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The pioneering observation by Otto Warburg that an elevated glucose consumption by cancer cells is associated with a

restraint of oxygen consumption and elevated aerobic glycolysis, induced several researches on the molecular changes

involved in the metabolic deregulation of cancer cells. This review analyzes the relationships between the deregulationn of

respiration and glycolysis, the defective cancer mitochondria, the molecular and biochemical alterations involved in cancer

pathogenesis and progression and   new approaches to cancer therapy aimed at the correction of the molecular and

metabolic changes characterizing cancer cells.
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1. Introduction

Following the pioneering observation by Otto Warburg that an elevated glucose consumption by cancer cells is associated

with a restraint of oxygen consumption and the production of lactic acid in aerobiosis (Warburg effect) , numerous

efforts were dedicated to explain the genesis of the glycolytic metabolism of tumors as well as its implication in the

malignant transformation. The analysis of a spectrum of hepatocellular carcinoma (HCC), including well, moderately, and

poorly differentiated tumors, showed that aerobic glycolysis increases with the degree of malignancy , suggesting that

the Warburg effect is correlated to tumor progression.

The role of Warburg effect in the pathogenesis of tumors has been the object of debate in recent years . However,

recent acquisitions on cancer biochemistry and biology contributed to clarify the pathogenesis of the Warburg effect and

its role in tumor progression, and suggested new approaches to HCC therapy.

2. The Warburg Effect and Tumor Therapy

According to available data, cancer is one of the deadliest health problems. New therapeutic treatments should address

the major factors implied in the resistance of tumors to standard treatments. Metabolic deviations can vary among

different types of cancers and different patients. The tumor heterogeneity requires strategies targeting the various

metabolic deviations of cancers. Nowadays, metabolic-oriented research offers different new perspectives, which may

contribute to the development of innovative and effective therapeutic treatments.

2.1. Therapeutic Effect of the Glycolysis Inhibition

Previous work in our laboratory showed a decrease of SAM liver content during the development of preneoplastic nodules

and HCC induced in rats by diethylnitrosamine. The treatment of rats with SAM reconstituted the SAM pool and inhibited

the growth of nodules and HCCs . We further observed  that the administration of SAM causes a consistent fall of the

number and DNA synthesis of preneoplastic liver lesions associated to a decrease in liver PK, LDH and GPDH (Glycerol-

3-phosphate dehydrogenase). SAM did not affect these enzymatic activities in normal liver, but caused a consistent

decrease in initiated rats. Enolase, FBP, and ME activities also increased in the liver of initiated rats, but were not

significantly affected by SAM. These results clearly showed the association of the inhibition of some glycolytic enzymes

with the arrest of the growth of preneoplastic and neoplastic liver lesions. They were in accordance with the previous

demonstration that the inhibitor of HK and GPI, by 2-DG , completely hampers the aerobic glycolysis and protein

synthesis of the hepatoma ascites AH-130 but is ineffective in the rat bone marrow cells and cells isolated from chicken

embryo, where the energy necessary for the protein synthesis is given by respiration. As expected, 2-DG inhibits the

glycolysis and protein synthesis of all tissues tested in anaerobiosis . In accordance with these findings, the inhibition of

HK2 in human liver tumor Huh7 and HepG2 cells inhibits cell growth and increases cell death . Furthermore, 2-DG

induces apoptosis of neuroblastoma SK-N-BE (2) cells  and its chronic dietary administration inhibits tumor incidence in
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a mouse model of hepatocarcinogenesis . Moreover, 2-DG synergizes with Newcastle disease virus to kill breast

cancer cells to inhibit GA-3-P dehydrogenase , and increases the efficacy of Adriamycin and paclitaxel in human

osteosarcoma and non-small cell lung cancers in vivo .

