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Abstract

Cells are separated from the environment by a lipid bilayer membrane that is relatively impermeable to
solutes. The transport of ions and small molecules across this membrane is an essential process in cell
biology and metabolism. Monocarboxylate transporters (MCTs) belong to a vast family of solute carriers
(SLCs) that facilitate the transport of certain hydrophylic small compounds through the bilipid cell
membrane. The existence of 446 genes that code for SLCs is the best evidence of their importance. In-depth
research on MCTs is quite recent and probably promoted by their role in cancer development and
progression. Importantly, it has recently been realized that these transporters represent an interesting
target for cancer treatment. The search for clinically useful monocarboxylate inhibitors is an even more
recent field. There is limited pre-clinical and clinical experience with new inhibitors and their precise
mechanism of action is still under investigation. What is common to all of them is the inhibition of lactate
transport. This review discusses the structure and function of MCTs, their participation in cancer, and old
and newly developed inhibitors. Some suggestions on how to improve their anticancer effects are also
discussed.
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Introduction

Glycolytic metabolism and high glycolytic flux are hallmarks of cancer metabolism [1, 2]. This was
established by the original research of Otto H. Warburg a hundred years ago [3, 4]. Most tumors, although
not all, are highly dependent on glycolytic metabolism [5]. It has been shown that impeding glycolysis can
decrease or even eliminate many of the characteristics of the malignant phenotype [6]. This is the reason
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why so much research has been devoted to curbing glycolysis. Different drugs have been tested in this
endeavor. Many of them have shown very encouraging results, but no pharmaceutical agent has been found
that impedes glycolysis ideally. Most of the pharmaceuticals, although useful at the experimental level, have
not made their way to the bedside.

The final product of the glycolytic pathway is lactate. Lactate does not remain in the cytoplasm, where
it is produced; it is swiftly extruded from the cell towards the extracellular compartment. If it was not
exported and remained in the cytoplasm, intracellular lactic acidosis would rapidly ensue. This situation
would jeopardize malignant cell survival. Therefore, this is a problem that cells have adapted to solve as
quickly as possible. In situations where lactate export is totally blocked, there are three cellular responses
that occur:

(A) Switch the glycolytic metabolism into a mitochondrial oxidative one. This results in the reduction
or abolition of lactate production.

(B) Use the Cori cycle to regenerate pyruvate or glucose from lactate. This prevents lactate build up.
(C) Undergo apoptosis because of acidic stress.

Of options 1 and 2 above, option 1 may be preferred. The Cori cycle of pathway number 2 has limited
usefulness because it uses high amounts of energy and quickly leads to energetic imbalance. The high
amount of pyruvate formed also curbs further the Cori cycle function. Therefore, the more advantageous
solution for cells is option 1 and the shift to oxidative metabolism.

In a malignant cell, however, a shift to oxidative metabolism has different problems, such as the chronic
shortage of oxygen that usually occurs in the hypoxic environment of tumors. Additionally, in tumors, there
tends to be no substrate for the generation of building blocks for non-essential amino acids, nucleic acids,
and antioxidants. Oxidative metabolism produces a much greater amount of energy [36 adenosine
triphosphates (ATPs)] than glycolysis (2 ATPs), but it is considerably slower, and rapid production of
energy molecules requires glycolysis [7]. Thus, with the compound problems of relatively slow oxidative
metabolism and impairment by lack of oxygen, a tumor cell deprived of the glycolytic pathway decreases or
even stops proliferation and invasion.

An alternative to the above 3 specific cell and metabolic approaches is to limit lactate extrusion. If
lactate extrusion can be partially impeded, the cell would probably survive but intracellular pH would
decrease, and likely the cell’s chance of proliferation would be curtailed. Blocking lactate extrusion is one
way to cause a shift from a glycolytic to an oxidative metabolism [8]. That is the subject of this proposal
(Figure 1), understanding and manipulation of mechanisms involved in lactate trafficking and how to
inhibit it with pharmaceuticals. This chapter of onco-pharmacology has only recently become a very active
field of research.

Mechanism of lactate export/import

In mammalian cells, lactate is “transported” across plasma membranes by two types of transport
facilitators:

(A) Proton-coupled MCTs that belong to a larger family of the solute carrier 16 (SLC16) [9]. This family
of carriers has only four transporters that facilitate the movement of monocarboxylates, such as
lactate, through membranes [10]. They are known as MCT1 to MCT4.

(B) Sodium-coupled MCTs or sodium MCT (SMCT, SLC5A8 gene) [11]. Originally identified as a short
fatty acid transporter, this is now also known to transport other monocarboxylates, including
lactate [12].

MCTs are also facilitators of the transmembrane movement of other monocarboxylates such as
pyruvate and ketone bodies. MCT1 and MCT4 are the main transporters of lactate. MCT1 can facilitate
cellular lactate efflux and influx. When it exports lactate, it simultaneously increases intracellular pH
because along with the lactate it facilitates proton extrusion in an equimolecular proportion. When a cell is
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Figure 1. Glucose metabolism in normal and malignant cells and cells with monocarboxylate transporter (MCT) inhibition. Upper
left panel: glucose metabolism of normal cells. All the pyruvate is metabolized through the Krebs cycle. Lower left panel:
pyruvate is mainly catabolized to lactate, although a smaller proportion still follows the Krebs cycle pathway. Lactate is exported
to the extracellular space by MCTs. Right panel: when MCTs are inhibited lactate cannot leave the cell and accumulates in the
cytoplasm. In this situation, to avoid excessive and toxic lactate accumulation, the cell needs to revert to oxidative metabolism
(not shown in the diagram). Normal cells can also adopt an anaerobic metabolism under hypoxic conditions. However normal
cells return to oxidative metabolism as soon as hypoxia disappears (Pasteur effect), while cancer cells continue with mainly
glycolytic metabolism (Warburg effect or aerobic glycolysis)

submitted to anoxic conditions it switches to anaerobic glycolysis producing large amounts of lactate that
are exported by MCT4 and MCT1. Cancer cells preferentially use glycolytic metabolism in a process called
the Warburg effect whether they are hypoxic or not. Thus, cancer cells become dependent on MCTs to
maintain their glycolytic metabolism. Without MCT export of lactate, intracellular lactic acidosis would
inhibit cancer cell growth and survival.

In contrast to the MCTs, SMCT seems to have a tumor suppressor function [13], which apparently
depends on its butyrate transport abilities [14].

MCT1-4

MCT1-4 are the only bidirectional transporters of lactate. Therefore, this paper will focus exclusively on
them. MCT1-4 are cell membrane proteins that span the membrane 12 times. For proper function, they
require a tightly associated chaperone molecule that spans the membrane only once: basigin, also known as
CD147 or extracellular matrix metalloproteinase inducer (EMMPRIN, Figures 2 and 3) [15]. A three-
dimensional (3-D) view of MCT1 in the cell membrane is shown in Figure 3.

