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Abstract—The Nobel Prize Winner (1931) Dr. Otto H. Warburg had established that the primary energy source of the
cancer cell is aerobic glycolysis (the Warburg effect). He also postulated the hypothesis about “the prime cause of can-
cer”, which is a matter of debate nowadays. Contrary to the hypothesis, his discovery was recognized entirely. However,
the discovery had almost vanished in the heat of battle about the hypothesis. The prime cause of cancer is essential for
the prevention and diagnosis, yet the effects that influence tumor growth are more important for cancer treatment.
Due to the Warburg effect, a large amount of data has been accumulated on biochemical changes in the cell and the organ-
ism as a whole. Due to the Warburg effect, the recovery of normal biochemistry and oxygen respiration and the restoration
of the work of mitochondria of cancer cells can inhibit tumor growth and lead to remission. Here, we review the current
knowledge on the inhibition of abnormal glycolysis, neutralization of its consequences, and normalization of biochemical
parameters, as well as recovery of oxygen respiration of a cancer cell and mitochondrial function from the point of view

of classical biochemistry and organic chemistry.
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INTRODUCTION

A hundred years ago, Otto Heinrich Warburg (Fig. 1),
the Nobel Prize winner of 1931, found [1-7] that the main
energy source in cancer cells is “aerobic glycolysis”, i.e.,
glycolysis in the presence of oxygen (the Warburg effect),
that was in a sharp contrast to the Pasteur effect when
the glycolysis rate abruptly decreases in the presence of
oxygen. According to the opinion of Warburg, the key to
the cancer treatment was in inhibition of glycolysis, re-
covery of oxygen respiration of cancer cells, and the nor-
malization of biochemistry. Unfortunately, in 1920s the
science did not know how to do this.

Based on his discoveries, O. Warburg also formulat-
ed the hypothesis that “the prime cause of cancer is the
replacement of the respiration of oxygen (sugar oxida-
tion) in normal body cells by a fermentation of sugar” [8].
According to the Warburg’s hypothesis, an irreversible
damage of the respiratory function of mitochondria leads
to tumor transformation of the cell and activation of gly-
colysis. During many years, the Warburg’s theory about
the prime cause of cancer induced discussions of the
scientists. Genetic theories of carcinogenesis became
generally accepted [9-11], whereas the discovery of War-
burg was believed to be a consequence, but not the prime
cause of cancer, especially considering that the Warburg

Abbreviations: LDH, lactate dehydrogenase; pH., extracellular pH; pH;, intracellular pH.
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Fig. 1. Otto Heinrich Warburg. Portrait by Elena Polkh. Published with
permission from L. G. Menchikov.

effect was not observed in some cancer cells. However,
the Warburg hypothesis up to now attracts attention of
the researchers, and the number of new scientific confir-
mations and interpretations is increasing [12-20].

Contrary to the hypothesis, the Warburg discovery
has been accepted completely. Thus, the positron-emission
tomography with fluorodeoxyglucose (18-FDG PET) de-
veloped in the University of Pennsylvania (USA) [21] and
widely used in clinical diagnostics of cancer is based just
on his discovery.

Nevertheless, the Warburg discovery was nearly for-
gotten among the battles about his hypothesis, and for a
long time the studies on cancer metabolism progressed
slowly, whereas the main attention of researchers was
directed to the increased activity of oncogenes and also
to inactivation of the genes onco-suppressors. Thus, in
the visionary article “The Hallmarks of Cancer” issued
in 2000 “the necessary and sufficient” functional features
of a tumor cell were determined, and no place among
them was found for the Warburg effect [22]. Later asso-
ciation between oncogenes and the Warburg effect was
proven [19]. In the revised version of “The Hallmarks of
Cancer” article issued in 2011, the metabolic reprogram-
ming of the cancer cell energetics was added to the char-
acteristic hallmarks of tumor growth [23]. During the
last decade, the general hallmarks of cancer were revised

not once and up to now it is discussed what should be
included into this list, but the changes associated with
the energetic metabolism reprogramming (the Warburg
effect) are steadily involved into the list of undisputable
hallmarks of a cancer cell [24-35].

Aerobic glycolysis providing tumor cells with energy
(presented as ATP molecules) is the most specific feature
of metabolism of the majority of malignant tumors, espe-
cially of rapidly growing ones. However, aerobic glycoly-
sis represents only one part of changes in the metabolism,
because the malignant tumor cells have also to enhance
the rate of some other metabolic conversions, in particu-
lar, of those responsible for synthesis of amino acids, lip-
ids, and nucleotides required for growth and proliferation
of tumor cells [23].

The acknowledgment that the Warburg effect is
a specific hallmark of the tumor growth has led to the
sharp increase in the interest of researchers in studying
cancer metabolism [36, 37]. As a result, last decade be-
came an epoch of the Warburg effect renaissance: growth
of the number of publications became exponential
(Fig. 2). Thus, Warburg’s work was ahead of its time by
almost 90 years!

