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Abstract—Investigation of cancer cell metabolism has revealed variability of the metabolic profiles among different types of
tumors. According to the most classical model of cancer bioenergetics, malignant cells primarily use glycolysis as the major
metabolic pathway and produce large quantities of lactate with suppressed oxidative phosphorylation even in the presence
of ample oxygen. This is referred to as aerobic glycolysis, or the Warburg effect. However, a growing number of recent stud-
ies provide evidence that not all cancer cells depend on glycolysis, and, moreover, oxidative phosphorylation is essential for
tumorigenesis. Thus, it is necessary to consider distinctive patterns of cancer metabolism in each specific case.
Chemoresistance of cancer cells is associated with decreased sensitivity to different types of antitumor agents. Stimulation
of apoptosis is a major strategy for elimination of cancer cells, and therefore activation of mitochondrial functions with
direct impact on mitochondria to destabilize them appears to be an important approach to the induction of cell death.
Consequently, the design of combination therapies using acclaimed cytotoxic agents directed to induction of apoptosis and
metabolic agents affecting cancer cell bioenergetics are prospective strategies for antineoplastic therapy.
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Cancer cells have a range of characteristic features
distinguishing them from normal cells of healthy tissues.
Among these features are suppression of cell death
mechanisms, elimination of growth-inhibitory signals,
hyperactivation of proliferation signaling cascades,
induction of angiogenesis, limitless replicative potential,
and activation of invasive and metastasis processes. In
addition, alterations in bioenergetics that lead to
increased glucose consumption, upregulation of gly-
colytic cascade, and augmentation of lactate production
with reduced or diminished oxidative phosphorylation
(OXPHOS) in the background even in the presence of
ample oxygen should be mentioned [1-3]. Otto Warburg
hypothesized that defects in mitochondria of fast-grow-
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ing cancer cells account for their bioenergetic pheno-
type. However, according to current knowledge, mito-
chondria in the majority of cancer cell lines are func-
tionally active, and suppression of metabolic pathways
involved in the regulation of mitochondrial processes
determine their decreased contribution to cell bioener-
getics. Furthermore, it was demonstrated later that the
degree of glycolytic contribution to the energy supply
largely depends on tumor etiology and, in some cancer
cell lines, oxidative phosphorylation may predominate as
a major source of ATP [3-5]. Investigation of cancer cell
bioenergetics demonstrated variability of metabolic pro-
file in different cancer cell lines, as well as within the
same cell type, depending on the mechanisms involved
and substrates utilized for energy production in different
conditions. In any case, no matter whether the bio-
energetics is based on glycolysis or OXPHOS, cancer
cells consume significantly more glucose than normal
cells. This observation underlies the approach for cancer
cell visualization using positron emission tomography
and the glucose analog 2-deoxy-2-(18F)fluoro-D-glu-
cose.

Considering the leading role of glycolysis in cellular
energetics in the majority of cancer types, inhibition of



66 MAXIMCHIK et al.

glycolytic pathways for tumor cell elimination has attract-
ed much attention from researchers. Thus, Otto Warburg
believed that moderate doses of ionizing therapy could
suppress the mitochondrial activity of cancer cells below
the permissible threshold necessary for normal cell func-
tion without affecting normal cells. It should be noted
that ATP production is not the sole function of mito-
chondria. Mitochondria are involved in the regulation of
Ca’" homeostasis, production of reactive oxygen species
(ROS), and are crucial for realization of programmed cell
death. In particular, mitochondrial outer membrane per-
meabilization (MOMP) and release of proteins from the
intermembrane space are a point of no return in one of
the types of programmed cell death — apoptosis. That
makes mitochondria a prospective target in chemothe-

rapy.

CONTRIBUTION OF GLYCOLYSIS
AND OXIDATIVE PHOSPHORYLATION
TO CELL ENERGETICS IN DIFFERENT

CANCER CELL TYPES

Rapidly proliferating cancer cells easily become
hypoxic as the vascular system fails to provide these cells
with an adequate amount of oxygen. Therefore, in the
majority of cells the glycolytic pathway of ATP produc-
tion is stimulated (Fig. 1). However, as mentioned above,
several types of tumors keep relying on OXPHOS. It was
demonstrated that contribution of OXPHOS to ATP pro-
duction in HelLa cells was about 80%, while in hypoxic
conditions it decreased to 30% [6]. Pyruvate, glutamine,
glycine, alanine, proline, and glutamate are mainly used
as substrates in OXPHOS, while in addition to fatty acids,
ketone bodies, short-chained carboxylic acids, propi-
onate, acetate, and butyrate can serve as alternative
sources [7, 8].

