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Abstract

Cancer cells have evolved to develop sets of survival strategies to enable them not only to survive and
ward off apoptosis-inducing effects of most chemotherapeutic drugs in current use but also proliferate
and invade their surrounding healthy tissue. In the 1920’s, based on his pioneering research, Warburg
hypothesized cancer cells rely on glycolysis for energy production to sustain their growth because their
mitochondrial metabolism is dysfunctional. This review focuses on the current advances in cancer cell
metabolism as a result of the recent resurgence of interests in the “Warburg hypothesis” (also called
“Warburg effect”) and discusses how these advances have revealed potential anti-cancer drug targets.
Additionally, we will also discuss metabolic pathways that are critically coupled to cancer cell survival and
proliferation, thereby uncovering other putative anti-cancer drug targets for therapeutic consideration.
Thus, we hope to provide a forward-looking framework for discussing and designing new anti-cancer
therapies.

Keywords: Targeting tumor metabolism; Tumor cell metabolic phenotypes; Warburg hypothesis or Ef-
fect; Reverse Warburg Effect; and Multi-target approach; Anti-cancer drug discovery

Introduction

Tumor cells have evolved to develop distinct sets of strategies to enable them not only to
survive and ward off apoptosis-inducing effects of most chemotherapeutic drugs in current
use, but also to proliferate and invade their surrounding healthy tissue. Most if not all of such
adaptive strategies of tumor cells involve significant alterations of their metabolic phenotypes
that differ markedly from those of normal, non-cancerous cells. Consequently, a critical as-
sessment of how cancer cells modify their metabolism may reveal potential drug targets that
allow the discovery and design of new and/or improved chemotherapeutic agents that will
“kill” tumor cells. This review therefore focuses on highlighting the current advances as a
result of the recent resurgence of interests in the “Warburg hypothesis” (also called “Warburg
effect”) and discusses how these advances have revealed potential anti-cancer drug targets. In
parallel, we will discuss metabolic pathways that are critically coupled to tumor cell survival
and proliferation, thereby uncovering other putative anti-cancer drug targets for therapeutic
consideration. Finally, we will discuss several novel but practicable trends of research that
will facilitate targeting tumor metabolism for anti-cancer drug discovery to follow the dictum
“from bench to the bedside.”

The Warburg Hypothesis: Current Advances and Limitations
The Warburg hypothesis and its renaissance

Historically, the “Warburg Hypothesis” could be traced back to the systematic investiga-
tion initiated by Otto Warburg and his co-workers commencing in the 1920’s focusing on
characterizing the metabolic phenotypes of multiple types of cancer cells [1,2]. Their pioneer-
ing work led to their observation that cancer cells appear to rely on glycolysis for energy pro-
duction and survival despite the abundant availability of oxygen [1,2]. Those early discoveries
prompted Warburg to hypothesize that cancer cells depend on glycolysis for energy supply
because their mitochondrial oxidative metabolism is dysfunctional [2]. Also known as ‘the
Warburg effect’ [3], the Warburg hypothesis has been neglected for almost a century until the
recent resurgence of interests in “the role of metabolic programming in cancer progression”

[4].
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The “renaissance of the Warburg hypothesis” has given rise to
a variety of studies aimed at elucidating the metabolic bases of the
aggressive nature of many malignant cancers and their purported
reliance on glycolysis for energy, survival, and proliferation [3-8].
While the initial phase of such studies seeks to uncover mecha-
nisms that could account for the Warburg hypothesis, more recent
studies either point to the limitations of some of the mechanistic
explanations for the hypothesis or identify new facets of tumor me-
tabolism that potentially could lead to the discovery of novel an-
ti-tumor drug targets.

Current advances and limitations

The renewed interests in the Warburg hypothesis have moti-
vated investigators to identify mechanistic explanations for the two
key issues of the hypothesis:

(i)  dysfunctional mitochondrial oxidative metabolism and

(i) adaptation to hypoxia and shift to a glycolytic phenotype
(i.e., the “glycolytic shift”). While those studies have undoubtedly
enhanced our understanding of tumor metabolism, investigators
have not been able to point out the limitations of such advances
(see below).

Mechanistic justification to explain:

(i)  Dysfunctional mitochondrial oxidative metabolism in
cancers came from studies on mitochondrial genetics in cancers
demonstrating that several mutations in mitochondrial DNA (mtD-
NA) occur in various cancer types [9]. Although the presence of
mtDNA mutations in cancers can provide a mechanistic connec-
tion to the dysfunctional mitochondrial oxidative metabolism [9],
recent evidence raises some doubt as to the validity of this mech-
anistic link, which merits a more critical reappraisal [8,10]. On the
other hand, accumulating evidence suggest that loss-of-function
and/or gain-of-function mutations of key tricarboxylic acid (TCA)
cycle enzymes could - at least in part - mechanistically account
for dysfunctional mitochondrial oxidative metabolism in tumors
as originally postulated by Warburg [4,11,12]. For example, loss-
of-function somatic mutations of succinate dehydrogenase (SDH)
have been found in hereditary paragangliomas, pheochromocyto-
mas, and renal cell cancers and those of fumarate hydratase (FH)
have been detected in hereditary leiomyomatosis and renal cell
cancer, inherited leiomyomas, and renal cell carcinoma [4,11,12]:
in this context, it is noteworthy that both SDH and FH are known to
act as tumor suppressors [4,11]. Similarly, missense mutations in
the genes encoding isocitrate dehydrogenase (IDH) thereby lead-
ing to changes in its catalytic specificity have been found in glio-
mas and acute myelogenous leukemia: the mutated IDH converts
a-ketoglutarate to its “oncometabolite” 2-hydroxyglutarate (2HG)
[4,11,12]. Succinate and fumarate, the substrates of mutated SDH
and FH respectively, and 2HG, the “oncometabolite” of mutated IDH
all inhibit a-ketoglutarate-dependent dioxygenases that control the
function of hypoxia-inducible factor 1 (HIF-1), a transcription fac-
tor that plays key roles in angiogenesis, metabolism, invasion and
metastasis of cancer cells [4].

Studies that provided some evidence for:

(i)  Adaptation to hypoxia and shift to a glycolytic phenotype
as being a viable mechanistic explanation for the Warburg hypoth-
esis have revealed new facets of tumor cell metabolism extending
beyond the original framework of the Warburg hypothesis [3-8,10].
These new facets include, but are not limited to, adaptive strategies
of tumors and identification/characterization of metabolic pheno-
types of cancer cells (see below).

Adaptive Strategies and Metabolic Phenotypes of
Cancer Cells

Adaptive strategies in intermediary metabolism of can-
cer cells

Different cancer types have adopted a set of strategies in their
intermediary metabolism so as to enable them to survive, prolifer-
ate, and ultimately invade into their surrounding normal tissue. We
will discuss their strategies in glucose oxidative metabolism, amino
acid metabolism, and fatty acid synthesis.

