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Abstract: The Warburg effect (or aerobic glycolysis), which was first described in 1926 by Otto
Heinrich Warburg, consists of the change in glucose metabolism in cancer cells. In normal cells,
glucose metabolism finalizes in the mitochondria through oxidative phosphorylation (OXPHOS) in
the presence of oxygen. However, the Warburg effect describes a change in the glucose metabolism in
cancer cells, consuming excess glucose and converting it into lactate independently of the presence
of oxygen. During this process, a wide variety of enzymes can modify their expression and activity
to contribute to the mechanism of deregulated cancer metabolism. Therefore, the modulation of
enzymes regulating aerobic glycolysis is a strategy for cancer treatment. Although numerous enzymes
play a role in regulating aerobic glycolysis, hexokinase 2 (HK2), pyruvate dehydrogenase kinase
(PDK), pyruvate kinase (PK), and lactate dehydrogenase (LDH) are worth mentioning. Numerous
modulators of these enzymes have been described in recent years. This review aims to present
and group, according to their chemical structure, the most recent emerging molecules targeting the
above-mentioned enzymes involved in the Warburg effect in view of the future development of
cancer treatments.

Keywords: Warburg effect; aerobic glycolysis; drug discovery; cancer; hexokinase; pyruvate kinase;
pyruvate dehydrogenase kinase; lactate dehydrogenase

1. Introduction

Cancer is one of the major health problems of the human population and the second
cause of death worldwide, only surpassed by cardiovascular diseases [1]. Over the years of
intense study on the biology of cancer, some common characteristics have been described in
most tumors. These are called “The Hallmarks of Cancer”. Although there were originally
six hallmarks [2], nowadays, these features have been refined and novel hallmarks have
been identified and included alongside the previous ones, bringing the total number to
fourteen [3,4]. Among these key features of cancer cells, deregulated metabolism and
reprogrammed cellular energetics are worth mentioning due to their influence on the
development of tumor progression, metastasis, and tumor microenvironment (TME). The
wide variety of enzymes and transporters implicated in this process and their different
localizations into cells make them interesting targets for novel therapeutic approaches [5–7].

In normal cells, glucose, the principal carbon source, is transported to the cell by glu-
cose transporter (GLUT) proteins and is catabolized in the glycolytic pathway through the
tricarboxylic acid (TCA) cycle. The energy production process is finalized in the mitochon-
dria with OXPHOS in the presence of oxygen, with a balance of 34 generated adenosine
triphosphate (ATP) molecules, and the production of intermediates to support the biosyn-
thesis of macromolecules along the process. This process is stimulated by different growth

Drugs Drug Candidates 2023, 2, 728–769. https://doi.org/10.3390/ddc2030037 https://www.mdpi.com/journal/ddc

https://doi.org/10.3390/ddc2030037
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ddc
https://www.mdpi.com
https://orcid.org/0000-0002-9844-7382
https://orcid.org/0000-0003-4425-8989
https://orcid.org/0000-0003-3431-7826
https://orcid.org/0000-0002-8266-0445
https://doi.org/10.3390/ddc2030037
https://www.mdpi.com/journal/ddc
https://www.mdpi.com/article/10.3390/ddc2030037?type=check_update&version=1


Drugs Drug Candidates 2023, 2 729

and transcription factors [8]. In hypoxic conditions, the product of glycolysis (pyruvate)
is transformed into lactate by lactate dehydrogenase (LDH) to maintain ATP production.
This survival mechanism is started by hypoxia-inducible factor 1 (HIF-1), a transcription
factor responsible for oxygen homeostasis that is upregulated under hypoxic conditions
by different signaling pathways in response to a low oxygen level. Its activation involves
the expression of glycolytic and angiogenesis-related enzymes and transporters by the
association with the hypoxia response element (HRE) in the promoters of those genes [9,10].

In 1926, Otto Heinrich Warburg described for the first time the change in glucose
metabolism in cancer cells, which consumes excess glucose and converts it into lactate
independently of the presence of oxygen, naming this process aerobic glycolysis or the
Warburg effect [8,11]. This discovery was first associated with damage to the mitochondria
and the OXPHOS chain, considering that this mitochondrial damage could be the cause
of cancer [12]. However, after years of controversy and research, the correct function of
the mitochondria and an adequate level of oxygen was shown in cancer cells. Aerobic
glycolysis not only is an adaptation of hypoxia. It is also a metabolic reprogramming in the
early stage of carcinogenesis independent of the exposition of oxygen, which results in the
loss of function of tumor suppressors, altered signaling pathways, and oncogene activation,
generating proliferation and malignant progression [13]. The use of the Warburg effect in
non-transformed cells with pro-proliferative signals demonstrated that it is a metabolic
strategy for cell proliferation [8]. Aerobic glycolysis provides some advantages to the cell,
such as the faster regeneration of ATP than the TCA cycle. Despite a lower ATP production,
the increment in the glucose consumption compensates for it in addition to lactate, a key
molecule in the progression of tumors [14], whose production and shuttle to the extracellu-
lar matrix involves establishing a favorable emerging TME. Additionally, the production
of lactate through pyruvate contributes to the regeneration of nicotinamide adenine dinu-
cleotide (NAD) NAD+ to NADH, regulating the redox state of the cell [15]. Furthermore,
the capacity to generate intermediates is used as the precursors of macromolecules [8].
These benefits are also possible by the activation of other metabolic pathways, such as
pentose phosphate pathways (PPPs) or glutaminolysis [15–19].

The reduction in or disablement of mitochondria produces the alkalinization of the
cytoplasm due to a decrease in carbon dioxide (CO2) secretion that reacts with water
(H2O) and produces carbonic acid [12]. On the contrary, the acidification of the TME by
the excretion of lactate derived in a deregulated pH gradient favors tumor progression,
hence reducing the T-cell activity [20], evasion of apoptosis, migration, chemoresistance,
etc. [12,20]. Lactate is shuttled through monocarboxylate transporters (MCTs) to the TME
with the aim of supplying energy to cancer-associated fibroblasts (CAFs) and stromal cells
when the tumor size surpasses the capacity of blood delivery [20,21]. This is a mechanism
to compensate for the poor vascularization in the TME and the consequent reduction in
nutrients [5,22]. In contrast, there is a certain controversy surrounding the presence of
aerobic glycolysis in CAFs and stromal cells that generate a symbiosis between these cells
and cancer cells, where the CAFs contribute to the metabolic requirements of cancer cells.
This process is known as the “Reverse Warburg Effect” [20,23–26].

During this process, a wide variety of enzymes, transcription factors, and transporters
modify their expression and activity to contribute to the mechanism of deregulated cancer
metabolism. Mutations in these genes can be the cause of their deregulated activity. It has
been described that the oncogene C-MYC is one of the most relevant genes in the regulation
of the gene expression implicated in glucose, glutamine, and fatty acid metabolism. Addi-
tionally, C-MYC is implicated in the induction of the expression of glycolytic enzymes, such
as LDH and transporters such as GLUT and MCT in cancer cells, in addition to increasing
the uptake of glutamine and the activity of the PPPs [5,27,28].

Another signaling pathway that is of special interest is phosphatidylinositol-3-kinase/
protein kinase B (PI3K/AKT), which upregulates glycolytic enzymes as well. Through the
PI3K/AKT pathway, hexokinase 2 (HK2), which is the enzyme responsible for phospho-
rylating glucose in order to retain this molecule inside the cell, is upregulated. A similar
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behavior occurs with the expression of GLUT. The product of HK2 (glucose-6-phosphate)
can initiate the PPP, an essential pathway to maintain redox homeostasis and avoid ox-
idative stress in cancer cells [5]. AKT signaling favors the expression of HIF-1, also in the
presence of oxygen, which acts over the activation of glycolytic components such as the
GLUT or LDH, pyruvate kinase M2 (PKM2), etc., or the reduction in the pyruvate dehydro-
genase kinase (PDK) activity that is essential for performing aerobic glycolysis [5,29–31].

TP53, a tumor suppressor gene, encodes the expression of the protein p53, which in
normal cells, reduces aerobic glycolysis and promotes mitochondrial catabolic processes,
such as OXPHOS and fatty acid oxidation. Furthermore, this protein diminishes the GLUT
expression. However, in cancer cells, this TP53 can be mutated and can consequently favor
aerobic glycolysis [5,32,33].

During this process, relevant enzymes participate in essential activities, which can
influence the metabolic programming of the cancer cell. Their activity converts these
enzymes into a potential target for new drugs. Even though there are many enzymes
regulating aerobic glycolysis, four of them are worth mentioning (Figure 1).
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Figure 1. Glucose metabolism scheme in a normal cell and a cancer cell. In the left image, the glucose
metabolism of a normal cell is represented. Glucose enters through the GLUT protein and acts as
a substrate of the glycolytic pathway. The produced pyruvate enters into the mitochondria and
is converted into Acetyl-CoA, which is incorporated into the TCA cycle. In the right image, the
cancer cell metabolism is represented. Glucose enters through the overexpressed GLUT protein
with an increased uptake compared to the normal cell. An increased expression of the glycolytic
enzymes is observed. The majority of the pyruvate obtained from the glycolytic pathway is converted
into lactate by LDH. Lactate is transported outside the cell by the MCTs. The overexpressed PKM2
stimulates the HIF1 transcription factor whose increased expression results in the overexpression of
the key elements for glucose metabolism. The figure was partly generated using Servier Medical Art,
provided by Servier and licensed under a Creative Commons Attribution 3.0 unported license.
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Hexokinase (HK) is the first enzyme implicated in glycolysis and the first rate-limiting
step. The activity of this enzyme consists of the phosphorylation of glucose and other
hexoses. Phosphorylated glucose is metabolized in different pathways as glycolysis, PPP,
glycogenic, etc. The phosphorylation produced by this enzyme in the glucose molecule
prevents it from leaving the cell. This enzyme can be found in four isoforms. One of
them, HK2, is overexpressed in several cancer cells. HK2 can facilitate chemoresistance
due to its interaction with the outer mitochondrial membrane when HK2 interacts with
the voltage-dependent anion channel in the outer mitochondrial membrane, provoking
an anti-apoptotic and chemoresistance effect. The inhibition of this enzyme allows for the
blockage of glucose metabolism, diminishing ATP production and proliferation [34–36].

Lactate dehydrogenase (LDH) is the enzyme responsible for catalyzing the reversible
transformation of pyruvate into lactate, producing the oxidation of NADH to NAD+. This
enzyme is composed of two subunits, LDHA and LDHB. The amount of both subunits
is distinguished between each of the five isoforms. Both subunits are overexpressed in
cancer tissues. The subunit LDHA, which is specially overexpressed, has a higher affinity
to pyruvate, catalyzing its conversion to lactate. The relation of this subunit with tumor
progression, invasion, and drug resistance has been shown. The obtention of lactate by
this enzyme is essential to the development of aerobic glycolysis, which is the principal
source of energy independent of oxygen, and the acidification of the TME. The role of this
enzyme converts it into an interesting target because its inhibition can seriously damage
cell metabolism without affecting normal tissues where it is not essential [28,37–39].

Pyruvate kinase (PK) is a glycolytic enzyme whose function is to transfer a phosphate
group from phosphoenolpyruvate (PEP) to adenosine diphosphate (ADP), obtaining an
ATP and a pyruvate molecule. This enzyme possesses two isoforms. One of them, PKM2,
is overexpressed in proliferating cells, including cancer cells. The function of PKM2 implies
the regulation of glucose oxidation and the progression of the cell cycle. The presence of
the dimeric form of PKM2 and its lower catalytic activity involves an increment of anabolic
intermediates that form macromolecules in the PPP, glycerol synthesis, and the production
of NADPH. On the other hand, the PKM2 activity can trigger the total degradation of
the intermediates to produce ATP, sending PEP into pyruvate and OXPHOS. There is
controversy about the activity of this enzyme in the regulation of metabolism and whether
it should be inhibited or activated. Its inhibition and the consequent accumulation of PEP
prohibit cells from obtaining energy. In contrast, its activation implies an increment of
OXPHOS to the detriment of aerobic glycolysis. Several drugs in preclinical and clinical
phases have shown potent anti-tumor activity supporting both theories [31,40–42].

