate dehydrogenase.
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mitochondrial respiration may also force the cancer cells
to use glycolytic pathway for ATP when oxygen is
limited. This most likely occurs when cancer cells are in
a hypoxic tissue environment. It is well documented that
hypoxia is frequently present in human malignancies,
especially in solid tumor tissues when the tumor mass
reaches certain size and oxygen penetration becomes
limited. Under such conditions, oxidative phosphoryla-
tion may not proceed normally because of insufficient
oxygen, even if the mitochondria in cancer cells do not
have structural defects. Increased glycolysis will result in
elevated production of lactate, which leads to acidifica-
tion of tumor tissue and provides a microenvironment
that promotes and selects cells with malignant beha-
viors. Thus, increase in glycolysis may be viewed as
cellular adaptation to hypoxia (Gatenby and Gillies,
2004). The cellular response to hypoxia is controlled in
part by HIF-1, which activates the expression of target
genes involved in angiogenesis, glucose uptake, glyco-
lysis, growth factor signaling, apoptosis, invasion, and
metastasis (Brahimi-Horn and Pouyssegur, 2005). Im-
portantly, hypoxia has been associated with drug
resistance and reduced sensitivity to radiation therapy,
due in part to upregulation of HIF-1 and activation of
survival molecules such as Akt and nuclear factor-kB.
Therapeutic resistance associated with hypoxia is a
significant problem in clinical treatment of cancer, and
inhibition of glycolysis may provide a novel approach to
overcoming such resistance. In fact, recent studies
showed that under hypoxic conditions, cells exhibited
increased sensitivity to glycolytic inhibitors 2-deoxy-
glucose (2-DG), oxamate, or 3-bromopyruvate (3-BrPA)
(Liu et al., 2002; Maher et al., 2004; Xu et al, 2005b).

Studies using gene transfection approaches have
revealed an intriguing possible mechanism by which
malignant transformation by oncogenic signals may
regulate energy metabolic pathways and renders the
cancer cells highly glycolytic and become addictive to
glycolysis for ATP production. Early studies in rodent
cells showed that transfection with ras or src oncogenes
led to a marked increase in the glucose uptake,
accompanied by an increase in the expression of glucose
transporter at both the mRNA and protein levels (Flier
et al., 1987). In embryotic cells, H-ras was shown to
stimulate glycolysis and inhibits oxygen consumption
(Biaglow et al., 1997). The important role of Ras in
promoting glycolysis was recently demonstrated in a
study, in which transformation of cells by hTERT, SV-
40T/t, and H-ras caused an increase in glycolysis
dependency, and as the cells progressed toward a more
tumorigenic state, they became more sensitive to the
glycolytic inhibitor 2-DG (Ramanathan et al., 2005).
Interestingly, inhibition of H-ras by trans-farnesylthio-
salicylic acid resulted in inhibition of glycolysis and cell
death in human glioblastoma U87 cells, with concomi-
tant decrease in HIF-1a and glycolytic enzymes (Blum
et al., 2005).

The phosphatidylinositol 3-kinase (PI3K)/Akt signal-
ing pathway, which promotes malignant transformation
(Karnauskas et al., 2003), has also been shown to
enhance aerobic glycolysis and render cells dependent

on glycolysis for survival (Elstrom et al., 2004). Several
studies demonstrated that the signaling through the
insulin receptor activates PI3K and Akt and result in
stimulation of glucose uptake and glycolysis (Ruderman
et al., 1990; Burgering and Coffer, 1995). After diffusion
into cells through facilitative transport, which can be
activated by Akt (Kohn et al, 1996; Rathmell et al.,
2003), glucose is converted to G-6-P by hexokinase,
preventing diffusion out of the cells through the
bidirectional transporters. Thus, the activity of hexo-
kinase play a key role in regulating the glucose uptake,
and the activated forms of Akt have been shown to
stimulate hexokinase activity (Gottlob et al., 2001;
Rathmell et al., 2003). Interestingly, Akt has also been
shown to phosphorylate and activate phosphofructo-
kinase and release the inhibition of phosphofructokinase
by ATP (Van Schaftingen and Hers, 1986; Deprez et al.,
1997).

