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Abstract
In the 1920s, Otto Warburg observed the phenomenon of altered glucose metabolism in cancer cells. Although the initial
hypothesis suggested that the alteration resulted from mitochondrial damage, multiple studies of the subject revealed a precise,
multistage process rather than a random pattern. The phenomenon of aerobic glycolysis emerges not only from mitochondrial
abnormalities common in cancer cells, but also results from metabolic reprogramming beneficial for their sustenance. The
Warburg effect enables metabolic adaptation of cancer cells to grow and proliferate, simultaneously enabling their survival in
hypoxic conditions. Altered glucose metabolism of cancer cells includes, inter alia, qualitative and quantitative changes within
glucose transporters, enzymes of the glycolytic pathway, such as hexokinases and pyruvate kinase, hypoxia-inducible factor,
monocarboxylate transporters, and lactate dehydrogenase. This review summarizes the current state of knowledge regarding
inhibitors of cancer glucose metabolism with a focus on their clinical potential. The altered metabolic phenotype of cancer cells
allows for targeting of specific mechanisms, which might improve conventional methods in anti-cancer therapy. However,
several problems such as drug bioavailability, specificity, toxicity, the plasticity of cancer cells, and heterogeneity of cells in
tumors have to be overcome when designing therapies based on compounds targeted in cancer cell energy metabolism.
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Introduction

In the year 2000, Hanahan and Weinberg published a well-
known review: Hallmarks of cancer. In it, they organized the
complexity of cancer biology into six major attributes: self-
sufficiency in growth signals, insensitivity to anti-growth
signals, evading apoptosis, limitless replicative potential,
sustained angiogenesis, and tissue invasion and metastasis.1

Ten years later, they published an updated review and added
two new hallmarks: evading the immune system and re-
programmed energy metabolism.2 Although alterations in
cancer metabolism were shown by Otto Warburg in the 1920s,
reprogrammed cancer metabolism has become a hot topic only
in the past decade. An abnormal dependence on glycolysis as
the sole source of ATP creation instead of oxidative phos-
phorylation, even in the presence of oxygen, is commonly
called “the Warburg effect.” Changes in metabolism observed
in many types of cancer provide a selective advantage during
tumor initiation and progression.3 Despite the early hypothesis,

altered glucose metabolism is not a coincidence or the effect of
nonfunctional mitochondria, but the result of expedient
changes. Mitochondrial abnormalities, such as disturbance in
number, structure, or function of the organelle, are common in
almost all types of cancer4; however, the universality of
specific metabolism alteration points to the deterministic
nature of the Warburg effect’s occurrence. These changes lead
to aerobic glycolysis, allowing cancer cells to grow, prolif-
erate, spread, and invade other tissues. Significant changes in
cancer cell energy metabolism include (1) overexpression of
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glucose transporters leading to increased glucose uptake; (2)
overexpression of enzymes of the glycolytic pathway leading
to increased activity of glucose metabolism; (3) over-
expression of PKM gene and increased amount of pyruvate
kinase isoform M2, which allows redirection of glucose to the
pentose phosphate pathway; (4) overexpression of lactate
dehydrogenase which allows maintaining the NAD+/NADH
ratio; (5) overexpression of monocarboxylate transporters,
which orchestrate the trafficking of the lactate; and (6) in-
creased transcriptional activity of hypoxia-inducible factor
which up-regulates glucose metabolism.5,6 The metabolic
differences between cancer and normal cells are shown in
Figure 1.

The intensive growth and proliferation of cancer cells
require constant energy supply and macromolecules synthesis.
Cancer cells need significantly more glucose than normal
cells, but increased numbers of GLUT transporters enable
increased glucose uptake. Overexpression of the glycolytic
pathway enzymes has a positive impact on the effectiveness of
energy production. Simultaneously, the reduced catalytic
activity of pyruvate kinase M2 (PKM2) allows to direct part of
the created G-6-P to the pentose phosphate pathway, which
provides certain essential elements, for example, NADPH or
pentoses necessary for biomolecule synthesis.5,6 Moreover,
PKM2 binds with HIF-1α and increases the transcriptional
activity of the hypoxia-inducible factor which results in the
overexpression of genes under the control of the factor,

among other things, the critical elements of glucose meta-
bolism. Increased lactate production contributes to angiogen-
esis, maintains a low pH of the cancer cell microenvironment,
and maintains the NAD+/NADH ratio. Proper NAD+/NADH
ratio is crucial for redox homeostasis, metabolism, cellular
bioenergetics, genomic stability, gene expression, mitochon-
drial homeostasis, and adaptive stress responses.7 The NAD+

homeostasis is maintained by the biosynthesis, consumption,
and recycling in different cellular compartments, including the
cytosol, the mitochondria, and the nucleus. Continuous re-
plenishment of NAD increases the proliferation and survival of
rapidly dividing cancer cells because elevated NAD levels
enhance glycolysis via glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) and lactate dehydrogenase (LDH) that re-
quire NAD as a co-enzyme.7 To keep the intracellular balance
of pH, the lactate needs to be efficiently transported outside of
the cancer cells which is enabled by an increased number of
monocarboxylate transporters.5,6

All these changes result in phenotypic distinctions between
normal and cancer cells that might allow specific targeting of
cancer cells for anti-cancer therapy. This can be achieved by
inhibiting the key regulatory factors of the reprogrammed
mechanism of glucose metabolism. In this review, we present
the current state of knowledge regarding inhibitors of cancer
glucose metabolism and discuss the reasons for discrepancies
between expectations toward their efficiency and the reality of
their clinical utility.