Adaptive glucose oxidative metabolism in tumors: The
glycolytic shift

As postulated in the Warburg hypothesis, the “glycolytic shift”
in tumor metabolism is now known to be promoted by oncogenes
(e.g., Ras and Myc) but inhibited by tumor suppressors (e.g., p53) as
reflected in their underlying oncogenic transformation. Increased
uptake of glucose into cancer cells (via upregulation of glucose
transporters) facilitates and supports enhanced glycolysis in can-
cer cells [3,4,7,10,11,13]. This metabolic phenotype of cancer cells
are the likely consequences of mutations and/or other alterations
of oncogenes such as Ras and Myc and tumor suppressors such as
p53. Furthermore, activation of Ras, Akt, and Myc and inactivation
of p53 can contribute to the Warburg effect in a HIF-1-independent
manner [11,14].

Ras responds to activation by growth factors and transduces
cell proliferation signals. In tumors, Ras is very frequently mutat-
ed results in its activation [3,11]. Ras mediates the activation of
downstream pathways such as PI3K/Akt and MAPK [3]. Activation
of growth factor/Ras mediated PI3K/Akt, enhances glycolysis via
increased expression of the glucose transporter GLUT1, increased
expression of genes involved in glycolysis, stimulation of hexoki-
nase and phosphofructokinase activities, and increased association
of hexokinases 1 and 2 (HK1 & 2) with mitochondria [3,15]. MAPK
also promotes glycolysis [3]. Similar to Ras and Akt, Myc is also acti-
vated by growth factors and it regulates many genes involved in cell
proliferation [3,11,14]. Myc is known to be overexpressed in many
tumor types and can stimulate aerobic glycolysis through increas-
ing the expression of GLUT1 and lactate dehydrogenase A (LDHA)
[3,11,14].

The tumor suppressor p53 is a transcription factor that sup-
presses tumor development through regulating the expression of
genes that induce transient cell cycle arrest, apoptosis, and senes-
cence [3,15-17]. The TP53 gene encodes the p53 protein and is the
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most frequently mutated gene in human tumors [3,15-17]. Since
p53 plays key roles in metabolic control through influencing the
balance between glycolysis and oxidative phosphorylation [15-17],
the glycolytic phenotype of cancer cells reflects a disruption of this
metabolic balance in favor of reliance on glycolysis by cancer cells
when they inactivate p53. The inactivation of p53 occurs mainly by
two distinct mechanism

a. by point mutation or

b.  via increased the degradation of p53 by deregulation of
E3 ubiquitin ligase MDM2 [15-17]. Consequently, pharmacological
activation of p53 function in cancer cells can and does lead to in-
hibition of their glycolytic enzymes, and ultimately contributes to
their cell death [15].

As has already been alluded to above, one of the most success-
ful adaptive strategies that tumors adopt in favor of the glycolytic
shift is their ability to survive and prosper under hypoxic condi-
tions that are often found in the core of rapidly growing solid tu-
mors. Under hypoxic conditions, the prolyl hydroxylase domain
protein 2 (PHD2) prolyl-hydroxylates proline residue at position
402 and/or 564 on HIF-1a and prevents HIF-1a from binding to
the von Hippel-Landau tumor suppressor protein, and so prevents
HIF-1a from being degraded by the ubiquitin-mediated proteoso-
mal mechanism [13]. The stabilized HIF1 alpha then binds to the
constitutively expressed HIF-1f, thereby forming the HIF-1 dimer
[13]. Subsequently, the HIF-1 dimer is poised to activate the tran-
scription of HIFlalpha regulated genes, including, GLUT 1 & GLUT
3, HK1 and HK2 and other glycolytic enzymes, as well as pyruvate
dehydrogenase kinase 1 (PDK1) [13,18]. PDK1 acts by inactivating
the pyruvate dehydrogenase complex [13,18]. In addition to hypox-
ia, loss of tumor suppressors such as SDH, FH, ICDH (see above), ac-
tivation of oncogenes such as Ras and Myc, growth factor signaling
(e.g., by IGF, EGF, HER2 or PI3K), and reactive oxygen species (ROS)
are all known to activate HIF-1 [3,4,11,13].

Complex functional interrelations exist between HIF-1 and
mammalian target of rapamycin (mTOR) [13,19]. As mTOR is a
serine-threonine protein kinase that phosphorylates ribosomal
protein S6 kinase and elF-4E binding protein, which enhances the
translation rate of HIF-1a [13], the translation rate of HIF-1a in tu-
mor cells is dependent on the activity of mTOR. Negative regulation
of mTOR by activities occurs by upstream tumor suppressor pro-
teins (e.g., PTEN, liver kinase B1 (LKB1), tuberous sclerosis com-
plex 1 and 2 (TSC1, TSC2)) but positively regulated by upstream
protein tyrosine kinases (e.g., epidermal growth factor receptor
(EGFRY)), and the oncogene Ras and its downstream signaling path-
ways, [13,19,20]. In the context of the regulation of rate of HIF-1a
translation in tumor cells, it is interesting to note that in many tu-
mor types, the loss of function of tumor suppressors such as PTEN,
LKB1, and/or TSC1/TSC2 due to their loss or mutations and the
gain of function affecting protein tyrosine kinases, Ras and PI3K/
Akt signaling pathways contribute toward enhancing the mTOR-de-
pendent HIF-1a translation [13,20]. Consequently, this mTOR-in-
duced, HIF-1-mediated mechanism favors the glycolytic switch in
tumor cells via the upregulation of GLUT 1 & GLUT 3, HK1 and HK2,

and several other glycolytic enzymes as well as pyruvate dehydro-
genase kinase 1 (PDK1), which then inactivates the pyruvate de-
hydrogenase complex, thereby limiting the flux of glycolytically-de-
rived pyruvate into the TCA cycle [13,18-20].

MTOR acts as an important regulatory gateway that controls
whole body energy homeostasis through its differentiated func-
tional roles in key metabolic organs/tissues such as liver, muscle,
and adipose tissue, and consist of two structurally and functionally
distinct complexes known as mTORC1 and mTORC2 [20,21]. The
regulatory role of mTOR can be functionally delineated and dis-
tinctly assumed by mTORC1 and mTORC2, respectively. mTORC1 is
the “nutrient sensor” and, together with its regulation of autopha-
gy, exerts it signaling control on aging [21]. For example, mTORC1
is activated by growth factors, amino acids, and cell energy status
to regulate protein synthesis, mitochondrial function, lipogenesis,
ketogenesis, glucose homeostasis, and autophagy [21]. Commen-
surate with this important functional gating and its regulation,
mTORC1 also integrates oncogenic growth signaling with the glyco-
lytic switch, thereby aiding and abetting cell proliferation, growth,
and survival in many cancer lineages [20,21]. On the other hand,
when activated by growth factors, mTORC2 regulates glycolysis,
gluconeogenesis, glycogenesis, and lipogenesis [21].

Evidence is accumulating that aberrant regulation of both cell
growth and metabolism contributes significantly to cancer devel-
opment and progression [1-4,7,10-15,20,21]. This conclusion is
compatible with the observations that obesity and diabetes are risk
factors for cancer and that diet can influence tumor growth [3,20-
22]. Also consistent with this conclusion are the clinical findings
of decreased incidence of cancer in patients with type 2 diabetes
mellitus (T2DM) when the patients were treated with metformin,
which is considered as a first-line pharmacotherapy for T2DM
[23,24].