Another oncogene Bcr-Abl has also been implicated
to play a role in glycolysis, and inhibition of Bcr-Abl by
Gleevec seems to reverse the Warburg effect by switch-
ing glucose metabolism from glycolysis to mitochondrial
oxidative phosphorylation (Gottschalk et al., 2004).
Stable isotope-based dynamic metabolic profiling stu-
dies suggest that in myeloid cells isolated from patients,
non-oxidative ribose synthesis from glucose and de-
creased mitochondrial glucose oxidation appear to be a
metabolic signature of drug resistance and disease
progression (Serkova and Boros, 2005). Together, these
observations suggest that oncogenic signals may play
important roles in regulation of energy metabolism, and
contribute to the Warburg effect.

Alterations of enzyme expression in cancer cells have
also been postulated to cause metabolic changes leading
to the Warburg effect. Increase of hexokinase II
expression in cancer and its possible role in promoting
glycolysis are described above. Notably, it was recently
observed that TKTL1, a transketolase-like enzyme, is
highly expressed in a variety of human cancer tissues
(Coy et al., 2005). The enzyme TKTL1 exhibits ketolase
enzyme activity capable of cleaving xylulose-5-phos-
phate (5-carbon sugar) to glyceraldehyde-3-phosphate
(3-carbon), which can then be channeled to the energy-
yielding phase of the glycolytic pathway to generate
ATP and lactate. The authors suggest that since
transketolase regulate the glucose metabolic flow into
the pentose phosphate pathway, high expression of
TKTL1 would lead to an increased activity of this
pathway to produce pentose-5-phosphates and NADPH
needed for tumor growth, and to generate lactate
through the metabolic intermediate glyceraldehyde-3-
phosphate. This may provide a biochemical explanation
for the Warburg effect (Coy et al., 2005). Interestingly,
inhibition of transketolase by oxythiamine seems to
have anticancer activity (Rais et al., 1999), suggesting an
important role of the pentose pathway in cancer.

Two enzymes of the TCA cycle, fumarate hydratase
(FH) and succinate dehydrogenase (SDH), play a vital
role in ATP production in the mitochondria. Germline
mutations in FH and SDH are associated with certain
hereditary tumors such as leiomyomatosis, renal cell
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carcinoma, pheochromocytoma, and paraganglioma
(Astuti et al., 2001; Pollard et al., 2003; Neumann
et al., 2004; Bayley et al., 2005). The exact underlying
mechanisms are still poorly understood. Several me-
chanisms, including pseudo-hypoxia, mitochondrial
dysfunction and impaired apoptosis, oxidative stress,
and anabolic drive have been postulated to be involved
in this predisposition to neoplasia through TCA cycle
defects (Pollard et al., 2003). A recent study showed that
inhibition of SDH causes an accumulation of succinate,
which suppresses HIF-1a prolyl hydroxylases in the
cytosol, leading to stabilization and activation of the
oncogenic molecule HIF-1a (Selak et al., 2005). As SDH
is an important enzyme involved in energy metabolism
through the TCA cycle and mitochondrial complex II
electron transport, mutations in SDH or loss of this
enzyme activity would compromise the mitochondrial
energy metabolism, leading to accumulation of succi-
nate and abnormal activation of HIF-1a. Thus, SDH
appears to provide a mechanistic link between mito-
chondrial dysfunction and oncogenic events associated
with elevated HIF-1a.

In addition, reactive oxygen species (ROS) is known
to damage the mitochondrial metabolic enzymes such as
aconitase and a-ketoglutarate dehydrogenase, leading to
a suppression of the TCA cycle (Tretter and Adam-Vizi,
2005). Thus, it is possible that the increased ROS
generation in cancer cells associated with their intrinsic
oxidative stress may lead to suppression of the ROS-
sensitive enzymes involved in TCA cycle, forcing the
cells to increase glycolysis to maintain ATP supply.
Oxidative stress seems to be another biochemical
characteristic of cancer cells attributed to multiple
mechanisms including mitochondrial respiratory mal-
function and oncogenic stress (see review, Pelicano
et al., 2004).