Figure 1. Comparison of glucose metabolism in a normal and cancer cell and potential inhibitors of glucose metabolism l. The majority of
normal cells utilize glucose as a substrate in the glycolytic pathway. Then pyruvate, a product in this process, enters the mitochondria and
after being converted into acetylo-CoA enters the tricarboxylic acid cycle. In cancer cells, overexpression of GLUT transporters causes
increased glucose uptake compared to normal cells. Increased expression of glycolytic enzymes is also observed. M2 isoform of pyruvate
kinase shows reduced catalytic activity which allows the directing of part of the created G-6-P to the pentose phosphate pathway. The PKM2
isoform also stimulates HIF-1 into increased transcriptional activity by binding to the transactivation domain of HIF1-α subunit. The activation
of HIF results in increased expression of the key elements of glucose metabolism, for example, GLUT transporters, enzymes of the glycolytic
pathway, and lactate dehydrogenase. Most of the pyruvate created in cancer cells is converted into lactate by lactate dehydrogenase. Lactate
is transported outside of cells by the monocarboxylate transporters, whose amount is elevated in cancer cells.
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Inhibition of Glucose Transporters

The first stage of glucose metabolism is glucose transport
through the cell membrane. As a result of metabolic re-
programming of cancer cells, expression of the GLUT1
noticeably increases.8–11 An increased number of glucose
transporters and the resulting higher glucose uptake is a
universal phenomenon observed in many types of cancers,
including diffuse large B-cell lymphoma, colorectal cancer,
hepatocellular carcinoma, larynx cancer, gastrointestinal
stromal tumor, thyroid cancer, pancreatic cancer, renal cell
carcinoma, prostate cancer, lung cancer, and sarcomas.12

Overexpression of GLUT1 may also correlate with the in-
creased potential for metastasis and poor prognosis.13–15

TheWZB117 compound (2-fluoro-6-(m-hydroxybenzoyloxy)
phenyl m-hydroxybenzoate) is a well-known anti-cancer drug
prototype whose mechanism of action is based on inhibiting
the glucose transporter. It inhibits sugar transport by reversibly
binding at the exofacial sugar binding site.16 In vitro studies
showed that WZB117 in human colon cancer cells (HT-29)
could overcome the cells’ resistance to 5-Fluorouracil, the
most commonly used drug in colon cancer therapy. The usage
of WZB117 resulted in increased sensitivity to 5-fluorouracil,
decreased glucose uptake, and a significant reduction of the
cell’s proliferation.17

Another study on human breast cancer cell lines (MDA-
MB231 and MCF-7) showed that inhibiting GLUT1 with
WZB117 sensitizes the cells to radiation and even re-sensitizes
radioresistant cells.18 Moreover, a study with an adriamycin-
resistant breast cancer cell line (MCF-7) showed that WZB117
treatment partially restores the effects of adriamycin.19 It has
also been shown that combining WZB117 with biguanides
like metformin resulted in broad anti-cancer activities that
allowed targeting cancers characterized by intratumoral het-
erogeneity.20 The compound study using a nude mouse model
showed a reduction of tumors (non-small cell lung cancer and
breast cancer) and weight loss, mainly in fat tissue, and
fluctuation in the number of lymphocytes and platelets re-
maining within the normal range. The primary purpose of
using WZB117 in an animal model was to check whether it
might cause hyperglycemia—which it does, but not persis-
tently.21 Another animal study showed that WZB117 admin-
istration inhibited tumor formation after implanting cancer stem
cells without causing significant side effects in host animals.22

The high efficiency ofWZB117 both in vitro and in vivo and its
low toxicity leads to the conclusion that this compound might
be a promising anti-cancer drug, if not as monotherapy, then as
an enhancer of conventional therapy methods.

Another candidate for an anti-cancer drug targeting
GLUT1 is STF-31. In 2011, Chan and co-workers conducted a
study in which they showed that STF-31 treatment inhibits
growth and glucose uptake in renal cell carcinomas with the
loss of the von Hippel–Lindau tumor suppressor gene.23 A
recent experimental re-evaluation of STF-31 has shown that this
compound acts as nicotinamide phosphoribosyltransferase

(NAMPT) or GLUT1 inhibitor, which depends on concentra-
tion and specific cellular context.24 It suggests that generally, STF-
31 might be an effective inhibitor in the case of VHL-mutated
cancers that are mainly dependent on the GLUT1 transporter.

