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Abstract

It was 80 years after the Otto Warburg discovery of aerobic glycolysis, a major

hallmark in the understanding of cancer. The Warburg effect is the preference

of cancer cell for glycolysis that produces lactate even when sufficient oxygen

is provided. “reverse Warburg effect” refers to the interstitial tissue communi-

cations with adjacent epithelium, that in the process of carcinogenesis, is

needed to be explored. Among these cell–cell communications, the contact

between epithelial cells; between epithelial cells and matrix; and between

fibroblasts and inflammatory cells in the underlying matrix. Cancer involves

dysregulation of Warburg and reverse Warburg cellular metabolic pathways.

How these gene and protein-based regulatory mechanisms have functioned

has been the basis for this review. The importance of the Warburg in oxidative

phosphorylation suppression, with increased glycolysis in cancer growth and

proliferation is emphasized. Studies that are directed at pathways that would

be expected to shift cell metabolism to an increased oxidation and to a decrease

in glycolysis are emphasized. Key enzymes required for oxidative phosphoryla-

tion, and affect the inhibition of fatty acid metabolism and glutamine depen-

dence are conferred. The findings are of special interest to cancer

pharmacotherapy. Studies described in this review are concerned with the
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effects of therapeutic modalities that are intimately related to the Warburg

effect. These interactions described may be helpful as adjuvant therapy in con-

trolling the process of proliferation and metastasis.
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1 | INTRODUCTION

The emergence of understanding cancer deregulated
molecular mechanisms, and the mechanism for aggres-
siveness and metastatic potential was a landmark devel-
opment by Otto Warburg (Nobel Prize, 1931). Such
discovery was based on the relationship between lactic
acid production from glycogen and lack of oxygen that
was elaborated on by Warburg, Meyerhoff and
Archibald Vivian Hill in studies of the heat production
in skeletal muscle (Nobel Prize, 1922). The Pasteur–
Meyerhof effect extends the theory that less glycogen is
consumed in the presence of oxygen than in its
absence. It was not until 1932 that an association was
made between ATP hydrolysis and muscle contraction.
In the subsequent 5 years, a detailed proposal for the
reaction sequences was constructed by Embden, Meyer-
hof, Warburg, Parnas, Neuberg, and the Cori's. This
was followed by Warburg's finding that low oxygen is
characteristic of cancer cells.1

Glycolysis yields only two net molecules of ATP per
glucose molecule converted to lactic acid.2 Further, the
propensity for metastasis is related to the extent of
impairment of respiration, which was studied by Hans
Krebs in Warburg's laboratory using tissue slices and
manometry under conditions of which no heat was lost
or gained from the cell growth environment. In sharp
contrast to ATP production from most normal tissues,3 it
was shown by Warburg that cancers frequently develop a
modified sugar (glucose) metabolism, whereby a signifi-
cant portion of the blood sugar consumed by the tumor is
converted to one more intermediate beyond pyruvate,
that is, to lactic acid, even when oxygen is abundant “War-
burg effect.” Thus, cancer cells remodel their glycolytic and
mitochondrial machinery such that the former is up-
regulated and the latter is downregulated.4,5 Despite these
fundamental observations, there are significant inconsis-
tencies in the hypothesis as originally expressed, and it has
now become clear that there are a number of factors,6

enzymes,7–9 and specific isoforms10,11 within the context of
the “reverse Warburg effect”12 adjacent stromal tissues;
cancer associated fibroblasts (CAFs); a Crabtree effect,
reactive oxygen species (ROS), activation of transcription
factors,13 microRNAs14 and uncoupling proteins.

1.1 | Evidence for the Warburg and
reverse Warburg effects

The extent of the Warburg effect in humans tumor NCI-
60 cell lines screens has been determined by the ratio of
glycolytic-to-oxidative ATP flux (AFR), which is found to
be highly positively associated with cancer cell migra-
tion.6 These investigators found that reducing the AFR
that may specifically inhibit cancer migration, is achieved
by targeting genes that mitigate the Warburg effect. They
tested the antimigratory effects of silencing 17 genes in
four breast and lung cancer cell lines, and found that up
to 13 predictions significantly attenuated cell migration
only, either in one or all cell lines, but had no effect on
cell proliferation. These investigators found a high corre-
lation between measured and predicted lactate secretion
levels across various conditions of oxygen supply by sys-
tematically assessing the extent of lactate secretion across
wide range of cancer cell lines. They were able to deter-
mine the ratio of glycolytic versus oxidative capacity in a
cell using its extracellular acidification rate (ECAR, a
proxy of lactate secretion) and its oxygen consumption
rate (OCR). They found in comparing the ratio between
the AFR in glycolysis versus AFR in oxidative phosphory-
lation, that higher AFR values denoted more Warburg
metabolic profile. Further, the ratio between glycolytic
and oxidative AFR is significantly associated with cancer
migration.

Another study14 integrated the genome-scale metabolic
model of hepatocytes and mouse experimental data with
germline deletion of MiR122a (MiR122a±/±) to infer
Warburg-like effects. The results found elevated expression
of MiR-122a target genes in MiR122a±/± mice, in particu-
lar, those encoding for metabolic enzymes, by analyzing
the flux distributions of the genome-scale metabolic model
in normal and deficient states.14 They compared the flux
fold change of the genome-scale metabolic model computa-
tional results with metabolomic profiling data and reported
that the Dopa decarboxylase Ddc gene demonstrated the
highest similarity ratio of 95% to the biological hypothesis
of the Warburg effect, and similarity of 75% to the experi-
mental observation.