MCT1 contains 500 amino acids organized into 12 transmembranous segments that are united by
extracellular and intracellular segments. MCT4 has 465 amino acids and a similar organization in the cell
membrane. This organization allows MCTs to bundle in such a manner that a passageway is formed for the
transported substrates [16]. They are ATP-independent. While MCT1 has a high affinity for lactate, MCT4
has a much lower one. MCT1 is an important lactate importer into oxidative cells and MCT4, although it is a
bidirectional transporter, is better adapted for lactate export when intracellular lactate concentration is
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Figure 2. Linear two-dimensional model of MCT1 structure and basigin in the cell membrane [16-19]. MCT1 has 12
transmembrane segments, intracellular N-terminal and C-terminals, and a large intracellular loop between segments 6 and 7.
Basigin (CD147 or EMMPRIN) although a separate protein, is functionally part of the transporter acting as a chaperone.
MCT1-4 passively transport monocarboxylate ions and protons along the concentration gradient [20]. Basigin 2 has three
glycosylation sites [21]. Interference with disulfide bridges inhibits basigin’s activity. S — S: disulfide bridge
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Figure 3. Postulated 3-D structure of the basigin dimer and two MCTs. The basigin dimer structure is based on references [22,
23], and modified from Wilson et al. [24]. Basigin dimerization depends on the extracellular domain [25], it occurs spontaneously
in vitro [26] and probably influences the effects of the numerous basigin binding partners [27] such as cyclophilins, glucose
transporter 1 (GLUT1), CD44, galectin 3, E-selectin among others. Importantly, basigin dimerization is essential for becoming
fully functional [25]. Interestingly, basigin also binds the spike S protein of the severe acute respiratory syndrome-coronavirus
disease (SARS-COVID) virus [28] and malarial parasites [29]. The intracellular and transmembrane domains are essential for
MCT migration to the cell membrane [30]. The expression of basigin is essential for glycolytic tumor energetics [31-34]
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high. The lower affinity of MCT4 for lactate means that, though theoretically, it can import lactate into cells,
practically speaking it rarely facilitates lactate import into tumor cells because the extracellular
concentration of lactate would not be sufficient for binding and uptake. Similarly, MCT1 also exports lactate,
and the knockdown of MCT1 inhibits tumor growth [17]. We believe that MCT1’s export ability is much
higher than originally thought, as was shown by the intracellular lactate accumulation produced when the
MCT1 inhibitor AZD3695 targeted cancer cells (see below).

Basigin

Basigin is a cell surface protein of the immunoglobulin superfamily that has many other names such as
EMMPRIN, which stands for extracellular matrix metalloproteinase inducer and CD147. It is encoded by the
BSG gene in the short arm of chromosome 19. Basigin is strongly associated with the trafficking of MCTs to
the cell surface [35] but has many other functions related to cancer. It functions as an inducer of matrix
metalloproteases (MMPs), is a ligand of integrins, and functions in intercellular recognition, differentiation,
and development. The name basigin comes from basic immunoglobulin [36].

Biswas et al. [37] cloned basigin and they identified an extracellular domain with two immunoglobulin
subdomains, a transmembrane region with a short C-terminal portion. There are four splice variants.

Basigin is also a subunit of gamma-secretase complexes and down-modulates the production of beta-
amyloid [38]. It participates in the process of invasion and its down-regulation decreases invasion [39].
Experiments to knockout or inhibit its activity have helped clarify its function. For example, when basigin
null mice were created, MCTs were reduced in photoreceptors causing retinal degeneration [40]. Similarly,
another group disrupted the basigin gene, and this strongly decreased the activity and expression of MCT1,
MCT3, and MCT4 [41].

Mechanism of function

MCTs can extrude monocarboxylates in general and lactate in particular from the cell to the extracellular
compartment, but they can also perform the opposite transport (particularly MCT1), that is, move
monocarboxylates from the extracellular space into the cell. The mechanism by which this occurs was
shown by Wang et al. [42], who demonstrated that the transporters undergo changes in conformation
according to the direction of their transport (Figure 4). Their work reported four cryo-electron microscopy
(cryo-EM) structures of MCT1/basigin complexes and demonstrated that substrate translocation is
achieved through rigid-body rotation of the two domains which alternatingly expose the central substrate
binding sites to either side of the membrane.

Open to the outside Extracellular

Cell

Basigin membrane

Open to the inside Intracellular

Figure 4. Conformational changes of MCT1 according to the direction of the transport

Lactate shuttle

For many years, lactate was viewed as a metabolic end product, as a waste product. However, this concept
was flawed [43]. Lactate is an energy source that is shuttled between cells [44]. The movement of lactate
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across different cell membranes requires the facilitator activity of MCT1 and MCT4. These shuttles work
through a complex process that results in lactate being fed to oxidative cells. The lactate is initially
produced in high amounts through glycolytic metabolism and the lactate transporters extrude this lactate
into the extracellular matrix. From there it may be taken up by other more oxidative cells that use this
lactate as a source of energy (Figure 5). Interestingly, tumor cells are not all glycolytic. There are other
malignant cells, usually near well-oxygenated areas, that conserve an active and important oxidative
metabolism. These cells can take up lactate and transform it into pyruvate feeding the Krebs cycle. Lactate
therefore shuttles from glycolytic to oxidative cells. To have this circuit working, glycolytic cells need MCTs
to extrude lactate, and oxidative cells also require MCTs to import lactate. Therefore, inhibiting the lactate
transporters would block this shuttle which is an important mechanism promoting tumor growth [45]. This
“lactate shuttle” is also found in normal cells [46, 47], but it acquires greater importance in cancer cells [48].
Furthermore, the lactate shuttle also works between stroma and tumor cells [49]. Some stroma cells are
“enslaved” by the tumor which induces a metabolic change from oxidative to glycolytic metabolism. These
cell-slaves extrude lactate to feed oxidative malignant cells [50, 51]. This phenomenon is known as the
reverse Warburg effect (Figure 5) [52].