Anti-cancer properties of resveratrol have been known for
over two decades now. This compound belongs to the group of
polyphenols and can be found in red grapes. In 2001, Park and
co-workers conducted a study based on humanmyelocytic cell
lines (U937 and HL-60), in which they proved inhibition of
the glucose uptake.25 Subsequent research with the same cell
lines confirmed this effect.26 They suggested that resveratrol
binds to an endofacial site of GLUT1 and inhibits glucose
transport through the plasma membrane. Another study of
ovarian cancer cells proved that resveratrol suppresses in-
tracellular trafficking of GLUT1 to the plasma membrane.27

Regardless of the exact mechanism of inhibition, resveratrol
has shown anti-tumor activity at all stages of carcinogenesis in
several types of cancer. However, despite the excellent effi-
ciency of the compound, the application of resveratrol is a
significant challenge due to low bioavailability.28

Another approach to glucose transporters inhibition is the
use of glucose analogs. Although 2-deoxy-D-glucose (2DG)
shows an effective competitive inhibiting effect with GLUT1
and hexokinase, clinical trials of this compound have been
terminated because of non-specific cytotoxicity.29 Using a
different analog of glucose, non-radioactive 2-deoxy-2-
fluoro-D-glucose (19FDG), enabled overcoming the limi-
tations of 2DG. A study on the impact of 19FDG combined
with doxorubicin on the human cervical cancer line (HeLa)
showed a decreased number of viable cells and decreased
production of lactate. This effect was also confirmed in vivo
using positron emission tomography of nude mice with tu-
mors induced by breast cancer cells injection (MDA MB-
231).30 The results of this study suggest that 19FDG could be
a promising enhancer of conventional methods for anti-
cancer therapy.

Inhibition of Enzymes of the Glycolytic Pathway and
Their Isoforms

After glucose enters a cell, it may be directed to the glycolytic
pathway. As the result of metabolic rearrangements, most
cancer cells prefer aerobic glycolysis which can be associated
with the changes in expression or activity of enzymes involved
in this process. Hexokinase (HK) is the first enzyme involved
in this pathway, and at the same time, it is the first glycolysis
checkpoint. The dominant isoform of hexokinase found in
cancer cells is HKII. It may play a key role in the growth of
some cancer types like glioblastoma multiforme since the
knockdown of its expression leads to restored oxidative
metabolism and increased sensitivity to radiation and temozo-
lomide.31 Moreover, a study performed by Gu and co-workers
proved that a high level of HKII is associated with therapy
resistance, shorter progression-free survival, and overall
survival in aggressive lymphoma.32

Kozal et al. 3



Lonidamine is a dechlorinate derivative of indazole-3-
carboxylic acid. For a long time, it has been known as a
compound inhibiting aerobic glycolysis by inhibiting
mitochondria-bound HKII. Moreover, it was proven to modify
the permeability of membranes, sensitizing cells to drugs and,
in effect, allowing the usage of smaller drug doses. Combining
lonidamine with anthracyclines resulted in efficient cytotoxic
effects in the case of breast cancer,33 melanoma, and Ehrlich
ascites carcinoma.34 The combination of lonidamine and di-
azepam in phase II study with glioblastoma multiforme patients
resulted in the stabilization of tumor progression but has not
shown significant therapeutic effects.35 The compoundwas also
used in phases II and III of clinical trials for benign prostatic
hyperplasia patients but resulted in severe hepatic adverse ef-
fects.29 In later studies, it was shown that lonidamine inhibits
not only HKII, but also pyruvate and monocarboxylate trans-
porters, targeting multiple sites of glucose metabolism at once.36

Although most of the lonidamine trials with patients were ter-
minated, a broad range of effects in glucose metabolism caused
by this compound points to the conclusion that it is worth re-
evaluating in combination with other chemotherapeutics.

Another compound targeting HKII is a pyruvate analog 3-
bromopyruvate (3-BP). Its alkylating activity leads to the
alkylation of cysteine residues. Recent studies show that 3-
bromopyruvate plays a significant role in the anti-cancer ef-
fects of many other compounds. For example, in a study on in
vivo and in vitro models of hepatocellular carcinomas, 3-BP
has been shown to increase the efficacy of sorafenib.37 This
finding might be crucial since patients with a higher HKII
expression level tend to show poor overall survival, even
under sorafenib treatment. Another study based on human
metastatic prostate cancer cell lines (DU-145 and PC3) proved
that 3-bromopyruvate has the potential for a reduction of
metastasis.38 However, 3-bromopyruvate has a high chemical
activity and may non-specifically affect other cellular com-
ponents; moreover, it cannot cross the blood–brain barrier
which makes that compound ineffective in treating brain
tumors and has no persistent effect on tumor tissue because of
its higher permeability compared to normal tissue.39

Pachymic acid (PA) is a natural steroid extracted from the
fungus Wolfiporia cocos. It is a compound known for its
various medical properties, that is, anti-inflammatory, anti-
aging, and insulin-like effects. Another effect of PA is the
inhibition of HKII, causing dissociation of the enzyme from
the mitochondria, releasing cytochrome, generating reactive
oxygen species, and ATP depletion which induces mito-
chondrial apoptosis. The main anti-cancer activity of the
pachymic acid is possibly based on ROS production stimu-
lation, which leads to apoptotic death of cancer cells.40

Another essential enzyme of the glycolysis pathway is
pyruvate kinase. It is involved in the last stage of glycolysis
and serves as the last checkpoint of this process. The main
products of the PKM gene are two isoforms: PKM1 and
PKM2. For a long time, it was believed that cancer cells’
metabolism is characterized by the shift from expressing

PKM1 isoform to PKM2. It was shown that PKM2 has a lower
catalytic activity which favors promoting metabolic changes,
giving cancer cells significant advantages.41 As it was indi-
cated in a few studies and summarized in the review done by S.
Mazurek, the modest activity of dimeric form of PKM2 allows
accumulation of upstream intermediates among others, G-6-P,
which can be directed to other metabolic pathways. PKM2
isoform overexpression enables gate-keeping function, forc-
ing competition for other isoforms in this point of glycolysis.42