The Warburg effect has been regarded as a conse-
quence of an imbalance between maximum rates of
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glycolysis and pyruvate oxidation. It has been proposed
that glucose uptake is facilitated by the transport of glu-
cose over a plasma membrane, which requires a glucose
transporter/solute carrier (GLUT/SLC2A) family.4 Can-
cer cells in a hypoxic environment overexpress GLUTs,
especially GLUT1 and GLUT3. Since GLUT1 and
GLUT3 have a high affinity for glucose, cancer cells
can efficiently consume the available glucose, thereby
reducing the glucose concentration in the tumor micro-
environment. In addition, the same hypoxia causes
HIF-containing HIF-1α and HIF-1β subunits
overexpressed.15

1.2 | Cell–cell communication and the
reverse Warburg effect

The concept of a “reverse Warburg effect” implies that
aerobic glycolysis may take place in the fibroblastic
tumor stromal compartment, rather than in the epithelial
cancer cells themselves. These CAFs then undergo myo-
fibroblastic differentiation, and secrete lactate and pyru-
vate. Through cell–cell communication, epithelial cancer
cells could then take up these energy-rich metabolites,
into the mitochondrial Krebs cycle, promote ATP genera-
tion, resulting in a higher proliferative capacity. In such
way, the reverse Warburg effect is an alternative model
to the “ancestor mutant model,” as the epithelial cancer
cells instruct the stromal cells to transform into a wound-
healing stroma, by providing the energy-rich microenvi-
ronment for facilitating tumor growth and
angiogenesis.12

Transfer of pyruvate/lactate from myofibroblasts to
epithelial cancer cells and endothelial stroma occurs via
monocaroboxylate transporters such as MCT1/4. In this
scenario, CAFs and the tumor epithelial cells would be
metabolically coupled.4 The overexpressed proton-linked
MCT113 and MCT4 drive lactic acid secretion from the
cytoplasm into the extracellular fluid.3 The T cells gen-
erate more lactic acid into the microenvironment, and a
lower pH and higher lactic acid concentration caused
by tumor cells, in turn, inhibits lactic acid secretion
from T cells. The lactic acid inhibits the innate immune
response by downregulating lipopolysaccharide (LPS)-
induced genes, which delays LPS-induced phosphoryla-
tion of serine/threonine kinase 1 (AKT) and the degra-
dation of I-kappa-B (IkB). As a result, immune cells
invasion is limited, contributing to tumor immune eva-
sion. In this environment, a “reverse Warburg effect” is
driven by the cancer cells secreting hydrogen peroxide
to create a “pseudo-hypoxic” environment that activates
HIF-1α, glycolysis, and MCT4 expression of the stromal
cells.

1.3 | Complex metabolic dynamics
contributing to the Warburg and the
reverse Warburg effects

Investigators proposed that the complex temporal and
spatial dynamics of intracellular ATP demand drive cellu-
lar metabolism to provide energy for constant baseline
needs but also maintain capacity to rapidly respond to
steep fluxes in demand of the tumor. Short-term fluxes in
demand of ATP including division, migration, and inva-
sion, which requires increased activity of membrane
transporters, that is necessary to maintain functions
inherent in the malignant phenotype, associated with the
gradient increase in substrate and cycles of normoxia and
hypoxia. Long-term dynamics requires maintaining high
metabolic capacity to meet uncommon spikes in demand
and maintain the cell's optimal merge of glycolytic and
oxidative capacity. Others have constructed a regulatory
network of genes and metabolites from which a core cir-
cuit containing HIF-1, AMPK, and ROS were extracted.13

They concluded that while normal cells have an oxida-
tive state and a glycolytic state, cancer cells can access
a hybrid state with both metabolic modes coexisting.
The cancer cells had a high ROS production and/or
oncogene activation, such as Rat sarcoma (RAS),
Myelocytomatosis-related family of transcription factors
(MYC), and cellular sarcoma Proto-oncogene tyrosine-
protein kinase (c-SRC). They developed two models using
AMP-activated protein kinase (AMPK) and HIF-1 down-
stream genes to quantify the activity of glycolysis and oxi-
dative phosphorylation. They applied the AMPK and
HIF-1 signatures to the Cancer Genome Atlas patient
transcriptomics data of multiple cancer types and single-
cell RNA-seq data of lung adenocarcinoma. They reported
a reverse correlation between AMPK and HIF-1 activities
and the association of metabolic states with oncogenes
and concluded that the hybrid phenotype contributes to
metabolic plasticity. This hybrid phenotype allows can-
cer cells to adapt to various microenvironments to favor
tumorigenesis and metastasis. They propose a new can-
cer therapeutic strategy by targeting the hybrid state. To
learn more about cancer, we need to know more about
metabolic pathways incorporated in cancer mechanism
and contributes to the Warburg and the Reverse War-
burg, we elaborate on such pathways in the following
sections.

1.4 | Altered regulation of Warburg by
glycolytic enzymes and their isoforms

Abnormal differential expression in enzymatic activity is
reported in Warburg effects such as overstimulation of all
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glycolytic enzymes, especially with respect to the rate-
limiting enzymes hexokinase (HK), phosphofructokinase
(PFK), and pyruvate kinase (PK). Further, upregulation
of glutaminase and pyruvate carboxylase (PC) along with
inactivation of fumarase and mutations in succinate
dehydrogenase (SDH) were reported.16,17

Cancer cells exploit isoforms of glycolytic enzymes
to enforce the Warburg effect. In that sense, Warburg is
an effect of cancer. The splicing switch to the M2 iso-
form of pyruvate kinase (PKM2) is an example.5 Some
studies show crosstalk between the degree of malig-
nancy progression and overactivation of PK.7,15 In
humans, ectopic expression of PKM1 isoenzyme-
induced PK arrests cell proliferation and results in dis-
crete changes in metabolism that are limited to nucleo-
tide production.10 PKM2 is strongly connected to
proliferation, it is expressed in the development of
embryos, adult tissues, and cancer cells. Unfortunately,
a complete picture of how PKM2 benefits proliferating
cells has yet to be clarified, as it is an interesting point
in the Warburg-based cancer mechanism.8 Another
example of isoforms of glycolytic enzymes that has
been specifically associated with cancer is isocitrate
dehydrogenase (IDH2). Of great importance is the
repeated observation that lactate dehydrogenase isoen-
zyme A decreases in many cancers. The predominantly
H-type LDH is associated with inhibition by pyruvate,
inhibiting the reaction as it binds with the NAD+
formed and the LDH, more favorable to a shift to
glycolysis.