Pyruvate dehydrogenase kinase (PDK) is a serine/threonine kinase which forms
a complex in conjunction with pyruvate dehydrogenase (PDH) through the reversible
phosphorylation of any of the three serine residues of the alpha-subunit of PDH. PDH
is an enzyme that decarboxylates pyruvate into acetyl coenzyme A (CoA), which is the
junction between glycolysis and the TCA cycle. This step is critical for cellular metabolism,
where the association of both enzymes supposes the inhibition of PDH and the consequent
inhibition of the TCA cycle, forcing the cell into the aerobic glycolysis pathway. The
inhibition of PDK and the subsequent preservation of the unphosphorylated active form of
PDH implies a disadvantageous state for cell metabolism due to the destination of pyruvate
into OXPHOS. All the PDK isoforms are overexpressed in diverse types of tumors [43,44].

The objective of this review is to compile the most up-to-date and significant outcome
of the research in the development of new modulators of key enzymes implicated in the
Warburg effect as a strategy to fight cancer. Notwithstanding, most of the reported results
were in vitro and the new modulators were in a very early stage of their development.
Hence, this review can shed some light on future advances in molecules targeting the
Warburg effect.
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2. Target Enzymes and the Reported Inhibitors
2.1. HK2 Modulators

Since HK2 is the first enzyme implicated in the Warburg effect, several molecules have
been reported to be HK2 modulators. Within this group, there is a great variety of molecular
structures, which have been grouped into six different groups: small molecules, polyphe-
nols, oxygen and sulfur heterocycles, metal complexes, miscellanea, and compounds in
combination with other therapies (Table 1).

2.1.1. Small Molecules

Different authors provided evidence that the HK2 inhibitor 3-bromopyruvic acid
(compound one in Figure 2) significantly inhibited the viability and growth of colon cancer
cells, prompting apoptosis via the mitochondrial apoptosis signaling pathway [45]. The
3-bromopyruvic acid inhibitor has been demonstrated to be a potent HK2 inhibitor in
other cell lines, including 8505C (human anaplastic thyroid cancer cells) [46], HCC143
(triple-negative breast cancer), MCF-7 (non-triple-negative breast cancer) [47], and Panc-2
(pancreatic cancer cells) [48]. These findings showed the capacity of 3-bromopyruvic acid
for inhibiting HK2, turning it into a strategy to develop new treatments for several types
of cancer.

Owing to all the evidence regarding the potent anti-cancer activity of 3-bromopyruvate,
some researchers have synthesized and studied the anti-cancer activity of several 3-
bromopyruvate derivatives. Specifically, the cytotoxic activity of novel hydrazone deriva-
tives, such as compound two (Figure 2), were assessed on colon, breast, lung, and liver
cancer cell lines. The results showed that these derivatives presented a higher HK2 affinity
than 3-bromopyruvate, converting them into suitable candidates for developing potent
HK2 inhibitors [49].

Sodium butyrate (compound three in Figure 2), a gut microbiota metabolite, inhibited
glycolysis in hepatocellular carcinoma (HCC) cells [50]. This outcome suggested that
sodium butyrate inhibited the expression of HK2 and subsequently downregulated aerobic
glycolysis and the proliferation of HCC cells along with the induction of apoptosis via the
C-MYC pathway.

Thymoquinone (compound four in Figure 2), an active component from Nigella sativa,
showed antioxidant, antimicrobial, antidiabetic, and anti-inflammatory effects, among
others. It has also been extensively studied against cancer. Recent studies have evaluated
its role in cancer metabolism. Thymoquinone was demonstrated to inhibit glycolytic
metabolism in colorectal cancer cell lines because it works as a HK2 inhibitor via the
modulation of the PI3K/AKT axis [51].

2.1.2. Polyphenols

• Flavonoid phenolic compounds

Several polyphenolic compounds have been reported to be potent HK2 inhibitors.
Flavone derivatives are widely distributed in nature and have antioxidant, antiangio-
genic, and antineoplastic activities. Furthermore, some flavone derivatives have been
demonstrated to be HK2 inhibitors. This capacity could convert them into anti-cancer
drugs [52–54].

Kaempferol (compound five in Figure 2), one of the active ingredients of traditional
Chinese medicine, has been demonstrated to interfere with the cell cycle, angiogenesis, and
the capacity of metastasis in tumor cells. It also produces apoptosis. Moreover, the studies
by Zheng et al., proved that kaempferol inhibited metastasis by blocking aerobic glycolysis
in melanoma cells, since the binding of HK2 and a voltage-dependent anion (VDAC1) on
the mitochondria was disrupted [55].
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Juglone (compound six in Figure 2), another natural compound, has shown an anti-
cancer activity. Hu and co-workers proved that juglone suppressed OXPHOS and glycolysis
through the inhibition of HK, phosphofructokinase (PFK), and PK activity in prostate
cancer [56].

Another example of a flavonoid compound is wogonin (compound seven in Figure 2),
which is extracted from Scutellariae radix. It has shown a variety of properties in HT144
melanoma cells, such as an anti-inflammatory effect. This compound also inhibited cell
proliferation, colony formation, and tumor growth in the mentioned cells and decreased
the activities of HK, PFK, and PK [57].

FV-429 (compound eight in Figure 2), a derivative of wogonin and a glycolysis in-
hibitor, was considered to be a promising anti-cancer compound. Extensive research into its
mechanism of action (MOA) has revealed that it induced glycolysis inhibition and apoptosis
in human prostate cancer cells by downregulating the androgen receptor (AR)-AKT-HK2
signaling network. This evidence reinforces that FV-429 is a promising candidate for the
treatment of advanced prostate cancer [58].

An extensive number of references have studied the effectiveness of different flavones
against HCC, such as astragalin, chrysin, and quercetin. This is one of the most commonly
diagnosed malignant types of cancer, whose advanced stages still have no therapeutic
options. Under these circumstances, the effects of this class of compounds have been
studied in HCC.

Astragalin (compound nine in Figure 2), commonly found in a variety of food compo-
nents, was previously demonstrated to be cytotoxic on human leukemia cells. Recently, it
has also been demonstrated to suppress the proliferation of HCC cells. It suppresses the
expression of HK2 through the upregulation of miR-125b [59].

Chrysin (compound 10 in Figure 2), a natural flavone found in plant extracts and
widely used in Chinese medicine, has been reported to be a glycolysis inhibitor. It has
been proved that when HCC cells are exposed to chrysin, the HK2 expression is decreased,
producing cell apoptosis. Chrysin is a promising candidate for novel therapy for HCC [60].

Quercetin (compound 11 in Figure 2), a bio-active flavonoid, has an anti-tumor effect
on HCC. Thus, researchers wanted to define the underlying mechanism of this effect. They
found that similar to the previous flavones, quercetin lowered the protein levels of HK2
and suppressed the AKT/mTOR pathway within HCC cells [61].

Genistein (compound 12 in Figure 2) is a natural isoflavone known for its numerous
health advantages, including anti-tumor effects. Its effect on HIF-1α and glycolysis in HCC
was still unclear, so it has been studied. Genistein has been demonstrated to inhibit aerobic
glycolysis and induce mitochondrial apoptosis in HCC cells by directly downregulating
HIF-1α, therefore inactivating GLUT1 and HK2 [62]. One derivative of the mentioned com-
pound, 5-hydroxy-7-(2-hydroxy-3-(piperidin-1-yl)propoxy)-3-(4-(2-hydroxy-3-(piperidin-
1-yl)propoxy)phenyl)-4H-chromen-4-one, called gen-27 (compound 13 in Figure 2), is a
newly synthesized isoflavone which has been demonstrated to inhibit the proliferation of
HCC cells as well as prevent the development of colitis-derived cancer. It has also been
demonstrated that gen-27 inhibited glycolysis in human breast cancer cells by decreasing
the HK2 expression, leading to the induction of apoptosis [63].

Xanthohumol (2′,4′,4-trihydroxy-6′-methoxy-3′-prenylchalcone) (compound 14 in
Figure 2) is an attractive compound due to its multiple pharmacological activities. It
has been demonstrated that xanthohumol suppressed colorectal cancer cells via the sup-
pression of HK2 and glycolysis. Thus, it could be considered an interesting new anti-tumor
agent [64].

Morusin (compound 15 in Figure 2) is a compound that is known for its antioxidant
anti-inflammatory, antiangiogenic, antimigratory, and apoptotic effects. Recently, it has
been demonstrated that it has an anti-tumor activity in HCC. Particularly, it has been
studied in Huh7 and Hep3B cells. Morusin has been shown to attenuate the expression of
p-AKT, p-mTOR, c-Myc, HK2, PKM2, and LDHA in those cancer cell lines. These findings
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provide evidence that Morusin exhibits an anti-tumor effect in HCC and has the potential
to be a potent dietary anti-cancer candidate [65].

• Non-flavonoid phenolic compounds

Several studies have reported that curcumin (compound 16 in Figure 2), a natural
polyphenolic pigment extracted from the Curcuma aromatica salisb, has significant phar-
macological actions, including a chemo-preventive efficacy. It has been demonstrated
that curcumin could be a potent drug for the treatment of colorectal cancers. Curcumin
downregulated the expression and activity of HK2 in HTC116 and HT29 cells, and it also
induced a dissociation of HK2 from the mitochondria, resulting in mitochondrial-mediated
apoptosis [66]. More recent studies have been conducted regarding the promising efficacy
of curcumin, especially in thyroid cancer. Curcumin decreased the cell proliferation of PTC
B-CPAP and promoted apoptosis by the inhibition of LDHA and HK2 [67].

Other studies have revealed that the polyphenolic compound curcumin promoted
apoptosis. The mechanism of curcumin in glycolytic inhibition and apoptotic induction
in HCT116 and HT29 of HCC has been investigated. They found that curcumin mainly
diminished the activity and expression of HK2, having a minor effect on the PFK, phospho-
glucomutase (PGM), and LDH enzymes. They also demonstrated that curcumin was in-
volved in the dissociation of HK2 from the mitochondria, inducing mitochondrial-mediated
apoptosis [66].

Shikonin (SK) (compound 17 in Figure 2), an active naphthoquinone that is also
present in natural sources in traditional Chinese herbal medicine, is an inhibitor of PKM2
in various cancers. Further studies have been performed with this product. For example,
its mechanism has been studied in esophageal squamous cell carcinoma where it has been
determined that it not only suppressed the expression of PKM2, but also the expression of
HK2 and GLUT1 [68].

Resveratrol (compound 18 in Figure 2) is a small polyphenol that has demonstrated
both chemo-preventive and chemotherapeutic effects in cancer. In 2016, the capacity of
resveratrol for impairing metabolism by inhibiting the expression of HK2 mediated by the
Akt signaling pathway was published for the first time, demonstrating its anti-tumor effect
on human non-small cell lung cancer (NSCLC) [69].

Honokiol (HNK) (compound 19 in Figure 2), a naturally occurring phenolic compound
derived from Magnolia, is frequently used for its anti-inflammatory and antioxidant prop-
erties. Moreover, it has been reported to exhibit inhibitory effects of HNK on the HIF-1α
and hypoxia-related signaling pathways. Its effect has been studied in various human
breast cancer models, which revealed that the inhibitory effect of HNK on glycolysis was
HIF-1α-dependent and that it downregulated the expression of HIF-1α and its downstream
regulators, including GLUT1, HK2, and PDK1 [70].

2.1.3. Oxygen and Sulfur Heterocycles

Several oxygen and sulfur heterocycles have been demonstrated to be HK2 inhibitors.
The natural product methyl jasmonate is one of the compounds that blocks HK2 activity
in cancer cells. Studies have shown that methyl jasmonate suppressed the proliferation of
cells and triggered cell death in various human cancer cell lines. In view of these results,
the methyl jasmonate derivative, compound 20 (Figure 2), was studied as an effective novel
HK2 inhibitor in glioblastoma cells [71].