Enzo et al. observed that active glycolysis is needed for the full activity of the transcriptional cofactor YAP and TAZ (Yes-

associated protein/transcriptional coactivator with PDZ-binding motif) and the primary human mammary tumors with active

YAP/TAZ progress toward more advanced malignant stages . YAP and TAZ are two transcriptional coactivators that

promote cell proliferation through a transcriptional program intermediated by TEAD transcription factor . It was also

found that YAP1 is genetically controlled in rat liver cancer and determines the fate and stem-like behavior of the human

disease . YAP increases glycolysis  and supports the expression of Glut3, a known driver of a cancer stem cell

phenotype, whose expression is elevated in cancer . YAP/TAZ/TEAD and AP-1 form a complex that synergistically

activates target genes controlling S-phase entry and mitosis . In addition, in HepG2, Huh7, and Hep3B cells, forced

YAP1 over-expression results in the expression of stem cell markers and increases cell viability . This does not occur if

YAP1 expression is inhibited by specific siRNA or the cells are transfected with mutant YAP1 that does not bind to TEAD

.

PFK catalyzes the rate-limiting phosphorylation of F6P to F-1,6-BP, an energy consuming step of glycolysis (Figure 1).

One small molecule, PFK15, inhibitor of PFAKFB3, suppresses glucose uptake and growth in Lewis lung carcinomas in

syngeneic mice and has anti-tumor effects in three human xenograft models of cancer in athymic mice . Furthermore,

the inhibition of PFKFB3 impedes glucose uptake, glycolysis, and growth of HER2-expressing breast cancer cells .

Treatment with lapatinib, an FDA-approved HER2 inhibitor, decreases PFKFB3 expression and glucose metabolism in

HER2+ cells   In vivo administration of a PFKFB3 antagonist significantly suppresses the growth of HER2-driven breast

tumors . The competitive inhibitors of FKFB3, 3PO and PFK15, decrease glucose metabolism and the proliferation of

different cancer cells and inhibit the growth, metastatic spread and glucose metabolism in three human xenograft models

of cancer in athymic mice . Finally, also GAPDH is a potential cancer therapeutic target as well, since inhibition of this

glycolytic enzyme by 2-DG inhibits cancer cell growth .

Attempts by Shikonin to inhibit of PKM2 have shown a significant inhibition of glycolysis in tumors . However, this

compound is highly toxic and poorly soluble. Better results were obtained with metformin, less toxic, which increases the

sensitivity to chemotherapeutic drugs by inhibiting PKM2 .

The inhibition of LDH is another proposed strategy to arrest tumor growth. Specifically it has been shown that LDH

suppression induces oxidative stress and reduces tumor progression . Its association to the inhibition of four

glycolysis pathway molecules (GLUT1, HKII, PFKFB3, PDHK1) using WZB117, 3PO, 3-bromopyruvate, Dichloroacetate

inhibitors (Phloretin, Quercetin, STF31Oxamic acid, NHI-1) results in an increase of extracellular glucose, a decrease of

lactate production and a rise in apoptosis of cancer cells . In MIA PaCa-2 human pancreatic cells, the inhibition of

LDHA by GNE-140 for 2 days was found to trigger cell death, although the activation of the AMPK-mTOR-S6K signaling

induced resistance to GNE-140 and increased oxidative phosphorylation . Thus, the combination of the LDHA inhibitor

with compounds targeting the AMPK-mTOR-S6K signaling was proposed as a potential strategy to reduce the emergence

of resistance to LDHA inhibition . Also, oxamate significantly suppresses the proliferation of NSCLC cells, while it exerts

a much lower toxicity in normal cells . Moreover, the use of miR-30a-5p, an LDHA inhibitor, has been proposed as

another possible strategy to counteract the resistance to chemical inhibitors .

The inhibition of the lactic acid transporters MCT1/2 slows down cancer cell proliferation . Mechanistic studies of

MCT1 inhibitors suggest that loss of LDHA activity may generate ROS through negative feedback effects on glycolysis

and the synthesis of GSH . Cancer cells do not metabolize lactate but export it thus inducing the acidification of the

tumor surrounding . The induction of inflammation by lactate efflux attracts immune cells including macrophages. The

secretion of macrophage cytokines and growth factors if not reach deadly concentrations for cancer cells, may stimulate

tumor cell growth and metastasis formation . It should be noted that MCT (monocarboxylate transporter) also

functions for lactate import into cells that oxidize lactate, such as heart and skeletal muscle, or metabolize for

gluconeogenesis such as liver and kidney . Low MCT levels are present in many issues, but marked increases in the

MCT1 and/or MCT4 levels occur in several human tumors, which thus might be treated with MCTs inhibitors.