Inhibition of glycolysis for anticancer treatment

Although the biochemical and molecular mechanisms
leading to increased aerobic glycolysis in cancer cells are
rather complex and can be attributed to multiple factors
such as mitochondrial dysfunction, hypoxia, and onco-
genic signals, the metabolic consequences seem similar:
the malignant cells become additive to glycolysis and
dependent on this pathway to generate ATP. Because
ATP generation via glycolysis is far less efficient (two
ATP per glucose) than through oxidative phosphoryla-
tion (36 ATP per glucose), cancer cells consume far
more glucose than normal cells to maintain sufficient
ATP supply for their active metabolism and prolifera-
tion. As such, maintaining a high level of glycolytic
activity is essential for cancer cells to survive and
growth. This metabolic feature has led to the hypothesis
that inhibition of glycolysis may severely abolish ATP
generation in cancer cells and thus may preferentially
kill the malignant cells (Munoz-Pinedo et al., 2003;
Izyumov et al., 2004; Xu et al., 2005b). As illustrated in
Figure 2, under physiological conditions, normal cells

with intact mitochondrial function can effectively use
glucose and other metabolic intermediates to generate
ATP through the TCA cycle and oxidative phosphor-
ylation in the mitochondria (green arrows). However,
the ability of cancer cells to use the mitochondrial
respiratory machinery to generate ATP is compromised
for the reason described above. This forces the cancer
cells to increase their glycolytic activity to maintain
sufficient ATP generation. It is postulated that such a
metabolic adaptation eventually renders cancer cells
highly addictive to and dependent on the glycolytic
pathway (red arrows), and become vulnerable to
glycolytic inhibition (Gatenby and Gillies, 2004;
Xu et al., 2005b). When glycolysis is inhibited,
the intact mitochondria in normal cells enable them to
use alternative energy sources such as fatty acids and
amino acids to produce metabolic intermediates chan-
neled to the TCA cycle for ATP production through
respiration. As such, cells with normal mitochondria are
expected to be less sensitive to agents that inhibit
glycolysis.

Recent studies have provided supporting evidence
that inhibition of glycolysis may exert preferential effect
on cells with compromised mitochondrial function due
either to genetic defects or a lack of oxygen. For
instance, inhibition of hexokinase by 3-BrPA causes a
depletion of ATP in cancer cells, and this effect is
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amino acids, fatty acids
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Figure 2 Metabolic basis for targeting the glycolytic pathway as
an anticancer strategy. Cancer cells are more depend on glycolysis
coupled with the pentose phosphate pathway (indicated by the red
arrows) for ATP generation, whereas normal cells with competent
mitochondrial function may use various metabolic intermediates as
energy sources to effectively generate ATP through the mitochon-
drial oxidative phosphorylation (indicated by green arrows).
Inhibition of glycolysis is expected to have a severe impact on
ATP generation and preferentially affect the cancer cells. The
potential target enzymes and respective inhibitors are indicated
in blue. HK, hexokinase; 3-BrPA, 3-bromopyruvate; 2-DG,
2-deoxyglucose; G6PG, glucose-6-phosphate dehydrogenase; 6-AN:
6-aminonicotinamide; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; TKTL1, transketolase-like enzyme 1.
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especially severe in cells with mitochondrial DNA
deletion and respiration defects, leading to massive cell
death (Ko et al., 2001, 2004; Xu et al., 2005b).
Interestingly, inhibition of hexokinase also leads to a
rapid dephosphorylation of Bcl-2-associated death
promoter homolog (BAD), a molecule known to be
importantly involved in both glycolysis and apoptosis
(Danial et al., 2003). Dephosphorylation of BAD at
Ser-112 is associated with re-localization of BAX to
mitochondria, cytochrome c release, and apoptosis (Xu
et al., 2005b). The same study also showed that
inhibition of glycolysis effectively kills colon cancer
cells (HCT116) and lymphoma cells (Raji) in hypoxic
environment, in which cells exhibit high glycolytic
activity and a decreased sensitivity to other anticancer
agents including taxol, doxorubicine, arsenic trioxide,
vincristine, and ara-C. Another glycolytic inhibitor
2-DG also exhibits preferential killing of cancer cells
with mitochondrial defects or under hypoxia (Liu et al,
2001, 2002). Both 3-BrPA and 2-DG also show effective
anticancer activity in animal tumor models (Geschwind
et al., 2002; Ko et al., 2004; Maschek et al, 2004),
suggesting that inhibition of glycolysis is a promising
therapeutic strategy and may have broad clinical
implications.