Glutamine is required for intensive cancer cell pro-
liferation. It is converted into glutamate by glutaminase
upon entry into the cell. Then, the enzyme glutathione-
cysteine-ligase converts glutamate to glutathione, a cru-
cial component of the antioxidant system, which is nec-
essary for redox control of all subcellular compartments
[9]. Glutamate can be converted to o-ketoglutarate,
which is one of the Krebs cycle metabolites. This process
of anaplerosis provides a source of carbon, which is essen-
tial for the Krebs cycle as a biosynthetic center and con-
tributes to the synthesis of amino and fatty acids [10].
Neoplastic aberration stimulates glutaminolysis. The
oncogene Myc plays a crucial role in the regulation of this
process and is able to enhance the supply of glutamine by
stimulating expression of glutamine transporters SLC5A1
and SLC7A1 (the latter also known as CAT1) [11].
Moreover, Myc indirectly stimulates expression of gluta-
minase-1, an enzyme of the first step of glutaminolysis,
by suppressing glutaminase-1 inhibitors microRNA-23A

and microRNA-23B [11, 12]. In addition, stimulation of
glutaminase by Myc in the human B-cell line was demon-
strated, although the lIevel of mRNA was not altered sig-
nificantly; this indicates that Myc regulates glutaminase at
the posttranscriptional level [13]. Therefore, Myc can be
involved in maintenance of the cell antioxidant capacity
through stimulation of NADPH production in the pen-
tose phosphate cycle because of upregulation of pyruvate
kinase PKM?2 and increase of glutathione synthesis by
glutaminolysis. Stimulation of glutathione metabolism is
crucial for biosynthesis of nucleotides and essential
amino acids and for maintaining the normal redox poten-
tial of the cell.

Experimental studies demonstrated that small
tumors were characterized by a low conversion of glucose
into lactate, whereas the conversion of glutamine to lac-
tate was high. In medium sized tumors, the conversion of
glucose to lactate as well as oxygen utilization was
increased, whereas glutamine and serine consumption
were reduced. Large tumors were characterized by low
oxygen and glucose supply, but a high glucose and oxygen
utilization rate [14]. Apparently, in the inner layers of
solid tumors, significant substrate and oxygen limitation
occurs; however, experiments designed to model these
conditions in vitro revealed that nutrient and oxygen lim-
itation does not affect OXPHOS and cellular ATP levels.
Furthermore, the growth of HeLa cells (cervical cancer),
HepG2 (liver cancer) cells, and HTB126 cells (breast
cancer) in aglycemia and/or hypoxia even triggered a
compensatory increase in OXPHOS [6].

It was mentioned above that such substrates as glu-
cose and glutamine are primary utilized by fast-growing
cancer cells. Nonetheless, it remains unclear which of
them (or any other oxidizable substrate) is predominant-
ly utilized by the cell to sustain intense proliferation.
Sometimes, glycolytic tumors demonstrate high rates of
glutamine oxidation [15]. Several tumor cell types, such
as Hela, are able to adapt their metabolism in accor-
dance with availability of external sources of carbon; a
deficiency of glucose in the medium stimulates de novo
mitochondrial DNA synthesis in HeLa cells, which leads
to synthesis of respiratory chain complexes and citrate
synthase [16]. It should be mentioned that HeLa cells uti-
lize both glucose and glutamine for ATP production, and
this indicates the dependence of cells on OXPHOS, as
well as on glycolysis at the same time [5].

Evidence of the presence of active mitochondrial
enzymes (NADP*-malic enzyme, glutaminase and gluta-
mine transporter) in tumors suggests normal functioning
of mitochondria in the cells. Moreover, malic enzyme
activity is 10-20 times higher in several types of cancer
than in normal tissues [17]. The role of malic enzyme in
cancer cells remains to be elucidated; however, it is sug-
gested that this enzyme is essential for preventing malate
overload by converting malate to pyruvate for further
usage in OXPHOS [18].
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Fig. 1. Suppression of glycolysis as a strategy for stimulation of tumor cell death. LDH, lactate dehydrogenase; PDH, pyruvate dehydroge-
nase; RC, respiratory chain; 2-DG, 2-deoxyglucose; OXPHOS, oxidative phosphorylation.

As discussed above, insufficient tumor vasculariza-
tion leads to decreases in both oxygen level and nutrients
in the microenvironment. Glucose deprivation and gly-
colysis inhibition by iodoacetic acid result in a metabolic
switch toward glutamine utilization accompanied by
rapid suppression of lactate production in HeLa cells
[19]. This demonstrates how tumors can use alternative
pathways of energy production, such as glutaminolysis, to
adapt cells to glucose deprivation.