Triptolide (compound 21 in Figure 2), a natural diterpenoid epoxide derived from a tra-
ditional Chinese herb, presents multiple biological activities, including anti-inflammatory,
immunologic suppression, and potent anti-cancer effects. Several studies have been carried
out to study its mechanism among different cancers. In 2021, it was found that triptolide
reduced the expression of C-MYC and mitochondrial HK2 in head and neck cancer cells and
activated the BAD/BAX-caspase and 3-GSDME cascade, triggering gasdermin E(GSDME)-
mediated pyroptosis [72]. These findings encouraged other researchers to study the role of
triptolide in other cancer cells. Particularly, a recent study evaluated its effect in intrahepatic
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cholangiocarcinoma and revealed that it significantly inhibited the proliferation of those
cells [73].

Tanshinone IIA (Tan IIA) (compound 22 in Figure 2), the main component of Salvia
miltiorrhiza, is a known active compound that exhibits anti-tumor properties. It was
known that the anti-tumor action of Tan IIA in lung cancer involved multiple mechanisms,
including the inhibition of cell growth, promotion of cell apoptosis, and modulation of
cellular metabolism. It was later confirmed that Tan IIA decreased the sine oculis homeobox
homolog 1 (SIX1), PKM2, HK2, and LDHA levels [74].

2.1.4. Metal Complexes

[Cu(ttpy-tpp)Br2]Br], abbreviated as CTB, (compound 23 in Figure 2) is a novel
copper II complex containing tri-phenyl-phosphonium that targets the mitochondria. CTB
inhibits aerobic glycolysis and tumor acidity by reducing the activity of HK2 in hepatoma
cells through the dissociation of HK2 from the mitochondria [75].

2.1.5. Miscellanea

There is significant diversity in the structures of the molecules that can be used as
HK2 inhibitors. Due to this heterogeneity, in this section, we have compiled some recent
molecules whose structures did not fit in our established classification.

Benserazide (BEN) (compound 24 in Figure 2) was identified as a selective HK2 in-
hibitor after a structure-based virtual ligand screening of a library of 2924 US Food and
Drug Administration (FDA)-approved drugs and a nutraceutical database. The molecular
docking results showed that BEN adopted an extended conformation in which the pyrogal-
lol group of the molecule occupied the binding site of the substrate glucose in HK2. BEN
was specifically bound to HK2 as a competitive inhibitor. The SW480 colorectal cancer
cell line was selected to demonstrate its efficacy. This compound showed antiproliferative
effects, decreased the concentration of lactate, and triggered the activation of the cellular
energy regulator AMP-activated protein kinase (AMPK). Additionally, BEN also activated
p53 and p27 through energetic stress, producing apoptosis in both in vitro and in vivo
models [76].

High-throughput virtual screening is a widely used strategy for searching for new anti-
cancer molecules. By using this method, several chemical scaffolds have been identified to
be promising HK2 inhibitors. Among them, compound 25 (Figure 2) was highlighted due
to its outstanding activity in tumor cell suppression and its capacity to be solubilized in
aqueous environments. It featured a high efficacy in HK2 inhibition in U87 glioma cells,
an effective penetration of the blood–brain barrier, and minimal side effects on normal
tissues [77].

Additionally, this high-throughput screening approach led to the discovery of new
compounds for treating squamous cell lung cancer. Among all of them, the inhibitors of
squamous cell lung cancer that decreased glucose consumption by more than 50% were
chosen. For example, pacritinib (compound 26 in Figure 2) decreased glucose consumption
in cell cultures and in vivo in tumor tissues. This compound blocked the HK activity and
its protein expression [78].

Other HK2 inhibitors have been identified using structured-based virtual screening.
The most promising compounds, meaning those with low binding energies, were selected
for cytotoxicity tests and evaluated in different cancer cells. Particularly, the most promising
compounds acting as HK2 inhibitors were 4244-3659 and K611-0094 (compounds 27 and 28
in Figure 2). The results indicated that the stable binding of the compounds to the receptor
was predominantly influenced by hydrogen bonding [79].

Matrine (compound 29 in Figure 2) is a pleiotropic alkaloid from Chinese traditional
medicine. It has been demonstrated that this compound could have a possible effect on the
suppression of cell proliferation and the induction of apoptosis caused by HK2 depletion
and a reduction in C-MYC binding to the HK2 gene in the chronic myeloid leukemia K562
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and acute myeloid leukemia HL-60 cell lines. Matrine inhibited cell proliferation and
induced apoptosis by reducing the HK2 expression in myeloid leukemia cells [80].

A novel glucose analog with modifications in carbon 2 (C2), called 2-(2-[2-(2-
aminoethoxy)ethoxy]ethoxy)-D-glucose (compound 30 in Figure 2), was synthesized as a
new strategy for cancer treatment, taking advantage of the increment of glucose consump-
tion in cancer cells. This compound inhibited HK binding in its active site [81].

Metformin (compound 31 in Figure 2), a widely used anti-hyperglycemic drug, has
also shown important anti-cancer properties. It has been demonstrated that metformin
can affect glucose metabolism. It decreases the 18F-fluorodeoxyglucose (FDG) uptake by
the direct inhibition of the enzymatic activity of HK2 and HK1 and mimics glucose-6-
phosphate G6P in NSCLC Calu-1 cells. In silico models indicated that this action was due
to the capability of metformin to mimic the G6P features because it was bound to the pocket
of HK2, which resulted in mitochondrial depolarization and subsequent cell death [82].
Furthermore, it has also been demonstrated that the enzymatic function of HK1 and HK2
was directly Inhibited by metformin in the cancer cell line of triple-negative breast cancer
(MDA-MB-231) [83].

New amino acid Schiff bases of quinazolinones and indoles have been studied as
anti-cancer agents. In silico studies predicted their ability to inhibit mitochondrial NADH
ubiquinone oxidoreductase (complex I) by targeting the AMPK/mTOR signaling pathway
and inhibiting HK. Two compounds (32 and 33 in Figure 2) were the most promising ones
in accordance with the docking analysis and were selected for the in vitro analyses. They
showed a significant activation of the AMPK proteins and oxidative stress, which led to
an elevated expression of p53 and Bax, a reduced Bcl-2 expression, and caused cell cycle
arrest at the G0/G1 phase. They also showed significant inhibitory effects on the HK
enzymes [84].

Cinnamon bark extract (compound 34 in Figure 2) has received special attention due to
the wide variety of pharmacological activities reported for this species. It has been used in
traditional medicines for diabetes, inflammation, arthritis, and cancer. It has been reported
that cinnamon bark extract exerted a suppressive effect on the metastatic dissemination
of cancer cells, reducing both cell motility and invasion in MDA-MB-231 human breast
cancer cells as it decreased the expression of HK2 [85]. Owing to the demonstrated activity
of cinnamon bark extract, other derivatives have been studied against cancer. Among them,
the cinnamaldehyde derivative (CB-PIC) (compound 35 in Figure 2), a major component
of cinnamon, possesses a well-known anti-cancer activity. Its anti-tumor mechanism,
which was studied in HCC, is associated with the Warburg effect. The suppression of the
expression of HK2 and PKM2 and the reduction in the production of lactate in HepG2 and
Huh7 Cells has been reported [86].

Calcitriol (compound 36 in Figure 2), the biologically active form of vitamin D, has
been reported to prevent cancer progression by reducing cell proliferation, increasing
cell differentiation, and inhibiting angiogenesis. Mechanistically, calcitriol reduced the
expression of cyclin D1, C-MYC, GLUT1, and the key glycolytic enzymes HK2 and LDHA.
It suppressed glycolysis and cell growth in human colorectal cells [87].

Centella asiática and Andrographis peniculata are two ethnomedicinal anti-cancer herbs.
They have been studied with the aim of improving cancer therapeutics. Particularly,
bayogenin (compound 37 in Figure 2) and andrographolide (compound 38 in Figure 2) were
extracted from Centella asiática and Andrographis peniculta, respectively. Both compounds
were docked against HK2, a drug-likeness prediction was performed, and the docked
complexes were subjected to molecular dynamics simulations. The results of the study
suggested that both natural compounds have the potential to target HK2, although in vitro
studies are necessary to validate these results [88].

The SLMP53-1 (compound 39 in Figure 2) p53 activation by (S)-tryptophanol-derived
oxazoloisoindolinone has showed that it regulated glycolysis by particularly downregulat-
ing the key glycolytic enzymes HK2, GLUT1, and PFKFB3. Furthermore, it also exhibited a
synergistic growth inhibitory activity in combination with the metabolic modulator DCA.
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These data revealed the promising potential of the p53-activating compound SLMP53-1
in cancer treatment, specifically by targeting the pathways associated with p53-mediated
growth control and dissemination [89].

Berberine (compound 40 in Figure 2) is an alkaloid which has a significant anti-
tumor effect. However, its mechanism in tumor metabolism was not known. Recently, its
molecular mechanism regulating the Warburg effect in ovarian cancer cells has been studied.
Those studies demonstrated that berberine inhibited the Warburg effect by inhibiting the
expression of HK2 in ovarian cancer cells [90].

A novel tubulin inhibitor, 5-(4-ethoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-1H-1,2,4-
triazol-3-amine (YAN) (compound 41 in Figure 2) effectively suppressed glycolysis in both
A549 and A549/Taxol cells. The inhibition was achieved by downregulating the expression
of HK2, LDHA, and GLUT1 and it was able to block the mitochondrial binding of HK2 in
A549 and A549/Taxol cells. Moreover, YAN can promote the production of ROS. These
findings provide evidence for considering YAN as a potential candidate for the treatment
of multidrug-resistant cancers characterized by a highly glycolytic phenotype [91].

In 2020, benitrobenzerazide (compound 42 in Figure 2) (BZNZ) was reported as a
novel selective HK2 inhibitor with EC50 values in the nanomolar range. BZNZ induced cell
apoptosis in the SW 1990 cells pancreatic cancer cell line. Its capacity was proved by the
authors both for in vitro and in vivo activity. Furthermore, this compound presented low
toxicity, so it was considered for development as a novel HK2 small molecule candidate
for future cancer therapy [92]. Following the above-mentioned observations and drawing
inspiration from this breakthrough, subsequent research teams have undertaken studies
on BNBZ and its various derivatives [93], particularly the effect of trihydroxy moiety.
Several compounds with different activities were described by this group. Remarkably,
the dihydroxy derivatives showed an inhibitory activity inside the cells and some of them
showed less toxicity. Based on these results, BNBZ is a promising derivative worthy of
being further developed.

2.1.6. Compounds in Combination with Other Therapies

Sildenafil (compound 43 in Figure 2) has been demonstrated to enhance the cytotoxic
effect of cisplatin by the induction of apoptosis. Previous studies have reported the promis-
ing chemo-sensitizing potential of the phosphodiesterase 5 inhibitor sildenafil in breast,
colon, prostate, glioma, and lung tumors. Other studies have highlighted the potential of
sildenafil as a promising candidate in combinatorial chemotherapeutic therapies against
T-cell lymphoma. Regarding the mechanism, sildenafil deregulates glucose metabolism by
lowering the expression of HK2, GLUT1, LDHA, PKM2, and PDK1 via the suppression
of the HIF-1α expression. Therefore, sildenafil enhances its capacity to eliminate tumor
cells by increasing ROS production through switching the glucose metabolism from aerobic
glycolysis to OXPHOS [94].

2.2. PDK Modulators

PDK inhibitors have emerged as a promising class of molecules in the field of cancer
research and therapy. In this section, the different classes of PDK inhibitors and their
potential applications in cancer treatment have been collected. The molecules have been
organized into different groups: small molecules, metal complexes, fused heterocyclic rings,
disulfide derivatives, nonsteroidal anti-inflammatory drugs, miscellanea, and compounds
in combination with other therapies (Table 2).

2.2.1. Small Molecules

The small molecule dichloroacetate (DCA) (compound 44 in Figure 3) has been pro-
posed as an anti-cancer drug. For several decades, this metabolic modulator has been
employed in the treatment of lactic acidosis and inherited mitochondrial diseases. The
efficacy of DCA in cancer therapy has been associated with the Warburg effect. The salts of
DCA selectively target cancer cells shifting their metabolism from aerobic glycolysis to OX-



Drugs Drug Candidates 2023, 2 739

PHOS by the inhibition of PDK. This compound promotes the mitochondrial oxidation of
pyruvate and disrupts the metabolic advantage of cancer cells [95,96]. The crystal structure
of PDK2 in a complex with DCA revealed that DCA occupied the pyruvate binding site in
the N-terminal regulatory (R) domain [97]. Current clinical trials assessed the anti-cancer
efficacy of DCA [98].