Metformin lowers blood glucose levels in people with diabe-
tes and insulin resistance but does not exert this effect on healthy
people [25]. Because there is good evidence implicating insulin
resistance and hyperinsulinemia in the development and progres-
sion of cancer and many epidemiological studies strongly suggest
T2DM individuals treated with metformin show a lower risk and
improved outcomes with most common cancers [25,26], there is in-
creasing interest and motivation to examine the putative anti-can-
cer effects of metformin in light of its mechanisms in regulation of
glucose homeostasis [24,25]. As metformin is known to exert its
effect by activating 5’ adenosine monophosphate (AMP)-activated
protein kinase (AMPK) and AMPK is an important metabolic sen-
sor in regulating energy metabolism in cells and tissues [24,25],
metformin activates LKB1, a tumor suppressor, which phosphory-
lates and activates AMPK [24,25]. The metformin-activated AMPK
then inhibits mTORC1 via the phosphorylation and stabilization of
the tumor suppressor TCS2 [24,25]. Thus, the activation of AMPK
by metformin upstream of mTOR requires the activation of LKB1.
However, metformin can also inhibit mTOR by decreasing the lev-
els of insulin or IGF1 independent of AMPK [25]. Consequently,
AMPK-dependent and independent inhibition of mTOR induced by
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metformin can disrupt the mTOR-mediated integration of oncogen-
ic growth signaling with the glycolytic switch, thereby inhibiting
cancer cell survival, proliferation and cancer growth [20,21,24,25].
The inhibition of mTOR by metformin also decreases the rate of
mTOR-dependent HIF-1a translation [13,19,21,24,25,27]: this neg-
ative regulation of HIF-1 by metformin likewise works against the
glycolytic switch in tumor cells.

Adaptive glucose oxidative metabolism in tumors: alter-
ations in mitochondrial metabolism and mutations in

mitochondrial enzymes

Despite the strong argument in favor of the successes of the gly-
colytic switch in cancer cells thereby allowing them to derive much,
if not all, of the energy from aerobic glycolysis needed for their pro-
liferation and growth [28-30], evidence has been accumulating that
mitochondrial oxidative metabolism in tumor cells is by no means
inactive or grossly dysfunctional as was originally hypothesized by
Warburg and his coworkers. Two recent lines of investigations have
provided increasing support for this conclusion:

I Alterations in mitochondrial metabolism and mutations
in mitochondrial enzymes in tumor cells and

Il Adaptive mitochondrial metabolism demonstrating the
so-called “reversed Warburg effect.”

As already discussed above in relation to the glycolytic switch
in tumor cell metabolism, (i) alterations in mitochondrial metabo-
lism and mutations in mitochondrial enzymes occur in a variety of
tumor cells in parallel with or consequent to their glycolytic switch
[4,8-12,15-20]. One example of alterations in mitochondrial oxida-
tive metabolism can be found in tumor cells harboring the inacti-
vated p53 through point mutation or increasing the degradation of
the wild type (i.e., fully functional) [26-30] p53 by deregulation of
E3 ubiquitin ligase MDM2 [15-17]. The loss-of-function of p53 is as-
sociated with their decreased oxygen consumptions and impaired
mitochondrial respiration in the tumor cells; thereby favoring the
glycolytic switch as noted above [15-17]. Several mechanisms could
account for the decreased mitochondrial oxidative metabolism in
tumor cells that contain loss-of-function p53. Two target genes
of p53 important in regulation of energy metabolism are SCO2
(synthesis of cytochrome c oxidase 2) and TIGAR (TP53-induced
glycolysis and apoptosis regulator). As SCO2 is a key regulator of
cytochrome c oxidative complex essential for mitochondrial res-
piration, tumor cells with loss-of-function p53 can be expected to
exhibit lowered mitochondrial respiration [16,31]. TIGAR func-
tions to lower intracellular fructose-2, 6-bisphosphate resulting in
decreased glycolysis and diverting glucose from glycolysis to the
pentose phosphate pathway which produces more NADPH [16].
Furthermore, p53 also modulates glycolysis through the transcrip-
tional regulation of other key glycolytic enzymes (e.g., phosphoglyc-
erate mutase) [16]. Consequently, tumor cells with loss-of-function
p53 can be expected to show enhanced glycolysis concomitant with
decreased mitochondrial oxidative metabolism [16,31].

Consistent with the important role p53 plays in regulating en-
ergy metabolism is the recent finding that human glutaminase 2

(GLS2) is a novel, previously uncharacterized p53 target gene regu-
lating energy metabolism and antioxidant function [32,33]. GLS2 is
a mitochondrial glutaminase that converts glutamine to glutamate
and allows its product glutamate to be further metabolized in mito-
chondria to produce ATP via oxidative phosphorylation (OXPHOS)
[32,33]. Additionally, GLS2 regulates the production of glutathione
(GSH) because its activity yields glutamate, which is a precursor of
GSH; thus, GLS2 can increase reduced GSH but decrease ROS levels,
thereby protecting cells from oxidative stress (e.g., H,0,-induced
apoptosis) [32,33]. Furthermore, the observation that GLS2 levels
are significantly decreased in hepatocellular carcinoma (HCC) and
overexpression of this enzyme in tumor cells, including HCC cells,
significantly lowers tumor cell colony formation strongly suggests a
potential role for GLS2 in tumor cell growth suppression [32]. Oth-
er than in liver, GLS2 is also highly expressed in brain [32]. Thus,
the recent finding [34] that GLS2 expression is lost in many brain
tumors, including highly malignant glioblastomas and anaplastic
astrocytomas, and restoration of the expression of this enzyme in
glioblastoma cells inhibits tumor cell proliferation and migration
is consistent with the notion that GLS2 plays an important role in
tumor suppression, especially in tissues (e.g., liver and brain) that
normally express this enzyme abundantly.

The hypoxic microenvironment in the core of a rapid growing
solid tumor also favors their altered mitochondrial oxidative me-
tabolism in parallel with enhanced glycolysis. As already discussed
above, under hypoxic conditions, HIF-1a becomes stabilized, thus
allowing it to dimerize with the constitutively expressed HIF-1f3
and the HIF-1 dimer is then ready to activate the transcription of
the genes that it regulates (e.g., GLUT1 & GLUT3, HK1 and HK2, and
PDK1) [13]. The upregulation of PDK1 leads to inactivation of the
pyruvate dehydrogenase complex thereby resulting in decreased
flux of glycolytically-derived carbon (in the form of pyruvate) into
the TCA cycle and consequently also decreased flux through the
TCA cycle [13,18,19]. Furthermore, in tumors with loss of tumor
suppressors such as SDH, FH, and ICDH, activation of oncogenes
such as Ras and Myec, together with activation of growth factor
signaling (e.g., by IGF, EGF, HER2 or PI3K) and enhanced ROS pro-
duction, their HIF-1 can be further activated beyond that expected
of the hypoxic conditions alone leading to added enhancement of
glycolysis but additional decreases in TCA cycle flux and mitochon-
drial oxidative metabolism [3,4,11,13]. Moreover, p53 is a powerful
negative regulator of HIF1-a because activation of p53 blocks the
accumulation of HIF1-a (therefore its stabilization) in both hypox-
ia and normoxia and also inhibits HIF1 by inducing microRNA-107
(see [35] and references therein). Consequently, in tumors harbor-
ing loss-of-function p53, mitochondrial oxidative metabolism is ex-
pected to decrease concomitant with HIF1-induced enhancement
of glycolysis.