The prime cause of cancer is important for the pre-
vention and diagnosis, and yet the effects that influence
on tumor growth are more important for cancer treat-
ment. As the Warburg effect consequence, inhibition of
glycolysis and other pathways of energy provision for the
cancer cell, recovery of normal biochemistry and oxygen
respiration could arrest the tumor growth and lead to re-
mission [38]. In any case, normalization of biochemical
parameters could increase efficiency of the traditional
treatment.
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Fig. 2. Number (per year) of publications devoted to “The Warburg ef-
fect” (compiled by authors of this review based on the data of Google
Academy).
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However, the current works are associated only with
investigations of mechanisms of changes in metabolic
reactions in tumor cells. Moreover, the existing reviews
consider the Warburg effect as a part of metabolic repro-
gramming, which is the result of interaction between hy-
perexpression of the hypoxia-induced transcription fac-
tors HIF-1, activation of oncogenes (cMyc, Ras), loss of
tumor suppressor functions (the mutant p53), activated or
deactivated signaling pathways, tumor microenvironment
components, and interactions of HIF-1 with epigenetic
mechanisms. Contrary to the traditional concept, we will
consider for the first time the Warburg effect from the
viewpoint of organic chemistry and classic biochemistry.
We will discuss also (alongside with the main changes in
the energetic metabolism in tumor cells) the available
data and pathways of normalization of the key biochem-
ical parameters, in particular, inhibition of the abnormal
glycolysis and neutralization of its effect, as well as activa-
tion of oxygen respiration of a malignant tumor.

THE WARBURG PARADIGM
IN THE THERAPY OF CANCER

Otto Warburg thought that to treat cancer it is nec-
essary, first of all, to deprive the tumor cell of energy.
This will result in starvation of the tumor that could ar-
rest its growth and invasiveness.

Recovery of the normal biochemistry of the tumor
and of the body as a whole is also an important compo-
nent of the successful treatment of cancer. Regardless of
the true causes of carcinogenesis, a number of significant
changes in biochemical parameters are observed in the
body of an oncological patient. Moreover, these biochem-
ical changes are different from purely genetic changes,
they are observed not only at the level of malignant tumor
cell, but significant changes occur also at the whole-body
level. In particular, lactic acidosis and increased activity
of lactate dehydrogenase (LDH) are caused by the War-
burg effect, i.c., by the changes in the energy metabo-
lism [39]. And regardless of the prime cause of cancer,
normalization of biochemical parameters in addition to
the traditional therapeutic approaches could essentially
improve the situation. Moreover, the treatment approach-
es corresponding to the Warburg theory do not contra-
dict the traditional molecular genetic hypotheses, but
supplement them!

At present, the prime cause of many diseases is un-
known. Nevertheless, they are successfully treated saving
and prolonging lives of the patients. When certain phys-
iological (or biochemical) parameters change in humans
along with manifestation of various symptoms, modern
medicine does everything to return them to normal val-
ues. If the body temperature is increased, aspirin is given,
for heartburn — antacids, for anemia — iron preparations,
for diabetes — insulin, etc. Moreover, a diet is prescribed
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to normalize even insignificant deviations of blood pa-
rameters (e.g., bilirubin, glucose, etc.) from normal val-
ues. At the same time, knife remains a major weapon of
the modern oncology (as well as radiation and cytostat-
ics), whereas until recently nobody has dealt with nor-
malizing biochemical parameters in oncological diseases
(i.e., everybody treats the disease, but not the patient).
If you bring biochemical parameters back to normal, the
tumor will be deprived of the vitally important compo-
nents (first of all, nutrition, growth mechanisms, pro-
tection against the immune system, etc.), and this could
result in a synergism: efficiency of the traditional treat-
ment will increase, survival will become higher, metasta-
ses will reduce. On the contrary, under conditions of tis-
sue hypoxia, its malignant degeneration occurs [40, 41],
and an increased content of lactic acid in the extracel-
lular space modulates metabolism and functions of the
adjacent cells in the tumor microenvironment, initiates
angiogenesis and intensive growth of the tumor [42, 43].

Recently, the metabolic concept for treatment of
oncological diseases has been actively developed [I18,
44-47]. However, the proposed strategies usually are di-
rected to only one metabolic pathway. The main specific
feature of cancer is that the cells of malignant tumor use
a number of alternative pathways to obtain energy and
nutrients required for growth and proliferation. If neces-
sary, the tumor cells quickly switch between these path-
ways. This is exactly what limits efficiency of numerous
attempts to affect malignant tumor by targeting only one
of the metabolic pathways, and this what differs this dis-
ease from many other diseases, when only one metabolic
pathway is disturbed. Therefore, in the case of malignant
tumors it is necessary to identify simultaneously all the
pathways responsible for the key biochemical parame-
ters, but not a single parameter, even the most charac-
teristic. When speaking about the cancer bioenergetics,
which O. Warburg had in mind, it is necessary to block
all the pathways associated with energy production spe-
cific for a malignant tumor.

To apply the metabolic approach from the Warburg’s
position, attention should be paid to biochemical changes
in the tumor cell and in the body as a whole, which are
caused by the changes in bioenergetics of the cell.

BIOENERGETICS OF CANCER CELLS

Aerobic glycolysis is the main distinctive feature of
bioenergetics (generation of ATP) of the majority of can-
cer cells demonstrating the Warburg effect.

High level of aerobic glycolysis and defects of oxida-
tive phosphorylation are the most characteristic chang-
es in the energy metabolism of cancer cells [48, 49].
Glucose is the main source of energy for both normal
and cancer cells. Glucose enters the cell by means of
glucose transporter protein (GLUT) and in the cytosol



S4 MENCHIKOV et al.