Lactate shuttle

(=== Enslaved stromal fibroblast

= e —— (©)

@ Malignantgl/colytic ccll Malignant oxidative cell

MCT4 |and| MCT1 MCT1

Figure 5. The lactate shuttle. Glycolytic malignant and glycolytic stromal fibroblasts produce and extrude lactate that is taken up
by oxidative malignant cells near vascular supply. The lactate shuttle requires the primordial participation of MCTs. MCT4 is the
main exporter of lactate in normal [53] and malignant cells, and MCT1 is the main importer

MCTs and basigin in cancer
MCTs

MCT1 and MCT4 are overexpressed in many cancers. MCT4 in particular, very efficiently transports lactate
in environments with high lactate levels [54] and is well adapted to this transport in highly glycolytic cells
[55]. Malignant cells use glycolytic metabolism even when there is sufficient oxygen for an oxidative
metabolism (Warburg effect). This type of metabolism is frequently found not only in malignant cells but
also in normal cells that are intensely proliferating. Evidently, this type of metabolism represents a growth
advantage that took many years to be understood. Now, it is known that glycolytic metabolism allows
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intense proliferation in a medium depleted of oxygen. It reduces the generation of reactive oxygen species
(ROS) and provides building blocks for the synthesis of macromolecules and molecules for antioxidant
compounds. Furthermore, glycolytic metabolism can provide energy in a much faster way than oxidative
metabolism, albeit at the cost of catabolizing ten times more glucose than usual oxidative metabolism for
energy production [56-58]. The harsh and hypoxic environment in which cancers develop exerts a selective
pressure on glycolytic cells, which are better adapted for survival [59, 60].

MCTs are over-expressed in many tumors, such as breast [61-63], colorectal [64-66], prostate [67-69],
lung [70, 71], esophageal [72, 73], small cell lung [74], ovarian [75], gastric [76-78], endometrial [79], renal
[80-82], hepatic [83, 84], pancreatic [85-87] cancers, leukemia [88, 89], lymphoma [90-92], head and neck
squamous cell cancer [93-95], glioma [96], soft tissue sarcoma [97], and testicular germ cell tumors [98]. In
summary, all kinds of tumors express MCT1-4, and in all of them, they play a role in malignant progression
[99, 100]. Hypoxia is a strong driver for the increased expression of MTCs [101] and most tumors have
large hypoxic areas.

A meta-analysis showed that MCT4 and its chaperone basigin (CD147) expression were correlated with
poor clinical prognosis, including shorter disease-free survival and shorter overall survival across many
different cancer types. There was no clear correlation with MCT1 [102]. This last finding does not have a
clear explanation however fewer studies with high-quality data were available for this analysis.

Basigin in cancer

Basigin 2 (one of the four isoforms of basigin, see Figure 6) has been found to play an important role in the
migration and invasion of ovarian carcinoma cells [103]. Similar findings occurred with melanoma cells
[104]. Basigin knock-out blocked lactate export in non-small cell lung cancer (NSCLC) cell lines [105].
Basigin N-glycosylation by N-acetylglucosaminyl transferase V promotes metastasis in hepatocarcinoma
[106]. MicroRNA Let-7-b is an endogenous suppressor of basigin expression, and it was shown to reduce
invasion and metastasis in mouse melanoma cells [107].

Basigin isoforms

Basigin 1 Basigin 2

Essential for normal retinal Is the predominant isoform that
maturation and development. promotes tumor cell migration
Promotes retinal cone survival by and invasion by inducing matrix
enhancing aerobic glycolysis and metallo-proteases expression,
accelerating the entry of glucose secretion, and activity.

into photoreceptors.

Basigin 3 Basigin 4

Seems to have anti-tumoral Highly expressed in the bone
effects, probably by interaction marrow, fetal liver, lung, testis
and inhibition of basigin 2. In and thymus.

HCC it inhibited HCC cell There is scarce information in
proliferation, MMP induction,and tumors.

cell invasion in vitro and in vivo.

Figure 6. Differences among basigin isoforms. HCC: hepatocellular carcinoma

Explor Target Antitumor Ther. 2024;5:135-69 | https://doi.org/10.37349 /etat.2024.00210 Page 141



Mechanisms of tumor promotion by MCTs

The main mechanisms of tumor promotion by MCTs are exerted through lactic acid trafficking. The
mechanisms are:

(A) The preservation of glycolytic metabolism by eliminating excess lactate.
(B) Raising intracellular pH to contribute to a hyperalkaline cytoplasm that favors proliferation.

(C) Maintaining the lactate shuttle which acts as a provider of lactate to non-glycolytic cells, thus
contributing to energy balance (metabolic symbiosis between glycolytic and oxidative cells) [108].

(D) Contributing acid load to the acidic extracellular compartment which favors migration, invasion,
and metastasis [109], contributing to the inversion of the pH gradient [110], and increasing
angiogenesis through increased lactate uptake by endothelial cells [111], which occurs in several
cell types including pancreatic ductal adenocarcinoma cells [85] and human lung cancer cells [112,
113].

(E) Low extracellular pH inhibits the immune response in tumors.

In addition to these central pro-tumoral activities, there are also other mechanisms in play that have
been shown to act through MCT activity:

(A) MCT1 can indirectly prevent ferroptosis through the promotion of the production of anti-
ferroptotic monounsaturated fatty acids. The mechanism is through the increased uptake of lactate
which leads to increased ATP production, and through adenosine monophosphate-activated
protein kinase (AMPK) inhibition that allows increased fatty acid synthesis. Proof of this concept
was a study that showed that MCT1 inhibition increases ferroptotic susceptibility (Figure 7) [114].
Furthermore, the knockdown of MCT4 induced ferroptosis and inhibited autophagy in bladder
cancer cells [115].

(B) Another study showed that inhibiting MCTs in lung cancer cells (A549) significantly decreased
migration without affecting cell viability [116].

§ MCT1 can indirectly inhibit ferroptosis by
= D increasing unsaturated fatty acid
g synthesis

> Lactate :> Pyruvate :>

5 | Produces
Extracellular‘_::: . Intracellular
c 0 AMPK I— 34 ATPs

Fatty acid synthesis

{MCT1 1

Mitochondria

Oxidative
metabolism

Increased unsaturated fatty acids

Ferroptosis

Figure 7. Pathway through which lactate uptake into the cell decreases sensitivity to ferroptosis. Lactate uptake promotes
oxidative metabolism and ATP production. This increases the ATP/AMP ratio, thus downregulating AMPK activation. AMPK
inhibition eliminates the restrain of fatty acid synthesis and unsaturated fatty acids which block ferroptosis
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MCT inhibitors

The pro-tumor activities of MCTs discussed above, suggest that MCT inhibition is a valid target for tumor
treatment. MCT inhibition has been shown to reduce/inhibit the proliferative capability of malignant cells
in vitro and importantly, in vivo, including in clinical studies in humans. Before considering each MCT
inhibitor individually, a note of caution should be introduced: there are many drugs that can increase the
expression of MCTs. This is the case with peroxisome proliferator-activated receptor a agonists such as
clofibrate derivatives [117].