Table 1. Efficacy and mode of action of the HK2 inhibitors.

Scaffold Model Mode of Action Refs.

Polyphenols

Flavonoids

Astragalin
In vitro Inhibition of the HK2 expression by the

upregulation of miR125b [59]HCC cells
Huh-7, HepG2, H22

Chrysin
In vitro

Decrease in the expression of HK2 [60]HCC cells
HCC-LM3, SMMC-7721, Bel-7402

Genistein
In vitro

Inhibition of the HK2 expression [62]HCC
HCC-LM3, Bel-7402

Gen-27
In vitro

HK2 release from the mitochondria [63]Human breast cancer
MDA-MB-231, MCF-7

Xanthohumol
In vitro

Suppression of the HK2 protein expression [64]Colorectal cancer cells
HCT-116, HT-29, SW620

Morusin
In vitro

Attenuation the activity of HK2 [65]HCC cells
Huh7, Hep3B

FV-429
In vitro

Downregulation of the HK2 expression [58]Prostate cancer cells
LNCaP

Quercetin
In vitro

Decrease in the levels of HK2 [61]HCC cells
SMMG-7721, BEL7402

Kaempferol
In vitro

Inhibition of HK2 [55]Melanoma cells
A375, B16F10

Juglone
In vitro

Inhibition of the HK activity [56]Prostate cancer cells
LNCaP, C4-2

Wogonin
In vitro

Decrease in the activity of HK [57]Melanoma cells
HT-144

Non-flavonoids

Shikonin Esophageal squamous cell carcinoma Inhibition of HK2 [68]

Resveratrol
In vivo

Inhibition of the HK2 expression [69]Non-small cell lung cancer model
H460 nude mice xenograft
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Table 1. Cont.

Scaffold Model Mode of Action Refs.

Curcumin

In vitro Reduction in the expression of HK2 and its
activity [66]Colorectal cancer cells

HTC116, HT29
In vitro

Reduction in the expression of HK2 [67]Papillary thyroid cancer
B-CPAP

Honokiol
In vitro

Reduction in the HK2 expression [70]Breast cancer cells
MCF-7, MDA-MB-231

Small molecules

3-bromopyruvic acid

In vitro

Inhibition of the HK2 activity [45–48]
Breast cancer cells

HCC1143
Pancreatic cancer cells

Panc-2

Compound 2
In silico Inhibition of HK2 [49](3-bromopyruvate derivative)

Sodium butyrate
In vitro

Suppression of the HK2 protein expression [50]HCC
HCC-LM3, Bel-7402

Thymoquinone
In vitro

Inhibition of the HK2 expression [51]Colorectal cancer cell lines
HCT-116, SW480

Oxygen and sulfur heterocycles

Triptolide

In vitro

Inhibition of HK2 [72,73]
Neck and head cancer cells

HK1, FaDu, C666-1
Cholangiocarcinoma cells

HuCCT1, RBE

Compound 20 Clinical Inhibition of the HK2 activity [71](Methyl jasmonate derivative) Glioma cohort data

Tanshinone IIA
In vivo

Inhibition of the HK2 expression [74]Lung cancer model
Nude mouse xenograft

Metal complexes

CTB
In vivo

Inhibition of the HK2 expression [75]HCC xenograft model
SMMC-7721 cells in nude mice

Miscellanea

Benserazide
In vitro

Inhibition of the HK2 activity [76]Colorectal cancer cells
SW480

Compound 25
In vitro

Inhibition of the HK2 expression [77]Glioma cells
U87
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Table 1. Cont.

Scaffold Model Mode of Action Refs.

Pacritinib
In vitro

Blockage of the HK activity and expression [78]Squamous cell in lung cancer
SK-MES-1, H520, H596

4244-3659 Colorimetric assay Inhibition of the HK2 activity [79]

K611-0094 Colorimetric assay Inhibition of the HK2 activity [79]

Matrine
In vitro Depletion of the HK2 expression [80]Myeloid leukemia cells k562, HL-60

2-(2-[2-(2-
aminoethoxy)ethoxy]ethoxy)-

D-glucose
Kinetic assay Inhibition of the HK2 activity [81]

Metformin
In vitro

Inhibition of the HK2 activity [82,83]Lung cancer cells; breast cancer cells
Calu-1; MDA-MB-231

Compounds 32 and 33
(Quizalinone and indole

derivatives)

In vitro
Inhibition of the HK activity [84]Breast cancer cells

MCF-7, MDA-MB-231

Cinnamon bark extract
In vitro

Inhibition of the HK2 expression [85]Breast cancer cells
MDA-MB-231

CB-PIC
In vitro

Suppression of HK2 [86]HCC cells
HepG2 and Huh7

Calcitriol
In vivo Reduction in the expression of HK2 [87]HT29 xenograft mouse model

Bayogenin In silico Inhibition of the HK2 activity [88]

Andrographolide In silico Inhibition of the HK2 activity [88]

SLMP53-1
In vitro

Decrease in the HK2 expression [89]Colon cancer cells
HCT-116

Berberine
In vitro

Downregulation of the HK2 expression [90]Ovarian cancer cells
SKOV3, 3AO

5-(4-ethoxyphenyl)-1-(3,4,5-
trimethoxyphenyl)-1H-1,2,4-

triazol-3-amine

In vitro
Inhibition of the HK2 expression [91]Lung cancer cells

A549

Benitrobenzerazide
In vivo Inhibition of the HK2 activity

(non-competitive inhibitor) [92,93]Colorectal cancer
SW480 xenograft mouse model

Compounds in combination with other therapies

Sildenafil + cisplatin
In vitro Inhibition of the HK2, PKM2, and LDHA

expression [94]Lymphoma cells
HuT-78 cells
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The first study of the anti-tumor effect of DCA was performed in an A549 lung
adenocarcinoma xenograft model in nude rats. The results showed a significant decrease
in tumor growth after being treated with DCA. Furthermore, some experimental groups
even showed tumor regression due to the antiproliferative and pro-apoptotic effects of
DCA [99].
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Some prodrugs have also been described to be PDK inhibitors. These were Pt (IV)
prodrugs (compounds 45 and 46 in Figure 3) with bio-active axial ligands that have been
designed to selectively target cancer cells and attack several cellular components at the
same time, which can result in an enhanced anti-cancer potency. Particularly, the mono-
functionalized complex of the PDK inhibitor 4-phenylbutyrate and its di-axial function-
alized analog have been synthesized. Both exhibited an increased photocytotoxicity and
cellular accumulation in A2780 ovarian cancer cells when compared to A549 lung can-
cer cells and demonstrated minimal cytotoxicity towards normal MRC-5 cells. They are
promising derivatives for cancer treatment [100].

In view of those results, a phase one clinical trial (No. NCT 01111097) in adults
with recurrent malignant brain tumors was published in 2014. The study revealed that
oral chronic treatment of DCA was feasible and well tolerated in patients with recurrent
malignant gliomas and other metastatic tumors to the brain using the dose range established
for metabolic diseases [101].

Additional phase one clinical trials (No. NCT 00566410) were performed in order to
assess the safety and pharmacokinetic profile of DCA due to the previously mentioned
evidence that suggested that DCA could reverse the Warburg effect and inhibit growth in
cancer models through the inhibition of PDK [102].

DCA is currently under investigation. The results obtained from several case studies
showed that it has several limiting factors in clinical use, in which neurotoxicity and
encephalopathy are included. Despite these disadvantages, the data proved that it is a
promising treatment option for patients who have no conventional treatment options.
Furthermore, it has been demonstrated that it has potential to extend the patient’s life [103].

A recent study on the effect of DCA against melanoma cell lines has been reported.
Melanoma is characterized by a high glucose uptake, partially mediated through elevated
PDK. For this reason, PDK can be a promising target in melanoma. In this study, the authors
concluded that DCA reduced proliferation in melanoma cell lines through reprogramming
the cellular metabolism and its the ability to synergize with other drugs applied in metabolic
disorders [104].

Another compound, named T1084 (1-isobutanoyl-2-isopropylisothiourea dichloroac-
etate) (compound 47 in Figure 3), incorporated the nitric oxide synthase (NOS) inhibiting
fragment, 1-isobutanoyl-2isopropylisothiourea, and the PDK inhibiting fragment, DCA,
into the molecular structure. This multifunctionality enabled T1084 to concurrently exert
two distinct pharmacological actions, anti-angiogenesis and hypoxia-oriented cytotoxic-
ity, that could potentially enhance its anti-tumor effects. The methodology employed in
this study potentially allowed for the possibility of developing additional multifunctional
anti-tumor compounds with diverse molecular mechanisms of action [105].

2.2.2. Metal Complexes

The novel platinum (Pt) (IV) complex c,c,t-[Pt(NH3)2Cl2(C10H15N2O3S)(C2HO2Cl2)]
(DPB) (compound 48 in Figure 3), containing DCA as one of the axial ligands in the
structure, was synthetized and evaluated as an anti-tumor agent. DCA interfered in the
mitochondrial energy metabolism after its reduction, activated PDH due to the inhibition of
PDK, depolarized the mitochondrial membrane potential, and promoted ROS. This novel
complex induced apoptosis after the inhibition of both glycolysis and glucose oxidation,
thus highlighting the interest in these types of drugs [106].

2.2.3. Fused Heterocyclic Rings

To find novel classes of potential PDK inhibitors, 1,2,4-amino triazine derivatives
(compounds 49 and 50 in Figure 3) were reported to be promising candidates for inhibiting
the PDK expression. Despite the different candidates that were synthetized and evaluated,
compounds 49 and 50 must be emphasized [107]. These novel compounds demonstrated a
promising ability to inhibit the enzymatic activity of PDK1 and PDK4. Further docking
studies also confirmed these results. The novel derivatives exhibited a strong antiprolif-
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erative activity against pancreatic cells by targeting the PDK enzyme and consequently
reducing tumor growth.

The 2-amino substituted 2,4-dichlorobenzo[h]naphthyridine derivatives, concretely
compound 51 (Figure 3), have been proposed to be PDK1 inhibitors. As a first step, they
have been studied in silico with docking studies and PDK1 inhibitors. The structure–
activity relationship revealed that the compounds holding aminocarbazole moiety and
triazole amine moiety increased the activity profile. Afterwards, all of them were also
evaluated in vitro against six human cancer cell lines (A549, HCT-15, T47D, C6, HepG2,
and Hep-2), showing a potent activity [108].

2.2.4. Disulfide Derivatives

Some disulfide derivatives have demonstrated a capacity to inhibit PDK1. JX06
(compound 52 in Figure 3) has been identified as a selective covalent inhibitor of PDK1.
This compound formed a disulfide bond with its thiol group, showing a cysteine residue
localized in the hydrophobic pocket of the PDK1 enzyme. This bond induced conformation
changes in arginine 286 through Van der Waals forces and hindered access of ATP to this
binding pocket, blocking the PDK1 enzymatic activity. As a result, this finding explained
the mechanism of inhibition of PDK1 by the JX06 compound and its derivatives [109].

Based on the scaffold of JX06, new disulfide-based PDK1 inhibitors have been synthe-
sized. Among all the new novel compounds, one of them, compound 53 (Figure 3) was
shown to inhibit PDK1 more potently than JX06. Furthermore, it was more selective with
PDK1 and induced notable alterations in the glucose metabolic pathways within A549 cells
by reducing ECAR and increasing the ROS levels. The compound, which has been studied
in vivo, showed significant anti-tumor activity without any adverse effect to the weight of
the mice. These findings strongly suggested its potential as a promising lead compound for
cancer treatment, acting as a selective and covalent inhibitor of PDK1 [110].

2.2.5. Nonsteroidal Anti-Inflammatory Drugs

It was found that aspirin (compound 54 in Figure 3) attenuated glycolysis by sup-
pressing PDK1. The study identified a novel role and regulatory mechanism of PDK1 in
breast cancer stem cells (BCSC) reprogramming. It was concluded that PDK1 regulated by
the HIF-1 pathway was required for BCSC self-renewal reprogramming, which could be
blocked by aspirin. This provides a promising strategy for breast cancer therapy [111].