Although mTORC1 is known to integrate oncogenic growth sig-
naling with the glycolytic switch leading to proliferation, growth
and survival in many cancer lineages [20,21], how mTOR directly
influences mitochondrial oxidative metabolism in tumor cells is un-
clear and awaits clarification. Nevertheless, we recently noted that
the chronic hypoxia-induced alterations of key enzymes of glucose
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oxidative metabolism in developing mouse liver are mTOR depen-
dent [19]. As already discussed above in relation to the glycolytic
switch in tumor cell metabolism, (ii) adaptive mitochondrial me-
tabolism demonstrating the so-called “reversed Warburg effect”
constitutes a new development in the understanding of tumor cell
metabolism [27]. Pavlides et al. [35] hypothesized that “epithelial
cancer cells induce the Warburg effect (aerobic glycolysis) in neigh-
boring stromal fibroblasts. These cancer-associated fibroblasts
then undergo myo-fibroblastic differentiation and secrete lactate
and pyruvate (energy metabolites resulting from aerobic glycol-
ysis). Epithelial cancer cells could then take up these energy-rich
metabolites and use them in the mitochondrial TCA cycle, thereby
promoting efficient energy production (ATP generation via oxida-
tive phosphorylation), resulting in a higher proliferative capacity. In
this alternative model of tumorigenesis, the epithelial cancer cells
instruct the normal stroma to transform into a wound-healing stro-
ma, providing the necessary energy-rich micro-environment for fa-
cilitating tumor growth and angiogenesis. In essence, the fibroblas-
tic tumor stroma would directly feed the epithelial cancer cells, in a
type of host-parasite relationship.” Pavlides et al. [35] have termed
this newly discovered phenomenon the “Reverse Warburg Effect”
[35,36]. Furthermore, they have systematically investigated can-
cer-associated fibroblasts and neighboring epithelial cancer cells
in human breast cancers and found that the tumor cells and the
stoma are metabolically coupled in a symbiotic or “host-parasite”
relationship, thereby providing additional evidence in support of
the “Reverse Warburg Effect” (see [27,36] and references therein).
Nevertheless, despite the fact that this novel concept is interesting
and pathophysiologically relevant in tumor metabolism, whether
or not this “Reverse Warburg Effect” occurs in all types of epithelial
cancers- indeed in all tumor types -remains to be determined.

Adaptive glucose metabolism via an alternative pathway

The cancer cells require enhanced nucleotide generation to
support their highly proliferative nature. The pentose phosphate
pathway (PPP) that branches from the glycolysis converts glycolytic
metabolites into pentose sugars that act as precursors for nucleo-
tide synthesis [37]. In addition to nucleotide synthesis, the oxidative
branch of the PPP serves as a major source of reduced nicotinamide
adenine dinucleotide phosphate (NADPH) that regulates cellular
redox balance through reduction of glutathione [38]. Notably, the
activity of first enzyme of the oxidative PPP, glucose 6-phosphate
dehydrogenase (G6PD), is upregulated in various tumors including
bladder, prostate, breast, glioblastomas, cervical and other pre-neo-
plastic lesions [39-44]. The enzyme G6PD channels glycolytic me-
tabolite glucose 6-phosphate into the oxidative PPP, and in the
process generates NADPH from NADP. The upregulation of G6PD
protects the cancer cells from oxidative damage induced cytotox-
icity via production of NADPH [40]. The importance of G6PD can
be gauged from the observations that overexpression of G6PD is
sufficient to induce tumorigenesis in NIH3T3 cells, whereas down-
regulation of G6PD induces reactive oxygen species and growth re-
tardation in fibroblast cells [45,46]. Overexpression of G6PD is also
associated with enhanced tumor aggressiveness (as indicated by
enhanced proliferation, promotion of invasion, increases in glucose

uptake, cell cycle progression and reduce DNA damage) [47-50].
Regulation of cellular redox balance via G6PD overexpression also
presents as an approach adopted by the cancer cells to overcome
the cytotoxicity of chemotherapeutic drugs that rely on reactive ox-
ygen species for their effectiveness [51-54].

Oncogenic signaling is also known to regulate the expression
and activity of G6PD. Studies in multiple myeloma and hepatocellu-
lar carcinoma have demonstrated that increase in myc transactiva-
tion enhances G6PD transcription [55,56]. Through its regulation of
G6PD, myc stimulates PPP flux, plays a crucial role in cellular redox
balance, and hence promotes the tumor’s resistance to chemother-
apeutic agents [57]. Other oncogenic signaling molecules such as
Akt and K-ras have also been shown to regulate the expression of
G6PD [40,58]. Consequently, the control of PPP via oncogenic sig-
naling molecules provides an attractive strategy to counter cancer
growth and development. With reactive oxygen species playing a
crucial role in cancer progression, deregulation of cellular redox
balance via targeting the oxidative PPP has also been investigated.
Pharmacological inhibition of G6PD by 6-aminonicotinamide (6AN)
induces decreased NADPH production and leads to accumulation of
ROS in cancer cells [40,59]. Other studies have also demonstrated
the efficacy of 6-aminonicotinamide alone or in combination with
DNA-damaging agents in lowering survival of cancer cells through
alterations of cellular redox balance [60-63]; on the other hand, the
ROS-independent mechanism mediating 6AN’s efficacy have also
been observed [64].

The non-oxidative pentose phosphate pathway derives its
carbon from glycolytic fructose-6-phosphate and glyceralde-
hyde-3-phosphate and is important for generation of pentose
sugars. The pentose sugars then act as precursors for nucleotide
synthesis. Overexpression of key non-oxidative branch enzyme
transketolase (TK) is associated with poor outcome in patients
with ovarian and colorectal cancer [65,66]. In addition to the met-
abolic role, recent studies uncover the non-metabolic functions of
TK wherein the enzyme can enter the nucleus and interact with
cellular kinases and transcriptional factors that promote tumor
aggressiveness [67,68]. Consequently, expression of TK is associ-
ated with enhanced cellular proliferation, invasion and metastasis
[69,70]. Inhibition of TK leads to the promising outcome of induc-
ing cell cycle arrest and apoptosis, reducing cancer cell migration,
and enhancing the effects of chemotherapeutic agents and ionizing
radiation [61,71-75].

Though promising, the current drug (i.e., 6AN) targeting the
PPP exhibits high toxicity: thus, it cannot be approved for anti-tu-
mor use in the clinic [76]. One explanation for the drug’s high toxic-
ity is that the PPP plays many importantroles in controlling cellular
redox and nucleotide biosynthesis. As mentioned earlier, the first
enzyme of oxidative PPP is regulated by numerous oncogenic sig-
naling molecules. A viable approach to target cancer cell PPP may
lie in (i) identifying direct PPP inhibitors with low toxicity profiles
and (ii) targeting signaling molecule (such as myc, Akt, etc) that
regulate the PPP through gene transcription. Although new evi-
dence continues to emerge highlighting the importance of PPP in
tumor progression, a better understanding of the oncogenic/met-
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abolic switch that decides the fate of glucose either to enter glycol-
ysis or the pentose phosphate pathway would pave the way for the
personalized approach to treat cancers.