1.5 | Pathways of anaplerosis and cell
proliferation mediated by PC and
glutaminase 1 contribute to the reverse
Warburg effect

In normal cells, the chief anaplerotic enzyme contribut-
ing to the reverse Warburg is PC.16 An increase in the
level of PC was reported in some tumor cell lines,18 and
perfused rat livers showed a high alanine flux resulting
from PC activity.19 Further, glutaminase converts gluta-
mine to glutamate, to be used by Krebs cycle.11 Different
types of cancer cells have different requirements for path-
ways of anaplerosis and cell proliferation mediated by PC
and glutaminase 1 (GLS1). Further, it has been found
that tumor survival and propagation require PC-mediated
anaplerosis in early-stage non-small cell lung cancer
(NSCLC).9,16

Myc plays a role in stimulating glutamine catabo-
lism, which includes the repression of miR-23a and
miR-23b. This adds a level of complexity in tumor
metabolism that involves the metabolic relationship

between hypoxic and nonhypoxic regions of tumors
including the stroma. This suggests reassessment of can-
cer metabolism to consider glutamine catabolism to
effectively target in therapy.5

Glutamate is released from activated synapses and
taken up by astrocytes triggering an increase in glycolysis
and lactate production.20 Lactate can be oxidized by the
neurons in response to their increased energy require-
ment to produce ATP. In the proposed reverse Warburg
effect, hydrogen peroxide is secreted by cancer cells lead-
ing to oxidative stress in the associated fibroblasts. The
resulting loss of mitochondrial function acts as a switch
from aerobic metabolism to glycolysis, with lactate as the
end product. Lactate is capable of replacing glucose as an
energy source, and it is capable of increasing vascular
endothelial growth factor expression. The fibroblast-
tumor metabolic coupling in the reverse Warburg effect
is analogous to the metabolic symbiosis seen in the
brain.20

2 | IRON DEFECT REGULATION
OF BIOGENESIS

Iron (Fe) is a vital mineral for living cells21 due to its
important role in oxygen transport and oxidative phos-
phorylation beside heme, heme enzymes, and pro-
teins.22,23 A defect in mitochondrial DNA (mtDNA) leads
to loss of stability of the nuclear genome, which leads to
cellular crisis; it is caused by a decrease in the mitochon-
drial membrane potential rather than the absence of res-
piration. A defect in the iron–sulfur clusters (ISC)
biogenesis has been identified in the cell crisis. In addi-
tion, it has been found that downregulation of the non-
mitochondrial ISC protein biogenesis is enough to cause
greater genomic instability in cells with normal mito-
chondrial function.24 Therefore, dysfunction of mito-
chondria arouses nuclear genome instability by impeding
the ISC-containing protein(s) production.19 Another pos-
sible cause of disturbed iron metabolism is a defect in
Frataxin protein, which is an inner mitochondrial mem-
brane, and mitochondrial matrix protein that plays a role
in iron synthesis and storage.24 Frataxin defect may be a
possible problem that plays a vital role in ISC and heme
synthesis. Frataxin deficiency results in the mitochon-
drial iron loading.25 Some cells go into cellular crisis due
to nuclear genomic instability as a result of mtDNA loss.
This was associated with disturbed mitochondrial iron
metabolism. Iron is a vital mineral in activation of ribo-
nucleotide reductase, which is key enzyme in DNA syn-
thesis; therefore, iron is needed for cellular proliferation.
Correction of alkalosis in case of mitochondrial failure
may be an effective approach as intracellular alkalosis
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stimulates mitosis that is not affected by inhibitory
signals.26

2.1 | Tumor suppression gene TP53 links
to Warburg

Normally, p53-mediated inhibition of phosphofructoki-
nase (PFK) promotes ATP synthesis through enhancing
oxidative phosphorylation and suppression of glycolysis.
P53-induced enhancement of oxidative phosphorylation
comes from expression of the gene that encodes cyto-
chrome c oxidase (CCOx), which is important in mito-
chondrial cytochrome c oxidase complex. TP53-inducible
glycolysis and apoptosis regulator (TIGAR) is a P53 gene/
protein that inhibits glycolysis by downregulating cellular
fructose-2,6-bisphosphate: the latter is an enhancer of
PFK1.27,28 Because Warburg effect increases lactic acid,
any abnormality in lactate production and signaling will
lead to tumorigenesis.29 In that perspective, Warburg can
be thought of as a cause of cancer. One of the most fre-
quently mutated genes in cancers, p53, modulates the
balance between the utilization of respiratory and glyco-
lytic pathways, increasing glucose utilization for lac-
tagenesis and lactate exchange among cells.27 These
authors suggest that in glycolytic cancers, increased gly-
colysis is chronic which may lead to increased proteolysis
for gluconeogenesis, as well as for glutaminolysis to
increase cytosolic pyruvate for lactate production.
Chronic increased proteolysis for gluconeogenesis and
glutaminolysis could explain cachexia in cancer.