Normal cell

Glucose
GLUT
r * ™)
Glucose
2ATP 'L Glycolysis
Pyruvate 36 ATP
; OXPHOS
HO
CcoO,
L J

Lactate<T—— Lactate

Cancer cell

Glucose
1 GLUT
r _ N
Glucose
2 ATP i Glycolysis
HY <=—=— H* Pyruvate

. J

Fig. 3. The main pathways of energy production from glucose in normal and cancer cells. Designations: OXPHOS, oxidative phosphorylation;

GLUT, glucose transporter; MCT, monocarboxylate transporter.

is subjected to glycolysis to pyruvate (pyruvic acid) with
production of two molecules of ATP (Fig. 3).

In a normal cell, pyruvate is transferred into mi-
tochondria, where it is completely oxidized to CO, and
H,O in the tricarboxylic acid cycle (the Krebs cycle) and
subjected to oxidative phosphorylation [50]. As a result,
the maximal (theoretic) yield of ATP is 38 molecules per
one glucose molecule, but in practice, the yield of ATP is
29-32 molecules per one molecule of glucose [51]. At the
same time, in the cytosol of a tumor cell pyruvate is con-
verted to lactate (lactic acid), and only two ATP mole-
cules are produced per one molecule of glucose [15, 52].

Normal cells use processes of tissue respiration and
oxidative phosphorylation to obtain up to 90% of all ATP
and process of anaerobic glycolysis — to obtain 10% of
ATP. The tumor cells exhibiting the Warburg effect use
glycolysis to obtain 50-60% of ATP [52, 53]. This means
that the majority of cancer cells are capable of both tis-
sue respiration and oxidative phosphorylation simultane-
ously; however, the rates of these processes in them are
significantly lower than in normal cells. An increased
glycolysis in tumor cells could be caused not only by
the deficiency of energy because of disrupted oxidative
phosphorylation (OxPhos) complexes, but could be also
a result of accelerated cell proliferation and high need of
the malignant tumor cells in the intermediate products of
glycolysis and Krebs cycle [54].

Let us consider the main pathways of energy genera-
tion in a cancer cell (Fig. 4).

Glucose enters the cell mainly via glucose trans-
porters GLUT. To obtain energy, cancer cells mainly
use glycolysis in which from one glucose molecule only
two ATP molecules are produced (i.e., approximately
15 times less than in the process of glucose oxidation)

and, therefore, cancer cells require significantly more
glucose than normal cells. The increased uptake of glu-
cose by the malignant tumor cells is associated with hy-
perexpression of glucose transporters, in particular, of
GLUT 1, 3, and 12 [55]. Under conditions of hypoxia, the
roles of GLUT1 and GLUT3 significantly increase in the
cells, as well as the roles of other proteins responsible for
transporting glucose [56, 57]. Sodium-glucose cotrans-
porters SGLT1 and SGLT?2 also play a certain role in the
glucose delivery into the cell, especially at the early stag-
es of tumor development [58].

Upon entrance into the cell, glucose is phosphory-
lated by hexokinase-2 (HK2) to glucose-6-phosphate and
then isomerized to fructose-6-phosphate. These products
of the first two stages of glucose conversions could be
later involved also into the pentose phosphate pathway,
which is not associated with energy production, but facil-
itates anabolism of cancer cells [59-63]. The next import-
ant stage of glycolysis is conversion of fructose-6-phos-
phate to fructose-1,6-biphosphate under the action of
phosphofructokinase-1 (PFK-1) that is the rate-limiting
stage of glycolysis [64-66]. The last stage of glycolysis re-
sulting in formation of pyruvate and ATP from phosphoe-
nolpyruvate under the action of pyruvate kinase (PK) is
also very important [67]. In tumor cells, the low-activity
isoform of pyruvate kinase (PKM-2) predominates, and
this leads to accumulation of the glycolysis intermediate
products, which support also biosynthetic requirements
of cancer cells [68-71].

Pyruvate, the final product of glycolysis, is located
in the intersection of two pathways. Later, it can either
be converted into lactate in the cytosol or be transferred
into the mitochondria, where it can be oxidized to ace-
tyl-CoA and then enter tricarboxylic acid cycle.
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Pyruvate is converted to lactate under the action of
LDH, and in tumor cells its A-isoform (LDH-A) pre-
dominates [72]. The final product of aerobic glycolysis,
lactic acid, is actively eliminated from the malignant
tumor cells by monocarboxylate transporters (first of
all, by MCT-4), H*-lactate cotransporter, and proton
pump (H'-ATPase) [72]. Intensive transport of lactic
acid from cancer cell results in a noticeable increase in
the intracellular pH of the tumor cells as compared to
the normal cells, whereas extracellular pH of the tumor
microenvironment, by contrast, becomes significantly
lower, i.e., more acidic than in the healthy tissues [73-
76]. Intracellular pH value is 6.99-7.05 in the normal
and 7.12-7.7 in the tumor cells, whereas extracellular pH
level is 7.35-7.45 in the normal tissues and 6.2-6.9 in the
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tumor microenvironment [75, 77]. On the one hand, in-
crease in the intracellular pH value leads to the increase
of activities of glycolytic enzymes. Thus, activity of the
rate-limiting enzyme of glycolysis, phosphofructokinase
(PFK-1), increases 100 times with increase of pH in the
tumor cell by 0.2 units [75, 76, 78]. On the other hand,
decrease in the extracellular space pH leads to the de-
velopment of acidosis, which is one of the main charac-
teristics of tumor tissues and promotes more aggressive
behavior and metastasizing of the tumor [74]. Lactic acid
in the intercellular space also plays an important role in
the tumor emergence, its progression and survival, sup-
pression of anti-cancer immune response; it also plays a
regulatory role in various aspects of the energy metabo-
lism and signaling, etc. [43, 79-83].