Adaptive amino acid metabolism in tumors

The recent advances in the understanding of adaptive tumor
metabolism have not only revealed novel molecular and signaling
mechanisms in different tumors to affect their glycolytic switch but
also uncovered new facets of altered tumor metabolism to provide
carbon and nitrogen sources to satisfy the biosynthetic needs of
rapidly proliferating tumor cells [3,4,10,16,21,28,31,77-80]. A case
in point is the adaptive amino acid metabolism in tumors where
their glycolytic switch together with the not inactive mitochon-
drial oxidative metabolism channel glucose-derived carbon into
synthesis of amino acids [3,4,10,16,21,28,31,77-80]. For example,
in addition to forming alanine from the glycolytically-derived py-
ruvate, tumors can synthesize serine and glycine from glycolytic in-
termediates [3]. Furthermore, the recent finding of the existence of
an alternative glycolytic pathway that “decouples ATP production
from phosphoenolpyruvate-mediated phosphor transfer, allow-
ing for the high rate of glycolysis to support anabolic metabolism
observed in many proliferating cells” [79] can attest to the versa-
tility of tumors’ synthetic capabilities. Nutritional type of studies
that purported to demonstrate tumor cells exhibit an “addiction to
glutamine” for its energetic and biosynthetic needs have uncovered
several novel roles that glutamine may play in tumor metabolism in
sustaining tumors’ survival, proliferation, and perhaps even migra-
tion and metastasis in the face of warding off autophagy and apop-
tosis [32-34,77,79]. Because of its high circulating level, which can
reach 1mM, under physiological conditions, glutamine can serve as
the key amino acid that mediates the inter-organ transfer of both
carbon and nitrogen [10,77]. Thus, circulating glutamine can be
exploited by rapidly growing tumors to sustain their growth. More
importantly, adaptive glutamine metabolism in tumors has con-
ferred on them unusual capacity to survive and proliferate. As al-
ready discussed above, because glutaminase 2 (GLS2) may play an
important role in tumor suppression [32,34], that GLS2 expression
is lost in many brain tumors, including highly malignant glioblas-
tomas and anaplastic astrocytomas [34] and GLS2 levels are sig-
nificantly decreased in hepatocellular carcinoma [32] allows these
types of tumors more freedom to proliferate unchecked.

Tumor cells can survive periods of nutrient depletion and/or
exposure to targeted therapies through alterations in the route
they metabolize glutamine. For example, when glucose is abun-
dant, tumor cells employ transamination reactions in producing
a-ketoglutarate from glutamine [77]. On the hand, as glucose be-
comes scant, tumors employ glutamate dehydrogenase (GDH) to
produce a-ketoglutarate from glutamine [77]. The choice between
the two metabolic routes is controlled indirectly by oncogenic sig-
naling pathways as such pathways tend to drive glucose metabo-
lism in tumors: for example, inhibitors of PI3K/Akt/mTOR signal-
ing pathway render cells dependent on GDH for survival [77].

Their metabolism of glutamine yields glutamate, a key precur-
sor for the synthesis of the antioxidant glutathione (GSH; see above)

[32-34,77] that protects cells from oxidative and oncogenic stress.
Additionally, the flux of glutamine-derived carbon through the TCA
cycle and then through the malic enzyme will reduce NADP+ to NA-
DPH, which is required to regenerate reduced GSH [77]. Glutamine
is also important in regulating tumor cell autophagy. Two such
mechanisms have been characterized. (i) When mTORC1 is active,
glutamine tends to suppress autophagy activity by facilitating the
transport of mTORC1-activating amino acids such as leucine, [77].
(ii) Ammonia, a product formed from glutamine by glutaminase,
can stimulate autophagy in tumor cells at lower levels (<2mM) but
suppress autophagy in tumor cells at higher levels (210mM) [77].
Another metabolite produced by tumor cells from glutamine me-
tabolism is pyruvate, which is then eventually converted to lactate
[77]: consequently, in addition to the glycolytic shift, tumors can
also produce lactate through glutamine metabolism. The increased
production of lactate by tumors generates an acidic microenviron-
ment that promotes tumor cell invasion and metastasis [77].

Adaptive fatty acid metabolism in tumors

Compared with adaptive amino acid metabolism in tumors that
of fatty acid metabolism is much less well characterized. With the
exception of the oncogenic role of fatty acid synthase (FASN), the
adaptive fatty acid metabolism in tumors can only be described in
very sketchy terms as the underlying molecular and signaling mech-
anisms are still poorly understood. Nevertheless, along with the
Warburg effect, increased de novo synthesis of lipids is ubiquitous
in various tumors while most normal cell types (with the exception
of liver and adipose tissue) exhibit very low rates of lipid synthesis
[20]. The sterol regulatory element-binding protein (SREBP) tran-
scription factors (SREBP1a, SREBP1c, and SREBP2) are important
regulators of genes involved in lipid and sterol synthesis [20]. Al-
though SREBPs are normally tightly regulated, the mechanisms
of their regulation have not been fully elucidated [20]. Neverthe-
less, the PI3K-Akt pathway is known to upregulate lipogenic gene
expression in a SREBP-dependent fashion and mTORC1 has been
noted to be the downstream effector responsible for SREBP activa-
tion [20]. Thus, in tumors where the Ras/PI3K/Akt/mTOR pathway
is activated, their adaptive fatty acid metabolism may be sensitive
to specific inhibitors that target this pathway [20,22]. For example,
as mTOR plays a critical role in cell growth and tumorigenesis in a
variety of tumors, metformin (see earlier discussion on metformin
action) can exert its anti-tumor effects via inhibiting mTOR by de-
creasing the levels of insulin or IGF1 independent of AMPK [25],
thereby also decreasing the tumors’ rates of de novo lipid synthesis
[80].

Among the adaptive molecular mechanisms of fatty acid metab-
olism in tumors, the oncogenic role of fatty acid synthase (FASN) is
the most studied. Nevertheless, this role of FASN is far from being
comprehensively understood [81]. FASN is an enzyme that controls
lipid biosynthesis by producing long-chain fatty acids from ace-
tyl-CoA and malonyl-CoA. During glucose oxidative metabolism in
tumors, acetyl-CoA is produced, and tumors use it as precursor for
their lipid biogenesis [38,80,81]. In fast-growing tumors, fatty acids
are synthesized de novo to supply their functional needs (i.e., lipids
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for membrane biogenesis, ATP production via (3-oxidation of fatty
acids, and lipid modifications of proteins) [38,41]. Consistent with
the functional needs for lipids in tumors are the findings that FASN
is highly expressed in numerous cancers, including bladder, breast,
colorectal, endometrial, esophageal, hepatocellular, lung, oral, pros-
tate, thyroid, tongue, and pancreatic and gastric carcinomas as well
as other tumors [81]. Additionally, enhanced FASN expression has
also been found in some benign and pre-invasive lesions of breast,
colon, lung, prostate and stomach [41]. Because FASN overexpres-
sion is associated with poor prognosis and decreased patient sur-
vival in many cancer types and FASN plays an important role in
tumor cell development and survival, that FASN may act as a meta-
bolic oncogene in cancer cells is beginning to be recognized but the
underlying molecular mechanisms remain to be completely delin-
eated [81,82]. Several lines of evidence are in support of the role of
FASN as a metabolic oncogene.