However, a study by Bluemlein and co-workers, performed on
25 human cancers, showed no evidence of isoform shift or
distinction of dominating form in a proliferating tissue.43 Re-
evaluation of RNA data of human tumors confirmed an ele-
vated level of isoform PKM2 but as a result of general
overexpression of the PKM gene rather than isoform switch.44

Examination of PKM2’s role in glucose metabolism with a
knockout of the PKM gene via the CRISPR/Cas9 system
showed that both isoforms favor aerobic glycolysis, but PKM2
is more efficient for the Warburg effect.45 Due to PKM2
isoform activity, cancer cells do not produce enough ATP,
forcing them to rely on other ATP sources such as insufficient
oxidative phosphorylation and glutaminolysis. Therefore, the
PKM2 isoform has become an attractive target in the search
for anti-cancer agents. However, this task remains challenging
because of the similarity of PKM2 and PKM1 isoforms. Hsieh
et al. presented a newly developed synthetic organic com-
pound 1, which irreversibly inhibits the PKM2. It binds to
Cys317 and Cys326 residues of the isoform, suppressing
tumor growth in both human cancer cell lines (breast and
cervical cancer) and xenografts without causing acute toxic-
ity.46 Compound 1 requires further evaluation but may inspire
new anti-cancer therapy strategies.

Another new inhibitor for the PKM2 is benserazide, an
aromatic L-amino acid used for the treatment of Parkinson’s
disease. A study based on human melanoma cells showed that
benserazide binds directly to the PKM2, blocking its activity,
and leading to the inhibition of aerobic glycolysis and res-
toration of oxidative phosphorylation. Despite the similarity of
PKM1 and PKM2 isoforms, benserazide inhibited the PKM2
exclusively, and inhibition of tumor growth was observed both
in vitro and in vivo.47 Using benserazide in anti-cancer therapy
seems promising, especially considering that this compound is
already in clinical use and can cross the blood–brain barrier,
which may be useful in brain tumor treatment.

Inhibition of Lactate Dehydrogenase A

Another characteristic feature of many types of cancer is the
high expression of lactate dehydrogenase A (LDHA). The
primary function of this enzyme in physiological metabolism
is converting lactate to pyruvate and back to maintain the
NAD+/NADH ratio. In cancer cells, it plays a role in pro-
liferation, invasion, metastasis, angiogenesis, and immune
escape. LDHA gene knockdown resulted in growth inhibition
and induction of apoptosis.48
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The inhibition of LDHA can be achieved in different ways.
One of the most commonly used compounds is galloflavin, a
synthetic molecule binding to free LDHA. It shows good
permeability and no significant effect on properly functioning
cells. Treating cells with galloflavins showed effectiveness in
studies on breast cancer cells and hepatocellular carcinoma
cell lines.48 It was also shown that using galloflavin can
sensitize Burkitt’s lymphoma cells to cisplatin without af-
fecting normal lymphocytes.49 Rupiani et al. identified more
soluble galloflavin mimetic—urolithin M6 (UM6), a metab-
olite produced by gut microbiota. The compound successfully
imitated galloflavin’s mechanism of action.50 This study
showed that identifying mimetics of galloflavin or modifying
the original molecule could enable overcoming its poor
physicochemical properties.

Another well-known inhibitor is FX11. It is a gossypol
analog inhibiting LDHA by competing with NADH. The
study on a panel of 15 patient-derived xenografts showed that
FX11 inhibited LDHA but only in tumors containing TP53
mutated cells.51 This discovery does not exclude the possi-
bility of using FX11 in therapy since most human cancers
contain mutations of TP53.

Inhibition of the Monocarboxylate Transporters

One of the main characteristics of cancer cells is the pro-
duction of large amounts of lactates due to the Warburg effect.
Lactate accumulation could lead to the acidification of cells
and, eventually, their death. Therefore, cancer cells must
maintain lactate at an optimal level by transporting acids
outside via monocarboxylate transporters (MCTs).52 Domi-
nant transporters involved in maintaining the lactate level in
cancer cells are MCT1 and MCT4. They are also involved in
the processes of angiogenesis and tumor growth. In conclu-
sion, inhibiting those transporters can have anti-cancer effects.

AR-C155858 and AZD3965 belong to a group of potent,
selective MCT1 inhibitors. A study on human breast tumor
cancer cells treated with AR-C155858 in the xenograft model
showed no significant effects on tumor growth (only resulted
in slight, statistically insignificant, increased lactate level).53

Another study performed on the same cancer line showed that
both AR-C155858 and AZD3965 could cause slowly re-
versible inhibition of MCT1.54 Application of AZD3965 in
human lymphoma and colon carcinoma cell lines resulted in
lactate accumulation and increased mitochondrial metabolism.
A combination of AZD3965 and drug-targeting mitochondrial
metabolism such as metformin resulted in anti-cancer effects
confirmed in vivo in xenograft models of human lymphoma.55

At this moment, the AZD3965 compound is in the first phase
of clinical trials of lymphoma, Burkitt’s lymphoma, diffuse
large B-cell lymphoma, and solid tumors (NCT01791595).
Another potent MCT1 inhibitor is BAY-8002. In the study of
diffuse large B-cell lymphoma cell lines and solid tumor
models, the application of BAY-8002 resulted in a significant
increase of accumulated lactate. Inhibition of the lactate

trafficking results in pH change and indirectly reduces gly-
colysis, raising anti-tumor activity by affecting tumor growth.56