S6 MENCHIKOV et al.

Another pathway of pyruvate conversion includes its
transfer into mitochondria by the mitochondrial trans-
porters MPC1 and MPC2 [84, 85] and then under the
action of pyruvate dehydrogenase (PDH) pyruvate is
converted into acetyl-CoA [86], which later is involved
into tricarboxylic acid cycle and production of ATP
through oxidative phosphorylation [87-89]. In cancer
cells, some intermediates of tricarboxylic acid cycle are
also used as starting compounds for synthesis of amino
acids, lipids, and nucleotides, which are necessary for
the tumor cell growth as a result of cataplerosis.

Another energy source in tumor cells is glutamine,
which can partially compensate glycolysis, especially un-
der conditions of glucose deficit or in the case of large
amounts of inactive pyruvate kinase PKM-2 [90-94].
During glutaminolysis, glutamine is transported into the
cell and converted into glutamate and then under the ac-
tion of glutamate dehydrogenase (GDH) converted into
a-ketoglutarate (a-KG) [95], which is involved into tricar-
boxylic acid cycle as its intermediate for generation of ATP
(Fig. 4). In some cancer types more than 60% of the total
energy in mitochondria are produced via glutaminolysis
[96], which comprises more than 25% of the total energy
of the cell. Note that glucose is the main source for genera-
tion of energy and survival of the cancer cell [97, 98].

Changes in glucose and glutamine metabolism of
cancer cells are closely interrelated. When glucose lev-
el in cancer cell decreases, uptake of glutamine lowers,
and when glutamine level in the cell increases, uptake of
glucose increases [99, 100]. In the case of glucose defi-
cit in the nutrient medium, conversion of glutamate to
a-ketoglutarate is activated, which is next used in the
tricarboxylic acid cycle for generating energy [100]. This
is a pathway for providing a glucose-independent tumor
growth [94, 101-103].

In addition to glucose and glutamine, a malignant
tumor cells have also other energy sources. In particular,
tumor cells can use lactic acid from blood and intercel-
lular space to synthesize ATP [104-106]. Concentrations
of lactate and pyruvate inside the tumor can significantly
increase due to the tumor-associated fibroblasts. The ac-
tivated fibroblasts in the tumor are able to produce these
metabolites and release them into the intercellular space
using the monocarboxylate transporter MCT4. The ad-
jacent cancer cells uptake the released metabolites us-
ing the MCT1 transporter. Transfer of catabolites allows
cancer cells to increase production of ATP and enhance
proliferation concurrently with reducing the cell death.
The transfer of catabolites from the tumor stromal cells
to the cancer cells was named “Reverse Warburg Effect”.
It is assumed that the metabolic connection between
the cells is induced due to the changes in mitochondria
functioning and redox state of the cancer cells. Thera-
py of such type tumors must target connection between
the activated stromal cells and the cancer cells. This can
be achieved through using acetylcysteine, in particular,

which increases production of glutathione and thus acts
as an antioxidant capable of destructing metabolic con-
nection between the tumor cells [107]. Pyruvate in blood
could be another energy source for a cancer cell. Despite
its low concentration, pyruvate combined with lactate is
an important modulator of RedOx-potential of the tissue
cells [108]. Branched amino acids also are considered as
a source of energy [109, 110]. However, all these sources
are minor.

Cancer cells are genetically, biochemically, and
phenotypically heterogenous from tumor to tumor and
depend on the pathways of provision with ATP [54]. This
means that each tumor type has its own set of unique
physico-chemical and biochemical parameters, which
distinguish them from normal cells and tissues. It is nec-
essary to take these parameters in consideration, when
strategies are being developed to affect the tumor me-
tabolism and growth without a radical change in func-
tionality of the tissues and organs. Such approach would
successfully supplement traditional chemotherapeutical
approaches.

We have considered only bioenergetic features of the
cancer cell metabolism. Alongside with these features,
many characteristic metabolic disorders occur in tumor
cells, and for some of them targeted therapeutic ap-
proaches are under active development [47-49, 111-115].

WARBURG’S PARADIGM IN ACTION

Lactic acid is not simply “a waste” of the cancer cell
vital activity, but it is a powerful weapon used by the tu-
mor in its struggle for survival. Therefore, neutralization
of accumulated lactic acid, recovery of pH level of the
intercellular space and of the body as a whole, as well as
neutralization of the consequences of the lactate effects
and disorders in its homeostasis in the cancer cell is one of
the major strategies in the therapy of oncological diseases.

The second strategy is inhibition of the character-
istic pathways of ATP production by cancer cells in or-
der to deprive these cells of energy sources. And the third
strategy is activation of mitochondrial respiration of the
cells, i.e., of tricarboxylic acid cycle and oxidative phos-
phorylation.