In addition, the transketolase-like enzyme TKTL1 has
been shown to be overexpressed in cancer cells and may
increase the activity of the pentose phosphate pathway,
leading to generation of glyceraldehyde-3-phosphate
and subsequent production of ATP and lactate (Coy
et al., 2005). Thus, inhibition of the transketolase
enzyme activity may provide another mechanism to
preferentially impact the energy metabolism in cancer
cells. The anticancer activity of oxythiamine (an
inhibitor of transketolase) observed in animal model
provides supporting evidence (Rais et al., 1999). If the
increased glucose flow into the pentose phosphate
pathway is a significant mechanism contributing to the
Warburg effect, inhibitors of this pathway may be useful
as potential anticancer agents.

The observations that cancer cells exhibit increased
glycolysis and are more dependent on this pathway
for ATP generation have led to the evaluation of glyco-
lytic inhibitors as potential anticancer agents. Table 2
lists several compounds that inhibit glycolytic pathway
or suppress the pentose phosphate pathway. Their

mechanisms of action and therapeutic potential are
discussed below.

2-Deoxyglucose
This compound is a glucose analog and has long been
known to act as a competitive inhibitor of glucose
metabolism (Brown, 1962). Upon transport into the
cells, 2-DG is phosphorylated by hexokinase to 2-DG-P.
However, unlike G-6-P, 2-DG-P cannot be further
metabolized by phosphohexose isomerase, which con-
verts G-6-P to fructose-6-phosphate (Weindruch et al.,
2001). 2-Deoxyglucose-P is trapped and accumulated in
the cells, leading to inhibition of glycolysis mainly at the
step of phosphorylation of glucose by hexokinase.
Inhibition of this rate-limiting step by 2-DG causes a
depletion of cellular ATP, leading to blockage of cell
cycle progression and cell death in vitro (Maher et al.,
2004). However, the effectiveness of 2-DG is signifi-
cantly affected by the presence of its natural counterpart
glucose and seems to only partially reduce the avail-
ability of glucose for glycolysis. 2-Deoxyglucose also
affects protein glycosylation, causes aberrant GlcNAcy-
lation of proteins, and induces accumulation of mis-
folded proteins in the endoplasmic reticulum (ER),
leading to ER stress response (Little et al., 1994; Kang
and Hwang, 2005). Interestingly, incubation of cells with
2-DG leads to a decrease in the amount of hexokinase
associated with mitochondria, suggesting that this
compound may also affect the mitochondrial glucose
metabolism (Lynch et al., 1991). In vitro studies show
that 2-DG exhibits cytotoxic effect in cancer cells,
especially those with mitochondrial respiratory defects
or cells in hypoxic environment (Liu et al., 2001, 2002;
Maher et al, 2004). In vivo, 2-DG significantly enhances
the anticancer activity of adriamycin and paclitaxel in
mice bearing human osteosarcoma or non-small-cell
lung cancer xenografts (Maschek et al, 2004). However,
the same study showed that administration of 2-DG
alone did not exhibit significant anticancer activity in
vivo. A recent study showed that 2-DG induces the
expression of P-glycoprotein encoded by the MDR1
gene, raising a possibility that this might help cancer
cells to develop chemoresistance (Ledoux et al., 2003).
A clinical trial suggests that 2-DG at the doses up to
250 mg/kg appears safe for use in combination with

Table 2 Glycolytic inhibitors and compounds that modulate glycolytic metabolism

Compound status Mechanisms of action Drug development

2-Deoxyglucose Inhibits phosphorylation of glucose by hexokinase Clinical trials (I/II)

Lonidamine Inhibits glycolysis and mitochondrial respiration Clinical trials (II/III)
Inhibits HK; disassociating HK from mitochondria

3-Bromopyruvate Inhibits HK; acts as an alkylating agent Pre-clinical

Imatinib Inhibit Bcr-Abl tyrosine kinase; causes a decrease in HK and G6PD activity Approved for clinical use

Oxythiamine Suppresses PPP by inhibiting transketolase; inhibits pyruvate dehydrogenase Pre-clinical

Abbreviations: HK, hexokinase; G6PG, glucose-6-phosphate dehydrogenase; PPP, pentose phosphate pathway.
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radiation therapy in patients with glioblastoma multi-
forme (Singh et al., 2005).