A.  Steroid hormones (e.g., estrogens), growth factors (e.g.
EGFR and ERBB2) and the PI3K-Akt signaling pathways are known
to modulate FASN expression in several types of cancer [81,82].

B.  Pharmacological inhibition of FASN activity using ceru-
lenin, a characterized inhibitor of FASN, induces a selective cyto-
toxicity in cancer cells by lowering their fatty acid synthesis: this
inhibition of fatty acid synthesis leads to delayed progression of
human breast, ovarian, and prostate xenografts and suppression
of liver metastasis in colon cancer xenograft model (see [82] and
references therein).

C.  There is new evidence that G protein-coupled estrogen
receptor (GPER) should be included among the transduction me-
diators involved by estrogens in controlling FASN expression and
activity in tumors and tumor-associated fibroblasts that strongly
contribute to tumor progression [82]. Consequently, the above find-
ings in support of the role of FASN as a metabolic oncogene suggest
that FASN should be considered as a suitable target for anti-cancer
drug discovery.

Adaptive strategies and metabolic phenotypes of tu-
mors: Some conclusions and a synthesis

As evident from the above discussion of the various strategies
that different types of tumors appear to have adopted to sustain
their survival, proliferation and ultimately metastasis, several ten-
tative conclusions can be arrived at and some holistic synthesis can
be attained as to how this state-of-the-art understanding of the
diversity of tumor metabolism can inspire new strategies for an-
ti-cancer drug discovery.

Three tentative conclusions are as follows.

A. In addition to the adaptive metabolic strategies and phe-
notypes in tumors considered above, others need also be consid-
ered. For example, some researchers have argued for the advan-
tages of targeting mitochondrial oxidative and redox homeostasis
not emphasized in this review as well as other TCA cycle enzymes
such as IDH, FH, and SDH that have been only very briefly discussed
herein or not discussed atall [11,12,14,83-85]. However, while such
targets are plausible [11,12,14,83-85], they have not been report-

edly investigated to nearly the same detail as those discussed in this
review.

B. Aswe [10] and others [3,4,12-14,83,85] have maintained,
cancer is not one disease but a multitude of syndromes. In addition
to the fact cancer is not a single disease, there is increasing evidence
in support of the following hypothesis. “Independently of whether
malignant tumors are initiated by a fundamental reprogramming
of gene expression or seeded by stem cells, “waves” of gene expres-
sion that promote metabolic changes that occur during carcino-
genesis, beginning with oncogene-mediated changes, followed by
hypoxia-induced factor (HIF)-mediated gene expression, both re-
sulting in the highly glycolytic “Warburg” phenotype and suppres-
sion of mitochondrial biogenesis. Because high proliferation rates
in malignancies cause aglycemia and nutrient shortage, the third
(second oncogene) “wave” of adaptation stimulates glutaminolysis,
which in certain cases partially re-establishes oxidative phosphory-
lation; this involves the LKB1-AMPK-p53, PI3K-Akt-mTOR axes and
MYC dysregulation. Oxidative glutaminolysis serves as an alterna-
tive pathway compensating for cellular ATP. Together with anoxic
glutaminolysis it provides pyruvate, lactate, and the NADPH pool
(alternatively to pentose phosphate pathway). Retrograde signaling
from revitalized mitochondria might constitute the fourth “wave”
of gene reprogramming. In turn, upon reversal of the two Krebs
cycle enzymes, glutaminolysis may partially (transiently) function
even during anoxia, thereby further promoting malignancy. The
history of the carcinogenic process within each malignant tumor
determines the final metabolic phenotype of the selected surviving
cells, resulting in distinct cancer bioenergetic phenotypes ranging
from the highly glycolytic “classic Warburg” to partial or enhanced
oxidative phosphorylation” [86]. According this hypothesis [86],
cells within a tumor are likely to exhibit diverse, or at least differ-
ent, metabolic phenotypes. Thus, it is not realistic and practicable
just to strategize about anti-cancer drug discovery around a single
target: after all, “one size cannot fit all”!

C.  Despite the wealth of recent studies that purport to char-
acterize the metabolic phenotypes of diverse tumor types, there are
as yet many uncertainties regarding how one can delineate met-
abolic phenotypes of tumor cells from the normal phenotypes of
their corresponding non-cancerous counterparts [3,10,21,35,36,7
7,78,80,83,85,86]. For example, metabolic adaptation and repro-
graming occurs not only in transformed cells but also in non-trans-
formed cells and/or tissues, thereby raising the question [3]: “Is
there a generally recognizable metabolic profile of tumor cells that
differ from that of non-cancerous but proliferating cells?”

From the considerations and discussion of issues regarding
adaptive tumor metabolism and metabolic phenotypes of cancer
cells, two points of consensus have emerged.

(i)  More detailed and systematic investigation of metabolism
of any given and/or chosen type of tumor and the corresponding
metabolic phenotype of its normal cell/tissue counterpart need to
be conducted to more definitively distinguish the readily recogniz-
able metabolic profile of a tumor from that of its non-cancerous but
proliferating normal counterpart.
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(i) One interim translational solution that has emerged is
that targeting tumor metabolism in anti-cancer drug discovery
could advantageously adopt the multi-target approach.

Uncovering Putative Anti-Cancer Drug Targets

Given that the diversity of tumors exhibits multiple adaptive
metabolic gene expression signatures and phenotypes, as has al-
ready been detailed above, targeting tumor metabolism for an-
ti-cancer drug discovery ought to address this multitude of altered
metabolism in tumors to ascertain that the outcome of the enter-
prise will be drug(s) that will be efficacious but with minimal or
no toxicity. We have already highlighted above the utility and ad-
vantages of adopting the multi-target approach (e.g., target a path-
way rather than a single target such as an enzyme or a transporter).
Employing this approach, we will briefly discuss selected “drug-of-
choice” examples to illustrate the proof-of-concept considerations
as some of our examples are among drugs that are either in pre- or
different phases of clinical trials [14]. Our “drug-of-choice” exam-
ples include 3-bromopyruvate [7,10,87], metformin [23-27,36], in-
hibitors of both PI3K and mTOR [22,88,89], and inhibitors of FASN
[81]. Our rationale for choosing these as examples of our “drug-
of-choice” is that they appear to exert their anti-tumor effects on
multiple targets and as such they have been shown to have added
advantages when used in combination therapies for treating differ-
ent types of cancer.