Oncogenes-mediated anablerosis functions in cancer
cells promote nodal point of bifurcation of anabolic and
catabolic processes (NPBac) and inhibit both catabolism
in cancer cells and degradation of cadherin-catenin com-
plexes. This prevents adhesion of cancer cell
membranes,30 and deploys the Warburg effect.26 CD147,
a glycoprotein on cell membranes of cancer cells, plays a
vital role in tumorigenesis, cellular death, migration, and
differentiation.31,32 CD147 modulation of Warburg effect
comes from its continuous stimulation of glycolysis and
its inhibition of oxidative phosphorylation.33

2.2 | Hypoxia inducible factor-1α
induces strong Warburg phenotype in
cancer cell metabolism

HIF-1α induces strong Warburg phenotype via affecting
glucose and pyruvate metabolism and mitochondrial bio-
genesis.34–38 HIF-1α plays a critical role in shifting cancer
cell metabolism from oxidative phosphorylation to aero-
bic glycolysis.34,37 This function has been traced back to

the oxygen responsive regulatory HIF-1α subunit. Over-
expression of HIF-1α is common in many types of solid
tumors including those of the stomach, colon, ovary,
lung, breast, pancreas, and kidney.35 The dominant mode
of HIF-1α regulation is through oxygen-dependent
abolishing of HIF-1α subunits, Figure 1. In cancer, other
several oxygen-independent mechanisms are involved in
HIF-1α activation including increasing the level of reac-
tive oxygen species (ROS) stress,39,40 mutations leading to
inactivation of tumor suppressors, for example, phospha-
tase and tensin homolog (PTEN),41 p53,42 pVHL43 or acti-
vation of oncogene factors as cMyc,44 Ras45 or pathways
as PI3K/AKT.46 Accumulation of tricarboxylic acid
metabolites as succinate and fumarate as a result of
mutant dysfunctional succinate dehydrogenase and
fumarate hydratase, respectively, has been reported as an
underlying cause of HIF-1 stabilization in congenital can-
cer types.47,48 The two metabolites compete with
α-ketoglutarate for binding to PHD2, thereby decreasing
ubiquitinylation, hydroxylation, and proteasomal degra-
dation of HIF-1α.47,48 Lactate and pyruvate levels, the
end products of glycolysis, regulate the expression of hyp-
oxia inducible genes independent of hypoxic stimula-
tion.49 It has been postulated that pyruvate plays a
possible inhibitory action against HIF-1α degradation at
the steps involving proline hydroxylation, pVHL tumor
suppressor protein binding or ubiquitin conjugation. It is
therefore shown that the process of glycolysis is able to
cause activation of HIF-1 DNA binding activity leading
to the enhanced expression of several HIF-1- activated
genes.50

HIF-1α triggers the expression of glucose trans-
porters (GLUT1 and GLUT 3) and their translocation
to the plasma membrane activating glucose
uptake.,35,38 As it activates the expression of all glycoly-
sis enzymes converting glucose to pyruvate, especially
those thought of as flux- limiting in the metabolic
pathway (HK1 and HK2), (PK, the embryonic isoform
M2), and PFK.35,38 HIF-1α upregulates lactate dehydro-
genase A (LDHA), which transforms pyruvate to
lactate,51 and monocarboxylate transporter 4 (MCT4),
which transports lactate out of the cell.52 In addition,
HIF-1α decreases the transformation of pyruvate to
acetyl-CoA by pyruvate dehydrogenase (PDH) decreas-
ing influx into the Krebs cycle and the subsequent
mitochondrial oxidative phosphorylation. Thus, HIF-1α
activates the PDH kinase 1 (PDK1) gene, which
inhibits PDH.53,54 HIF-1α impedes mitochondrial bio-
genesis and cell respiration through depressing c-Myc
activity and promoting its proteosomal degradation in
VHL-deficient renal cell carcinoma.55 In contrast, HIF-
1α interacts with c-Myc to stimulate aerobic glycolysis
by inducing HK2 and PDK1.56 Studies reported heart-
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anchoring cells (HANC), which acquired cetuximab, an
EGFI-receptor-blocking monoclonal antibody, resis-
tance, had high levels of HIF-1α expression and were
highly glycolytic.60 Cancer therapy has been proposed
by interrupting the expression and/or activity of HIF-
1α.36 For example, cetuximab was able to inhibit gly-
colysis and proliferation in cetuximab-sensitive squa-
mous cell carcinoma (HNSCC) cells in head and neck.
Such effects were mediated via downregulating HIF-1α
subunit through blocking downstream EGFI receptor
signaling.

2.3 | Mitochondrial uncoupling protein
UCP2 links Warburg to cancer cell
metabolism

One of the mitochondrial alterations underlying the met-
abolic shift of cancer cells from oxidative phosphorylation
to aerobic glycolysis is mitochondrial uncoupling.61,62

Uncoupling of mitochondrial respiration from phosphor-
ylation of ADP into ATP is mediated via uncoupling pro-
teins.63 One of them is UCP2, which is anion/metabolite
carrier located in the inner mitochondrial membrane and

FIGURE 1 Warburg and the reverse Warburg phenomena. It shows metabolic coupling between glycolytic stroma fibroblast and cancer

cells. Cancer cells induce CAFs phenotype that feed tumor cells with cycled nutrients for oxidative phosphorylation and tumor survival via

oxidative stress and HIF-1α activation. Under normoxic conditions, HIF-1α is hydroxylated at conserved proline residues by prolyl

hydroxylase domain protein 2 (PHD2) using O2 and α- ketoglutarate as co-substrates. Hydroxylated HIF-1α is bound by the vonHippel-

Lindau tumor suppressor protein (pVHL), then ubiquitinylated by an E3 ligase complex containing elongin B, elongin C, cullin 2 and RING

box protein 1 (Rbx1) for final proteosomal degradation.57,58 Additionally, oxygen availability promotes hydroxylation of HIF-1α on the

asparagine 803 residue via factor inhibiting HIF-1, an α-ketoglutarate-dependent dioxygenase. This blocks interaction of HIF-1 with the

coactivators; histone acetyltransferase p300 (p300) and cAMP-response element-binding protein (CBP) inhibiting its transcriptional action.59