Clinical trials with glycolytic inhibitors have also been performed   with 2-DG (trials I/II), the HK inhibitors Lonidamine

(trials II/III) and 3-Bromopyruvate (pre-clinical), Imatinib, an inhibitor of Bcr-Abl tyrosine kinase that causes a decrease in

HK and G6PD activities (approved for clinical use), and Oxythiamine, which suppresses pentose phosphate pathway by
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inhibiting transketolase and inhibits pyruvate dehydrogenase. The above findings clear indicate the contribution of

glycolytic energy to the growth of cancer cells thus confirming the old findings   on the therapeutic effect of the glycolytic

inhibitor 2-DG.

In a recent interesting review, Cassim and coworkers   report that mitochondria play a key function in tumorigenesis. To

explain the role of LDH in tumor growth, these authors disrupted the LDHA and LDHB genes in the human colon

adenocarcinoma and murine melanoma cells . The knockout of each of these genes did not strongly reduced lactate

secretion, which was instead fully suppressed in the double knockout cells (LDHA/B-DKO). Under normoxia, LDHA/B-

DKO cells survived by shifting their metabolism to oxidative phosphorylation (OXPHOS), leading to a 2-fold decrease in

proliferation rates both in vitro and in vivo. However, under hypoxia the LDHA/B suppression completely abolished in vitro

growth, indicating its dependency on OXPHOS. These conditions were reproduced pharmacologically by treating WT cells

with the LDHA/B-specific inhibitor GNE-140. These findings demonstrate that the Warburg effect is not only based on the

high expression of LDHA, since both LDHA and LDHB need to be deleted to suppress fermentative glycolysis.

Furthermore, on the basis of these findings, the Warburg effect does not seem to be indispensable even in aggressive

tumors. Hence, according to the authors, the mitochondrial metabolism should be a target of innovative anti-cancer

agents. However, the problem of the translation of preclinical drugs, effective in eradicating cancer cells, to the clinical use

still remains. Indeed, these drugs would necessarily affect normal cells, including anti-cancer immune cells. Therefore,

new therapeutic strategies devoted to the modulation of mitochondrial functions in a distinct cellular target need to be

defined.

2.2. Intracellular Alkalinity of Cancer Cells

Recently, the Warburg effect has been explained as an effect of the intracellular alkalinity of cancer cells . It was found

that the glycolytic activation is itself an oncogenic event: indeed, the overexpression of the glucose transporter GLUT3 in

nonmalignant human breast cells suffices to activate oncogenic signaling pathways such as EGFR, β1 integrin, MEK, and

AKT, with consequent loss of tissue polarity and increased growth . A proton [H ]-related mechanism involved in the

initiation and progression of cancer has been recently described . Specifically, it was shown that, in tumor cells, an

extracellular acid microenvironment of 6.2–6.9 vs 7.3–7.4 in normal cells is associated with alkaline intracellular pH values

of 7.12–7.7 vs 6.99–7.05 in normal cells . This situation is linked to an elevated activity of the membrane-bound

Na /H  exchanger isoform 1 (NHE1) . Therefore, the use of NHE1 inhibitors with low side-effects such as Cariporide

and other more potent NHE1 inhibitors, including compound 9t, have been recently proposed for cancer therapy .

2.3. Glutaminolysis and Cancer Therapy

Glutamine has some important functions in tumor metabolism and cancer cells depend on glutamine metabolism.

Therefore, targeting glutamine metabolism could contribute to cancer therapy. Allosteric inhibitors of GLS (glutaminase)

have shown promising results in cancer models. One of these inhibitors, BAPTES [bis-2-(5-phenylacetamido-1,2,4-

thiadiazol-2-yl) ethyl sulfide] , inhibits the proliferation of cancer cells in vitro, and of xenografts in vivo, and prolongs

survival in genetically engineered mouse models of cancer . In addition, BAPTES increases radiation sensitivity of

lung tumor cells and human lung tumor xenografts in mice . Preclinical research has shown that CB-839, a GLS

inhibitor, is efficacious against breast cancer and hematological malignancies .