2.2.6. Miscellanea

Numerous works have highlighted the new therapeutic approach of PDK inhibitors
for the treatment of numerous pathologies, such as diabetes, lactic acidosis, cerebro-
vascular and cardiovascular diseases, cancer, hypertension, and neurodegenerative dis-
eases. Therefore, many authors have developed novel PDK inhibitors. The N-(4-(N-
alkyl/aralkylsulfamoyl)phenyl)-2-methylpropanamides (compound 55 in Figure 3) were
synthesized and studied. The results revealed that they had an inhibitory capacity. The
structure–activity relationship was interesting for the further design of new PDK inhibitors.

The researchers identified an interesting structure–activity relationship for further
study, such as that the ring-opened analogues were more active than the ring-closed
ones [112].

α-Lipoic acid (compound 56 in Figure 3) is a natural coenzyme in the mitochondrial
PDH complex commonly known as an antioxidant. It has been studied in cancer research.
A-lipoic acid has inhibitory effects on the proliferation and migration of cells and demon-
strated a proapoptotic effect in the NSCLC A549 and PC9 cell lines. It downregulated the
expression of PDK1, resulting in less phospho-PDH phenotype which could decrease the
antioxidant activity-associated genes via NRF2-Keap1 pathway [113].

The compound 2,2-Dichloro-1-(4-((4-isopropylphenyl)amino)-3-nitrophenyl)ethan-1-
one, namely XB-1 (compound 57 in Figure 3), was discovered as a new PDK inhibitor. This
novel compound demonstrated its ability to inhibit PDK activity with an IC50 value of 337
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nM and it reduced A549 cell proliferation with an EC50 value of 330 nM. Nevertheless,
this compound exhibits serious toxicity issues, such as the formation of a serum albumin
complex via hydrogen bond interaction and a non-specific action in normal and cancer
cells [114,115].

Dicumarol (compound 58 in Figure 3) is a member of a family of coumarins with
various pharmacological properties, including anti-inflammatory and anti-cancer activities.
It was demonstrated that dicumarol inhibited the PDK1 activity with an IC50 of 19.42 µM
in SKOV3. It also inhibited an A2780 human ovarian cancer cell line and SKOV3 xenografts
in vivo through two pair of π–π interactions, van der Waals, and electrostatic interactions
between dicumarol and the enzyme. The inhibition of PDK1 provoked an increase in the
OXPHOS, ROS production, induced apoptosis, and suppression of xenograft growth, and
diminished the lactate production and extracellular acidification [116].

New compounds have been designed and synthesized specifically to be PDK inhibitors.
Among them, compound 59 (Figure 3) was a potent novel compound. Particularly, it
was predicted and later verified that it binds to the lipoyl-binding site and interrupts
intermolecular interactions with the E2-E3bp subunits of PDC. It has been studied in HeLa
cells and the results revealed that it displayed a strong cytotoxicity [117,118].

The limited number of reported PDK inhibitors motivated several authors to continue
discovering novel small molecules that can serve as PDK inhibitors. High-throughput
screening is a commonly used strategy in these cases and has led to the discovery of two
novel compounds (compounds 60 and 61 in Figure 3) that inhibited cancer cell proliferation
and colony formation in A549 cells. Therefore, they may serve as initial candidates for
improving the potency of PDK1 inhibition for anti-cancer treatments [119].

Hemistepsin A (compound 62 in Figure 3) is a sesquiterpene lactone isolated from
Hemistepta lyrata Bunge. It has been reported as a PDK1 inhibitor in colorectal cancer cells.
Firstly, through computational simulation and biochemical assays, it was demonstrated that
Hemistepsin A directly binds to the lipoamide-binding site of PDK1. This binding leads to
the inhibition of the interaction between PDK1 with the E2 subunit of the PDH complex.
Consequently, the inhibition of PDK1 resulted in a reduction in the lactate production and
mitochondrial ROS levels and damage was also increased. This observation revealed that
the apoptosis of colorectal cancer cells is promoted by Hemistepsin A. Therefore, it might
be a potential candidate for developing a novel anti-cancer drug [120].

Ursolic acid (compound 63 in Figure 3), a triterpenoid widely found in food, has
been investigated on adult T-cell leukemia cells. It was demonstrated that it inhibits the
proliferation of adult cells due to the inhibition of PDK, AKT, RSK1, and TOR [121].

A group of synthetic compounds formed by the aldolic reaction of isatins and kojic
acid have been studied as inhibitors of PDK. This new family of compounds, 3-hydroxy-
3-[3-hydroxy-6-(hydroxymethyl)-4-oxo-4H-pyran-2-yl] indolin-2-ones (compound 64 in
Figure 3), have been proven to have different biomedical applications, such as anticonvul-
sant, anti-inflammatory, and anti-cancer effects. The docking studies revealed that these
compounds were susceptible to occupying the binding site in PDK, thus inhibiting the
binding of ATP. Therefore, they are promising ligands for inhibiting PDK in the Warburg
effect [122].

2.2.7. Compounds in Combination with Other Therapies

As mentioned before, the well-known PDK inhibitor DCA has been reported to have
anti-cancer effects through its reversal of tumor-associated glycolysis. To explore the anti-
cancer potential of DCA, studies of DCA in combination with other anti-cancer drugs have
been done.

Particularly, a binary prodrug named PDOX (compound 65 in Figure 3) was designed
and investigated. It consisted of a combination of DCA (PDK inhibitor) and the anti-cancer
drug doxorubicin (DOX). The prodrug was activated selectively by cancer-associated
esterase to deliver DCA and DOX.
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DCA and DOX induced synergistic effects. This synergistic effect was evaluated in
HepG2 cells. PDOX showed a higher anti-cancer activity than DOX and could serve as an
alternative strategy to diminish toxicity [123].

The PDK inhibitor DCA (compound 44) has also been explored in lung cancer in
combination with commercial therapeutic drugs, particularly A549 and LNM35. Al-Azawi
and co-workers demonstrated that DCA significantly enhanced the anti-cancer effect of
cisplatin, gefitinib, and erlotinib. The additive effects on the inhibition of the mentioned cell
lines due to the synergistic effect were shown. This study reinforced DCA as a promising
therapeutic agent for lung cancer [124].

Alongside the drug combination approach, new evidence for the synergism between
the PDK inhibitor DCA and the HIF-1α inhibitor PX-478 was found. The group demon-
strated that the combination of DCA and PX-478 produced synergistic effects in colorectal,
lung, breast, cervical, liver, and brain cancer cell lines. Mechanistically, while DCA sup-
pressed PDK1, HIF-1α increased the PDK1 expression. Thus, PX-478 reinforced the primary
effect of DCA indirectly, thereby synergistically increasing ROS production when combined
with DCA [125].

The synergistic anti-tumor effect of DCA in combination with the chemotherapeutic
agent 5-fluorouracil has also been studied, particularly in four colorectal cancer cells.
The results of this study showed that DCA had a synergistic antiproliferative effect in
combination with 5-fluorouracil. The apoptosis of colorectal cancer cells treated with both
compounds was enhanced, showing changes in the Bcl-2, Bax, and caspase-3 proteins [126].
Furthermore, an investigation was conducted to assess the potential resensitization of
gastric cancer cells, which have developed a resistance to 5-fluorouracil due to hypoxia.
The study concluded that low doses of DCA successfully restored sensitivity in these gastric
cancer cells with a hypoxia-induced resistance to 5-fluorouracil by modifying the glucose
metabolism [127].

Table 2. Efficacy and modes of action of the PDK inhibitors.

Scaffold Model Mode of Action Refs.

Small molecules

DCA

In vitro

Inhibition of the PDK1 and PDK2
activity [95–104]

Diverse tumor types
HCT-116, SiHa, A549, A375, MeWo

In vivo
Human patients

1-isobutanoyl-
2isopropylisothioureadichloroacetate In vivo

Inhibition of PDK [105]
(T1084) Mouse model

Metal complexes

DPB
In vitro

Inhibition of the PDK expression [106]Cervix cancer cells
HeLa cells

Fused heterocyclic rings

Compound 49 and 50 In vivo
Inhibition of the PDK activity [107](1,2,4-amino triazine derivative) Murine Lewis Lung Carcinoma

tumor model

Compound 51
In silico Inhibition of the PDK activity [108](2-amino substituted

2,4-dichlorobenzo[h]naphthyridine)



Drugs Drug Candidates 2023, 2 747

Table 2. Cont.

Scaffold Model Mode of Action Refs.

Sulfide and disulfide derivatives

JX06 In vitro
Inhibition of the PDK1 activity [109](disulfide derivative)

Lung cancer cells
A549

Compound 53 Kinetic assay Inhibition of the PDK activity [110]

Nonsteroidal anti-inflammatory compounds

Aspirin
In vitro

Suppression of the PDK1 expression [111]Breast cancer cells
MDA-MB-231, MCF-7

Miscellanea

N-(4-(N-
alkyl/aralkylsulfamoyl)phenyl)-2-

methylpropanamides
Kinetic assay Inhibitor of the PDK activity [112]

α-lipoic acid In vivo Downregulation of the expression of
PDK1

[113]Mouse model

XB-1 Kinetic assay Inhibition of the PDK1 activity [114,115]

Dicumarol
In vitro

Inhibition of the PDK1 activity [116]Ovarian cancer cells
SKOV3, A2780

Compound 59 In silico Inhibition of the PDK activity [117,118]

Hemistepsin A
In vitro

Decreases the PDK activity [120]Colon cancer
DLD-1

Ursolic acid
In vitro

Inhibition the PDK activity [121]Leukemia cells
MT-4

3-hydroxy-3-[3-hydroxy-6-
(hydroxymethyl)-4-oxo-4H-pyran-2-

yl]
indolin-2-ones

In silico Inhibition of the PDK activity [122]

Compounds in combination with other therapies

DCA + DOX
(PDOX) No data Inhibition of PDK [123]

DCA + cisplatin/erlotinib/gefitinib No data Inhibition of PDK [124]

DCA + PX-478 No data Suppression of PDK1 (DCA) and an
increase in the PDK1 expression [125]

DCA + 5-fluorouracil No data Inhibition of PDK [126,127]

2.3. PK Modulators

When it comes to studying and analyzing the available molecules for targeting and in-
terfering in the MOA of PKM2 by the direct interaction with enzymes, not only compounds
with capacity to inhibit, but also other molecules with the ability to activate this enzyme
are described. As a result, both types of modulation can be a strategy for fighting against
cell proliferation and growth. This section collects different PK modulators that have been
organized into the following groups: small molecules, polyphenolic compounds, quinoline
derivatives, nonsteroidal anti-inflammatory drugs, and miscellanea (Table 3).



Drugs Drug Candidates 2023, 2 748

2.3.1. Small Molecules

Small molecules include molecules that activate the enzyme, along with others that
can trigger PKM2 and promote different mechanisms that inhibit tumor growth.

TEPP-46 and DASA-58 (compounds 66 and 67 in Figure 4), two allosteric activators,
were studied in five breast cancer cell lines to investigate the potential effect of PKM2 when
it is activated. The studies showed that the molecules were able to increase the activity of
the enzyme in those cancer cells without affecting the overall cell survival and that they
were also able to reduce an intracellular glucose sensor (TXNIP levels) [128].

Other studies were carried out with those molecules to prove the relevance of the en-
zyme in LPS-induced macrophages infected with Mycobacterium tuberculosis. They provided
important evidence, showing how DASA-58 and TEPP-46 could promote the formation of
active PKM2 tetramers. In this way, they could boost the PKM2 enzymatic activity and limit
tumor growth in vivo. The study helped clear up how Warburg-like metabolic changes can
affect macrophages and how they are important in chronic, inflammatory, and oxidative
processes [129].

2.3.2. Polyphenolic Compounds

• Non-flavonoids

The evaluation of these phenolic compounds against three binding sites of PKM2
provides insight into how molecule–enzyme binding occurs and functionally how amino
residues of PKM2 are important. These compounds have different IC50 values and can
exert anti-tumor effects in different cancer cell lines.