Moreover, to successfully use these three strategies,
it is necessary to know the exact values of those param-
eters, which will be targeted. Cancer cells are biochem-
ically heterogenous, and each tumor type has definite
values of biochemical parameters different from those of
healthy tissues [54]. Thus, the extracellular pH (pH.) in
the tumor microenvironment is significantly lower than
in normal tissues, and these values are different in differ-
ent types of tumors [73, 74]. Therefore, for the successful
treatment, it is necessary to obtain both qualitative and
quantitative picture of metabolic changes for each tumor
type in comparison with normal tissues. It is necessary
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also to develop suitable approaches for quantitative con-
trol of these biochemical parameters, which would make
it possible to monitor their normalization.

Lactic acid. Lactic acid is the main metabolite of
glycolysis, which is characteristic for the Warburg effect.
Lactic acid is one of the strongest monocarboxylic acids,
in the cell it is dissociated and exists as a lactate anion.

An active release of lactic acid by tumor cells is a
serious and multi-faceted danger [42, 116]. Extracellular
space of the majority of tumors is acidic due to inten-
sive release of lactic acid and poor perfusion. Extracel-
lular acidity of the tumor (pH,) itself has a tendency to
correlate with the cancer aggressiveness. High extracel-
lular acidity is toxic for many cells. However, tumor cells
adapt successfully to such condition. Moreover, acidity
is a cause of the tumor drug resistance to purely alkaline
chemotherapeutic preparations, which become insoluble
and inactive under the effect of strong lactic acid [117].
Unlike high extracellular acidity, the intracellular pH
(pH;) of tumor cells is markedly higher than the pH; of
normal cells [73]. This activates glycolytic enzymes and
pathways of synthesis of the products necessary for pro-
liferation of cancer cell [75]. Therefore, it is necessary
to synchronously increase intracellular acidity (to re-
duce pH) of the cancer cell and “to acidify” the cancer
cell from inside. We think that there are at least three
pathways for normalizing pH levels caused by lactic
acid. First, chemical neutralization of the intercellular
space of the tumor and the body as a whole with alka-
line agents, as well as restoration of the Na/K-balance
of the malignant tumor cells. Second, inhibition of the
lactic acid transport from the cancer cells. Third, target-
ed acidification of cancer cells from the inside (reducing
the pH; of the tumor cells).

At present, all these approaches are used separately.
However, synergism could be achieved, when all these
approaches are used synchronously.

Thus, to neutralize an excess of lactic acid and sup-
port normal extracellular pH, the most obvious approach
is to use sodium bicarbonate (NaHCOs;). By now, this
hypothesis has obtained a theoretical basis and practical
confirmation [118-127]. In particular, it has been shown
that peroral administration of baking soda selectively in-
creases pH. of the tumor and reduces formation of me-
tastases [120]. When using baking soda, it is extremely
important to control pH., because uncontrolled alkaliza-
tion is also deleterious; that is the reason why for a long
time efficiency of the treatment with baking soda was
considered dubious [128, 129]. It is known that the urine
pH of a healthy human correlates with the acidity of con-
sumed nutrients [130-132], whereas pH of urine of onco-
logical patients is markedly decreased [133-135]. There-
fore, it seems promising to develop simple methods to
control pH, by measuring the urine pH. Moreover, for al-
kalization only basic sodium compounds should be used,
and, hence, control of the Na/K-balance in blood is

BIOCHEMISTRY (Moscow) Vol. 88 Suppl. 1 2023

necessary. The point is that the Na*-bound lactate trans-
porter SMCT1, although its activity in cancer cells is re-
duced, removes sodium ions from the cell and this make
us to expect that the intracellular concentration of sodi-
um in the tumor cells may be lower than in the healthy
tissues, whereas, by contrast, potassium concentration in
the tumor cells may be higher than in the normal cells,
because of necessity of maintaining of the total Na/K
balance to facilitate the cell functioning. Such Na/K-dis-
balance is known [136], and decrease in the Na/K ratio
within the cells would be especially pronounced in the
rapidly growing tumors with especially intensive glycol-
ysis. To normalize the Na/K balance within the tumor
cells, it seems promising alongside with soda to use salts
of lithium which is the lightest alkaline metal with the
smallest ionic radius. It seems reasonable to expect that
due to increase of the alkaline metal concentrations, lith-
ium would promote removal of potassium from the cell.
However, the uptake of lithium by the cells is not regu-
lated by the processes of selective membrane transport
(contrary to sodium and potassium ions) and lithium
ions at certain concentrations are toxic. Therefore, their
delivery into the tumor cells must be targeted and lithi-
um level in the body must be strictly controlled. There
are few data, which confirm efficiency of lithium salts for
the therapy of some malignant tumors [137-141]. Cesium
(Cs) is another alkaline metal, which potentially could be
used for reducing potassium concentration in the cancer
cell. The hydrated ionic radius of cesium is identical to
that of potassium [142], therefore, it could be assumed
that Cs* will be transported into the cell by potassium
transporters, replace potassium, and decrease activities of
the potassium-dependent glycolytic enzymes, in particu-
lar, of pyruvate kinase. However, by now there are only
few data confirming this assumption. Thus, cesium is
known to suppress acrobic glycolysis and proliferation of
the HeLa cells [143]. At the same time, high doses of ce-
sium are toxic and can cause severe hypopotassemia and
hypomagnesemia [144, 145]. Therefore, similarly to the
case with lithium compounds, targeted delivery of cesium
into the tumor cells is needed, as well as a strict control of
its level in the body. Finally, to normalize the Na/K-bal-
ance, preparations must be used for decreasing transport
of sodium and increasing potassium transport from the
tumor cells. Considering that sodium is eliminated from
the cells as lactate, it is most reasonable to use inhibitors
of lactate dehydrogenase, first of all LDH-A, and it has
been realized in practice [146-148]. As to the transport
of potassium, it is promising to use preparations target-
ing potassium channels, which are usually activated in
various tumor [149-151]. It is known that the neoplastic
transformation is associated with changes in the transport
of potassium across the plasma and intracellular mem-
branes, and that potassium channels can promote initi-
ation of cancer, malignant progression, and resistance of
the tumor cells to therapy [152-156].
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Inhibition of lactic acid transport from cancer cells
by monocarboxylic acid transporters (mainly by MCT4)
and by proton pumps also could be a strategy to com-
bat the increased extracellular acidity. Moreover, activ-
ity of the Na*-bound transporter of lactate SMCT]1 is
suppressed in tumor cells and, as a result, lactic acid is
removed from the tumor cells instead of neutral sodium
lactate causing acidification of the intercellular space
[157, 158]. In the process, alongside with the increase
of extracellular acidity (decrease in pH.) the intracel-
lular acidity of the tumor cell lowers (increase in pHj;).
To inhibit acidification of the intercellular space, it
seems most reasonable to use inhibitors of the proton
pump [159, 160] and MCT4 transporters [161]. In this
case, another outcome of such effect on these transport-
ers alongside with the decrease extracellular acidity is
the increase of intracellular acidity, i.e., acidification of
cancer cells themselves, which could slow down prolifer-
ation and promote apoptosis. However, in this case sim-
ple increase in the lactic acid concentration in cancer
cells can lead not to the increase in intracellular acidity,
but to reprogramming of metabolism and involvement of
lactate into other conversions. Therefore, it is necessary
to use simultaneously additional selective preparations
for acidification of cancer cells from inside [162-165].