Investigation of cancer cell metabolism demonstrat-
ed that the amount of glucose consumed by tumors sig-
nificantly exceeds cellular energetic demands.
Contribution of glycolytic ATP entirely depends on the
cell microenvironment and varies greatly (0.31-64%) in
relation to the cell/tissue types and experimental condi-
tions [20]. Most of the glucose is consumed for maintain-
ing lipid storage, pentose phosphate cycle, and produc-
tion of ribose, which is essential for the biosynthesis of

BIOCHEMISTRY (Moscow) Vol. 81 No. 2 2016

nucleotides and sugars used by rapidly proliferating cells.
Thus, the main role of stimulated glycolysis in rapidly
proliferating cells could be maintenance of an adequate
level of intermediates required for biosynthetic processes
[21]. Tt must be emphasized that there is no reason to
apply these mechanisms of metabolism regulation to all
cancer cell lines, as in different tumors various combina-
tions of regulatory pathways and diverse rates of enhance-
ment of glycolysis or other alternative energetics pathways
may be operating.

It should be mentioned that alterations of cell bioen-
ergetics occur during tumor growth. Metabolomic studies
in vivo suggest the occurrence of continuous metabolic
remodeling in cancer cells according to tumor size and
rate of growth [14]. Considering the mechanisms of ATP
supply in particular, cancer cell lines are crucial for deter-
mining adequate and effective application of chemother-
apy targeting tumor bioenergetics.
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MECHANISMS OF BIOENERGETIC
REPROGRAMMING

Stimulation of glycolysis and suppression of mito-
chondrial activity by hypoxia-inducible factor. Oxygen
concentration in the cancer cell microenvironment is
highly heterogeneous and varies greatly in different tis-
sues from normoxic (2-4% oxygen concentration) to
anoxic (<0.1%) conditions. Average oxygen concentra-
tion in the cell microenvironment from the nearest capil-
lary is nearly 2%, and hypoxia occurs below this level.
Cells that are located 200 pm from the nearest capillary
are already hypoxic. However, oxygen concentration
reaches 8-57 uM in the central regions of gliomas, carci-
nomas, and multicellular spheroids (model of avascular
solid tumors) and in the hypoxic regions of human
tumors [22-24], which corresponds to the oxygen level in
normal vascular tissues (mammary gland and femoral
muscle) [25]. As previously mentioned, decreased oxygen
content and vascularization in solid tumors, particularly
at early stages of (frequently avascular) cancer, affect the
nutrient content (glucose availability), leading to a rapid
decline of glycolytic ATP production [26].

OXPHOS does not function properly if oxygen con-
centration reaches levels below 1 uM, as the K, of
cytochrome-c-oxidase is 0.10-0.15 uM for pure protein
and submitochondrial particles [27], 0.4-0.8 uM in
human umbilical vein endothelial cells [28], and 0.39 uM
in intact human dermal fibroblast [29]. In turn, oxygen
saturation concentration for cytochrome-c-oxidase and
OXPHOS is more than 4-8 uM (i.e. it is 10 times higher
than K,,). Therefore, tumor mitochondrial metabolism
would not be affected by the hypoxia level found in
tumors unless prolonged exposure to the hypoxic
microenvironment somehow alters the expression of
mitochondrial enzymes, perhaps through a p53-mediated
mechanism [30]. Oxygen concentration in the tumor
microenvironment does not always reach such critically
low levels, unless a concentration gradient is created
when the concentration of oxygen in nearby mitochon-
dria falls below a threshold level of 1 uM [5]. Thus, can-
cer cells are able to adapt to diverse microenvironmental
conditions by switching between several mechanisms of
ATP production.

Oxygen deficiency leads to stabilization of hypoxia-
inducible factor (HIF), which is composed of a constitu-
tively expressed HIFI1-B subunit and oxygen-sensitive
HIF1-a or HIF2-a subunits. Under aerobic conditions,
the HIF-a subunit is hydroxylated at the level of con-
served proline and asparagine residues by prolyl hydroxy-
lases. After proline hydroxylation, the HIF-o, subunits are
ubiquitinated by the VHL tumor-suppressor protein,
pVHL, which targets them for degradation by the protea-
some. Under hypoxia, where HIF-o hydroxylation is
reduced, or in the absence of pVHL, where ubiquitina-
tion does not occur, the HIF-a subunit is stabilized and