The group of compounds inhibiting both MCT1 andMCT4
transporters is represented by syrosingopine derived from
reserpine, a natural alkaloid. A study performed on breast
cancer cell lines (MDA-MB-453MDA-MD-453, SkBr3),
leukemia cell lines (K562, HL60), colon carcinoma cell line
(HCT116), and cervical cancer (HeLa) showed that the ap-
plication of syrosingopine results in inhibition of MCT1 and
MCT4 with 60-fold higher effect on MCT4. Moreover, syr-
osingopine enhanced the effect of metformin in breast cancer
cell lines, which resulted in a loss of NAD+ regeneration
capacity, inhibition of glycolysis, ATP depletion, and, even-
tually, cell death.57 Promising dual inhibitory effects are also
shown by compounds based on N,N-dialkyl cyanocinnamic
acids. The results of studies of human colon adenocarcinoma
cells WiDr and human breast cancer cells MDA-MB-231
treated with N,N-dialkyl cyanocinnamic acids homolog
showed equal inhibition of both transporters in vitro as well as
in vivo in tumor xenograft models.58

Inhibition of Hypoxia-Inducible Factor (HIF-1)

In general, hypoxia can be defined as an effect emerging from
deficient oxygen supply in the context of physiological de-
mand. The state of insufficient O2 levels is an inseparable
element of many cancer types. Worsen oxygenation can be
caused by adverse diffusion geometry, disturbed circulation,
and structural abnormalities of newly formatted blood vessels.
Hypoxia is present in tumors when the O2 partial pressure falls
below a critical value, which causes a progressive decrease in
O2 consumption and ATP production rates in cells.59 Hypoxia
causes profound changes in cancer cells’ proteomes due to the
stimulation or inhibition of specific gene expression.

The hypoxia-inducible factors are transcription factors
playing an important role in maintaining the Warburg effect.
There are three isoforms, among which the role of HIF-3
remains the least known, but HIF-1 and HIF-2 share similar
regulation characteristics.60 Hypoxic conditions stimulate the
activation of this factor, but it can also be activated through
mutation in the von Hippel–Lindau suppressor or through
activation of Akt kinase which stimulates HIF-1 activation via
Akt/PI3K/mTOR signal transduction pathway. Over-
expression of the PKM2 isoform also stimulates HIF-1 into
increased transcriptional activity by binding to the trans-
activation domain of the HIF1-α subunit. HIF-1 targets genes
coding key elements of glucose metabolism such as glucose
transporters, hexokinases, phosphofructokinase, or lactate
dehydrogenase.61 Because of the complexity of HIF-1 in-
volvement in various pathways and mechanisms, targeting it
as a potential anti-cancer therapy element suggests it is an
option worth further exploration.

Transcriptional activity of hypoxia-inducible factors re-
quires dimerization of subunits α and β. The formation of the
HIF-2α/HIF-β complex can be inhibited by small, synthetic

Kozal et al. 5



molecules PT2385 and PT2399. Preclinical trials showed that
treating human renal carcinoma cell lines with PT2385 and
PT2399 results in inhibition of the HIF-2α and HIF2, leading
to growth and proliferation suppression.62

Another possible approach for the reduction of HIF activity
is inhibiting its chaperone protein. The proper conformation of
HIF-1 requires the presence of heat shock protein 90 (HSP90).
Application of ganetespib, a small molecule, in pancreatic
ductal adenocarcinoma cells resulted in the inhibition of
HSP90, which led to the withdrawal of proliferative, angio-
genic, and anti-apoptotic effects of HIF-1 overexpression.
Moreover, treating cells with ganetespib resulted in increased
sensitivity to chemoradiotherapy. The anti-cancer effects of
the compound were also confirmed in vivo using human
pancreatic cancer xenografts.63

Another compound inhibiting the interaction of HSP90 and
HIF-1 is thymoquinone. It is a natural phytochemical com-
pound whose anti-angiogenic effects have only recently been
linked to its inhibiting HIF-1 characteristics. Treating human
renal cancer cell lines with thymoquinone resulted in the
degradation of HIF-1α protein, decreased expression of genes
under the control of this factor, and lower glucose, lactate, and
ATP levels.64 Another element required for HIF-1 transcrip-
tional activity is binding with the p300 cofactor. Inhibiting
HIF can be achieved by interference with this binding. Thus,
factor inhibiting HIF-1 (FIH-1) has properties allowing the
disruption of HIF/p300 binding.65

Bortezomib, sold under the brand name Velcade, is a sub-
stance enhancing HIF-1 inhibition via FIH-1.65 Bortezomib is
used inmultiple myeloma therapy and in clinical trials evaluating
its effectiveness in the treatment of other types of cancer, such as
breast cancer (NCT00028639), kidney cancer (NCT00025376),
and lung cancer (NCT00064012, NCT01833143). YC-1 (3-(50-
Hydroxymethyl-20-furyl)-1-benzyl indazole) also shows in-
hibition via the FIH-1 effect. A recent study showed that a
combination of YC-1, a hydrophobic compound, with the
anti-cancer drug irinotecan, which is a hydrophile, in one
amphiphilic molecule, resulted in the creation of a 5.7-fold
more effective anti-cancer drug.66 This study also shows that
overcoming hypoxia conditions can be crucial for other anti-
cancer drugs’ efficacy.