Lonidamine
This compound is a derivative of indazole-3-carboxylic
acid, and has been known for a long time to inhibit
aerobic glycolysis in cancer cells (Floridi et al., 1981). In
cell culture, lonidamine decreases oxygen consumption
in both normal and neoplastic cells. Interestingly, it
seems to enhance aerobic glycolysis in normal cells, but
suppresses glycolysis in cancer cells, likely through
inhibition of the mitochondrially bound hexokinase
(Floridi et al., 1981). Importantly, in vivo administration
of lonidamine to a patient with B-cell chronic leukemia
resulted in a decrease of lactate production comparable
to that observed in vitro (Natali et al., 1984). Subsequent
studies in Ehrlich ascites tumor cells showed that
lonidamine inhibits both respiration and glycolysis in a
dose-dependent manner leading to a decrease in cellular
ATP (Floridi et al., 1998). The same study also showed
that this compound causes an increase in the intracel-
lular content of doxorubicin in both doxorubicin-
resistant and sensitive cells owing to reduced ATP
availability. In human breast cancer MCF-7 cells,
lonidamine enhances the cytotoxicity of several alkylat-
ing agents, including cisplatin, 4-hydroperoxycyclopho-
sphamide, melphalan, and BCNU (Rosbe et al., 1989).
The proven ability of lonidamine to inhibit energy
metabolism in cancer cells and to enhance the activity of
other anticancer agents has led to clinical trials (phase
II–III) of this compound in combination with other
anticancer agents for the treatment of breast cancer,
glioblastoma multiforme, ovarian cancer, and lung
cancer (De Lena et al., 2001; Di Cosimo et al., 2003;
Oudard et al., 2003; Papaldo et al., 2003). Lonidamine
(also known as TH-070) is also currently in phase II/III
clinical trials for treatment of benign prostatic hyper-
plasia (BPH), given by oral drug administration.

3-Bromopyruvate
This compound is an inhibitor of hexokinase and has
been shown to abolish ATP production and cause severe
depletion of cellular ATP (Ko et al., 2001; Geschwind
et al., 2004; Xu et al, 2005b). Like 2-DG, 3-BrPA also
exhibits potent cytotoxic activity against cancer cells
with mitochondrial respiratory defects and cells in
hypoxic environment (Xu et al., 2005b). Associated
with ATP depletion, 3-BrPA causes a rapid depho-
sphorylation of BAD at Ser112, re-localization of BAX
to mitochondria, release of cytochrome c, leading to
massive cell death. Interestingly, depletion of ATP by 3-
BrPA also effectively induces apoptosis in multi-drug-
resistant cells, suggesting that deprivation of cellular
energy supply may be a novel way to overcome multi-
drug resistance (Xu et al., 2005b). 3-Bromopyruvate is
effective at the concentration of 100 mM, which is more
potent than 2-DG (effective in mM range). Combination
of 3-BrPA with mTOR inhibitor seems to have
synergistic effects on leukemia and lymphoma cells
(Xu et al., 2005a). It should be noted that 3-BrPA is an

alkylating agent, which may also interact with other
molecules in the cells. Thus, its cytotoxic activity may
not be exclusively attributed to inhibition of hexokinase.
Animal studies showed that 3-BrPA has significant in
vivo therapeutic activity against liver cancer when the
compound was given by local infusion, and seems to
inhibit metastasis when given intravenously (Geschwind
et al., 2002; Ko et al., 2004). The significant anticancer
activity of 3-BrPA warrants further evaluation for
potential use in cancer treatment.