Quercetin

Quercetin is a flavonoid found in many foods in the usual human diet. Its widespread distribution in the
vegetal kingdom may give the wrong impression that quercetin is only a nutritional supplement, which is
how it is classified by the Food and Drug Administration (FDA). Quercetin is a flavonol, a subclass of
flavonoids found in many plants, including fruits and vegetables as well as in seeds, nuts, and bark [118].
More than 5,000 flavonoids have been identified [119]. The normal human diet contains a small amount of
quercetin, usually attached to a glycoside [120]. Flavonoids are a group of natural substances abundant in
foods like fruits, plants, and some beverages. They have a three-ring polyphenolic structure in common: 2-
phenylchromem-4-one (upper panel of Figure 8) [121]. Flavonoids can be modified to form many natural
compounds, such as flavones, flavonols, isoflavones, and anthocyanins. Most authors also include chalcones
in the group, despite it missing the B ring. The general structure of flavonols is shown in Figure 8.

General structure of flavones

0)

B
C15 H10 02 R1 (OH)

O

OH
OH Quercetin

Figure 8. General structure of flavones and quercetin. Upper panel: flavonoids are polyphenolic compounds that have three
rings: two phenyl rings (A and C) and a heterocyclic ring (B). Lower panel: quercetin’s formula (3,5,7,3’,4’pentahydroxyflavone)
on the backbone of flavonols. Of note, it has five hydroxyl moieties

Quercetin is a flavonol, one of the six subclasses of flavonoid compounds. Most flavonoids usually have
glycosides (one or more sugars) attached. When they lack glycosides, they are known as aglycone (without
sugars). The type of flavonol depends on the molecule attached in the R1 and R2 positions:

(A) Quercetin has an -OH at R1 and -H at R2 both in ring C.

(B) Kaempferol is another flavonol similar to quercetin, but lacks the -OH in the R1 position.
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(C) Narigenin is a flavonol lacking a -OH in position 3 in ring B.
(D) Hesperetin shows a methylation in position 4’ of ring C.

Aglycones have very low water solubility, but they are soluble in lipids and alcohol. Adding sugar,
whether glucose, rutinose, or rhamnose increases water solubility.

The structural formula of quercetin is shown in Figure 8. Most flavonoids have anti-tumoral effects, and
they are all antioxidants. It is of note, that quercetin is the only one that has five hydroxyl groups, and this
characteristic influences its effects.

Quercetin’s anticancer properties have been shown to act on different molecular targets and there is a
great diversity of effects [122, 123]. These studies demonstrated preventive and therapeutic characteristics
which will not be discussed here. For a review in this regard see Rauf et al. [124] and Ezzati et al. [125].

Various reports, including earlier studies, have characterized quercetin’s cellular activities. In 1969,
Carpenedo et al. [126] discovered that quercetin inhibited mitochondrial ATPase activity. They concluded
that quercetin “shows an affinity for membrane-dependent cellular activities”. The first papers showing
that quercetin was able to rewire metabolism and inhibit glycolysis in malignant cells appeared in 1974
[127, 128]. The initial conclusion was that quercetin’s metabolic effects were due to inhibition of
mitochondrial ATPase. In 1975, Suolinna et al. [129] worked with Ehrlich ascites tumor cells and
discovered that hydroxyl-rich flavonoids (quercetin) can inhibit glycolysis. Furthermore, concentrations of
quercetin between 5 pg/mL and 20 pug/mL induced growth inhibition. The explanation they gave was the
“interfering with the generation of adenosine diphosphate and inorganic phosphate which are required for
glycolysis”. However, it must be remembered that in 1975 the MCTs were not known. They also did not
measure intracellular pH. Additionally, they found that ion pumps worked with greater efficiency. This is
logical because now it is known that quercetin acidifies intracellular pH and the cells tried to survive by
increasing the activity of sodium hydrogen exchanger 1 (NHE1) that exports protons. Therefore,
unknowingly, Suolinna et al. [129] found that quercetin reduced the glycolytic behavior due to the
accumulation of lactate.

Confirming our re-interpretation of the experiment, they found that the inhibitory effect of quercetin
on glycolysis was hampered when the culture medium was enriched with bicarbonate. This is also logical,
because the cell incorporates bicarbonate through sodium bicarbonate cotransporter 1 (NBC1), thus
increasing intracellular pH. All these ion transporters were not identified at the time of the experiments.

Of all the flavonoids tested by Suolinna et al. [129], quercetin (at a concentration of 8 ug/mL) had the
highest percent inhibition of lactate production (78%), meaning that it was the most efficient flavonoid to
inhibit glycolysis. It was followed by luteolin with 75% inhibition (8 pg/mL) and kaempferol (16 pg/mL)
with 52% inhibition. At a concentration of 40 ug/mL, quercetin completely inhibited lactate production.
With 5 days of incubation, 5 pg/mL of quercetin reduced P388 leukemia cell growth to zero, while 2.5 pg/
mL had no effect at all. Details of the mechanism of action of flavonoids were still missing at this time,
though later, in 1979, Belt et al. [130] found that flavonoids, and in particular quercetin were potent
inhibitors of lactate transport, and glycolysis, in Ehrlich ascites tumor cells.

More details were elucidated in the studies of Volk et al. [131] and Albatany et al. [132]. They induced
intracellular acidification with quercetin through the inhibition of the MCT1 and MCT4 in glioma cells. This
inhibition prevents lactate extrusion and increases intracellular lactate in malignant cells. Quercetin can
inhibit lactate extrusion to the extent of increasing intracellular lactate levels 3-fold to 4-fold. At the same
time, it decreases intracellular pH to 6.9. Importantly, Volk et al. [131] showed that these effects are limited
to malignant cells. Unfortunately, the concentrations used to achieve lactate inhibition were in the order of
50 umol/L which is higher than what can be achieved by oral administration. That does not mean that
lower concentrations cannot achieve some positive results, but this possibility has not been fully tested
[133].

Oral administration of quercetin can hardly achieve a level of 1 umol/L in tissues, according to our
study of the published literature. The highest concentration achieved was recorded by Graefe et al. [134].
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Administering 100 mg oral quercetin to normal volunteers gave a peak plasma concentration of 2.3 pug/mL
*+ 1.5 pg/mL and a mean level of 2.1 ug/mL * 1.6 pg/mL (approximately 7 umol/L).

Quercetin phytosome and liposome

Quercetin phytosomes are phosphatidylcholine (or lecithin)-bound quercetin and quercetin liposomes are
encapsulated quercetin. These forms of quercetin increase bioavailability many fold (quercetin and
sunflower lecithin may be in a 1:1 weight ratio). According to the manufacturers, these formulations can
increase quercetin absorption 20-fold [135, 136]. The highest concentration obtained after the ingestion of
500 mg of quercetin phytosome was 223 ng/mL (approximately 0.7 pmol/L) [135]. Unformulated
quercetin absorption was only 11 ng/mL. Barras et al. [137] used a liposome loaded with quercetin that
increased its solubility 100-fold. However, there is no information about the precise absorption levels.