The most common approach to blocking HIF-1 activity is
inhibition at the expression level. Such a mechanism was
observed in a study on melittin. This 26-amino acid peptide is
the main component of honeybee venomwhose original role is
to activate nociceptor cells. Treating human liver cancer cells
and, later, tumor xenografts with melittin decreased expres-
sion of HIF-1α whereby the HIF-1α/Akt pathway was di-
minished, which resulted in suppressed growth, proliferation,
migration, invasion, and vasculogenic mimicry formation.67

Another compound of natural origin that has HIF expression
inhibiting effect is actinolactomycin (ALM) extracted from
Streptomyces flavoretus. The studies of human hepatoma cells
(Hep3B) and human prostate cancer cells (PC3) treated with
ALM revealed growth inhibition as a result of HIF-1α

translation and mTOR signaling pathway suppression. These
effects have been confirmed in both in vitro and in vivo
models. Moreover, using low concentrations of ALM resulted
in an enhanced effect of Everolimus, an inhibitor of mTOR
already used in anti-cancer therapy.68 The combination of
ALM and Everolimus enables a lower drug dose and more
efficient therapy for solid tumor patients.68 Zebularine, the
analog of cytidine belonging to a group of DNA methyl-
transferases, also shows a downregulation effect on HIF-1α
expression. Using this compound in the study of the human
colorectal cancer line (HCT116) and tumor xenografts resulted
in the degradation of HIF-1α protein and the reduction of an-
giogenesis. Targeting HIF-1αwith zebularine could increase the
efficacy of chemotherapy used in colorectal cancer therapy.69

Clinical Perspectives

As a hallmark of cancer metabolism, aerobic glycolysis seems
to be a promising drug target of anti-cancer therapy. However,
despite significant efforts that have been put into developing
metabolism-based drugs, we still lack effective cancer therapy.
Out of the many compounds which proved to have high
potential in in vitro studies, very few have been used in clinical
trials (Table 1). Moreover, the results of clinical trials often
showed a significant discrepancy between our expectations
toward the efficiency of some drugs and their actual clinical
utility. Several problems have to be taken into consideration
when designing therapies based on compounds targeted in
cancer cell energy metabolism. They are summarized as
follows.

Drug Administration and Bioavailability. The 3-bromopyruvate is
an excellent example of the difficulties associated with the
search for effective drugs. 3BP showed great effectiveness in
studies using cell lines and tumor xenograft animal models,70

raising hopes for developing a fast, powerful agent for cancer
treatment. The 3BP has not yet undergone formal clinical trials
but it was used in two single-case trials. In 2012, Ko and co-
workers reported on the usage of 3BP in the treatment of a 16-
year-old patient diagnosed with fibrolamellar hepatocellular
carcinoma in the terminal phase.71 The authors suggested that
3BP treatment did not cause significant toxicity to the patient
and let him survive for two more years with a higher quality of
life than expected. Finally, the patient died not from cancer,
but due to liver function overload, unable to eliminate the dead
cancer cell debris formed after 3BP treatment.71 In another
report, in 2014, El Sayed and co-workers used 3BP to treat a
28-year-old patient diagnosed with stage IV metastatic mel-
anoma.72 Intravenous infusion of 3BP caused a burning ve-
nous sensation but there were no severe toxic effects.
Unfortunately, in this case, the patient died a few months after
starting the 3BP treatment due to complications related to the
advanced stage of the tumor.72 It is important to mention that
3BP was also used as part of alternative therapy. In Germany,
in 2016, three patients undergoing alternative cancer treatment
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died shortly after the infusion of 3BP, and non-medical prac-
titioners had been charged with involuntary manslaughter.73

At present, it is known that free, unformulated 3BP could
not be used for patient treatment. Apart from discounting side
effects, such as a burning venous sensation accompanying the
intravenous 3BP infusion, we have to be aware of many other
obstacles, for example, the inactivation of 3BP by serum
proteins and high GSH level. Moreover, despite 3BP’s ef-
fectiveness in killing glioblastoma cells, its utility in brain
cancer treatment is hindered due to its inability to cross the
blood–brain barrier. However, some of these obstacles can be
overcome. Formulating 3BP with liposomal carriers or suit-
able nanoparticle carriers could potentially enable 3BP to
cross the blood–brain barrier and prevent its inactivation in
blood.39 Mixing 3BP with citric acid might result in better
persistence of the compound in tumor tissue, and combining
3BP with a GHS depleting agent might overcome the resis-
tance in GHS-rich tumors.39

Low bioavailability and lack of early response are common
characteristics of other compounds targeting glucose meta-
bolism. Resveratrol, which suppresses intracellular traf-
ficking of GLUT1 to the plasma membrane, is a potentially
effective compound in anti-cancer therapy. Resveratrol in
phase I clinical trial for healthy volunteers was proven safe
and had no significant side effects (NCT 00098969) but,
unfortunately, it showed low bioavailability and poor solu-
bility.74 To overcome these obstacles, researchers prepared
synthesized resveratrol derivatives such as methoxylated,
hydroxylated, and halogenated forms of the compound which
exhibited favorable therapeutic potential.74 Poor physico-
chemical properties might also be overcome by finding mi-
metics of specific compounds. For example, galloflavin, which
has poor solubility, could be replaced by its mimetic—urolithin
M6. This drug still needs clinical evaluation but shows better
properties and good effectiveness in inhibiting LDHA.50