3-bromopyruvate (3-BP)

Irrespective whether or not the Warburg hypothesis is still ten-
able, given the renaissance of research on tumor metabolism it has
inspired in the last decade or so, evidently actively growing tumors
do depend on glycolysis to a greater or lesser extent for energy and
carbon for biosynthetic purposes for their survival, proliferation
and growth [3-8,10-14]. It is, therefore, not surprising that tumor
glycolysis is one of the earliest developed target(s) for anti-cancer
drug discovery and hexokinase (HK), the enzyme that catalyzes the
first and rate-limiting step in glycolysis, has become one of the key
targets, if not the prime target [3-8,10-14]. Inhibitors of HK, such as
2-deoxyglucose (2-DG), lonidamine (a derivative of indazole-3-car-
boxylic acid) and 3-bromopyruvate (3-BP), have been employed in
pre-clinical and/or early clinical trials for treating several tumor
types [14]. Both 2-DG and lonidamine have been employed in phase
[/11 clinical trials, especially in combination with other more estab-
lished chemotherapeutic agents, for treating solid tumors (includ-
ing breast, ovarian and lung cancer) and glioblastoma multiforme
[14]. Because of its anti-cancer potential in pre-clinical studies and
its reportedly low toxicity [87,90], 3-BP is poised in being launched
into human clinical trials for treating tumors [91-93]. Consequent-
ly, 3-BP is one of the desired candidates for human clinical trials
in intra-arterial therapy for hepatocellular carcinoma [51-53].
Our choice for 3-BP for consideration as a “drug-of-choice” exam-
ple hinges on the fact 3-BP exerts its anti-cancer effects on mul-
tiple targets other than its well-characterized effect on HK alone
[7,10,14,87,90].

As a recognized inhibitor of glycolysis, in addition to inhibiting
HK and disrupting HK2’s binding to mitochondria thereby prevent-

ing HK2 from blocking apoptosis control, 3-BP is also known to in-
hibit several glycolytic enzymes downstream from HK [87]. Among
several glycolytic enzymes in rat liver cytosol investigated, 3-BP
more selectively inhibits glyceraldehyde-3-phophate dehydroge-
nase (GAPDH), leading to the blockade of both of the ATP-produc-
ing steps downstream of GAPDH [87]. Moreover, GAPDH has been
demonstrated to be a multi-functional protein that can affect pro-
liferation of cancer cells: in human hepatocellular carcinoma, in-
creased GAPDH expression is associated with enhanced glycolytic
capacity facilitating tumor progression as there is a link between
GAPDH upregulation and the promotion of survival mechanisms
in cancer cells and their resistance to chemotherapeutic agents
[94,95]. Induction of cellular stress also contributes to 3-BP-in-
duced apoptosis [95]. Because 3-BP is selectively taken up by tumor
cells via the monocarboxylate transporters (MCTs) and MCTs are
frequently overexpressed in cancer cells, this preferential uptake of
3-BP allows the differential targeting of 3-BP to cancer rather than
to normal cells [95].

In isolated mitochondria, mM levels of 3-BP inhibit succi-
nate-supported oxygen uptake [87]. Thus, 3-BP-medicated inhibi-
tion of succinate dehydrogenase (SDH) may lead to induction of
ROS (especially superoxide) and tumor cell death: along the way,
the SDH inhibition is also expected to impair glutaminolysis there-
by compromising the tumors’ glutamine-dependent functions [47];
also see the discussion of tumor dependence on glutaminolysis
above.

Metformin

Metformin has two distinct advantages as a selected “drug-of-
choice” [23-27,36] in preclinical studies: these advantages prompt-
ed us to exploit it further for anticancer drug discovery. They are
as follows.

1)  As metformin has been employed to lower blood glucose
levels in individuals with diabetes and is a first-line treatment for
type 2 diabetes mellitus (T2DM), humans are generally known to
tolerate this drug quite well and adverse effects due to its intake are
uncommon or minimal if present [25]. Consequently, metformin is
a safe drug for humans [25].

2)  There has been increasing epidemiological and other evi-
dence indicating that diabetic patients who have been treated with
metformin show a lower incidence of and mortality from cancer
and treatment of T2DM patients with metformin is associated with
a lowered mortality due to several types of cancer including, but
not limited to, colorectal, hepatocellular and pancreatic carcinomas
[25].

Metformin is largely known to exert its major effects through
activation of AMPK, a metabolic sensor responsible for controlling
energy metabolism [24-27]. Metformin activates the tumor sup-
pressor LKB1, which then phosphorylates and activates AMPK
[24,25]. Upon its activation, AMPK inhibits mTORC1; however, met-
formin can also inhibit mTOR independent of AMPK by decreasing
insulin or IGF1 levels [25]. The inhibition of mTOR induced by met-
formin leads to disruption of the integration of mTOR-mediated
oncogenic signaling and glycolytic switch resulting in inhibition of
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tumor survival and growth [20,21,24,25]. This inhibitory effect of
metformin on mTOR also decreases the mTOR-dependent HIF-1a
translation: the latter mechanism also works against the glycolyt-
ic switch in tumors [13,19-21,24,25]. It is noteworthy that chronic
activation of AMPK by metformin alters mitosis and also activa-
tion of p53 and cellular senescence: thus, the metformin-induced
inhibition of oxidative phosphorylation is suggested to increase
glycolysis and autophagy in cells harboring wild-type (i.e., normal)
p53 while metformin-treated cancer cells harboring mutated p53
are unable to reprogram their metabolism and such cancer cells
undergo apoptosis [25]. Additionally, metformin is also known to
be a mitochondrial complex I inhibitor and prevents OXPHOS in
breast cancer cells [27]. Even though the molecular mechanisms
underlying the anti-cancer effects of metformin are far from being
completely understood, there is increasing evidence supporting
the notion that the classic anti-diabetic drug exerts its effects on
multiple cell survival, proliferation and invasion signaling pathways
in tumors [13,19-21,24,25,27,36], thereby indicating metformin’s
multi-target potential as an anti-tumor agent. Consistent with this
conclusion is the fact metformin is currently under phase I and II
clinical trials for its anti-tumor potential for treating solid tumors
and lymphoma [14].

Inhibitors of both PI3K and mTOR

PI3K and mTOR are two key components of the PI3K/Akt/
mTOR signaling pathway that regulates a diverse range of cell phys-
iology and mechanism including, but not limited to, proliferation,
motility, metabolism, differentiation, apoptosis, autophagy and exo-
cytosis [22, 88, and 89]. Because this signaling pathway is constitu-
tively active in many tumor types in which it negatively affects re-
sponses to various therapies, developing inhibitors that target both
PI3Kand mTOR in the same pathway has the added advantage over
developing just the single-target inhibitors such as PI3K inhibitors
or mTOR inhibitors (e.g., rapamycin) [22,88,89]. The first released
ATP-competitive kinase inhibitor of mTOR that also inhibits the en-
zymatic activity of PI3K p110 isoforms is PI-103. PI-103 is a mor-
pholino quinazoline derivative and a pan-class 1 PI3K inhibitor with
IC50 values in the low nM range: it exhibits good selectivity over the
rest of the human kinome [96]. Several other similar compounds
have been subsequently released (e.g., NVP-BEZ235, XL765, PKI-
587, PF-04691502, WJD0008, PKI-402, and GNE-477) [89]. These
dual PI3K/mTOR inhibitors exhibit significant, concentration-re-
lated inhibition of cell proliferation and induction of apoptosis in
a wide variety of cancer cell lines, including those containing PI3K
p110a activating mutations [49]. The in vitro activities of these dual
PI3K/mTOR inhibitors translate well in in vivo models of human
cancer xenografted in mice [89]. The compounds were well tolerat-
ed and induced tumor stasis or even regression when given orally
[89]. As the pre-clinical studies of such compounds have yielded
quite favorable outcome, a few of them (e.g., NVP-BEZ235) are cur-
rently employed in phase I/1I clinical trials in cancer patients [89].