Nanoparticles loaded with quercetin

There are no doubts that quercetin has a problematic biodynamics which casts doubts on its availability
inside the cancer cell. Nanoparticles can solve this drawback, and much effort has been dedicated to this
solution. Among the delivery systems assayed there are liposomes, silver and gold nanoparticles, poly
lactic-co-glycolic acid (PLGA), polymeric micelles, nucleic acid conjugated micelles, and antibody-
conjugated micelles [138].

Based on the data shown above we may theorize that 1 pmol/L to 7 pumol/L is probably the highest
concentration achievable with oral or intravenous administration. Knowing that more than 90% of
quercetin is bound to albumin, this leaves around 0.1 pumol/L to 0.7 umol/L that can penetrate the tumor
vicinity. Employing liposomes to deliver quercetin, its plasma concentration may improve 20-fold.
Therefore, 2 pmol/L to 14 pmol/L is probably the maximum amount of quercetin that can be delivered to a
tumor in vivo according to present technology. There are no publications regarding oral quercetin in doses
higher than daily 500 mg. However, doses up to 1,000 mg can be used with no toxicity.

Diclofenac

Many non-steroidal anti-inflammatory drugs (NSAIDs) have shown anti-tumoral effects such as decreased
proliferation and growth, which was attributed to cyclooxygenase 2 (COX2) inhibitory abilities. In addition,
non-COX2 dependent effects were found that modified glucose metabolism by decreasing GLUT1, lactate
dehydrogenase A, and MCT1 expression in tumor cells [139].

Many NSAIDs have a monocarboxylic acid as part of their structure. It is attractive to speculate that
NSAIDs may compete with lactate for MCTs, but this idea has not been fully confirmed experimentally.
However, supportive evidence for the concept is that the NSAID diclofenac (Figure 9), interferes with the
cellular uptake of gamma-hydroxybutyric acid, which enters the cell through the action of MCT1 [140].
Lactic acid and diclofenac also seem to compete in transplacental transport and may share the same
transplacental transfer system [141]. There is additional evidence showing that MCTs play a role in
monocarboxylic NSAID uptake [142]. A report by Sasaki et al. [143] showed that diclofenac exerted a
powerful inhibitory effect on the lactate uptake of Caco-2 cells while Renner et al. [144] have shown that
diclofenac can inhibit MCTs.

Interestingly, diclofenac has the opposite effect in retinal cells HRPE and ARPE-19 where it increases
proton-coupled and sodium-coupled MCT activity [145]. This may be related to the high expression of
basigin 1 in retinal cells, although there is no experimental evidence to sustain this idea.

Syrosingopine

Syrosingopine (Figure 10) is a reserpine derivative used for treating hypertension. This is a weak
antihypertensive medication that was developed by CIBA Pharmaceuticals (now Novartis) and first used in
1958. Due to poor sales, it was discontinued in 1968. Importantly, it is also a dual MCT inhibitor that targets
MCT1 and MCT4. Evidence for its physiological actions comes from several studies. In a study by Buyse et
al. [146], syrosingopine decreased extracellular acidity, glucose consumption, and lactate secretion, and
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Figure 9. Chemical formula of diclofenac. The upper panel shows the general structure of monocarboxylate acids. Comparing
both formulas, it is evident that diclofenac has a monocarboxylic acid group. This may explain the possible inhibitory effect on
lactate transport by MCTs

importantly decreased tumor cell proliferation in vitro. However, it showed no effects in vivo. In contrast, in
a different study at least at the cellular level, the co-administration of syrosingopine with metformin
showed important anti-tumor effects. However, this work did not test the compound in vivo. Similarly,
Benjamin et al. [147] found that syrosingopine sensitized cancer cells to the administration of far lower
doses of metformin or phenformin than were necessary for anti-cancer effects with metformin or
phenformin alone. We think that what happens is something complex with many contributing factors.
Metformin or phenformin increases the production of lactate by inhibiting complex I in the electron
transport chain. This additional load of lactate is added to that produced by the increased glycolytic
metabolism, plus the load from the inhibition of its extrusion by syrosingopine. This leads the cell to acidic
stress and eventual apoptosis. Supporting this theory is that the only confirmed effect of metformin in
normal or tumor cells is inhibition of complex I. All the supposed antitumoral effects are secondary to this
inhibition. Several authors also suggest the main effect of syrosingopine is due to intracellular acidification
[148-150]. In another later publication, Benjamin [151] suggested that metformin potentiates
syrosingopine through intracellular acidic stress-mediated effects.

Statins

Statins have shown an ability to inhibit lactic efflux from muscle cells. In this regard atorvastatin seemed
the most potent: it can cause a 2.5-fold increase in intracellular lactate. Simvastatin and rosuvastatin had no
effects [152]. Regarding cancer cells, similar findings were observed with atorvastatin earlier, as were
much lower effects of fluvastatin. Lovastatin showed no inhibitory effects [153]. Kobayashi et al. [154]
found that lipophilic statins inhibited MCT4. On the other hand, hydrophilic statins had no such effects. In a
recent publication, all statins were found to exert inhibitory effects on MCT1, MCT2, and MCT4.
Atorvastatin showed selective and potent inhibition of MCT2 [155]. This is not an unimportant observation,
because MCT2 is a high affinity pyruvate transporter [156].

Statin treatments are known to cause myotoxicity, and this is fully explained by their inhibition of
MCTs [157]. However, in clinical practice, statin-related myotoxicity is a multifactorial development in
which many other facts play a role, such as dose, concentration, interaction with fibrates, statin-induced
interruption of glycoprotein synthesis in the muscle membrane, increased intracellular calcium
concentrations leading to impaired membrane function and decreased membrane fluidity.
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Figure 10. Chemical structure of syrosingopine. There are no studies regarding the mechanism of MCT inhibition

a-cyano-4-hydroxycinnamate, an MCT4 inhibitor also produced the same type of lesions induced by
atorvastatin in embrional rabdomyosarcoma cells [158]. This seems bad news for the systematic use of
statins for lowering cholesterol, but it is the opposite regarding their clinical utility in cancer.

Statins can achieve inhibition of MCTs. Atorvastatin, the most potent in this regard, was found to be a
non-competitive inhibitor of MCT1 with a constant concentration of 40 pmol/L [159]. The problem is that
the maximum achievable concentration of atorvastatin after a normal high dose does not go beyond nmol/L
levels [160]. The unanswered question that remains here is: can clinically acceptable doses of atorvastatin
inhibit MCTs? One study improved statin delivery to tumors by using cell-derived microparticules loaded
with fluvastatin. These attenuated lung adenocarcinoma cells growth in vivo [161]. Improving
pharmaceutical delivery methods through nanoparticles may be a useful avenue to pursue to increase the
amount of statins deliverable to the tumor.