Specificity and Toxicity. Unwanted toxicity and side effects are
considerable challenges in developing drugs that target cancer
cell metabolism. Toxic and side effects are mainly caused by
inhibiting metabolic enzymes not only in cancer but also in
normal cells—especially those that display aerobic glycolysis,
such as cells of the immune system.75 Similar to tumors,
primed T cells use aerobic glycolysis to maintain their high
proliferative rate. The conversion of glucose into lactate in the
presence of oxygen is a characteristic feature of the metabolic
switch of naive into effector T cells. The results of some
studies demonstrated that inhibition of LDH might lead to a
decrease in T cells of IFN-γ production.76 2-Deoxyglucose
(2DG) is an effective inhibitor of HK used to shut down
glycolysis in cancer cells. Despite its efficiency, 2DG has also
been shown to impair the metabolism of T cells which results
in decreased secretion of cytokines and reduces T cell anti-
tumor function.75

The increase of glucose uptake is an essential hallmark of
cancer cells. Since upregulation of GLUT1 is a commonT
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feature of cancer cells, this protein is considered a promising
target in anti-cancer therapy. However, GLUT1 facilitates the
basal uptake of glucose in most normal cell types. Thus, even
if the results of in vitro studies show excellent effectiveness of
GLUT1 inhibition, we need to consider the potential unde-
sirable impact of blocking GLUT1 in cells or tissues that need
it for physiological glucose homeostasis. So far, there are no
clinical trials for glucose transporters.

Normal proliferating cells have similar metabolic re-
quirements to cancer cells, which raises questions about
whether changes in expression of GLUTs or certain glycolytic
enzyme activity in cancers are sufficient to provide a thera-
peutic window to let us effectively target cancer cells without
causing severe toxic effects. Although early clinical testing of
2-DG caused a response in patients, the use of this drug was
limited by the toxicity associated with hypoglycemia symp-
toms. In recent clinical trials, 2-DG has been used at lower
doses, but those are insufficient to inhibit disease progression.77,78

In effect, at tolerable doses, there was no clinical effect.
The solution to these problems could be engineering

systems for restricted delivery of drugs at the tumor site. Local
administration is a promising strategy for targeted drug de-
livery in specific cancers. Local delivery of therapeutics using
nanocarriers, implants, aerosols, and hydrogels can bypass
physiological barriers, acting as a promising strategy in treating
locally accessible tumors.79

Plasticity of Cancer Cells. It has been shown that cancer cells can
overcome the inhibition of specific pathways. Although the
Warburg effect is the most significant characteristic of tumor
metabolism, it is not the only source of energy for cancer cells
that are able to use other energy sources to maintain prolif-
eration, such as glutamine, amino acids, and fatty acids.
Moreover, metabolic plasticity enables cancer cells to switch
their metabolism phenotypes between glycolysis and oxida-
tive phosphorylation during tumorigenesis and metastasis.80

Cancer cells, due to the activity of the PKM2 isoform instead
of the PKM1 and reduced production of ATP, have to rely on
glutaminolysis in terms of energy production.6 Glutaminolysis
may compensate for inhibited glycolytic flux, and glycolysis
can compensate for decreased glutaminolysis. The relation-
ships between those two pathways points out the need for
targeting them at the same time. In mouse model with Myc-
induced hepatocellular carcinoma, deletion of the GLS1 gene
whose product takes part in the glutaminolysis and deletion of
the gene coding for hexokinase II resulted in inhibition of
tumor formation, decreased level of TCA and PPP interme-
diates, and disturbance in the energy balance.81

Thus, considering tumor metabolic plasticity, single agents
are unlikely to become an effective anti-cancer therapy.
Targeting simultaneously two or more metabolic pathways
would be more effective in blocking the relapse and devel-
opment of resistances. The studies using the mouse cancer
model proved that a triple metabolic blockage by targeting
glycolysis, glutaminolysis, and de novo synthesis of fatty acids

might be a feasible and effective strategy to combat malignant
tumors.82.

Heterogeneity of Cells in Tumors. Cancer is a dynamic disease,
and tumors consist of a diverse collection of cells with dif-
ferential metabolic requirements and levels of sensitivity to
treatment. Heterogeneity is the main reason for their resistance
and accurate assessment of tumor cells’ metabolic preference
is essential for developing effective therapies.83 Nowadays, it
is well-accepted that there are specific cell subpopulations in
tumors, such as slow-growing cells, dormant cells, and cancer
stem cells that rely on oxidative phosphorylation. Moreover,
tumors’ intricate architecture and nutrient conditions are af-
fected by other cell types such as cancer-associated fibroblasts
(CAFs), dysfunctional blood vessels, and immune cells. Thus,
heterogeneity of cells in tumors and tumor cells’ plasticity are
the reason for metabolism-targeted drugs possibly useless as
monotherapy, and targeting the multitude of potential meta-
bolic strategies that tumors can activate will be necessary for
effective therapy.