Under hypoxic conditions, HIF-1α binding to pVHL is inhibited because prolyl hydroxylation is reduced, leading to HIF-1α stabilization and

dimerization with HIF-1β. The stable complex then recruits the coactivators and binds to the hypoxia response element (HRE) site of target

genes resulting in their transcriptional activation.35 HIF-1 plays key role in the reprogramming of cancer metabolism by activating

transcription of genes encoding glucose transporters and glycolytic enzymes, which take up glucose and convert it to lactate; pyruvate

dehydrogenase kinase 1, which shunts pyruvate away from the mitochondria; and BCL2 and adenovirus E1B 19-kDa-interacting protein3

(BNIP3), which triggers selective mitochondrial autophagy, decreased respiration and promoted cell survival under prolonged hypoxia.35,37

The shift from oxidative to glycolytic metabolism allows maintenance of redox homeostasis and cell survival under conditions of prolonged

hypoxia. Many metabolic abnormalities in cancer cells increase HIF-1α activity. As a result, a feed-forward mechanism can be activated that

drives HIF-1α activation and may promote tumor progression
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involved in modulation of cancer cell energy balance via
mediating a number of sequential events.63,64 Among
such events are proton leak/conductance from the inter-
membrane space to the mitochondrial matrix; bypassing
ATP synthase; inhibiting the proton motive force from
being excessive; reducing inner mitochondrial membrane
potential; shifting metabolism to the use of non-glucose
carbon sources (as fatty acids and glutamine) to maintain
mitochondrial function; reducing ROS generation, and
eventually providing survival and oxidative-stress protec-
tive advantages for cancer cells.62,64,65 Overexpression of
UCP2 was found in breast, leukemia, ovarian, bladder,
esophagus, testicular, colorectal, kidney, pancreatic, lung,
and prostate tumors.66

Evidence demonstrates a link between UCP2 and the
Warburg effect.61,66–70 HCT116 colon cancer cells over-
expressing UCP2 produced more lactate than control
cells, indicating higher rates of glycolysis.67 Studies61 rev-
ealed that the exposure of OCI-AML3 leukemia cells to
mesenchymal stromal cells induced UCP2 expression in
cancer cells. That was associated with accumulation of
lactate in the culture medium, indicative of the Warburg
effect and siRNA-mediated inhibition of UCP2 in the leu-
kemia cells resulted in decreased lactate production.61

Ayyasamy and his colleagues created a cellular model of
the Warburg effect by developing an epithelial cell line
lacking mitochondrial DNA termed (rho(0).66,71 Among
the regulated genes, UCP2 expression was predominantly
higher in rho(0) cells suggesting that UCP2 may inhibit
ROS accumulation induced by mitochondrial defects
linked to Warburg effect. UCP2 has been proposed to
function as a uniporter for pyruvate,72 facilitating pyru-
vate efflux from mitochondria restricting glucose avail-
ability for respiration.73 Furthermore, UCP2 catalyzes the
export of C4 metabolites, particularly oxaloacetate, out of
mitochondria at the expense of phosphate by an H+-
assisted mechanism. The low availability of oxaloacetate
regulates the entry of acetyl-CoA into the Krebs cycle.74

Another group confirmed the pro-glycolytic effect of
UCP2 demonstrating that UCP2 can inhibit the oxidation
of the glycolytic enzyme glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) in the cytoplasm of cancer cells
and its subsequent translocation to cell nuclei,68 where
the enzyme favors transcriptional induction of cell death-
related genes.75 It has been demonstrated that ectopic
expression of UCP2 in pancreas cancer cells sustained
the metabolic shift from mitochondrial oxidative phos-
phorylation to glycolysis and that sensitized the cells to
the treatment with the glycolytic inhibitor 2-deoxy-D-glu-
cose. The molecular mechanism underlying such findings
was UCP2-induced expression of hnRNPA2/B1, which is
involved in the regulation of both GLUT1 and PKM2
mRNAs, and of LDH increasing the secretion of L-lactic

acid.69 More recently, using the skin cell transformation
JB6 model, it has been demonstrated that UCP2 over-
expression induce AKT-dependent activation of PFK2 or
fructose-2, 6-bisphosphatase 2 (PFKFB2), a key regulator
of glycolysis. Upregulation of PFKFB2 expression corre-
lated with enhanced glucose uptake and elevated fructose
2, 6-bisphosphate (Fru-2, 6-P2) levels, PFK-1 activity and
lactate production, that is, promoted metabolic shift to
glycolysis “the Warburg effect”.70 Altogether, the data
identify UCP2 as a potential molecular target in cancer.67

Genipin is a natural dietary compound used as a poten-
tial anticancer agent. It acts by interfering with UCP2
function to dissipate energy and restrict ROS production
through proton leakage.66,76

2.4 | Caveolin-1 in cancer cell
metabolism

Caveolin-1 (CAV1), an integral membrane protein associ-
ated with endocytosis, cell migration, cholesterol distri-
bution, and signal transduction. Research findings
suggest that CAV1 is altered in several cancer types.77

Several studies reveal that CAV1 is involved in the modu-
lation of glycolytic activities, however, such tumor pro-
motion or suppression roles have been proposed to be
context-dependent.78 For example, stable expression of
CAV1 after exposure to a volatile anesthetic (isoflurane)
enabled cancer cells from escaping apoptosis induced by
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL). The pro-survival role of CAV1 was mediated by
enhanced glycolysis.79 CAV1 could provide colorectal
cancer cells growth advantages by upregulating
GLUT3-mediated glucose uptake and aerobic glycolysis.80