Lonidamine

Lonidamine is a derivative of indazole-3-carboxylic acid (Figure 11). It is an old and almost forgotten drug
with low toxicity, that interferes with glucose metabolism in different ways. Research is now in a period of
rediscovery of what lonidamine can do in cancer cells and how it inhibits glycolysis.
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Figure 11. Chemical structure of lonidamine. The carboxylate group is indicated in red. The right panel shows the chemical
structure of adjudin, a derivative of lonidamine
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Lonidamine was originally developed in the 1970s as a spermicide. Discovery of its anti-tumoral effects
came shortly after [162, 163]. After more than 30 years of research, the exact mechanisms of action of
lonidamine are not fully known. Lonidamine inhibits glycolytic and oxidative metabolism of glucose,
decreasing the production of ATP whether mitochondrial or glycolytic. Furthermore, it also inhibits lactate
extrusion, thus producing an important intracellular acidification.

Six mechanisms of action have been identified (Figure 12):

(A) Inhibition of the mitochondrial pyruvate carrier which impedes mitochondrial uptake of pyruvate
[164].

(B) Inhibition of MCT1, MCT2, and MCT4 thereby increasing intracellular lactate concentration and
decreasing intracellular pH [165].

(C) Inhibition of complex I/II in the electron transport chain [166].

(D) Inhibition of hexokinase II, a driver of the glycolytic flux [167, 168]. Hexokinase II is particularly
over-expressed in glycolytic cancer cells [169].

(E) Decreasing mitochondrial membrane potential, increasing mitochondrial membrane
permeabilization [170], and inducing apoptosis, However, at clinically acceptable doses it is a
weak inductor of apoptosis.

(F) Causing an activation (opening) of the mitochondrial permeability pore [171].

Lonidamine multiple sites of action
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Figure 12. Sites of action of lonidamine in glucose metabolism. 1: inhibition of the mitochondrial pyruvate transporter; 2:
inhibition of MCTs; 3: hexokinase Il inhibition; 4: inhibiting complex Il in the electron transport chain; 5: promoting opening of the
mitochondrial permeability pore; and 6: lonidamine also acts on lysosomes interfering with their acidification

The main effect of lonidamine seems to be the targeting of the mitochondrial pyruvate transporter
which it accomplishes with low concentrations. For MCT inhibition, much higher concentrations are
required (above 150 pmol/L) [172]. However, all the effects mentioned above produce an important
acidification of the cytoplasm and an energy restriction [173, 174]. Adjudin, a derivative of lonidamine
showed similar antitumor effects [175].
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The lack of positive results in cancer treatment with lonidamine is produced by its use as a stand-alone
drug, which is not how it should be utilized. Its minimal toxicity permits it to be added to more toxic
treatments without adding adverse effects, which may be a more productive use of the compound. To date,
the clinical experience with lonidamine as a stand-alone drug has been poor. This may be because the drug
has reversible, and short-duration effects and as noted above, because the drug was not administered with
other anticancer drugs. When lonidamine was co-administered with other anticancer drugs, it was shown
to potentiate their effects [176, 177]. In one example, when administered with metformin, lonidamine
showed increased apoptotic effects in vitro and in vivo [178]. Pharmokinetic studies have demonstrated
that lonidamine administered to humans can achieve concentrations high enough to block mitochondrial
pyruvate transporter and MCTs [179-181].

The drugs described above are weak MCT inhibitors and usually require high concentrations to achieve
inhibition. On the other hand, the drugs that will be considered below are direct MCT blockers and achieve
inhibition at single-digit nanomolar concentrations, therefore they are much more potent than most of the
above-named compounds.

Cyano cinnamic acid derivatives

Cyano cinnamic acid (Figure 13) is the structural base from which two powerful MCT1 and MCT4 inhibitors
have been developed [182]. Although the exact mechanism by which they inhibit MCTs is unclear, it was
found that one of the derivatives, a-cyano-4-hydroxycinnamate bound strongly to the MCT without being
translocated. However, it could be displaced by the addition of lactate [183].
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Cyano cinnamic acid derivatives

Figure 13. Chemical structure of cyano cinnamic acid and its derivatives. Note that they all have a conserved carboxylate
(circled with a red line)

Many of these derivatives have shown antitumoral effects in vivo [184]. They are still undergoing pre-
clinical experimentation.

BAY-8002

BAY-8002 (Figure 14) is an orally available potent dual MCT1/2 inhibitor that suppresses bidirectional
lactate transport. Laboratory and pre-clinical studies showed that large B cell lymphoma cells were
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particularly sensitive to MCT1 inhibition by BAY-8002 (these cells lack MCT4 expression). BAY-8002 also
increased intracellular lactate. Resistant cells developed increased MCT4 expression [185].

BAY-8002 MCT1 and MCT2 inhibitor
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/s
0/ @:
\
cl e °

Figure 14. Chemical structure of BAY-8002

7-aminocarboxycoumarin 2

7-aminocarboxycoumarin 2 (7ACC2, Figure 15) is a potent inhibitor of lactate influx into the cell. It has
minimal or no effects on efflux, thus it is an inhibitor of MCT1 but not of MCT4. However, the laboratories
that sell the product suggest that it inhibits both proteins (Merck KGaA, Darmstad, Germany).

7ACC2
CHs3
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0
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Coumarin )
7-hydroxycoumarin

Figure 15. Chemical structure of coumarin and derivatives. The upper panel shows the chemical structure of 7ACC2. The lower

panel shows the structure of the compound from where it is derived

7ACC2 was tested on cervical carcinoma (SiHa cell) tumors, colorectal HCT116 tumors, and
xenografted orthotopic MCF-7 breast tumors, and delayed growth in all of them [186].

Several studies support the potential use of 7ACC2 in cancer treatment. Corbet et al. [187] mention the
possibility that inhibiting lactate uptake via MCT inhibitors may increase glucose utilization in oxidative
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malignant cells. Importantly, they found that 7ACC2 also inhibited mitochondrial pyruvate transport. This
leads to intracellular pyruvate accumulation which inhibits lactate uptake. They also found that 7ACC2 had
an important radiosensitizing effect. Sandforth et al. [188] also showed that 7ACC2 reduced stemness in
pancreatic cancer cells expressing MCT1. Unfortunately, its multiple off-target effects interrupted further
development.

AZD3965

AZD3965 (Figure 16) is an updated variant of AR-C155858, its predecessor, which was an MCT1/2
inhibitor [189]. AZD3965 is probably the most promising MCT1 inhibitor for cancer treatment. Some
clinical trials have already been completed. There was a phase I clinical trial concluded with 35 patients
with solid tumors. The 10 mg twice-a-day dose was shown to be the safest. Some adverse effects on the
heart (troponin elevation) and retina (reversible electroretinographic changes) were also suggested [190].
In a phase I expansion study with the drug, a twice-daily dose of 10 mg was found to be safe. Of the 11
patients with diffuse large B cell lymphoma, 1 patient had a complete remission and 1 achieved stable
disease [191]. A multicenter phase I trial of dose escalation in 40 patients with advanced solid tumors
(mainly colorectal adenocarcinoma and mesothelioma) or lymphoma and no standard therapy options
showed similar adverse effects on the retina and heart and grade 3 acidosis. The dose of 10 mg twice a day
was confirmed as the most convenient. From 39 evaluable patients, 9 achieved stable disease as the best
response [192].