Recently, metabolic alterations have been shown to play a
role in the sensitization of cancer cells to widely used first-line
chemotherapeutics. This suggests that metabolic pathways are
essential mediators of resistance toward anti-cancer agents.84

Metabolism-targeting drugs are tested with other anti-cancer
therapies. Pyruvate mimetic compound dichloroacetate (DCA)
stimulates mitochondrial function by inhibiting regulatory
pyruvate dehydrogenase kinases (PDK) at the expense of
glycolysis to reverse the Warburg effect and block the growth
advantage of tumor cells. Ongoing clinical studies evaluate the
effects of DCA versus placebo in combination with cisplatin
and radiation treatment in patients with stage III-IV squamous cell
carcinoma of the head and neck (SCCHN) (NCT01386632).85

An inhibitor of HIF-2 PT2385 has been tested on healthy
volunteers (NCT02553356) for safety and tolerability and
patients with advanced clear cell renal carcinoma
(NCT02293980) in multiple doses to identify the recom-
mended phase II dose of PT2385.86 PT2385 is also tested in
combination with nivolumab and cabozantinib. PT2385 tab-
lets are tested in treating patients with recurrent glioblastoma
as monotherapy (NCT03216499). The monocarboxylate
transporters inhibitor AZD3965 is tested in patients with
advanced cancers (NCT01791595).

Anti-cancer strategies based on the Warburg effect involve
not only the use of drug compounds but also some dietary
changes. Ketogenic diets that rely on cancer’s dependence on
glycolysis even in the presence of oxygen are well-known
adjuvant treatment strategies for cancer patients. Ketogenic
diets rich in fat and poor in carbohydrates reduce the systemic
amount of glucose that the cancer cells can utilize. The results
of many preclinical studies suggest that ketogenic diets slow
tumor growth, prolong the survival rate, and sensitize cancer
cells to traditional chemo- or radiotherapies. Unfortunately,
ketogenic diets also show pro-tumor effects or severe side
effects in certain cancer models.87 It is suggested that the
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efficacy of ketogenic diets could be affected by cancer type or
even subtype, as well as the genetic background. Thus, mo-
lecular context can determine a ketogenic diet’s impact on
cancer cells.87

Despite the many clinical studies on ketogenic diets in
cancer patients, clear evidence demonstrating an advanta-
geous effect and anti-tumor efficiency is still lacking. Römer
et al. have recently performed a systematic search of databases
to find all the studies analyzing the effectiveness of a ketogenic
diet in cancer patients as a sole or complementary therapy.88

However, they did not find conclusive evidence for its anti-
tumor effects or improved overall survival. The reason was a
low quality and high heterogeneity of most studies.88 Majority
of studies were case reports or pilot studies focusing only on
tolerability and safety of ketogenic diets. Despite the pre-
liminary nature of these studies, consistent findings include a
moderate reduction of blood glucose levels, induction of
ketosis, as well as improvement in quality of life (for a review
see Ref. 87). Recently, Seyfried at al.89 have reported the first
case of confirmed IDH1-mutant glioblastoma successfully
treated with ketogenic metabolic therapy and surgical de-
bulking without chemo- or radiotherapy. The authors suggest
that the very long-term survival of the patient could be due in
part to a therapeutic metabolic synergy between ketogenic diet
and the IDH1mutation that simultaneously target the glycolysis
and glutaminolysis pathways that are important for tumor
growth.89 However, more consistent clinical evidence from
large patient groups with comparable methodology and dietary
protocols is necessary before a ketogenic diet can be considered
effective and recommended to cancer patients as a treatment.

Conclusions

Metabolic reprogramming is a common characteristic of
cancer cells; therefore, targeting key metabolism regulators
seems to be a very good strategy in anti-cancer therapy. Over
the years, many small chemical compounds have been tested
for the inhibition of the glycolytic pathway components but
only a few entered clinical trials. Taking cancer’s heteroge-
neity and metabolic plasticity into account, it is very unlikely
that metabolic-targeted drugs can be used as monotherapy. A
major problem encountered in strategies to inhibit metabolic
pathways is cancer’s capability for obtaining the necessary
metabolites from other sources. In effect, a better strategy is to
use two or more drugs targeted at different metabolic path-
ways. Moreover, considering that inhibitors of glucose
metabolism can increase the sensitivity of cancer cells to some
chemotherapeutics, it seems more effective to use metabolic
inhibitors in combination with other targeted therapies, che-
motherapy or radiotherapy. Moreover, combining current and
future metabolism-based drugs with targeted delivery systems
can help avoid toxic effects and further advance their use in
cancer treatment. Finally, for successful anti-cancer therapy,
metabolic profiling of tumors in patients is necessary. Specific
biomarkers indicating metabolic vulnerabilities of different

types of cancers and a better knowledge of the interactions
between cancer cells and their environment will help design
more effective anti-cancer therapies.

Appendix 1

2DG 2-deoxy-D-glucose
3-BP 3-bromopyruvate
AKT v-akt murine thymoma viral oncogene

homolog 1 (protein kinase)
ALM actinolactomycin
FIH-1 factor inhibiting HIF-1
GSH glutathione
HIF-1 hypoxia-inducible factor 1
HKII hexokinase II

HSP90 heat shock protein 90
LDHA lactate dehydrogenase A
MCT monocarboxylate transporter

mTOR mammalian target of rapamycin (protein
kinase)

NAD+/NADH oxidized and reduced nicotinamide adenine
dinucleotide

NAMPT nicotinamide phosphoribosyltransferase
PI3K phosphoinositide 3-kinase

PKM2 pyruvate kinase M
VHL von Hippel–Lindau protein
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