GLS inhibition has been also found to be efficient in combination therapy. The inhibition of the anti-apoptotic protein BCL-2

integrates glutaminase inhibition . Furthermore, it has been shown that highly invasive ovarian cancer cells have

increased glutamine dependence compared to less invasive cells , and metastatic prostate tumors show increased

dependence on glutamine uptake . Furthermore, increased lactate in tumor microenvironment may promote increased

glutamine metabolism though HIF2 and MYC-dependent mechanism , and increased ammonia released from cancer

cells stimulates autophagy in the fibroblasts that consequently release additional glutamine, which is metabolized by the

cancer cells   but may be toxic to surrounding cells. Interestingly, the lactate produced in cancer cells by increased

glycolysis, which may be present in the tumor microenvironment, promotes glutamine metabolism by a HIF2 and MYC-

dependent mechanism . Increased glutaminolysis produces ammonia with consequent autophagy of exposed cells

, such as fibroblasts, and further release of glutamine, which may be metabolized by cancer cells . It must be also

noted that some tumors, including those of brain and lung   synthesize and excrete glutamine. Ammonia may

be toxic in this context and is probably detoxified by surrounding non-transformed cells.

Glutaminolysis inhibition could be curative for highly invasive ovarian cancer cells exhibiting increased glutamine

dependence compared to less invasive cancers . Similarly, metastatic prostate tumors show increased dependence on

glutamine uptake . Furthermore, the genetic inhibition of glutaminase was shown to prevent epithelial-to-

mesenchymal transition, a key step in tumor cell invasiveness and eventual metastasizing .
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2.4. Nampt Inhibitors

Nampt has been considered a potential therapeutic target for cancer treatment, due to its contribution to cancer

pathogenesis . Nampt converts NAM (nicotinamide) and PRPP (5-phosphoribose-1-pyrophosphate) to nicotinamide

mononucleotide, a substrate of Nmnat (nicotinamide mononucleotide adenylyl transferase) to generate NAD (nicotinamide

adenine dinucleotide) by transferring the adenylyl moiety (Figure 2). An alternative way to generate NAD is the

transformation of nicotinic acid (NA) to NAMN (nicotinic acid mononucleotide), catalyzed by Naprt (nicotinic acid

phosphoribosyltransferase), followed by the synthesis of NAAD (nicotinic acid adenine dinucleotide), in presence of ATP,

catalyzed by Nmnat (nicotinamide mononucleotide adenylyltransferase) and the transformation of NAAD to NA, catalyzed

by a synthetase (Figure 2). Different Nampt inhibitors have been developed to date, among them FK866 (APO866) 

reduces cellular levels of NAD and GAPDH , inhibits glycolysis and cancer cell growth   and induces apoptosis .

Another competitive Nampt inhibitor, GMX1778, has anti-cancer effects . A recent study demonstrated that recurrent

NAMPT-H191R mutations confer resistance to treatment of cancer cell lines with TF-31, but STF-31 also exerts an

additional inhibitory effect against Nampt . Although Nampt inhibition may prevent tumor cell growth, it is essential for

normal cells and its absence may cause embryonic lethality, progressive muscle degeneration   and severe vision

loss . It must be noted, however, that Naprt (nicotinate phosphoribosyltransferase) generates nicotinic acid

mononucleotide (NAMN) from nicotinic acid and PRPP (5-phosphoribose-1-pyrophosphate), and then Nmnat

(nicotinamide mononucleotide adenylyltransferase) conjugates ATP to NAMN to generate NAAD (nicotinic acid adenine

dinucleotide) (Figure 2) . IDH (isocitrate dehydrogenase) mutations in glioma cell lines induce a decrease of Naprt

expression via an increase of DNA histone methylations . IDH mutations are frequent in patients with gliomas and

acute myeloid leukemia (AML) . Mutated IDH aberrantly generates 2-hydroxyglutarate that inhibits DNA and histone

demethylases and promotes the hypermethylation of DNA histones .