Ellagic acid (compound 68 in Figure 4) is an organic heterotetracyclic compound and is
found in numerous fruits and vegetables [130]. Ellagic acid can induce apoptosis in MCF-7
and MDA-MB-231 cancer cells and can induce a reduction in the key glycolytic enzymes,
such as PKM2, HK2, and GLUT1, which were measured in MCF-7 and MDA-MB-231
cells. It induced apoptosis in those cancer cell lines with IC50 values of 23 µM and 27 µM,
respectively [131].

Silibinin (compound 69 in Figure 4) is the principal component of silymarin, a stan-
dardized extract of silybum marianum. It is well known due to its chemo-preventive,
anti-angiogenic, and apoptosis inducer properties. It has been identified as a potent PKM2
inhibitor with an IC50 value of 0.91 µM. It can reduce PKM2 and the protein in TNBC cells
(MDA-MB-231 and BT549 cells) and induce a reduction in the key glycolytic enzymes,
such as PKM2, HK2, and GLUT1. Silibinin can inhibit the HK2 activity in TNBC cells, and
when it is combined with paclitaxel, it can promote antineoplastic drug toxicity in gastric
cancerous cells [131–134].

Resveratrol (compound 18 in Figure 4) is a natural stilbene and non-flavonoid polyphe-
nol that can be found in cereals, fruits, and vegetables. It has been demonstrated that it
possesses antioxidant, anti-inflammatory, anti-tumoral, and cardioprotective effects. Ac-
cording to reports, resveratrol exhibited the potential to reverse multidrug resistance in
some cancer cells. Moreover, its combination with clinically approved drugs has been found
to enhance the sensitivity of cancer cells to standard chemotherapeutic agents. Resveratrol
downregulated the PKM2 expression by inhibiting mTOR signaling and suppressed cancer
metabolism in the HeLa, MCF-7, and HepG2 cell lines [131,135–137].

Curcumin (compound 16 in Figure 4) has been studied as an anti-cancer compound. It
has been demonstrated that curcumin inhibited the glucose uptake and lactate production
in the H1299 (lung), MCF-7 (breast), HeLa (cervical), and PC-3 (prostate) cancer cell lines
by downregulating the PKM2 expression via the inhibition of the mTOR-HIF-1α axis [138].
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Shikonin (compound 17 in Figure 4), the active naphthoquinone presented in
Section 2.1.2, is also a PKM2 inhibitor. It suppressed the expression of PKM2, HK, and
GLUT1 [68].

HCA (compound 70 in Figure 4) is an active component isolated from cinnamon
bark. It inhibits the PKM2 and STAT3 signaling pathways. Its biochemical methods
(affinity chromatography, drug affinity, responsive stability assay, etc.) demonstrated that
HCA bound directly to PKM2 and decreased the protein kinase activity of the enzyme by
decreasing the phosphorylation at the tyrosine 105 residue [139]. STAT3 phosphorylation at
this residue was suppressed, which ultimately led to a downregulation of the genes, such
as MEK5 and cyclin 5, that are implicated in cancer growth when they are altered [140].

• Flavonoids

This section highlights the various flavonoids derived from vegetables and fruits,
which have demonstrated antiproliferative effects on human cancer cells.

Apigenin (compound 71 in Figure 4) inhibits cancer cell proliferation by triggering cell
apoptosis and modulating the cell cycle. It interferes with multiple signaling pathways and
protein kinases (PI3K/AKT, MAPK/ERK, JAK/STAT, NF-κB and Wnt/β-catenin) [141].
Apigenin targeted and reduced the PKM2 enzyme expression and activity in colon cancer
cells (HCT-116, HT-29, and DLD1) [142].

Other flavones, such as diosmetin and chrysin (compounds 72 and 73 in Figure 4), have
been studied due to their structural features, showing their capacity to inhibit the PKM2
enzyme. This interruption of glycolysis resulted in a reduction in tumor growth [143].

2.3.3. Quinoline Derivatives

Quinoline derivatives (NZT) have been the subject of syntheses, structure–activity
relationships, selectivity, and other properties research. Certain studies focused on the
2-oxo-N-aryl-1,2,3,4-tetrahydroquinoline-6-sulfonamide scaffold (compound 74 in Figure 4).
These studies revealed an EC50 value of 90 nM with a significant selectivity over other PK
isoforms [144].

In silico studies confirmed that the 8-quinolinesulfonamide derivatives, concretely
compound 79 (compound 75 in Figure 4), were potential PKM2 modulators. In vitro
research studies showed that this compound could reduce the intracellular pyruvate level
in A549 lung cancer cells, reduce cell viability, and induce apoptosis [145].

2.3.4. Nonsteroidal Anti-Inflammatory Drugs

Salicylic acid (SA) (compound 76 in Figure 4) is the major and active metabolite of
aspirin. Both compounds are well-described drugs that can be used without the need of
a prescription for lowering fever, reducing inflammation, and relieving low to moderate
pain. Studies were done to report and identify the potential SA-binding proteins (SABPs)
in human HEK-293 cells. One of the proteins that resulted in binding with SA was PKM2.
A genome-wide high-throughput screening study was conducted to identify the potential
binding interactions between the SA-binding proteins (SABPs) in human HEK293 cells.
The screening strategy utilized an adaptation of a previously established method used for
identifying SABPs in plants [146]. Salicylic acid (SA) inhibited the activity of PKM2 in a
dose-dependent manner, with 400µM of SA inhibiting up to 40% of its activity. Unfortu-
nately, the inhibition at higher concentrations of SA could not be tested. Importantly, the
inhibition of PKM2 was selective, as SA binding did not affect the enzymatic activity of
PKM1. In addition, other studies have demonstrated that SA derivatives can reduce the
activity of PKM2, PFK, HK2, as well as the tumor angiogenesis-related vascular endothelial
growth factor. Furthermore, the lactate level in the hepatoma cell line SMMC-7721 was
significantly reduced [146].

2.3.5. Miscellanea

Benserazide (BEN) (compound 24 in Figure 4) is currently in clinical use as a co-
adjuvant treatment in Parkinson’s disease with L-DOPA. It has been demonstrated, first by
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a structure-based virtual ligand screening in an FDA-approved drug database and then
by in vitro and in vivo studies, that BEN was able to direct PKM2 binding, hence blocking
its activity. In this way, the aerobic glycolysis concurrent upregulation of OXPHOS can be
inhibited in a dose-dependent manner. It has been verified as a novel inhibitor for targeting
PKM2 in melanoma cells, in which the enzyme expression is higher, converting BEN into a
potential therapeutic candidate for melanoma [147].

N-(4-(3-(3-(methylamino)-3-oxopropyl)-5-(4′-(trifluoromethyl)-[1,1′-biphenyl]-4-yl)-1H-
pyrazol-1-yl)phenyl)propiolamide (compound 77 in Figure 4) is a novel irreversible PKM2
inhibitor that has demonstrated tumor suppressive effects in different cell lines. This
compound can inhibit PKM2 by interacting with CYS326 and CYS317 of the enzyme and
the propiolamide electrophile terminus of compound 77. The inhibition of the enzyme
and, as result, the growth suppression of the tumor was tested in PC9 cells where the
PKM2 expression was shown to be decreased. Moreover, there was substantial evidence
indicating that the remarkable in vitro and in vivo anti-tumor effectiveness of compound
one resulted from its capacity to target both metabolic and nonmetabolic functions within
cancer cells [148].

Valproic acid (compound 78 in Figure 4) has been found to reduce the PKM2 expression
in breast cancer cells, specifically in MCF-7 and MDA-MB-231 cells [149].

Vitamin K compounds, known as VKs, are fat-soluble compounds. VK3 (compound 79
in Figure 4) and VK5 (compound 80 in Figure 4) have been reported to be adjuvant agents
for cancer therapy. Chen et al., demonstrated that these vitamins acted as selective PKM2
inhibitors in Hela cells [150,151].

Lapachol (compound 81 in Figure 4), a compound derived from Tabebuia impetiginosa,
has been shown to have a greater affinity compared to other related natural products,
such as shikonin, which was demonstrated using computer-aided design. In melanoma
cells, lapachol requires a lower concentration to inhibit 50% of the PKM2 activity. The
results indicated that lapachol inhibited glycolysis in melanoma cells by interacting with
PKM2, a key regulator of glycolysis. This inhibition of glycolysis by lapachol sensitized
the melanoma cells to apoptosis. The in silico studies revealed that the lapachol structure
interacted with 19 amino acid residues through Van der Waals interactions, hydrogen bonds,
alkyl interactions, and pi–alkyl interactions. These molecular interactions contributed to the
lapachol binding and inhibitory effects on PKM2 and glycolysis in melanoma cells [150,152].

Glyotoxin (compound 82 in Figure 4) bound directly and strongly to PKM2 and
suppressed its activity. Moreover, it exhibited a dose-dependent inhibition of glycolytic
activity, resulting in a reduced glucose consumption and lactate production within the U87
human glioma cell line. The inhibition of PKM2 activity further led to the suppression
of STAT3 phosphorylation. These studies demonstrated the potential of gliotoxin as a
treatment for glioma by targeting cancer metabolism [153].

Boronic acid has the ability to activate the PKM2 enzyme, leading to redox metabolism
in oral cancer cells. Consequently, a novel class of boronic acid derivatives was developed.
Particularly, the PKM2 activity of compound 83 (Figure 4) was tested in CAL-27 cells. It
was found that compound 83 activated PKM2 with an AC50 of 25 nM [154].

Dihydroartemisinin (DHA) (compound 84 in Figure 4), also known as artenimol, is an
active metabolite of the anti-malarial drug artemisinin. DHA induces a pro-inflammatory
cell death called pyroptosis. It has been shown to downregulate the PKM2 expression
and induce cell death in the esophageal squamous cell carcinoma (ESCC) cells Eca109 and
EC9706 at 24 h. DHA has the potential to be a therapeutic agent for ESCC by downregulat-
ing the PKM2 expression, activating the caspase-8/3-GSDME axis, and mediating tumor
cell pyroptosis [155].

The antipsychotic medication Pimozide (compound 85 in Figure 4) acts on the sig-
naling pathway and promotes the effect of p53, leading to a decrease in the expression
of PKM2. Pimozide has demonstrated strong anti-breast cancer effects both in vitro and
in vivo. However, it remains unclear whether Pimozide exerts inhibitory effects on aero-
bic glycolysis. The in vitro and in vivo studies have shown that Pimozide inhibited the
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survival of breast cancer cells by blocking the PI3K/Akt/MDM2 signaling pathway. This
inhibition enhanced the p53 expression, resulting in the downregulation of the PKM2
enzyme and alleviating the Warburg effect. To further validate the effects of Pimozide, the
in vivo experiments were conducted using mice transplanted with MCF-7 breast cancer
cells. The tumor size was significantly reduced in the Pimozide-treated group compared to
the control group, and the tumor weight was inhibited by 44%. These findings support the
potential therapeutic use of Pimozide in breast cancer treatment [156].

Compound 86 (Figure 4) is a specific inhibitor of the PKM2 enzyme. Investigations on
the anti-cancer effects of this inhibitor were conducted using MTT and colony formation
assays in SK-OV-3 cells. Compound 86 was found to induce AMPK activation, which is as-
sociated with suppressing the tumor progression. The inhibition of PKM2 by compound 86
affected the Warburg effect and led to autophagic cell death. This mechanism highlighted
the potential of specific PKM2 inhibitors for targeting cancer cell metabolism by blocking
the glycolytic pathway [157].

NPD10084 (compound 87 in Figure 4) has demonstrated an antiproliferative activity
against colorectal cancer cells both in vitro and in vivo. In this study, PKM2 was identi-
fied as a potential target protein for this compound. Interestingly, NPD10084 disrupted
the protein–protein interactions between PKM2 and β-catenin or STAT3, leading to the
suppression of the downstream signaling pathways [158].

The cinnamaldehyde derivative (CB-PIC) (compound 35 in Figure 4), the major com-
ponent of cinnamon, has been found to inhibit the migration of H1299 lung tumor cells
in scratch and transwell assays. This compound was directly and specifically bound
to recombinant PKM2, resulting in a reduction in its catalytic activity. The cells with
PKM2 knockdown demonstrated a significantly reduced migration compared to the con-
trol cells when subjected to glucose and oxygen deprivation. The anti-cancer mechanism
of compound 35 was investigated in human HCC cells in relation to STAT3 signaling.
Compound 35 suppressed the phosphorylation of STAT3 in HepG2 and Huh7 cells. Con-
versely, the depletion of STAT3 enhanced the capacity of this derivative to suppress the
expression of HK2, PKM2, and pro-caspase3, and reduced cell viability in Huh7 cells [86].