Presence of lactic acid is a serious problem for the
vitally important minerals and microelements, espe-
cially those which are components of the active centers
of enzymes and proteins playing an important role in
the living cell. It is known that the microelement com-
position changes virtually in any disease, even in burns
and contusions. Such changes in the levels of microele-
ments (decrease in their concentrations) in blood and
tissues of oncological patients are well known [166-186].
One of the causes of active removal of microelements
from the body is their uptake (elimination) by lactic
acid (especially from the intercellular space and blood
under conditions of acidosis). The lactic acid molecule
is very compact and is able to penetrate into almost all
active protein cavities, pulling out key microelements
from them (or binding microelements and affecting the
protein function). The destructing action of lactic acid
is enhanced by putative participation of its hydroxyl
group in formation of additional complexes with dif-
ferent metal ions that further increases the strength of
binding these metals with lactic acid and makes it an
ideal “killer” of microelements. Different microelements
will be captured and eliminated with different rates, and
as a result their ratio will change in both the cells and
the body as a whole. Taking into account chemical fea-
tures of lactic acid, it may be expected that the bivalent
chemical elements of the second group (Mg, Ca, Sr, Ba)
and of the 12th group (Zn, Cd, Hg) of the Mendeleev
Periodic Table, which form weak chemical bonds with
proteins, will be captured most easily. Thus, the great-
est danger for the cells is binding of magnesium and,

especially, of calcium ions as lactates and their removal
from the body. Such disturbances in the concentrations
of magnesium and calcium ions are well known, they
exacerbate the course of disease [187]. Among the ele-
ments of the 12th group, it should be expected that the
intracellular concentration of zinc in the tumor could be
markedly reduced due to active glycolysis, and this has
been really observed [136, 188]. Chemical elements of
the 11th group of the Mendeleyev Periodic Table (Cu,
Ag, Au) can form complexes with both hydroxyl and
amino groups (e.g., within proteins), therefore, their
capture by lactic acid will be more difficult, and it may
be expected that under equal conditions they will be re-
moved from the tumor cells significantly slower than the
elements of the 2nd and 12th groups. In particular, that
is why the observed Cu/Zn ratio is significantly higher
in tumor cells than in normal tissue cells (which is usu-
ally used to assess transformations of cancer cells) be-
cause zinc is much more easily bound by lactic acid than
copper [136].

The produced lactic acid salts of microelements are
actively eliminated from the body, mainly with urine,
and as a result, concentrations of these elements (first
of all, of bivalent ones) are increased in the urine and
decreased in the blood/serum [176, 189-194]. There-
fore, concentrations of microelements in these bio-
logical fluids can serve as diagnostic markers. Mod-
ern biochemistry considers mainly the level of genes
and proteins, which represent only one part in the long
chain of biochemical reactions in the cell and body as a
whole. However, the final result on the elementary level
is provided by classic biochemical reactions. Here, the
decisive significance for the whole chain belongs to the
presence of key microelements in the active centers of
proteins, and in the case of their absence, any manip-
ulation on the genetic level will be useless. Capturing
(or binding) by lactic acid of microelements from active
centers of enzymes and proteins (for instance, of zinc
from p53) affects their functioning and makes the course
of disease more severe [195-198]. Therefore, restoration
of the microelement composition is another necessary
condition for normalizing biochemistry of the body as a
whole. Indeed, delivery of microelements into the cells,
especially those of the 12th group, is a difficult task,
which, to the best of the authors’ knowledge, has not
been solved up to now. Attempts to use common zinc
salts at nontoxic concentrations for this purpose seem to
be ineffective because zinc ions will be bound by lactic
acid in the blood and intercellular space. Therefore, it
is necessary to develop methods for targeted delivery of
zinc into the tumor cells. At present, various zinc prepa-
rations are being tested, in particular, quercetin-zinc
complex [199], zinc gluconate [200], as well as nanopar-
ticles of zinc oxide [201-203].