Figure 2. NAD synthesis. Substrates: NA, nicotinic acid; NAD, Nicotinamide adenine dinucleotide; NAAD, nicotinic acid

adenine dinucleotide; NAM, nicotinamide; NAMN, nicotinic acid mononucleotide; NMN, nicotinamide mononucleotide;

PRFPP, 5-phosphoribose-1-pyrophosphate. Enzymes: NADS1, NAD synthetase; NAMPT, nicotinamide

phosphoribosyltransferase; NMNAT, nicotinamide mononucleotide adenylyltransferase; NAPRT, nicotinic acid

phosphoribosyltransferase.

3. Conclusions

In 1861, Louis Pasteur observed that oxygen increased the division of yeast and the inhibition of the fermentation by

oxygen. In 1913 the mitochondria were discovered, and Otto Warburg linked cellular respiration to these organelles,

derived from guinea pig liver extracts, that he called “grana” . Warburg observed that tumors acquire the unusual

property of fermenting glucose to lactate in the presence of oxygen (aerobic glycolysis), and proposed that deficient
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mitochondrial respiration causes aerobic glycolysis in cancer cells . However, we now know that tumor mitochondria

are well coupled (Figure 2)  and the Pasteur defect is largely linked to the great increase in the activity of

glycolytic enzymes in cancer cells.

The fermentation of glucose to lactate in the presence of oxygen (Warburg effect) has been strongly criticized by

Weinhouse   who, in opposition to the Warburg effect, observed that the well differentiated Morris hepatomas do not

produce lactic acid in aerobiosis. Indeed, an almost complete absence of lactic acid production in four well-differentiated

tumors has been found, and in aerobiosis, relatively low production in three well differentiated tumors, and high production

in poorly-differentiated tumors (Figure 3). Altogether, these observations indicate that the Warburg effect is not the cause

of the malignant transformation but its consequence, and an adaptation to hypoxia of tumor cells that becomes more

evident during cancer progression (see the paragraph 3).

Figure 3. Aerobic glycolysis in hepatocellular carcinomas with different levels of differentiation.

The first report on the Warburg effect was published 97 years ago . Thirty-four years later the primary metabolic block

produced by 2-DG   was localized, and forty years after the Warburg report of 1923, the inhibition of aerobic glycolysis

by 2-DG   was demonstrated, as an inhibitor of HK and GPI , which inhibited protein synthesis in cancer cells. Some

important recent studies reevaluate the old hypotheses. A series of elegant experiments has unequivocally shown that

glycolytic metabolism activates the YAP/TAZ signal in cells of different neoplasms (e.g., breast and liver) and YAP

activation upregulates the expression and transcriptional activity of HK2 and PFKFB3 . Through the use of glycolysis

inhibitors, it was observed that the YAP/TAZ signal, active in cells that incorporate glucose and produce lactic acid, is

strongly inhibited when glucose metabolism is blocked, or glycolysis is reduced. It has been shown that the glycolytic

enzyme PFK1, upregulated in tumors, promotes the YAP/TAZ transcriptional cooperation with TEAD factors to form the

PFK1-TEAD1-YAP/TAZ complex in the nucleus. YAP activation during glycolysis, mediated by the hexosamine

biosynthesis pathway, and its acetylation by O-linked b-N-acetylglucosamine transferase promote its nuclear translocation

and transcriptional activity . YAP/TEAD in the cell nucleus regulates GLUT3 transcription and activates YAP, thus

augmenting HK2 expression and promoting glycolysis . Therefore, the glycolytic metabolism regulates the

transcription of YAP/TAZ   that promotes glycolysis, lipogenesis, and glutaminolysis, and is involved in the proliferative

activity and aggressivity of neoplastic cells . Collectively, this body of evidence clearly indicates that the Warburg

effect is an epiphenomenon of the transformation process essential for the development of malignancy.
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