In addition, a literature-based phytochemical analysis of Mangifera indica identified a
total of 94 compounds, which were docked against three binding sites of PKM2 to identify
the potential PKM2 inhibitors. Among these compounds, berberine (compound 88 in
Figure 4), isolated from Coptis and Hydrastis canadensis, was found to inhibit the PKM2
activity, showing antiproliferative effects in HCT116 and HeLa cells. However, further
studies are needed to validate the PKM2 inhibitory potential of the identified compounds
through in vitro biochemical assays [159].

A novel sulfonamide compound with a pyridin-3-ylmethyl 4-(benzoyl)piperazine-1-
carbodithioate moiety has been identified as a potent activator of PKM2. A series of analogs
based on the lead compound 89 (Figure 4) were designed and synthetized. Among these
analogs, compounds 90 and 91 (Figure 4) demonstrated higher PKM2 activation activities.
Furthermore, they exhibited more significant antiproliferative effects against human tumor
cell lines. Notably, compound 91 specifically inhibited the proliferation of multiple cancer
cell types while showing minimal toxicity towards normal cells. Additionally, it was
observed that compound 91 effectively inhibited the colony formation in MCF7 cells. These
findings suggest that compound 91 and its analogs have the potential to act as potent PKM2
activators, displaying enhanced antiproliferative activities against cancer cells. Further
research is needed to explore the therapeutic applications of these compounds and elucidate
their mechanisms of action [160].
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Table 3. Efficacy and modes of action of the PK modulators.

Scaffold Model Mode of Action Refs.

Polyphenols

Flavonoids

Chrysin Kinetic assay Inhibition of PKM2 [143]

Apigenin
In vitro

Reduction in the PKM2 activity [141,142]Colon cancer cells
HCT116, HT29, DLD1

Morusin
In vitro

Attenuation of the activity of PKM2 [65]HCC cells
Huh7, Hep3B

Diosmetin Kinetic assays Inhibition of PKM2 [143]

Non-flavonoids

Shikonin Esophageal squamous cell
carcinoma Inhibition of the PKM2 expression [68]

Resveratrol
In vitro

Inhibition of the PKM2 expression [131,135–137]Diverse tumor types
HeLa, MCF-7, HepG2

Curcumin
In vitro Downregulation of the PKM2

expression [138]Diverse tumor types
H1299, PC-3, MCF-7, HeLa

Ellagic acid Kinetic assay Inhibition of the PKM2 activity [130,131]

Silibinin SAR studies Inhibition of the PKM2 activity [131–134]

HCA
In vivo

Inhibition of the PKM2 expression [139,140]Nude mice model
DU-145 tumor xenografts

Small molecules

TEPP-46
In vitro

PKM2 activator [128,129]Breast cancer cells
MCF-7, MDA-MB-231, T47-D,

MDA-MB-468, HCC1443

DASA-58
In vitro

PKM2 activator [128,129]Breast cancer cells
MCF-7, MDA-MB-231, T47-D,

MDA-MB-468, HCC1443

Oxygen and sulfur heterocycles

Triptolide

In vitro

Inhibition of the PKM2 expression [72,73]
Neck and head cancer cells

HK1, FaDu, C666-1
Cholangiocarcinoma cells

HuCCT1, RBE

Tanshinone IIA
In vivo

Inhibition of the PKM2 expression [74]Lung cancer model
Nude mouse xenograft

Nonsteroidal anti-inflammatory compounds

Salicylic acid In vitro
Inhibition of PKM2 [146]HEK293 cells

Quinoline derivatives

Compound 105 In vitro
PKM2 activation [161](Quinoline 3-sulfonamide

derivative)
HCC

Snu398
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Table 3. Cont.

Scaffold Model Mode of Action Refs.

Compound 78
In silico Modulation of the PKM2 activity [144](2-oxo-N-aryl-1,2,3,4-

tetrahydroquinoline-6-sulfonamide
derivative)

Compound 79 In vitro
Inhibition of the PKM2 activity [145](8-quinolinesulfonamide derivative) Lung cancer cells

A549

Miscellanea

Benserazide
In vitro

Inhibition of the PKM2 activity [147]Melanoma cells
SK-MEL-5, SK-MEL-28

CB-PIC
In vitro Suppression of the PKM2

expression [86]HCC cells
HepG2 and Huh7

N-(4-(3-(3-(methylamino)-3-
oxopropyl)-5-(4′-(trifluoromethyl)-
[1,1′-biphenyl]-4-yl)-1H-pyrazol-1-

yl)phenyl)propiolamide

In vivo Irreversible inhibition of PKM2 and
the PKM2 expression [148]Athymic nude mice

PC9 (lung cancer) xenograft
tumor model

Valproic acid

In vitro

Reduction in the PKM2 expression [149]
Breast cancer cells

MCF-7
MDA-MB-231

Vitamin K Kinetic assay PKM2 selective inhibitors [150,151]

Lapachol
In vitro

Inhibition of the PKM2 activity [150,152]Melanoma cells
SK-MEL103

Glyotoxin
In vitro

Suppression of the PKM2 activity [153]Glioma cells
U87

Compound 88 In vitro
Activation of PKM2 [154](Boronic acid derivative)

Oral squamous carcinoma cells
CAL-27

Dihydroartemisinin
In vitro Downregulation of the PKM2

expression [155]Esophageal squamous cell
carcinoma

Eca109, Ec9706

Pimozide
In vivo

Decrease in the PKM2 expression [156]Nude mice model
MCF-7 tumor xenograft model

Compound 91
In vitro

Inhibition of the PKM2 expression [157]Ovarian cancer cells
SK-OV-3

NPD10084
In vitro

Inhibition of the PKM2 activity [158]Colorectal cancer cells
HCT-116, LoVo

Compound 95, 96, 97
In vitro

Activation of PKM2 [160]
(Pyridine-3-yl-methyl-4-
(benzoyl)piperazine-1-

carbodithioate)

Breast cancer cells
MCF-7
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Table 3. Cont.

Scaffold Model Mode of Action Refs.

Berberine
In vitro

Decrease in the PKM2 activity [159]Diverse tumor cells
HCT-116, HeLa

Compounds in combination with other therapies

Sildenafil + cisplatin
In vitro

Inhibition of PKM2 [94]Lymphoma cells
HuT-78 cells

2.4. LDH Enzyme Modulators

The enzymatic activity of LDH is focused on lowering the extracellular pH, thus
avoiding tumor invasion and metastasis. Therefore, the inhibition of its activity will put
up a protective barrier against tumor growth. In this section, different LDH modulators
were collected. They have been organized into the following groups: small molecules, pyri-
dazines and piperazines, polyphenols, quinoline-based derivatives, sulfide and disulfide
derivatives, nonsteroidal anti-inflammatory compounds, compounds in combination with
other therapies, and miscellanea (Table 4).

2.4.1. Small Molecules

Sodium oxamate (compound 92 in Figure 5) exerted a competitive inhibition of human
LDHA in vitro with a Ki of 136.3 uM in two NPC cancer cell lines. However, this derivative
presented several problems related to a low and limited selectivity, weak potency, and poor
cellular uptake [162]. The studies showing the MOA [163] stated that compound 92 could
promote cell apoptosis via the downregulation of the CDK1/cyclin B1 pathway, which
ultimately provoked the inhibition of LDHA.

2.4.2. Pyridazine and Piperazine

Trimetazidine (TMZ) (compound 93 in Figure 5) is a drug indicated exclusively in
adults as additional therapy for the symptomatic treatment of patients with stable angina
pectoris. Silica-induced pulmonary fibrosis studies in rats were done to explore the effects
of this drug over the LDH activity. The results showed that the derivative of compound 93
was able to reduce and normalize the levels of the enzyme in bronchoalveolar lavage fluid
(BALF) [164]. TMZ can be used alone or in combination with antineoplastic drugs, such as
gemcitabine or abraxane, to reduce cell viability and induce apoptosis in human pancreatic
cancer cells [165]. Additionally, the derivative of compound 93 also induced cell death in
breast cancer cells [166].

Pyridazine derivatives exhibited potent anti-cancer activity and were synthesized
due to structure-based virtual screening studies. Compound 94 (Figure 5) exerted its
effect on multiple cancer lines: Med1-MB (a cell line obtained from Sonic Hedgehog
medulloblastoma), CRC HCT116, SW620, lung cancer A549, and pancreatic PANC-1 cancer
cell lines. This derivative has also been tested using an enzymatic assay, measuring the rate
of NADH consumption by spectrophotometry. It displayed a significant inhibitory activity
with an IC50 of 12 µM. When compared to sodium oxamate (IC50 = 16.47 µM), a reference
inhibitor, compound 94 exerted a lower dose dependency over LDH [167].

2.4.3. Polyphenols

• Flavonoids

Epigallocatechin (EGCG) (compound 95 in Figure 5) is one of the main compounds
of green tea and a compound found in the medical plant Spatholobus suberectus, which is
commonly used in China for the treatment of cancer-related blood stasis. EGCG can inhibit
the LDHA enzyme, targeting the metabolism of human pancreatic adenocarcinoma (MIA
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PaCa-2 cells). This derivative can significantly reduce the lactate production, anaerobic
glycolysis, and glucose consumption [168]. Other studies have demonstrated its ability for
inhibiting the LDHA activity in both estrogen-dependent human MCF-7 cells and estrogen-
independent MDA-MB-231 cells. The mechanism of action is believed to be related to the
potential acceleration of HIF-1α proteasome degradation [169,170].
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• Non-flavonoids

FX11 (3-dihydroxy-6-methyl-7-(phenylmethyl)-4-propylnaphthalene-1-carboxylic acid)
(compound 96 in Figure 5) is a synthetic molecule that was discovered using an HITS
assay. FX11 is structurally related to gossypol and is well known to be a sensitizer in
chemotherapy-resistant tumor cells [171–173]. It is an NADH competitive, small, reversible,
and selective LDHA inhibitor and it has demonstrated preclinical success in the progression
of multiple adult cancers (lymphoma, pancreas, osteosarcoma, and prostate) [174].

Gossypol (compound 97 in Figure 5) is a natural aldehyde derived from cotton seed
and it can inhibit several cancer cell lines, such as melanoma, lung, breast, cervix, and
leukemia. This compound is a non-selective LDH inhibitor with Ki values of 1.9 and 1.4 µM
in LDHA and LDHB, respectively. The derivative of compound 97 is well tolerated but it
presents a poor response in metastatic adrenal cancer, malignant glioma, and anthracycline
and taxane-resistant metastatic breast cancers [175,176].

Galloflavin (compound 98 in Figure 5), a synthetic derivative of gallic acid, binds
to LDHA, but it is also able to block LDHB without competing with substrates and co-
factors. The cytotoxic effects were demonstrated by this analog in various human breast
cancer cells (MCF-7, triple-negative MDA-MB-321, and tamoxifen-resistant MCF-7tam cell
lines) [171,177].

2.4.4. Quinoline-Based Derivatives

Compound 99 (Figure 5) a quinoline 3-sulfonamide derivative, is a selective and
competitive LDHA inhibitor, competing with NADH. This derivative can exert its effect in
multiple cell lines, including hepatocellular and breast carcinomas [161].

2.4.5. Sulfide and Disulfide Derivatives

GNE-140 (compound 100 in Figure 5), a synthetic molecule discovered using an
HITS assay, was tested in MDA-MB-231 and HCC143 cells in vitro. GNE-140 has been
demonstrated to block LDH [178].

Several substituted 3-hydroxy-mercaptocyclo-2-enone compounds, especially com-
pound 101 (Figure 5), have been identified as potent novel class LDH inhibitors using
the HITS approach. Compound 101 can bind to the active site of LDH where pyruvate
usually binds, hence limiting and competing with the substrate binding. Furthermore,
biochemical and surface plasmon resonance experiments supported the fact that these
derivatives required an NADH cofactor [179].