Glycolysis and glutaminolysis. Cancer cells rapidly
adapt and change the main pathways to obtain energy
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depending on conditions, for example, glutaminolysis
is activated at the inhibition of glycolysis. Therefore, to
successfully inhibit ATP generation in tumor cells, it is
necessary to maximally arrest all specific pathways of
energy provision, which are different from those of nor-
mal cells. It is important in every pathway to act both
on the energy source entry into the cancer cells and on
the whole chain of conversions and elimination of the
“wastes” from the cell.

The main energy source for cancer cells is glucose,
which is intensively captured by the tumor cells. There-
fore, the first step should be inhibition of the glucose
transport into the cell [57, 204]. When entering the
cell, glucose is subjected to glycolysis. In cancer cells,
the glycolysis rate is many times higher than in normal
cells [3, 6]. Therefore, decrease in the glycolysis inten-
sity [205] could lead to deprivation of the tumor of the
main nutrition (i.e., energy). Indeed, inhibitors of gly-
colysis suppress growth of cancer cells and could be
successfully used in the combination therapy of cancer.
Currently, this trend is under the most active develop-
ment. In the reviews [46, 206-213] glycolysis mecha-
nisms and the associated metabolic processes in cancer
cells are summarized, as well as putative approaches to
inhibit each stage of glycolysis. At present, many com-
pounds inhibiting different stages of glycolysis as well
as their targets in tumor cells are known, and they are
under intensive study as potential targets for antitumor
drugs [47, 214-217].

In addition to activation of enzymes within the tu-
mor cells, there are enzymes, which are released into the
extracellular space, and their activities increase in other
tissues and blood, in particular, this concerns such en-
zymes as LDH and glutamate dehydrogenase (GDH)
[218, 219]. As a result, an increased release of lactate is
observed in the whole body. Therefore, neutralization
of the cancer-associated metabolites in the intracellular
space (first of all, inhibition of the glycolytic enzymes)
also is an important strategy.

Finally, since glutaminolysis is an alternative path-
way of energy generation in cancer cells, additional inter-
ference with the glutamine metabolism also is considered
as an approach to antitumor therapy [98, 209, 220, 221].

Activation of oxygen respiration. Contrary to inhibi-
tion of cancer cell glycolysis, mechanisms of which are
studied sufficiently [206, 214], it is more difficult to nor-
malize oxygen (aerobic) respiration of the cell. At pres-
ent, intensive searches are being conducted for prepara-
tions, which would be able to efficiently affect just the
respiration processes in a cancer cell [222].

In particular, the halogen-substituted organic ac-
ids have been proposed, primarily salts of dichloroace-
tic acid, for stimulating aerobic respiration of cancer
cells [223, 224], as well as their mixtures with avermec-
tins [225, 226]. Dichloroacetate is able to switch glu-
cose metabolism from aerobic glycolysis to OxPhos by
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stimulating mitochondrial activity. As a result, this leads
to the decrease in production of lactic acid, activation
of the respiratory chain, change in the mitochondrial
membrane potential, and release of proapoptotic medi-
ators (cytochrome ¢ and apoptosis-inducing factor, AIF)
into the cytosol. However, dichloroacetates are artifi-
cial compounds, which are absent in living organisms,
and, hence, their use is accompanied with some adverse
effects.

Another class of compounds that normalize aerobic
respiration of cells are sources of an ultramicroelement
germanium [227]. Germanium has long been considered
a therapeutic agent with anticancer, antitumor, antiviral,
and anti-inflammatory effects [228]. It is known that
germanium concentrations in the blood sera of oncolog-
ical patients are significantly lower than in the healthy
individuals [229, 230]. In malignant tumor tissues, ger-
manium concentration also is significantly lower than in
the adjacent healthy tissues [231]. Therefore, germanium
preparations have long attracted attention of scientists.
The well-known natural source of germanium, ginseng,
stimulates oxygen respiration of cells [232] and is wide-
ly used in combination therapy of cancer [233-236].
A stimulatory effect of germanium compounds on oxi-
dizing enzymes, e.g., aldehyde reductase has been shown
[237]. An antitumor activity of germanium compounds
(as inorganic compounds) was established as early as in
1928 and was not once confirmed later [238]. However,
germanium compounds were introduced into medical
practice only after its organic water-soluble compounds
were obtained [38, 239]. Germanium bis-2-carboxyethyl
sesquioxide (Ge-132, CEGS) became the best-known
among such compounds. Biological activity of this par-
ticular compound was studied in detail and after that
was used in the combination therapy of cancer [227-229,
239, 240]. Clinically confirmed cases of successful use of
such compounds in cancer therapy are known, for exam-
ple, complete remission of the lung cancer was achieved
following treatment with germanium sesquioxide [241].