Imatinib (Gleevec)
This compound is a tyrosine kinase inhibitor designed to
specifically target BCR-ABL, which is responsible for
the development of chronic myeloid leukemia (CML).
The Bcr-Abl oncogene is a fusion DNA sequence created
by chromosome translocation and codes for a constitu-
tively active tyrosine kinase fusion protein. The BCR-
ABL-positive cells express the high-affinity glucose
transporter (GLUT-1) and exhibit increased glucose
uptake. Imatinib treatment decreased the activity of
both hexokinase and glucose-6-phosphate dehydrogen-
ase (G6PD) in leukemia cells, leading to suppression of
aerobic glycolysis (Boren et al., 2001; Gottschalk et al.,
2004; Serkova and Boros, 2005). A decrease in G6PD
activity would lead to lower glucose flow into the
pentose phosphate pathway, and thus deprives trans-
formed cells of metabolic intermediates for ATP
generation and substrates for macromolecule synthesis.
Although imatinib is an antileukemia drug, its ability to
suppress aerobic glycolysis may make it useful for the
treatment of certain solid tumors.

Oxythiamine
This compound is a thiamine antagonist and inhibits
transketolase and pyruvate dehydrogenase, which re-
quire thiamine pyrophosphate (TPP) as a cofactor for
their enzyme activity. Early studies suggest that
oxythiamine is phosphorylated to yield diphosphate
ester which then acts as a strong competitive inhibitor
(Ki¼ 0.07 mM) against the normal cofactor TPP
(Km¼ 0.11 mM) when highly purified pyruvate dehydro-
genase was used (Strumilo et al., 1984). As transketolase
is a crucial enzyme of the pentose phosphate pathway,
inhibition of this enzyme would cause a suppression of
the pentose phosphate pathway and thus deprives cells
of the metabolic intermediate (glyceraldehyde-3-phos-
phate) for ATP generation and of the substrates
(NADPH, ribose-phosphate) for macromolecule synth-
esis. This metabolic inhibition seems to be responsible,
at least in part, for the significant anticancer activity
observed in vitro and in vivo (Rais et al., 1999; Comin-
Anduix et al., 2001). Because one of the transketolase
isozyme TKTL1 has recently been found to be highly
expressed in cancer cells and is considered as an
important factor contributing to the Warburg effect
(Coy et al., 2005), it would be of interest to explore
the possibility to inhibit this enzyme as a potential
anticancer strategy.
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6-aminonicotinamide
The pentose phosphate pathway can also be inhibited by
6-aminonicotinamide. This compound is believed to
inhibit glucose-6-phosphate dehydrogenase (G6PD),
which catalyses the conversion of G-6-P 6-phosphoglu-
conolactone, the first step of the pentose phosphate
pathway. 6-aminonicotinamide (6-AN) has been widely
used as a chemical tool in various experimental systems
to study the biological consequences of inhibiting
pentose phosphate pathway. Because of the essential
roles of this pathway in generating reducing power
(NADPH) and important metabolic intermediates
(pentose-5-phosphate) for synthesis of macromolecules,
it is not surprising that 6-AN exhibits anticancer activity
in vitro, causes oxidative stress, and sensitizes cells to
anticancer agents and radiation (Budihardjo et al., 1998;
Varshney et al, 2003, 2005). However, 6-AN also causes
neurotoxicity and other toxic side effects (Kim and
Wenger, 1973; Bolin and Carlton, 1996; Penkowa et al.,
2004).