translocated to the nucleus, where it forms a dimer with
B-subunit and promotes expression of target genes such as
growth factors, angiopoietin, and vascular endothelial
growth factor via binding to hypoxia-responsive elements.
Expression of a wide range of other enzymes such as glu-
cose transporters (GLUT-1), hexokinase (HK), phos-
phofructokinase, lactate dehydrogenase, and others are
regulated by HIFE In addition to this, HIF activation leads
to suppression of mitochondrial activity. Pyruvate dehy-
drogenase (PDH), which oxidizes the endproduct of gly-
colysis, pyruvate, is regulated by an enzyme called pyru-
vate dehydrogenase kinase (PDK), which suppresses
PDH activity by its phosphorylation. HIF stimulates
PDK activity, causing inhibition of pyruvate oxidation
and stimulating its conversion into lactate (Fig. 1).

It should be noted that there are other ways of HIF-
lo stabilization besides those mentioned above. Thus,
HIF-1a can be stabilized under aerobic conditions by
cytokines, growth factors, ROS, and nitroxides or meta-
bolic intermediates such as pyruvate, succinate,
fumarate, lactate, or oxaloacetate. Thus, in cancer cells,
in which enzymes of the Krebs cycle such as succinate
dehydrogenase and fumarate dehydrogenase are mutated,
the levels of succinate and fumarate increase, and this
leads to HIF stabilization even under normoxic condi-
tions. This situation is referred to as pseudohypoxia [31].
It is notable that the metastatic cancer cell lines (breast
cancer lines MDA, U87 glioblastoma, DU145 prostate
cancer, and renal cell carcinomas RCC4 and CaSKi) have
an increased level of HIF-1 expression, upregulation of
glycolytic enzymes, and enhanced glycolysis regardless of
oxygen concentration, whereas nonmetastatic cell lines
(breast cancer MCF-7, HT-29 colon cancer, MiaPaCa
pancreatic cancer, A549 lung cancer, and BX-PC3
prostate cancers) demonstrate HIF-1 stabilization and
glycolytic protein upregulation only in hypoxic condi-
tions [32].

As mentioned earlier, evidence points to the fact that
mitochondria remain functionally active in cancer cells,
and their low contribution to cell bioenergetics is associ-
ated with suppression of the metabolic pathways respon-
sible for regulation of bioenergetic processes in the cell.
Nonetheless, it should be noted that decreased mito-
chondrial activity might be caused by defects in the mito-
chondrion itself. A decrease in mtDNA level, suppression
of mitochondrial genome transcription, and accumula-
tion of mutations and deletions frequently occur in tumor
cells [33]. Accumulation of defects in the mitochondrial
genome may cause alterations in the mitochondrial respi-
ratory chain, which triggers the glycolytic shift in cancer
cell metabolism.

Another possible mechanism of OXPHOS suppres-
sion is overexpression of the ATPase inhibitory protein
(IF1) [34]. Decrease in H*-ATP synthase (B-F1-ATPase)
is a proteomic signature of declined OXPHOS and is
characteristic of cancer cell bioenergetics, which can pre-
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dict the prognosis of colon, lung, and breast cancers [34,
35].

Abnormalities in Krebs cycle functioning. Parlo and
Coleman explained high glycolytic activity of cancer cells
by mitochondrial dysfunctions at the level of the Krebs
cycle, which results in decrease of reducing equivalents
essential for respiratory chain functioning and, conse-
quently, to the suppression of OXPHOS [36]. They found
that citrate, generated from pyruvate, was removed from
tumor mitochondria of Morris 3924A hepatomas (up to
four times higher than in normal cells) because of sup-
pression of citrate conversion to 2-oxuglutarate (i.e. mal-
functions in aconitase and isocitrate dehydrogenase).
This caused citrate accumulation in the mitochondrial
matrix and its subsequent removal from mitochondria. In
the cytosol, citrate is involved in the biosynthesis of cho-
lesterol, triacylglycerides, and phospholipids. Citrate is
also known as an inhibitor of phosphofructokinase, but in
many cases, in tumors is expressed as the phosphofruc-
tokinase-1 isoform, which is insensitive to citrate, and
glycolysis is not suppressed. However, results presented by
other researchers [37, 38] contradicted the data from
Parlo and Coleman. Thus, the intensity of decarboxyla-
tion of pyruvate, malate, citrate, acetoacetate, and
acetate in AS-30D hepatoma cells was similar to that in
normal mitochondria, indicating normal metabolism at
least in this cell line. Furthermore, the activity of some
other Krebs cycle enzymes in AS-30D hepatoma cells was
1-30 times higher than in normal hepatocytes [38].
Apparently, alterations in Krebs cycle activity depend on
the cancer type, as well as stage of tumor development.