CAV1 interacted with low-density lipoprotein receptor-
related protein 6 (LRP6) to generate an integrated signal-
ing module that led to the activation of insulin- and
IGF-I receptors (IR/IGF-IR) and resulted in stimulation
of Act–mTORC1 signaling and aerobic glycolysis in pros-
tate cancer. Such effects were correlated with
upregulating HK2 and GLUT3 expression.81 It has been
proposed that, in cancer, CAV1 may function as a scaf-
folding protein for PFK, aldolase (ALD) and perhaps
other glycolytic enzymes78 in vascular smooth muscle
cells, resulting in localization of glycolytic enzymes to
plasma membrane and thus membrane-associated glycol-
ysis.82 On the other hand, loss of the tumor stromal
CAV1 may be a novel biomarker for the Warburg
effect.83

Studies on the loss of CAV1 expression in luminal
breast cancer epithelial cell line (MCF7) revealed activa-
tion of NF-E2-related factor 2 (Nrf2): a transcription fac-
tor that induces the expression of manganese-superoxide
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dismutase (MnSOD). MnSOD expression led to an
increase in the glycolytic rate, dependent on mitochon-
drial H2O2 production and the activation of AMPK.84

Lack of stromal CAV1 was associated with tumor recur-
rence, metastasis, and poor clinical outcome in breast
cancer.12,85 Several glycolytic enzymes, including
aldolase A, enolase 1, PGK1, PKM2, and LDHA, were
upregulated in bone marrow-derived stromal cells from
CAV1 knockout (KO) mice.12 Outschoorn et al. devel-
oped a co-culture system of breast cancer epithelial cells
and immortalized fibroblasts to explain it. In this model,
cancer cells induced oxidative stress via ROS over-
production, and autophagy: the processes of processing
and recycling mitochondrial contents by lysosomes, in
the adjacent fibroblasts. That was associated with down-
regulation of stromal CAV1, thereby acquiring CAFs phe-
notype.86 Loss of CAV1 elicited further ROS generation
and DNA damage in the fibroblasts. Also, it induced
mitochondrial dysfunction, and HIF-1α activation glyco-
lytic switch. To dissect the mechanism underlying
decreased mitochondrial mass and enhanced glycolysis
in the fibroblast, autophagic destruction of mitochondria
(mycophagy) was activated as a consequence of oxidative
stress and HIF-1α activation. It was also demonstrated
that nitric oxide (NO) overproduction, secondary to
CAV1 loss, caused mitochondrial dysfunction in CAFs
via a paracrine signaling induced further CAV1
downexpression.86

3 | POTENTIAL THERAPEUTIC
STRATEGIES TARGETING THE
WARBURG EFFECT

Cancer cells display extremely versatile aerobic glycoly-
sis, and therefore, it may be logical to enterprise anti-
cancer drugs established on the features and mechanisms
of aerobic glycolysis mechanism and on the association
between aerobic glycolysis and cancer progression. Lac-
tate transport inhibitors would be predicted to kill
cancer-associated fibroblasts via induction of intracellular
acidification. Similarly, lactate transport inhibitors would
eliminate extracellular source of lactate and pyruvate for
epithelial tumor cells leading to their starvation. Energy-
rich metabolites (as pyruvate and lactate from aerobic
glycolysis) were proposed to transfer to the adjacent
tumor cells and used to feed mitochondrial biogenesis
and respiration for great energy production and pro-
moted proliferation.12,86 This metabolic coupling between
the supportive glycolytic stromal fibroblasts and oxidative
tumor cells could be a potential target for cancer therapy.
Cancer therapy should target mitochondrial metabolic
dysfunction beside immune system support. Cetuximab

is an EGF-I receptor-blocking monoclonal antibody used
as antiproliferative agent in many conditions, which
downregulates the α subunit of HIF-1. As mentioned ear-
lier in this review, HIF-1 has a critical role in mediating
Warburg effect in cancer cells. Certain types of head and
neck squamous cell carcinomas (HNSCC) are sensitive to
cetuximab as it downregulates LDHα and HIF-1α. Over-
expression of HIF-1α associated with HNSCC resistance
tocetuximab may be overcome by knockdown of LDHα
expression.60 Figure 2 summarizes the potential thera-
peutic strategies targeting the Warburg effect.

Advances in the field of epigenetics led to discovery of
new metabolic changes in cancer cells. Food turnover
results in accumulation of certain protein and cofactors
that control gene expression through epigenetics. One of
the regulators of cellular metabolism is AMPK that acts
as a regulator in several pathways that link energetics to
longevity. AMPK activation is through high AMP to ATP
ratio leading to inhibition of cellular proliferation. The
serine/threonine kinase LKB1 is a known tumor suppres-
sor that activates AMPK thus inducing AMPK effects.87

A lot of attention has been directed to malignant brain
tumors. A novel therapeutic strategy is suggested through
metabolically targeting malignant cells. Normal brain
cells depend on glucose for energy production however in
the extreme conditions, that is, low blood glucose, normal
cells shift to ketone bodies β-hydroxybutyrate (β-OHB).
Unlike normal brain cells, malignant brain cells cannot
shift to ketone bodies as result of genetic mutation.
Although lowering blood glucose between 3.0 and 3.5 mM
(55–65 mg/dl) and elevating β-OHB ranges between 4 and
5 mM will affect malignant brain cells regardless their
anatomical site and cellular histology leaving brain cells
unaffected.88 Glioblastoma multiforme (GBM) is one of
the most aggressive tumors. Lipoic acid and hydro-
xycitrate were effective in animal models of GBM. With
the additional use of chemotherapy promising results
have been shown in glioblastoma, brain metastasis and
lung cancer.89 A potential therapeutic approach is to
induce glioblastoma differentiation. A proposed differenti-
ation model is used to define the mechanism of its differ-
entiation. cAMP activators were used in this model to
direct GBM into astroglia. Data showed oxidative phos-
phorylation and mitochondrial biogenesis are involved in
the differentiation process. Dibutyryl cyclic AMP reduces
levels of lactate production thus reverses the Warburg
effect. CREB-PGC1α pathway induces metabolic shift and
affects mitochondrial biogenesis. Mitochondrial division
inhibitor 1 blocks mitochondrial biogenesis through inhi-
bition of PGC1α leading to inhibition of differentiation.33