Several other compounds are potentially useful to
modulate glucose metabolism. Genistein is a natural
compound found in soybean, and has been shown to
decreases glucose uptake and glucose carbon incorpora-
tion into nucleic acid ribose in pancreatic adenocarci-
noma cells (Boros et al., 2001). It also has inhibitory
effect on tyrosine kinase and protein kinase (El-Zarruk
and van den Berg, 1999; Waltron and Rozengurt, 2000),
causes cell cycle arrest, and suppresses angiogenesis
(Lian et al., 1998; Zhou et al., 1999). Genistein seems
potentially useful as a chemosensitization and radio-
sensitization agent (Garg et al., 2005). 5-Thioglucose (5-
TG) is an analog of glucose and has an inhibitory effect
on glucose uptake and hexokinase. Inhibition of
glycolysis by 5-TG occurs rapidly, and is competitive
with respect to glucose. Mannoheptulose is another non-
metabolizable glucose analog with anticancer effect.
This compound was shown to inhibit glucokinase,
decrease glucose uptake, and suppress tumor cell growth
(Board et al., 1995; Xu et al., 1995). a-Chlorohydrin
inhibits GAPDH, causing an increase in the cellular
fructose-1,6-bisphosphate and triosephosphates, and a
depletion of ATP. This compound has been shown to
have antifertility effect due to its ability to affect energy
metabolism in sperm (Jelks and Miller, 2001), although
recent evidence suggest that sperm can remain motile
with normal ATP concentrations despite inhibition of
GAPDH by this compound (Ford, 2006). Ornidazole
also inhibit GAPDH and triosephosphate isomerase.
The conversion of ornidazole to 3-chlorolactate in rats
suggests an action similar to that of a-chlorohydrin
(Jones and Cooper, 1997). Oxalate was considered as an
in vitro inhibitor of lactate dehydrogenase, monopho-
sphoglycerate mutase, and pyruvate kinase, but studies
in red cells suggest that the site of oxalate action is at the
reaction catalysed by pyruvate kinase, and the apparent
inhibition of the glyceraldehyde phosphate dehydro-
genase step is due to an increase in the NADH/NAD ratio
(Beutler et al., 1997). The pentavalent arsenic compounds
can abolish ATP generation by causing arsenolysis
during the GAPDH-catalysing reaction in the glycolytic

pathway (Figure 1, step 6), preventing the generation of
1,3-bisphosphoglycerate, although the GAPDH activity
is not directly inhibited. Glufosfamide is a conjugate of
D-glucose with the active metabolite of isophosphor-
amide mustard. This novel compound utilizes the
elevated glucose uptake of tumor cells expressing the
SAAT1 glucose transporter for entering the cells (Veyhl
et al., 1998). Glufosfamide does not require metabolic
activation in the liver and the active moiety is released
upon entry into tumour cells. This compound has been
tested for its therapeutic activity against head and neck
cancer, pancreatic adenocarcinoma, and non-small-cell
lung cancer (Briasoulis et al., 2003; Dollner et al., 2004;
Giaccone et al., 2004). Glufosfamide represent a novel
oxazaphosphorine analog that uses the glucose trans-
porter system for cellular entry to damage nuclear DNA
(Seker et al., 2000).

Combination of glycolytic inhibition and other anticancer
agents

Although cancer cells exhibit increased glycolysis and
depend more on this pathway for ATP generation,
inhibition of glycolysis alone may not be sufficient to
effectively kill the malignant cells. It has been suggested
that ATP depletion should reach certain thresholds in
order to trigger cell death by apoptosis or necrosis
processes, with a depletion of 25–70% ATP leading to
apoptosis, and an over 85% ATP depletion causing
necrosis (Lieberthal et al., 1998). Since all cancer cells
contain mitochondria, some degree of ATP generation
through oxidative phosphorylation is still possible when
glycolysis is inhibited. This may compromise the
efficiency of glycolytic inhibitors to deplete cellular
ATP. One way to achieve a high level of ATP depletion
and improve therapeutic activity is to combine multiple
ATP-depleting agents with different mechanisms of
action (Martin et al., 2001). Indeed, early studies
showed that the combination of N-(phosphonacetyl)-L-
aspartate (PALA), 6-methylmercaptopurine riboside
(MMPR), and 6-aminonicotinamide (6-AN) is an
effective ATP-depleting regimen that increases the
anticancer activity of radiation, adriamycin, or taxol
(Koutcher et al., 1993; Martin et al., 1994, 1996).
Combination of glycolytic inhibitor 2-deoxyglucose with
adriamycin or paclitaxel also resulted in a significant
increase of in vivo therapeutic activity in animal tumor
models bearing osteosarcoma or non-small-cell lung
cancer xenografts (Maschek et al., 2004).