Reduced number of mitochondria in cells and defects
in mitochondrial proteins. The reduced number of mito-
chondria may account for low mitochondrial impact [39].
For instance, studies have demonstrated that the activity
of cancer mitochondria was equal to normal mitochon-
dria from healthy tissues, but the OXPHOS intensity in
cancer cells was diminished because of decreased num-
bers of mitochondria per cell (number of mitochondria is
decreased by 20-50% compared to normal cells) [40].
This can be explained by either increased degradation
(mitophagy) or attenuation in organelle proliferation.
The precise mechanisms remain to be eclucidated. In
addition, such a decrease was not observed in all tumors.
For instance, mitochondrial content in Morris hepatoma
16 and 7800 is similar to normal cells.

Although investigation of respiratory chain complex-
es functioning in cancer cells has become a matter of
interest in recent years, studies reported so far have not
yielded a consensus. Thus, marked deficiencies have been
identified in some respiratory chain components
(iron—sulfur centers, NADH cytochrome ¢ reductase,
succinate dehydrogenase, and cytochrome ¢ oxidase) of
mitochondria from several tumor types [5, 41]. However,
an increase (from two- to five-fold) in the activity of
NADH cytochrome ¢ reductase has also been determined
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in the same tumors [5, 42]. No differences in the activity
of OXPHOS enzymes between normal cells and Morris
hepatomas 3924A, 9618A, and 7800 and Novikoff
hepatoma have been found [5]. At the same time, the syn-
thetic and hydrolytic activities of ATP synthase in the
mitochondria of human hepatocellular carcinoma were
reduced by 50-70% as compared to normal human hepa-
tocytes. Presumably, depending on the cancer cell type,
alterations in the respiratory chain complexes activity can
increase or decrease.

Crabtree effect (inhibition of oxidative phosphoryla-
tion by glycolysis). The suppression of OXPHOS by the
addition of glucose, described by Crabtree in 1928, is a
possible mechanism of the inhibition of mitochondrial
activity. Glucose and other hexoses cause partial inhibi-
tion of OXPHOS in fast-growing tumors [43-45] and nor-
mal proliferating cells [46, 47]. After glucose addition to
AS-30D hepatoma cells, the glycolytic flux was stimulat-
ed and the concentrations of phosphorylated hexoses
(glucose-6-phosphate, fructose-6-phosphate, fructose-
1,6-bisphosphate) showed a substantial increase, but the
ATP and P, contents decreased and the cytosolic pH low-
ered from 7.2 to 6.8 [48]. The alterations of ATP, P;, and
hexoses levels correspond to the enhancement of glycoly-
sis and decrease of mitochondrial ATP production. This
may be explained by the competition for P; between gly-
colysis and OXPHOS. Lowering of the pH caused by lac-
tate production can alter activity of pH-sensitive mito-
chondrial proteins, such as 2-oxoglutarate dehydrogenase
and cytochrome bc, [49].

After analysis of the mitochondrial activity in diverse
cancer cell types, the conclusion can be made that mito-
chondrial silencing is not caused by mitochondrial dam-
age, but mostly by alteration of the mechanisms regulat-
ing mitochondrial energy producing pathways.
Considering the leading role of the mitochondria in the
regulation of various modes of programmed cell death, it
is worthwhile to elucidate how suppression of mitochon-
drial activity can affect cell death pathways.

APOPTOSIS AS ANTAGONIST
OF MALIGNANT TRANSFORMATION

In addition to the reprogramming of bioenergetics,
suppression of cell death is another characteristic feature
of the malignant transformation. Maintenance of tissue
homeostasis is determined by three fundamental process-
es of cell biology: proliferation, differentiation, and pro-
grammed cell death. Apoptosis is one of the cell death
modes and may account for spontaneous tumor regres-
sion, whereas defective apoptotic mechanisms are
involved in the formation of tumors and their resistance
to chemotherapy. There are several signaling cascades of
apoptosis initiation. The extrinsic (receptor-dependent)
pathway of apoptosis is mediated by death receptors,
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membrane receptor proteins, the cytoplasmic part of
which is composed of 80 a.a. and represents the so-called
death domain. These molecules belong to the TNFa
receptor family. There are six members in this group: Fas-
receptor (APO-1/CD95/DR2), TNF-R1 (p55/CD120a/
DR1), DR3, DR4, DR5, and DR6. All the ligands are
presented as trimers (Fas-ligands), and ligand-receptor
binding leads to receptor trimerization, which triggers a
signaling cascade. Then, death domains become able to
interact with analogous adaptor domains FADD (Fas-
associated death domain) and TRADD (TNF-receptor
death domain). The interaction of FADD with procas-
pase-8 results in the activation of caspase-8, a member of
the caspase family and one of the key enzymes in apopto-
sis. TRADD functions analogously, but through the
FADD-mediated pathway. Consequently, these interac-
tions are followed by formation of the DISC (death-
inducing signaling complex).