2.4.6. Nonsteroidal Anti-Inflammatory Compounds

Diclofenac (compound 102 in Figure 5) is commonly used to reduce inflammation and
alleviate pain. Apart from its classical role as a cyclooxygenase (COX) inhibitor, diclofenac
has exhibited potent anti-cancer effects. Studies were conducted to investigate whether
diclofenac could induce cancer cell death in HeLa cells through the production of ROS.
It was also examined at non-toxic concentrations to determine whether it could decrease
lactate production in murine glioma cells and inhibit the expression of LDHA in vitro using
GL281 cells [180]. Other studies have revealed its ability to disrupt the Warburg effect
through the targeting of glucose transport and the inhibition of LDH and MCT1, leading to
a reduced glucose uptake and lactate secretion [181,182].

2.4.7. Compounds in Combination with Other Therapies

Different concentrations of METABLOC (compound 103 in Figure 5), a combination of
hydroxycitrate and lipoic acid, was used in combination with diclofenac and metformin
in LL/2 lung carcinoma cells. Cisplatin was used as a positive control. The effects of
METABLOC appeared to be enhanced when high-dose metformin was used. In a lung
cancer model in C57BL/6 mice, high doses of metformin and diclofenac were administered,
and METABLOC was used as the positive controls. The combination of metformin and
diclofenac slightly delayed tumor growth compared to the control groups. METABLOC,
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when used in combination with metformin and diclofenac, was also tested to observe the
progression of LL/2 carcinoma, and it successfully delayed tumor growth [181,183].

In another study, the combination of diclofenac (102 in Figure 5) and ibuprofen was
examined. Both drugs are NSAIDs associated with anti-tumoral effects in glioma cells.
However, ibuprofen showed a stronger inhibition of cell growth compared to diclofenac.
Both drugs were able to decrease STAT3 phosphorylation. Interestingly, diclofenac led to a
decreased C-MYC expression and a subsequent reduction in the LDHA activity. On the
other hand, the treatment with higher doses of ibuprofen induced the C-MYC expression
and had less impact on LDHA alteration. These findings highlighted the different MOAs
of diclofenac and ibuprofen. Diclofenac acted by inhibiting STAT3 signaling and the
downstream modulation of glycolysis. Ibuprofen, on the other hand, inhibited the COX
and lactate mechanisms independently [184].

2.4.8. Miscellanea

Crocetin (compound 104 in Figure 5) is a 20-carbon dicarboxylic acid diterpenoid that
was obtained using chemical synthesis. Its LDH inhibition properties have been tested
against two cancer cell lines (A549 and HeLa) [185,186].

Machillin A (compound 105 in Figure 5), a natural product found mainly in Machilus
thunbergii, Iryanthera lancifolia, and Magnolia sinica, has been demonstrated to reduce tumor
growth by inhibiting LDHA. It is a competitive inhibitor, which blocks the NAD binding
site [185,187].

Nifurtimox (compound 106 in Figure 5), a drug used for treating parasitic protozoan
Trypanosoma cruzi infections, has also been reported to present cytotoxic properties in the
neuroblastoma cell lines LA-N-1, IMR-32, LS and SK-N-SH. Nifurtimox can achieve a
reduction in the LDH enzyme activity [188].

N-hydroxyndole-based inhibitors have been demonstrated to be small, competitive,
and LDHA isoform-selective inhibitors. The derivative of compound 107 (Figure 5) can
compete against pyruvate and NADH. SAR studies confirmed the importance of the OH-
COOH pharmacophore, since the enzyme active site will usually have a gap for lactate
(hydroxyl group) and another for pyruvate (alpha-keto acid group) [189].

Selenobenzenes, such as (1-(phenylseleno)-4-(trifluoromethyl)benzene (PSTMB) (com-
pound 108 in Figure 5), demonstrated their ability to decrease tumor growth in several
tumor cell lines (NCI-H460, MCF-7, Hep3B, A375, HT-29, and LLC). Thus, in HT-29 human
colon cancer cells, PSTMB exerted a dose-dependent inhibition of the cell viability and of
the activity of LDHA. Biochemical assays showed that compound 108 did not affect the
tetramer formation of LDHA. The conversion of pyruvate to lactate was inhibited because
this derivative inhibited the NADH binding to LDHA [190].

Oxaloacetate (OAA) (compound 109 in Figure 5) is a competitive inhibitor of human
LDHA and has been found to be regulated by PKM2 activity. An elevated PKM2 activity can
promote the de novo synthesis of OAA through glutaminolysis, leading to the inhibition of
LDHA in cancer cells. A high pyruvate kinase activity can result in increased cytosolic OAA
levels, which act as a competitive inhibitor of LDHA at concentrations that are sufficient
for inhibiting its activity in cancer cells. Additionally, the activation of PKM2 can enhance
the OAA levels by increasing the de novo synthesis of OAA [191].

N-acylhydrazone derivatives have been studied as LDHA inhibitors. For this purpose,
a virtual screening procedure was conducted. Afterwards, chemical modifications were
made to the selected compounds to enhance their inhibitory activity. The new molecules
demonstrated activity in the micro-molar range. Specifically, compound 110 (Figure 5)
exhibited a significant effect on lactate production in the Raji human cell line. A total of
67 molecules were chosen, and a structure–activity relationship (SAR) study was car-
ried out to investigate their inhibitory effects on purified LDHA. Compound 110 of the
study showed pronounced effects, and the N-acylhydrazone scaffold was identified as an
important structural feature for exerting the inhibitory effect [192].
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Table 4. Efficacy and modes of action of the LDH inhibitors.

Scaffold Model Mode of Action Refs.

Polyphenols

Flavonoids

Morusin
In vitro

Attenuation of the activity of LDHA [65]HCC cells
Huh7, Hep3B

Epigallocatechin

In vitro

Inhibition of LDHA [168–170]
Human pancreatic
adenocarcinoma

(MIA PaCa-2cells)
Breast cancer cells

MDA-MB-231, MCF-7

Non-flavonoids

Galloflavin

HCC

Inhibition of the LDHA activity [171,177]
In vitro

Breast cancer cells
MCF-7, MCF-Tam, MDA-MB-231

FX11

In vitro

Competitive inhibition of the
LDHA activity [171,173,174]

Gallbladder cancer cells
NOZ, GBC-SD

Prostate cancer cells
PC-3

Gossypol Kinetic assay Non-selective inhibition of LDH [175,176]

Curcumin
In vitro Reduction in the expression of

LDHA and its activity [67]Papillary thyroid cancer
B-CPAP

Small molecules

Sodium oxamate

In vitro

Inhibition of the LDHA activity [162,163]
Gastric cancer cells
SGC-7901, BGC823

Nasopharyngeal carcinoma cells
CNE-1, CNE-2

Oxygen and sulfur heterocycles

Tanshinone IIA
In vivo

Inhibition of the LDHA expression [74]Lung cancer model
Nude mouse xenograft

Sulfide and disulfide derivatives

GNE-140
In vivo

Inhibition of the LDH activity [178]Immunocompromised mice
MiaPaCa-2 tumor xenograft

Compound 107
In silico Inhibition of the LDH activity [179](Substituted 3-hydroxy-

mercaptocyclo-2-enone
compound)

Nonsteroidal anti-inflammatory compounds

Diclofenac
In vitro

Inhibition of the LDHA expression [180–182]Melanoma cells
MeIIm
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Table 4. Cont.

Scaffold Model Mode of Action Refs.

Metformin + Diclofenac
(METABLOC) In silico Inhibition of the LDHA activity [181,183]

Ibuprofen + diclofenac
In vitro

Reduction in the LDHA activity [184]Mouse glioma cells
GL261

Quinoline derivatives

Compound 105 In vitro Inhibition of the LDHA activity [161](Quinoline 3-sulfonamide
derivative) Multiple tumor cell lines

Pyridazine and piperazine

TMZ No data Inhibition of the LDH activity [164]

Compound 100
(pyridazine derivative)

In vitro
Inhibition of the LDH activity [167]Medulloblastoma cells

Med1-MB

Miscellanea

Calcitriol
In vivo Reduction in the expression of

LDHA
[87]HT29 xenograft mouse model

Crocetin Kinetic assay Inhibition of LDHA [185,186]

Machilin A Kinetic assay Inhibition of the LDHA activity [185,187]

Nifurtimox
In vitro Reduction in the LDH enzyme

activity [188]Neuroblastoma cells
LA-N-1, IMR-32, SK-N-SH, LS

N-hydroxyndole Kinetic assay Inhibition of the LDHA activity [189]

PSTMB
In vitro

Inhibition of the LDHA activity [190]Different cancer types
NCI-H1299, MCF-7, Hep3B, HT29,

LLC

Compound 82
SAR studies LDHA inhibitors [192](N-acylhydrazone derivative)

Oxaloacetate
In vitro

Inhibition of the LDHA activity [191]Lung cancer cells
H1299

Compounds in combination with other therapies

Sildenafil + cisplatin
In vitro

Inhibition of the LDHA expression [94]Lymphoma cells
HuT-78 cells

TMZ + gemcitabine
or abraxane No data Inhibition of LDH [165,166]

3. Conclusions

During the last years, the research of cancer has allowed us to extend our knowledge
about this malignant disease, which damages the life of those who suffer from it. This new
knowledge has enabled us to identify some features about this pathology, which provide
an opportunity for the scientific community to delve into the mechanism of action of the
disease, favoring the research of novel treatments. One of the features described in the last
years is the deregulated metabolism and reprogrammed cellular energetics, considered a
new hallmark of cancer. Changes in the glucose metabolism and the metabolic pathways
implied in the deregulation of glycolysis to lactate production in aerobic conditions, called
the Warburg effect or aerobic glycolysis, and the enzymes or transporters that participate
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in the deregulated cancer metabolism can be used as a target in the research of novel
treatment due to the necessity to improve the actual treatments. In this review, the most
representative molecules synthetized since 2010 were collected to compile the latest data
for their modulation activity towards four enzymes that participate in aerobic glycolysis,
namely HK2, PKM2, PDK, and LDH. Small molecules, flavonoids and non-flavonoids
polyphenolic compounds, metal complexes, and other structures, a total of more than 100
compounds were described as novel molecules for inhibiting one or more of the target
enzymes. The chemical versality of new molecules creates a wide range of possibilities
for expanding cancer treatment options. Although most of the compounds have been
evaluated in silico, in vitro, or in animal models, this is a promising starting point in the
process of approving new drugs. Hence, this review can shed some light on future advances
in molecules targeting the Warburg effect for potential new cancer treatments.
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Abbreviations

ADP Adenosin diphosphate
AKT Protein kinase B
AML Acute myelogenous leukemia
AMPK AMP Activated protein kinase
ATP Adenosine triphosphate
BCSC Breast cancer stem cells
C Carbon
CAF Cancer-associated fibroblast
CoA Coenzyme A
COX Cyclooxygenase
EC50 Efficacy concentration 50
ESCC Esophageal squamous cell carcinoma
FDG 18F-fluorodesoxyglucose
G6P Glucose-6-phosphate
GLUT Glucose transporter
HCC Hepatocellular carcinoma
HIF-1 Hipoxia-inducible factor 1
HK Hexokinase
HRE Hypoxia response element
IC50 Inhibitory concentration 50
JAK2 Janus kinase 2
LDH Lactate dehydrogenase
Lys Lysine
MCT Monocarboxylate transporter
MOA Mechanism of action
MPC Mitochondrial pyruvate carrier
NAD Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate
NOS Nitric oxide synthase
NSAID Nonsteroidal anti-inflammatory drug
NSCLC Non-small cell lung cancer
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OXPHOS Oxidative phosphorylation
PDH Pyruvate dehydrogenase
PDK Pyruvate dehydrogenase kinase
PEP Phosphoenolpyruvate
PFK Phosphofructokinase
PGM Phosphoglucomutase
PI3K Phosphatidylinositol 3-kinase
PK Pyruvate kinase
PPP Pentose phosphate pathway
Pt Platinum
ROS Reactive oxygen species
SABP SA-binding protein
SAR Structure activity relationship
STAT3 Signal transducer and activator of transcription 3
TCA Tricarboxylic acid
TME Tumor microenvironment
VDAC1 Voltage-dependent anion channel 1
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