Xing et al. show that the metabolic shift from glycolysis to
oxidative phosphorylation drives differentiation of GBM
cells into astrocytes by cAMP activation. Mechanistically,
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the cAMP-CREB-PGC1α signal mediates mitochondrial
biogenesis, which leads to metabolic reprogramming,
induced differentiation, and tumor growth inhibition.90

Further, Cyclin G2 is considered as tumor suppression
gene in many cancers. Study showed Cyclin G2 down-
regulates LDHA: an important enzyme in glycolysis in gli-
oma that was expressed in low levels denoting poor
prognosis of glioma.91

In hepatocellular carcinoma (HCC), CD147 may be a
potential target for treatment.32 CD147 is a transmem-
brane protein that is expressed in HCC cells that regulate
cellular proliferation and differentiation. CD147 also pro-
motes the Warburg effect by inhibiting mitochondrial
biogenesis and oxidative phosphorylation and promoting
glycolysis.92

3.1 | Caloric restriction

Excess calories can lead to obesity promoting tumorigen-
esis. Therefore, the opposite might prove to be true. In
fact, a number of animal model studies showed that calo-
ric limitation prolongs life span.93,94 Moreover, it inhibits
tumorigenesis, possibly by reduced IGF-1 levels. Tumors
with activating PI3K mutations resist caloric restriction,
suggesting that caloric restriction affects growth factor-

receptor tyrosine kinase signaling by reducing IGF-1
levels and eventually mutations that activate the PI3K
pathway make tumor cells resistant tocaloric restriction.95

The basis of reduced tumorigenesis due to caloric restric-
tion might be related to autophagy and mitophagy. Such
processes are enhanced by AMPK activation in a reduced
energy state,96 in turn, reduces mTOR activity and
increases sirtuin activity,97,98 reducing cell growth.99

Inhibition of autophagy stimulates gradual cell deteriora-
tion. This could be attributed to the inability of cells to
get rid of faulty mitochondria, leading to increased oxida-
tive stress and aging.100,101 However, caloric restriction
enhances mitophagy, which helps cells to get rid of the
faulty mitochondria.102 This leads to overall enhanced
efficiency of mitochondria, and thus reduces oxidative
stress and mutagenesis. Interestingly, severe caloric
restriction also reduces basal metabolic rates, which is
associated with decreased cancer frequency.103 Further-
more, high-fat diets are associated with tumorigenesis,104

probably due to the increase in monoacylglycerol lipase
(MAGL). It is correlated with tumor aggressiveness and
invasiveness, possibly through free-fatty acid release.
Interestingly, reducing MAGL through siRNA inhibits
tumor growth and invasiveness.105

Moreover, there is an association between diabetes
and cancer. Diabetic patients who receive metformin, an

FIGURE 2 Potential therapeutic strategies targeting the Warburg effect
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anti-diabetic drug that increases insulin sensitivity, have
decreased incidence of cancer,106,107 and inhibits
transformation.108

3.2 | Inhibition of fatty acid oxidation

Entry of pyruvate into the Krebs cycle, by pyruvate dehy-
drogenase (PDH), is inhibited in cancer cells. Reac-
tivation of PDH activity by dichloroacetate stimulated
cell death, in a number of xenografts and solid tumor cell
lines.109 This supports the hypothesis that mitochondrial
glucose oxidation might be incompatible with survival of
cancer cells. Similarly, inhibition of fatty acid oxidation
enhanced apoptosis, stimulated by several chemothera-
peutic agents in cancer cell lines,110 in addition to
palmitate-induced apoptosis in hematopoietic cells.111

Thus, mitochondrial metabolism of fatty acids is probably
linked to cancer cell survival. With respect to the role of
UCPs in the metabolic shift, linked to increased fatty acid
and glutamine metabolism to favor glucose oxidation,
developing therapies targeting these proteins might be
promising.61 A possible approach is through mitochon-
drial uncoupling. Fatty acid oxidation has been linked to
chemoresistance and mitochondrial uncoupling, it is
tempting to speculate that Warburg's observations may
indeed be the result of the preferential oxidation of fatty
acids by cancer cell mitochondria.112 Recent investiga-
tions into the mechanisms that underlie the Warburg
effect suggest that: 1) mitochondrial uncoupling can pro-
mote aerobic glycolysis, 2) aerobic glycolysis occurs along
with oxidative metabolism of non-glucose carbon
sources, and 3) mitochondrial uncoupling occurs with
resistance to chemotherapy. In summary, the combined
effect of increased mitochondrial efficiency and reduced
basal metabolic rates and free fatty acid release could
possibly cut down mutagenic oxidative stress via caloric
restriction, and might prove to be a very effective treat-
ment for cancer along with chemotherapy in the
future.113,114

3.3 | EGFR tyrosine kinase inhibitors

EGFR TKIs have a massive effect on aerobic glycolysis and
have the ability to reactivate oxidative phosphorylation. As
well as causing apoptosis and arrest of growth, EGFR TKIs
might reactivate oxidative phosphorylation and, thereby,
oxygen consumption in cancer cells, which will improve
sensitivity to chemotherapy and radiotherapy.115 Moreover,
decrease in lactate secretion might raise extracellular pH
and thereby improve the microenvironment conditions of
cancer cells and thus the response to therapy.116

3.4 | 2-Deoxy-D-glucose

2-Deoxy-D-glucose (2-DG) is a synthetic glucose analog
where hydrogen replaces the C-2 hydroxyl group. It has
been investigated comprehensively in basic and clinical
studies since the 1950s.117 2-DG has been recognized to
deplete cellular energy, increase oxidative stress, interfere
with N-linked glycosylation, and stimulate
autophagy,.118,119 However, it is commonly believed that
2-DG prevents cancer by inhibiting glycolysis. 2-DG is
also transported by GLUTs, thus competitively inhibits
glucose uptake.117,120