In the intrinsic pathway, apoptosis is triggered by the
release of cytochrome ¢ and other proteins, in particular
apoptosis-inducing factor (AIF), from the intermembrane
space of mitochondria because of mitochondrial outer
membrane permeabilization (MOMP). Released cyto-
chrome ¢ forms an apoptosome complex together with
cytosolic protein Apaf-1, dATP (or ATP), and procaspase-
9. In this complex procaspase-9 is processed and activated.
Active caspase-9 cleaves and thereby activates another
member of the caspase family — caspase-3, which cleaves
target proteins responsible for a variety of biochemical and
morphological characteristics of apoptosis. Defects in any
of the pathways described above lead to ineffective detec-
tion and elimination of potentially dangerous cells that
may be transformed into malignant tumors and are respon-
sible for cancer cell chemoresistance.

There is certain intercrossing between intrinsic and
extrinsic pathways of apoptosis. Thus, caspase-8, activat-
ed in the receptor-mediated pathway, can cleave cytosolic
proapoptotic protein Bid, and its cleaved fragment tBid
(truncated Bid) triggers Bax and/or Bak oligomerization
and incorporation into outer mitochondrial membrane,
leading to pore formation and the release of proteins from
the intermembrane space. Proteins described previously
refer to the Bcl-2 family proteins. They play a crucial reg-
ulatory role in apoptosis induction. Originally, the first
evidence that genes and proteins that are involved in
oncogenesis negatively regulate cell death mechanisms
was demonstrated in chromosomal translocation-con-
taining B-cell lymphoma with Bcl-2 protein overexpres-
sion [50]. The Bcl-2 protein family is comprised of more
than 30 members, which have at least one of four con-
served Bcl-2 homology domains: BH1-BH4. Three main
groups can be defined: 1) proapoptotic proteins that act as
activators (Bax, Bak, and the less investigated Bok) and
form pores in the mitochondrial outer membrane
(MOM) by oligomerization, leading to cytochrome c¢
release and caspase activation; 2) antiapoptotic proteins

(Bcl-2, Bel-X,, Bcl-W, MCLI1, A1/BFL1, and Bcl-B in
humans) bind proapoptotic members in the BH3 domain,
preventing their oligomerization and apoptosis; and 3)
proteins with only one 26-a.a. BH3 domain (Bad, Bik,
Hrk, Bid, Bim, Bmf, Noxa, and Puma). In particular, the
BH3-only family proteins play a regulatory role by dis-
placing antiapoptotic proteins from their complexes with
proapoptotic members that result in pore formation. The
binding selectivity and affinity of the antiapoptotic pro-
teins to the proapoptotic is determined by hydrophobic
and electrostatic interactions between the proapoptotic
protein BH3 domain and the binding groove formed by
BH1, BH2, and BH3 domains of the antiapoptotic pro-
tein [51-53]. All of the antiapoptotic proteins bind to
Bax, whereas only Bcl-X; and MCL-1 are able to bind
Bak. Noxa is bound solely by Mcl-1 and A1, Bad binds to
Bcl-2, Bcl-X;, and Bcl-W but not to Mcl-1 or Al, while
Bim, Puma, and probably tBid bind to all five antiapop-
totic members. Evidently, the upregulation of Bim or
Puma leads to cell death initiation, whereas the simulta-
neous expression of both Bad and Noxa is required for the
induction of apoptosis [54].

Thus, the balance between proapoptotic and anti-
apoptotic proteins in the MOM is crucial for apoptosis
induction, and the disproportion towards an increase of
the antiapoptotic factors leads to the suppression of the
mitochondrial pathway of apoptosis [55, 56]. Indeed, ele-
vated level of antiapoptotic and decreased content of
proapoptotic proteins has been demonstrated for some
tumors. The shifting of this balance towards the increase
of proapoptotic protein levels resulting in apoptosis
induction represents one of the strategies of fighting can-
cer [57].

MOMP may be achieved also through the induction
of the mitochondrial permeability transition (MPT) as a
result of the opening of nonspecific pores in the inner
mitochondrial membrane (MPTP). Accumulation of
Ca’" by mitochondria leads to MPT, which results in the
entry of water and soluble components into the mito-
chondria and swelling of the organelle. Therefore, the
outer mitochondrial membrane is disrupted and the
release of proteins from the intermembrane space occurs.
According to widely held knowledge, MPTP consists of
Voltage Dependent Anion Channel (VDAC) in the outer
mitochondrial membrane, adenine nucleotide trans-
porter (ANT) in the inner membrane, and cyclophilin D,
a soluble protein in the matrix.