At present, anti-tumor activity and low toxicity of
Ge-132 have been established [242-245]. Toxicity of
germanium organic compound is lower than of the ta-
ble salt, NaCl [246]: LD50 of Sesquioxide Ge-132 is
>6300 mg/kg per os for mice, >10000 mg/kg per os for
rats, and >1000 mg/kg in the case of intravenous ad-
ministration for rats. Germatranol: LD50 for mice is
8400 mg/kg per os and 300 mg/kg in the case of intrave-
nous administration. Thus, these compounds are com-
pletely safe. Discussion about the supposedly high tox-
icity of germanium compounds, which continued for a
long time, was caused by a misprint [247, 248] in an ar-
ticle published in 1987, where erroncous toxicity values
were presented for Ge-132. Unfortunately, this misprint
was not immediately noticed, which led to the errone-
ous criticism and illogical political decisions (for exam-
ple, the sale of Ge-132 sesquioxide produced in Japan
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was banned in the USA). As a result, the works demon-
strating anticancer potential of germanium compounds
were ignored. Finally, the role of this microelement in
the living nature was denied in some reviews based on the
erroneous data and published in very influential jour-
nals. The misprint was corrected only in 1988, but until
recently, many authors cited only secondary references
with the erroncous data about the allegedly high toxici-
ty of germanium compounds. The story of this misprint
and “difficult fate” of the microelement germanium is
described in detail in the review [248]. Combination of
the misprint and reliance on the secondary sources of in-
formation became a cause of neglecting a putative clin-
ical use of this unique microelement compounds up to
the present time.

Mitochondria are especially rich with minerals act-
ing as important cofactors for physiology of mitochon-
dria. Currently only fragmentary data on the activity of
some minerals in mitochondria are available, whereas
for other minerals there is no established mitochondri-
al function at all [249]. The studies of regularities and
interrelations of minerals in mitochondrial metabolism
processes are very promising for normalizing mitochon-
dria functioning.

Quantitative metabolism and metabolomics of cancer
processes. At present, there is no exact notion of the ac-
tivity levels to which it is necessary to inhibit (or activate)
one or another enzyme in the tumor cells because, during
malignant transformation, the enzymes themselves are
changed. In particular, their isoforms are activated and
absent in normal cells (for example, pyruvate Kkinase
PKM-2). Therefore, by trial and error, researchers and
physicians have to act blindly to restore the entire chain
of glucose transformations in tumor cells corresponding
to those in normal cells. To successfully fight cancer, it is
necessary to compile a qualitative and quantitative pic-
ture of metabolic changes for each tumor type compared
with the normal tissue.

For this, it is necessary, firstly, to determine regu-
lation patterns, activities (and other features) of all en-
zymes of glycolysis and glutaminolysis, as well as con-
centrations of metabolites at every stage for each tumor
type in comparison with normal cells, i.e., to model all
steps of glycolysis [206, 250].

Secondly, it is necessary to determine flow rates of
glucose and its intermediates at each stage of glycolysis
and for other pathways of its conversion (for example,
the pentose phosphate pathway) in normal and cancer
cells, i.e., quantitative data are necessary for all stages of
glycolysis. The system biology of metabolism is studying
these problems, and results of such works began to ap-
pear [108, 206, 250-253].

In particular, quantitative studies on the activities
of the metabolic pathways have shown that glutamino-
lysis generates more than 50% of the energy produced
in mitochondria [96, 251]. One glutamine molecule can
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generate 22.5 molecules of ATP [251, 252]. Thus, even
a small contribution of glutaminolysis can give a signifi-
cant amount of energy.

Although the Warburg effect has been known for
nearly 100 years, its quantitative description as a We pa-
rameter has been proposed recently [250]:

We=F /F

ldh mpc?

where F, is the rate of lactate generation from pyruvate
under the action of LDH, Fmpc is the rate of pyruvate
transport into mitochondria by the MPC1 and MPC2
transporters.

According to this equation, for normal oxygenated
tissues, such as the brain and heart, Warburg’s param-
eter is equal to or near zero (We = 0). For tumor cells,
Warburg’s parameter can be a few tens [252]. Quanti-
tative interpretation of Warburg’s effect is essential for
monitoring therapeutic response, understanding cancer
pathophysiology, and diagnosing tumors. Thus, in the
cancer cells of human melanoma and non-Hodgkin’s
lymphoma (lymphosarcoma), the value of We is within
the range 8-21 and markedly decreases after the treat-
ment with drugs [96, 251, 252].

CONCLUSION

At present, a great number of various preparations
have been developed and undergo clinical trials, which
target specific stages of the cancer cell glycolysis (the
monograph [11] and reviews [47, 254, 255]). In some
cases, such preparations demonstrate good results on
their own.

Using Warburg’s principles and conventional ther-
apeutic approaches would make it possible to increase
their efficiency significantly. To obtain this, it is neces-
sary to develop regimens for taking the known drugs to
ensure the same rates and metabolic pathways of glu-
cose and glutamine conversion in cancer cells as in nor-
mal ones. In addition, it is necessary to normalize oxy-
gen respiration and the functioning of mitochondria in
cancer cells. Finally, it is essential to restore the normal
biochemistry of the body as a whole, in particular, to
neutralize lactic acid and other metabolites of the malig-
nant tumor to inhibit such enzymes as LDH and GDH.
Moreover, it is crucial to act simultaneously in all these
directions. It is the time to unite all these parts. As Otto
Warburg wrote: “But how long prevention [of cancer]
will be avoided depends on how long the prophets of
agnosticism will succeed in inhibiting the application of
scientific knowledge in the cancer field” [256].
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