3.5 | Dichloroacetate

Dichloroacetate (DCA) activates mitochondria in cancer
cells. The mitochondrial pyruvate dehydrogenase (PDC)
complex is located in the matrix. It catalyzes the aerobic
oxidation of glucose, pyruvate, lactate and alanine to ace-
tyl CoA, which is the rate-limiting step in glycolysis.
Acetyl CoA is a substrate in the TCA cycle. Thereby,
PDC is the main facilitator of oxidative phosphorylation
and is thereby very important in cellular energetics.121,122

DCA is a structural analog of pyruvate that enhances
PDC by inhibiting pyruvate dehydrogenase kinase
(PDK),123 thus maintaining the unphosphorylated form
of PDC.122 Furthermore, DCA enhances PDC activity by
inhibiting its turnover.124

3.6 | 3-Bromopyruvate

3-Bromopyruvate (3-BP) reduces glycolysis by inhibiting
hexokinase II125 and blocking ATP production.126 More-
over, it dephosphorylates Bcl-2-associated death pro-
moter protein (BAD) at Ser112: a pro-apoptotic protein
that regulates glycolysis and apoptosis.127 Subsequently,
BAX, a protein essential for BAD, is removed and local-
ized to the mitochondria, which alters the permeability
of the mitochondrial membrane. Thus, it causes the dis-
charge of cytochrome c and, thereby, cell death.127 In
addition, 3-BP decreases GAPDH activity through pyru-
vate, bringing about the anti-glycolytic and thus anti-
cancer effects.128

3.7 | The S1P/S1PR3 axis

G-protein-coupled receptors (GPCRs) are the major fam-
ily of cell membrane receptors and thus might be promis-
ing for cancer therapy. A study aimed to discover the
biological functions of sphingosine 1-phosphate receptor
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3 (S1PR3), one of the members of GPCRs family, as a tar-
get to treat osteosarcoma.129 Its results shed light on an
unidentified role for the S1P/S1PR3 axis, for introducing
the Warburg effect through activating the YAP/c-MYC/
PGAM1 pathway. Additionally, it revealed that TY52156,
an S1PR3 antagonist, had synergistic inhibitory effects,
when used with methotrexate, on cell growth in osteosar-
coma. Therefore, targeting the S1P/S1PR3 axis might
establish a new method to treat osteosarcoma.

3.8 | Isocitrate dehydrogenase 2

A study discovered the mechanism and function of wild-type
Isocitrate dehydrogenase 2 (IDH2) in helping lung cancer
growth.130 It reported that IDH2 is upregulated and is thus
an indicator of poor survival in lung cancer and several other
cancers. Targeting IDH2 with shRNA decreased the expres-
sion of HIF1α, reducing proliferation and growth of lung
cancer cells. Treatment of lung cancer cells with AGI-6780, a
small molecule inhibitor of IDH2, PX-478, an inhibitor of
HIF1α, or cultivation with octyl-α-KG repressed lung cancer
cell proliferation. In another setting, IDH inhibitors have
been used in clinical trials and α-KG salts have been used as
therapeutic nutrition.131 IDH2 supports the Warburg effect
and thus lung cancer cell growth, which is refereed by
HIF1-α activation, followed by a decrease in α-KG. Thus,
IDH2 may be a novel target to treat lung cancer.

3.9 | Alpha-enolase

A-enolase (ENO1) is usually overexpressed in tumors and
is thus a molecular target for immunotherapy. A study
silenced ENO1 in human cancer cell lines and assessed its
impact by proteomic, biochemical, and functional
methods.132 ENO1 silencing increased reactive oxygen spe-
cies that were mostly produced by the sorbitol and NADPH
oxidase pathways, along with increasing autophagy and
catabolic pathway adaptations, which together inhibit
tumor cell growth. Inhibition of ENO1, either alone or in
combination with other ENO1-related pathway, paves the
way for potential therapeutic strategies.

3.10 | Transcription factor SIX1

A study showed that transcription factor SIX1 directly
increases the expression of numerous glycolytic genes,
thus supporting the Warburg effect and tumor growth,
both in vitro and in vivo.133 SIX1 regulates glycolysis
through the histone acetyltransferases HBO1 and AIB1.
SIX1 mutation in cancer enhances its ability to boost

aerobic glycolysis and tumor growth. Mir 548a-3p directly
inhibits the glycolytic role of SIX1. MiR 548a-3p is down-
regulated in cancer and correlates with SIX1 inversely.
Thus, it is good prognostic marker in breast cancer. So,
the MiR 548a-3p/SIX1 axis strongly associates aerobic
glycolysis to carcinogenesis and may possibly be an effec-
tive way to target cancer.

3.11 | Monoclonal antibodies

Monoclonal antibodies (mAbs) are a developing class of
anticancer drugs, due to their ability to a tumor growth
by direct targeting or immune modulation134,135 There-
fore, understanding whether the activity and function
of mAbs are impacted by tumor acidity might present
possible strategies to improve clinical effectiveness and
to overcome resistance.136 Other strategies utilizing
monoclonal antibodies to treat cancer have been
reported.137

4 | SIGNIFICANCE AND CLOSING
REMARKS

Aerobic fermentation “Warburg effect” is a metabolic
hallmark of most tumors. Discoveries of cell death path-
ways, UPR and the epigenetic regulation of gene expres-
sion by histones, chromatin and RNAs renewed interest
in TWarburg and reverse Warburg effects. This review
pointed out to the concepts regarding mitochondrial
metabolism and the ER under stress. Also, it addressed
how Warburg and reverse Warburg contribute to the
basis for tumorigenesis. We emphasized on human inves-
tigations and the potential therapeutic modalities based
on presearch findings.
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