It has been established that both mechanisms of
MOMP can be induced by ROS, and the anticancer effect
of a wide range of therapeutic agents is based on their
ROS-inducing activity (e.g. ionizing radiation, etoposide,
and arsenic derivatives). Thus, a-tocopheryl succinate
(a-TOS), an analog of vitamin E, targets respiratory
chain complex II, leading to ROS production, Bax acti-
vation, and its translocation from cytosol to mitochon-
dria, which results in cytochrome c release and the acti-
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vation of caspases [8]. The anticancer activity of arsenic
trioxide is based on the oxidative modification of thiol
groups in ANT and subsequent release of cytochrome ¢
through MPT induction.

Perhaps these two pathways of the MOMP overlap.
Thus, recombinant Bax facilitates the induction of pore
in isolated rat liver mitochondria [58], and Bax and Bcl-
X, can interact with VDAC leading to release of
cytochrome ¢ from isolated mitochondria [59, 60]. ANT
was suggested to act as a Bcl-2 and Bax partner as well
[61-63]. A detailed analysis of the interaction between
Bcl-2 proteins and VDAC was performed by Rostovtseva
and colleagues [64]. They convincingly demonstrated
that only tBid can interact with VDAC, and that this
interaction results in VDAC closure.

MITOCHONDRIAL MEMBRANE STABILIZATION
IN CANCER CELLS

Stabilization of the outer mitochondrial membrane
against permeabilization is one of the consequences of
the glycolytic shift, thus contributing to the resistance of
cancer cell mitochondria to MOMP [65]. The connec-
tion between glycolysis and MOMP remains to be inves-
tigated, and different explanations exist.

Hexokinase IT and the MOM stabilization. As men-
tioned above, HIF stabilization leads to the upregulation
of hexokinase (HK) expression, which is the first gly-
colytic enzyme. There are four isoforms (I-IV); two of
them (I and II) directly bind to the mitochondrial mem-
brane, in particular to VDAC, whereas HK III does not
possess the hydrophobic N-terminal domain, which is
essential for membrane binding. HK II is overexpressed
in fast-growing tumors, with the exception of the brain
tumors where HK I is expressed. This HK—VDAC inter-
action facilitates glucose phosphorylation, consuming
ATP synthesized in mitochondria [66]. As demonstrated
earlier [67], growth factor removal induced VDAC clo-
sure, which leads to cell death, whereas Bcl-X;, by bind-
ing to VDAC, sustains its open state and prevents cell
death. It remains to be investigated how closure of VDAC
stimulates cell death. One of the explanations suggests
that VDAC has higher Ca?* permeability in the closed
state than in the open state [68], and enhanced Ca"
accumulation might trigger MPT induction and MOMP.

HK II acts similarly to Bcl-X; by preventing VDAC
closure through binding to the channel (Fig. 2a). In addi-
tion, HK II can occupy proapoptotic protein binding
sites. As mentioned above, tBid is the only proapoptotic
protein that can bind to VDAC and initiate its closure
[64]. The importance of VDAC—HK II interaction has
been demonstrated in various studies, when apoptosis was
initiated upon dissociation of HK II from VDAC. Thus,
Shulga et al. [69] used the 15-a.a. N-terminal peptide of
HK II (N-HK II peptide), which binds to VDAC com-
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petitively with the full-size protein. Therapy of HCT116
colon cancer cells with N-HK II peptide caused HK to
dissociate from its complex with VDAC. Furthermore,
combined administration of cisplatin and N-HK II pep-
tide led to synergistic enhancement of the cytotoxic effect
of the drug. These data demonstrates that HK dissocia-
tion from the VDAC complex can sensitize cancer cells to
chemotherapeutic agents and increase their anticancer
activity [69]. In contrast, phosphorylation of HK II by
Akt enhanced VDAC—HK Il interaction [70]. As a result,
HK II can compete with Bcl-X; for VDAC binding sites.
This might lead to the release of this antiapoptotic pro-
tein, facilitating its interaction with proapoptotic protein
Bax that prevents Bax—Bax oligomerization and
Bax—Bak interaction. Detachment of HK II upon its
phosphorylation by glycogen-3f synthase increased Bcl-
X, and VDAC interaction and induced release of Bax,
which, in turn, can interact with Bak/Bax, leading to
pore formation and subsequent cytochrome c¢ release
[71].