Inhibitors of fatty acid synthase (FASN)

Because increased de novo synthesis of lipids is ubiquitous in
a variety of tumors while most normal cell types exhibit very low

rates of lipid synthesis [20] and FASN is an enzyme that controls
lipid biosynthesis as well as a putative metabolic oncogene [41,42;
also see section on Adaptive fatty acid metabolism in tumors
above], inhibitors of FASN become our “drugs-of-choice.” Thus,
FASN inhibitors can be expected to exert their anti-tumor effects
through acting on multiple targets [81]. Small-molecule FASN in-
hibitors such as cerulenin, C75, and orlistat (a US FDA-approved
pancreatic lipase inhibitor, originally developed as an anti-obesity
drug) have been shown to induce apoptosis in multiple cancer cell
lines and to delay tumor growth in some tumor xenograft models
although the underlying mechanisms are incompletely understood
[81]. The small-molecule FASN inhibitors exhibit pharmacological
limitations and weight loss as an adverse/side effect thereby pre-
cluding them from further development as systematic drugs [81].
Several new compounds have been developed recently by pharma-
ceutical companies and they show good potential as FASN inhib-
itors but their efficacy as anti-tumor agents remains to be deter-
mined [81]. Nevertheless, novel sources of FASN inhibitors such as
green tea and dietary soy may be further exploited for their anti-tu-
mor and cancer prevention potentials [81].

Conclusion

The renewed interests in the Warburg hypothesis or Warburg
effect have motivated investigators to identify mechanistic expla-
nations for the two key issues of the hypothesis - (i) dysfunctional
mitochondrial oxidative metabolism and (ii) adaptation to hypox-
ia and shift to a glycolytic phenotype (i.e., the “glycolytic switch”).
Consequently, these recent advances allow the identification of
adaptive metabolic phenotypes among the diverse varieties of tu-
mor cell types studied. Moreover, these advances have led to the
discovery of the new phenomenon in tumor cell metabolism inge-
niously called “Reverse Warburg Effect.” These adaptive metabolic
phenotypes in tumors include, but are not limited to: Adaptive glu-
cose oxidative metabolism: the glycolytic switch; adaptive glucose
oxidative metabolism: Alterations in mitochondrial metabolism
and mutations in mitochondrial enzymes; adaptive glucose metab-
olism via an alternative pathway; adaptive amino acid metabolism;
and adaptive fatty acid metabolism.

In discussing the adaptive metabolic phenotypes in tumor
cells and, in parallel, the underlying signaling and other molecu-
lar mechanisms, three conclusions have been arrived at. (i) Other
adaptive metabolic strategies and phenotypes in tumors need to
be considered even though they are not as well documented as
those discussed in this review. (ii) Within a tumor, the cells there-
in may exhibit “waves” of gene expression that promote metabolic
changes that occur during carcinogenesis, thereby embodying the
notion that within a tumor, cells are likely to exhibit different and/
or diverse metabolic phenotypes, rendering it unrealistic to strat-
egize about anti-cancer discovery around a single drug target. (iii)
Despite the impressive advances in tumor metabolism research to
date, the following question still cannot be answered: “Is there a
generally recognizable metabolic profile of tumor cells that differ
from that of non-cancerous but proliferating cells?”

We have highlighted the utility and advantages of adopting
the multi-target approach and briefly discuss selected “drug-of-
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choice” examples to illustrate the proof-of-concept considerations
as some of our examples are among drugs that are either in pre-
or different phases of clinical trials. Our “drug-of-choice” examples
include 3-bromopyruvate, metformin, inhibitors of both PI3K and
mTOR, and inhibitors of FASN. Our rationale for choosing these as
examples of our “drug-of-choice” is that they appear to exert their
anti-tumor effects on multiple targets and as such they have been
shown to have added advantages when used in combination thera-
pies for treating different types of cancer. We have emphasized sev-
eral novel but practicable trends of research that will facilitate tar-
geting tumor metabolism for anti-cancer drug discovery to follow
the dictum “from bench to the bedside.” We hope our forward-look-
ing framework for discussing adaptive metabolic phenotypes in tu-
mors will further generate positive as well as productive discussion
and open new avenues for rendering targeting tumor metabolism
for anti-cancer drug discovery a realizable reality.

Future Perspective

In the last decade, major advances in understanding tumor me-
tabolism have been made as a direct result of the renaissance of
research interests in the Warburg Hypothesis or Warburg Effect.
From the critical evaluation and discussion of the current issues
pertaining to adaptive tumor cell metabolism and phenotypes and
targeting tumor metabolism for anti-cancer drug discovery, three
distinct trends of research are beginning to emerge. These trends
appear to be forward-looking and have the potential of being
ground-breaking and undoubtedly productive. The first area con-
tinues to be off shoots from further research to investigate the War-
burg Hypothesis or Warburg Effect, especially in two directions. (i)
The hypothesis put forward by Smolkova and collaborators [46]
regarding “Waves of gene regulation suppress and then restore ox-
idative phosphorylation in cancer cells” highlights the importance
of the realization that the cells within a solid tumor exhibit a variety
of adaptive metabolic phenotypes. Consequently, further research
and future advances will undoubtedly provide new insights into
the diversity of metabolic phenotypes with a solid tumor [43,46].
(ii) The newly discovered metabolic phenomenon where “the fibro-
blastic tumor stoma would directly feed the epithelial cancer cells,
in a type of host-parasite relationship” led to the mechanistically
important proposal of the “Reverse Warburg Effect” [35,36]. Ongo-
ing and future studies will clarify to what generalized degree this
metabolic interrelationship exist between stromal fibroblasts and
neighboring epithelial cancer cells and if this effect occurs consis-
tently and regularly in all types of epithelial cancers, if not in all
types of different tumors.

The second area pertains to the as yet unresolved but patho-
physiologically important question [3,10,21, 35-38,40,43,45,46]:
“Is there a generally recognizable metabolic profile of tumor cells
that differ from that of non-cancerous but proliferating cells?” In-
deed, current as well as future advances will definitely provide
an answer (or answers) to this germane question. The third area
relates to the emergence of one interim translational solution in
targeting tumor metabolism for anti-cancer drug discovery. This
area has highly promising translation potential. This research and

translational activities can and should advantageously adopt the
multi-target approach, especially in combination therapies where
new multi-target anti-cancer agents under trial are employed to-
gether with already approved chemotherapeutic drugs to fight can-
cers [14,22,23,25,41,47,49,55,56].
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