Interestingly, a recent study showed that cells using
aerobic glycolysis to support their bioenergetics undergo
rapid ATP depletion and necrotic cell death in response
to activation of poly(ADP-ribose) polymerase (PARP)
when treated with DNA-alkylating agents (Zong et al.,
2004). Activation of PARP by DNA-damaging agents
leads to a rapid consumption of NADþ , which is a co-
factor necessary for one of the glycolytic reactions
(reaction # 6, Figure 1). Thus, any DNA damage that
activates PARP would indirectly inhibit glycolysis
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through depletion of NADþ . Furthermore, since repair
of DNA require ATP as the energy source, inhibition of
ATP generation by suppression of glycolytic pathway
would severely compromise cellular ability to repair
DNA damage. Thus, combination of glycolytic inhibi-
tors and DNA-damaging agents seems to be an
attractive therapeutic strategy to effectively kill cancer
cells.

Combination of inhibitors of glycolytic pathway and
pentose phosphate pathway has also been tested for
their ability to cause radiosensitization (Varshney et al.,
2005). Combination of 2-DG and 6-AN (an inhibitor of
G6PD that catalyses the rate-limiting step of the pentose
pathway) caused a profound decrease in the cellular
glutathione content and enhanced radiation damage,
leading to mitotic and apoptotic cell death (Varshney
et al., 2005). Based on earlier studies showing that 2-DG
could enhance the efficacy of radiotherapy in experi-
mental models, Singh et al. (2005) conducted a clinical
trial to examine the tolerance and safety of escalating
2-DG dose in combination with radiotherapy in
glioblastoma multiforme patients. Their study showed
that administration of 2-DG at the doses up to 250 mg/
kg in combination with fractions of radiation (5 Gy/
fraction/week) is safe and could be tolerated in
glioblastoma patients without acute toxicity and late
radiation damage to the brain. The authors suggest that
further clinical studies to evaluate the efficacy of this
combined treatment are warranted.

Summary and future perspectives

Cancer cell commonly exhibit increased aerobic glyco-
lysis. This biological adaptation to metabolic changes
owing to mitochondrial dysfunction, hypoxia, and
oncogenic signals renders the malignant cells addictive
to glycolysis and dependent on this pathway for ATP
generation. These alterations in energy metabolism and
the associated increased expression of glycolytic en-
zymes and other pro-survival molecules provide a
survival advantage for the cancer cells. Furthermore,
the acidic tumor microenvironment associated with
accumulation of lactate owing to increased glycolysis
provides a tissue environment for selection of cancer
cells with high survival capacity and malignant

behaviors. These biological alterations present a major
challenge in cancer treatment, as exemplified by the facts
that cancer cells in hypoxic environment become
resistance to chemotherapeutic agents and radiation
therapy. However, the increased dependency of cancer
cells on glycolysis for energy generation also provides a
biochemical basis to preferentially kill the malignant
cells by inhibition of glycolysis. Recent studies have
provided compelling evidence showing that cancer cells
with mitochondrial defects or under hypoxia are highly
sensitive to glycolysis inhibition. Several glycolytic
inhibitors have been shown to have promising anti-
cancer activity in vitro and in vivo, and some of them
have entered clinical trials.

It should be recognized, however, that there are
potential concerns and challenges in using glycolytic
inhibitors for cancer treatment. It is known that certain
normal tissues including brain, retinae, and testis also
use glucose as the main energy source. Inhibition of
glycolysis may be potentially toxic to these tissues. It is
unclear whether these normal tissues can effectively use
alternative energy sources (fatty acids, amino acids, etc.)
to generate sufficient ATP through mitochondrial
metabolism to support their cellular function when the
glycolytic pathway is inhibited during therapy. A recent
clinical trial suggested that the use of 2-DG at the doses
up to 250 mg/kg is safe (Singh et al., 2005). One way to
minimize the potential neurotoxicity is to develop
glycolytic inhibitors that do not cross the blood–brain
barrier. Another potential problem is that the glycolytic
inhibitors currently available are not very potent, and
high concentrations are required. 3-Bromopyruvate is
not stable in solution. Thus, development of new
generations of glycolytic inhibitors with high potency,
stability, and good safety profiles represent an impor-
tant research area in this field. It is also important to
evaluate the combination effects of glycolytic inhibitors
and other therapeutic modalities such as chemother-
apeutic agents and radiation, and develop optimal
combination regimens for effective treatment of cancer.
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