AZD3965

H
N

OH

Figure 16. Chemical structure of AZD3965

In vitro, other studies have suggested that AZD3965 is more useful in tumors with high MCT1 and low
MCT4 expression [193]. This may be explained by other results that showed that elevated MCT4 expression
is a mechanism of resistance to MCT1 and MCT2 inhibition [194, 195].

In conclusion, the drugs’ utility is restricted to tumors with high MCT1 and low MCT4 expression. As a
stand-alone drug, the performance of AZD3965 is poor.

According to the preliminary results with AZD3695, it is evident that some further co-administered
drug is needed if a better outcome is desired. It may be possible to improve the effect of AZD3965 by co-
administration with simvastatin as this showed additive effects in tumor growth delay in mouse-bearing
head and neck squamous cell carcinoma (HNSCC) xenografts [196]. Metformin deserves to be tested in this
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regard. In 2016, one of us (Koltai T) proposed the double approach of increasing intracellular lactate
production by inhibiting complex I in the electron transport chain, with metformin and simultaneously
inhibiting lactate extrusion [197]. This theoretical idea was further developed by other authors [198] and
was proposed by Benjamin and Hall [199] to be used with AZD3965 acting as a lactic acid extrusion
inhibitor. By itself, to have a significant effect AZD3965 may require doses that are toxic, and results are
poor. Co-administered metformin may allow the use of a lower dose of AZD3965 and may achieve higher
toxicity in cancer glycolytic cells. However, it will likely have no effect on cancer oxidative cells.

CYT-851

CYT-851 is an inhibitor of RAD51, the protein that participates in homologous recombination repair of
DNA. It was discovered that CYT-851 is also an MCT inhibitor. It has been tested in phase I clinical trials in
combination with capecitabine or gemcitabine [200]. In a cohort of 8 patients with heavily pre-treated solid
tumors receiving capecitabine, there was 1 partial response and 7 cases of stable disease. In 6 patients of
the gemcitabine cohort, there was one partial response, and 4 achieved stable disease (ClinicalTrials.gov
identifier: NCT03997968). This drug also showed important activity in hematological tumors such as non-
Hodgkin lymphoma [201]. Unfortunately, the company developing the drug has stopped operations due to
financial problems.

Basigin inhibitors
Inhibition of basigin with anti-sense RNA reduced invasion and angiogenesis in glioblastoma cells. It
reduced MMP2, MMP9, and vascular endothelial growth factor (VEGF) [202].

There are only a few identified inhibitors of basigin:

(A) p-chloromercuribenzene sulfonate is an organomercurial that interferes with the disulfide bridges
(Figure 2) and was used to study the protein in vitro [203].

(B) Acriflavine inhibits the binding between basigin and MCT4. Acriflavine treatment significantly
inhibited grown and self-renewal of glioblastoma neurosphere lines in vitro, and treatment in
mouse xenografts inhibited tumor progression [204]. Acriflavine is a topical antibacterial agent
that has been found to be a potent inhibitor of hypoxia-inducible factor-1 (HIF-1) [205].

Discussion

MCT1-4 are housekeeping transporters, and their full inhibition should have considerable toxicity.
Something similar occurs with basigin. A partial inhibition, although toxic, is undoubtedly better tolerated.
The main anti-cancer mechanism of MCT inhibition seems to be impeding lactate trafficking. All the
deleterious effects on the tumor are a consequence of this interference with lactate movements. Regarding
this movement, two alterations need to be distinguished with different effects:

(A) Lactate that cannot leave the glycolytic cell.

(B) Lactate that cannot penetrate malignant oxidative cells.

Lactate that cannot leave the glycolytic cell will have three effects:

(A) Intracellular lactate accumulation.

(B) Reducing intracellular pH causing intracellular lactic acidosis which hinders proliferation.

(C) Accumulation of the glycolytic product lactate which will decrease the upstream metabolism of
precursors, such as glucose, that is, it will slow down glycolysis or even fully impede it.

Lactate that cannot penetrate oxidative cells will decrease energy substrates for the cell and reduce the
ATP pool, thus impeding proliferation, and activating AMPK which in turn favors autophagy and apoptosis
and inhibits lipid and protein synthesis.
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The anti-tumoral dose of the potent MCT1 inhibitor AZD3965 did not show striking results as a stand-
alone drug, and in addition, eye and heart toxicity was significant. To this, we must add that this drug does
not inhibit MCT4 which can replace MCT1 and MCT2 and create an escape mechanism allowing tumor
growth.

We believe, that AZD3965 may be a very useful drug as part of a different scheme that would allow for
a much lower dose and toxicity. For example, if cell acidifiers were co-administered with AZD3965 it is
highly possible that better results may be obtained. AZD3965 decreases intracellular pH by causing lactate
accumulation but activates the NHE1 which then tries to compensate for the lower pH [206]. Inhibiting
NHE1 should therefore increase AZD3965 efficiency.

Most of these possible co-administration suggestions would not increase toxicity and it is even possible
that much lower doses would be effective. Just to mention a few of these associations, we can consider
metformin (Figure 17), amiloride, topiramate, acetazolamide, bumetanide, diclofenac, lansoprazole,
atorvastatin, and among others.
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Figure 17. Mechanism of synergy between metformin and MCT inhibitors. The double-edge mechanism of decreasing
mitochondrial metabolism by metformin, plus inhibition of lactate export, increases intracellular lactate generating lactic
intracellular acidosis. The left panel shows that cancer cells, no matter how glycolytic they are, still metabolize part of the
pyruvate through the mitochondrial oxidative metabolism. The right panel shows the combined effects of decreasing oxidative
metabolism (upper red line), and at the same time impeding lactate extrusion (lower red line), leading to intracellular lactate
accumulation

Atorvastatin, through its MCT4 inhibitory ability, should also be evaluated as a useful association with
AZD3965. MCT4 inhibition sensitizes cells to ferroptosis, thus a ferroptotic drug such as erastin or
artesunate should be studied for the partnership with MCT inhibitors.

We also suggest that AZD3965 or other novel MTC inhibitors may not be stand-alone drugs. But they
represent a very important link in a chain of drugs addressed to create a deep intracellular acidification
which will eventually induce apoptosis [207-210]. We propose that MCT inhibitors will be more efficient if,
at the same time NHE1, membrane carbonic anhydrases, and vacuolar ATPase proton pumps are
simultaneously inhibited [211, 212].
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As support for this concept, we mention that it was shown earlier that metformin sensitizes glycolytic
cells to MCT inhibitors [213, 214]. The mechanism in this case is that metformin increases lactate
production and the MCT inhibitor impedes its cellular extrusion resulting in intracellular acidosis. A
mechanism such as this was shown to be effective against radio and chemoresistant glycolytic tumor cells
[215]. Van der Vreken et al. [216] showed that co-administration of metformin with syrosingopine
increased cytotoxicity against multiple myeloma cells in vitro and in vivo.

Further support for the approach of co-administering compounds in combination with lactate
transport inhibitors, is the result of a study that showed that co-administration of MCT inhibitor with
cariporide (a powerful NHE1 blocker), had an additive effect on leukemia cell growth inhibition [217]. In
this case, intracellular pH was lowered by the combined treatment.

Aside from NHE1, other proteins that affect intracellular pH may be important in modifying MCT
activity. Collectively, the transporters, exchangers, and enzymes that regulate intracellular pH are called the
pHtome. Carbonic anhydrases are part of these, and they have been shown to cooperate non-enzymatically
with MCTs increasing their activity [218-221]. Also, lactate transport by MCT1 was increased 2-fold when
MCT1 was expressed together with NBC (the sodium bicarbonate cotransporter, another member of the
pHtome) in Xenoupus oocytes [222]. This last experiment shows that the NBC increases intracellular
buffering capacity by importing bicarbonate and this permits an increased lactate influx without decreasing
intracellular pH. This evidence shows that the pHtome works in a coordinated manner [223].

Who is the coordinator of the pHtome?

The only identified coordinator is intracellular pH. MCTs are components of the pHtome, and the
pHtome has many components so it must be targeted in an integral way. It is insufficient to address only
MCTs.

If deep intracellular acidification is achieved it could have detrimental effects on tumor cell growth
through several different mechanisms. It would slow down glycolysis. Key enzymes for maintaining a high
glycolytic flux have an optimum pH of around 8. The optimum pH for glucokinase and hexokinase Il was
originally thought to be in the low alkaline level. However, it is now known to be more alkaline, in the range
of 8.5-8.7 [224] for glucokinase. For other enzymes, their pH optimums are also alkaline, 7.8 for hexokinase
[ and 8.1 for hexokinase III [225]. In Sus scrofa (wild boar), the optimum pH of hexokinase II is 9.
Phosphofructokinase 1 is a rate-limiting enzyme of the glycolytic pathway and its pH optimum is around 8
[226]. It is inhibited by low pH and is fully pH-dependent [227]. Another pathway that would be inhibited
by deep intracellular acidification is purine and pyrimidine biosynthesis. All the enzymes involved in this
pathway have an optimum pH of around 8 [228]. Deep development of therapies combining intracellular
acidification with monocarboxylate inhibitors may thus be a very useful method of curtailing tumor cell
growth.

This brings us to the approach of using a cocktail of drugs targeting all the pHtome that is required for
the efficient blocking of tumor cell proliferation and eventual induction of apoptosis. It is in conjunction
with this cocktail where MCT inhibitors have an import role, not as a stand-alone drug.

Although all efforts are currently directed toward the clinical development of AZD3695, we believe that
7-hydroxycoumarin derivatives may be more efficient in a multidrug attack of the pHtome. The reason for
this belief is that 7ACC2 can inhibit the mitochondrial pyruvate carrier which sits at the “crossroad of
glycolysis” [229]. Limits imposed by its toxicity can perhaps be eliminated through new derivatives.

Finally, it must be mentioned the recent publication by Blaszczak et al. [230] that casts doubt on the
utility of MCT inhibition. According to this paper, they showed that MCT inhibition alone cannot reduce
lactate production or extrusion because of autoregulatory mechanisms “[compensatory increase in the
transmembrane (lactate) driving force]” that would keep a high glycolysis level even in the presence of
these inhibitors, and a continuous need to increase their concentration to achieve a result. As these drugs
are quite toxic, continuous increase of dose is not a possibility. However, we believe that if MCT inhibitors
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are complemented with drugs targeting the pHtome, the compensatory increase in the transmembrane
driving force would be disrupted.

To the best of our knowledge, lonidamine has never been tested in association with newer MCT
inhibitors, such as AZD3695. On a speculative basis, we think it may allow the use of a lower AZD3695 dose

and increase its antitumoral effects.

The drugs that can be co-administered with MCT inhibitors to achieve an integral downregulation of
proton export are shown in Figure 18 which is based on references [231-237].

pHtome inhibition: an integral approach

NHE1 inhibitors: amiloride, cariporide, dimethyl-
amiloride, ethyl-isopropyl-amiloride (EIPA),
hexamethylene amiloride.

Proton pump inhibitors: omeprazole, esomeprazole,
pantoprazole, lansoprazole.

Carbonic anhydrase inhibitors: acetazolamide,
bumetanide, topiramate.

Voltage gate sodium channel inhibitors: topiramate,
valproate, phenytoin, and other anticonvulsants.

MCT inhibitors: AZD3965, CYT-851, 7-ACC2,
diclofenac, quercetin, atorvastatin, fluvastatin,
syrosingopine, statins.

Figure 18. MCT inhibition as part of an integral approach targeting the pHtome

Conclusions

Summarizing the concepts discussed in this paper we can arrive to the following conclusions:

(A)
(B)

©
(D)

(E)

(F)

(G)

MCTs are valid targets in cancer treatment.

The most potent MCT inhibitor available now at the clinical level (not yet approved) when used
alone, is insufficient to make an important difference in cancer treatment.

Effects of AZD3659 should be increased with an integral targeting of the pHtome.

This can be achieved with existing drugs (Figure 18). A combined attack on the entire pHtome is
feasible with available drugs.

These associated drugs would not add toxicity to AZD3659, but on the contrary, would allow for a
reduction in dose and decrease the toxicity of AZD3659.

It seems insufficient to target MCTs without targeting the other channels, exchangers, and
enzymes that regulate intracellular pH.

MCT inhibitors as stand-alone drugs have little chance of being successful unless they are
complemented with drugs that can integrally target the altered pH homeostasis of cancer cells.
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Abbreviations

3-D: three-dimensional

7ACC2: 7-aminocarboxycoumarin 2

AMPK: adenosine monophosphate-activated protein kinase
ATPs: adenosine triphosphates

EMMPRIN: extracellular matrix metalloproteinase inducer
MCTs: monocarboxylate transporters

MMPs: matrix metalloproteases

NBC1: sodium bicarbonate cotransporter 1

NHE1: sodium hydrogen exchanger 1

NSAIDs: non-steroidal anti-inflammatory drugs

SLCs: solute carriers
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