HK I binding to VDAC attenuates apoptosis, while
downregulation of HK I by siRNA or inhibition by clotri-
mazole [72] stimulated TNF-mediated cell death.
Therefore, the HK I-VDAC interaction accounts for
mitochondrial membrane stabilization, thus suppressing
mitochondrial pathways in cell death. This interaction
can be enhanced by overexpression of oncogenic isoforms
of hexokinase, or Akt activation [73]. Several VDAC iso-
forms with similar kinetic characteristics are known,
which indicates that their interaction with HK and subse-
quent enhancement of glucose phosphorylation depend
on the number of available binding sites [70, 74]. The
most frequently expressed isoform associated with HK is
VDACI,; it is also used by other mitochondria-anchoring
proteins involved in the regulation of apoptosis.

Akt in mitochondrial membrane stabilization. Akt (or
protein kinase B) is involved in mitochondrial stabiliza-
tion. A decrease in mitochondrial respiration elevates
NADH content, which results in inactivation of phos-
phatase and tensin homolog, PTEN, and activation of
Akt. Akt activation leads to the suppression of
cytochrome ¢ release and apoptosis initiation. At the
same time, Akt did not prevent apoptosis following
cytochrome ¢ injection into the cell [75], indicating that
antiapoptotic activity of Akt is upstream of MOMP, and
Akt contributes to mitochondrial stabilization. Besides,
Akt inhibits p53-mediated expression of Bax, which also
decreases the probability of MOMP [76]. Activated Akt
phosphorylates proapoptotic protein Bad [77], thus pre-
venting its interaction with MOM. Bad binds to anti-
apoptotic Bcl-2 family proteins, but in the phosphorylat-
ed state Bad can bind 14-3-3 proteins, which results in
Bad relocalization to the cytosol and suppression of its
proapoptotic activity. Furthermore, phosphorylation of
Bad alters its affinity to Bcl-2 family proteins, which was
demonstrated by the inability of constitutively phospho-
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Fig. 2. Mitochondria as a target for cell death stimulation. a) Stabilization of the open state of VDAC after hexokinase 11 binding, which opti-
mizes glucose phosphorylation and prevents interaction of proapoptotic proteins with VDAC; b) activation of the mitochondrial pathway in
energy production as a result of pyruvate dehydrogenase kinase inhibition by dichloroacetate; ¢) suppression of complex II of the mitochon-
drial respiratory chain and stimulation of oxidative stress as a result of electron leakage and superoxide radical formation; d) permeabilization
of the outer mitochondrial membrane caused by dissociation of pro- and antiapoptotic protein complexes caused by BH3 protein mimetics

(see details in text).

rylated Bad mutants to suppress antiapoptotic Bcl-2 pro-
teins even in the absence of 14-3-3 protein [78].

Phosphoinositide 3-kinase (PI3-K) activation leads
to Akt accumulation in mitochondria, not only on the
MOM, but in the matrix and inner mitochondrial mem-
brane as well. Besides, Akt can prevent Bax oligomeriza-
tion and stimulate HK II translocation to the mitochon-
dria, where it interacts with VDAC, which results in
MOMP suppression [79-81].

Thus, cancer cell bioenergetic reprogramming is
involved in the suppression of the mitochondrial pathways
of apoptosis by mitochondrial membrane stabilization.
Therefore, both stimulation of mitochondrial activity by
inhibition of glycolysis and glutaminolysis, and direct
impact on mitochondria towards its destabilization, offer
promising strategies for cancer cell elimination.

TARGETING CANCER CELL BIOENERGETICS

Aerobic glycolysis. The predominant use of glycolysis
for energy supply by cancer cells suggests that inhibition
of glycolysis would lead to suppression of cell prolifera-
tion and to cell death. Thus, 2-deoxyglucose (2-DG), a
non-metabolizable glucose analog, inhibits phosphoryla-

tion of glucose by hexokinase in a competitive manner,
decreasing glucose-6-phosphate level and glycolytic
capacity (Fig. 1). In addition, 2-DG enhances cytotoxic
effects of doxorubicin and paclitaxel and acts synergisti-
cally with histone deacetylase inhibitors [55]. Thus, the
investigation of combined therapy by 2-DG and the
antidiabetic drug metformin suggests prospects for its
success in clinical trials [82].

3-Bromopyruvate (3-BP), a synthetic analog of
pyruvate, acts in a similar way; it covalently binds to HK
I1, thus inducing suppression of enzyme activity and its
dissociation from VDAC, facilitating MOMP. Besides, 3-
BP-induced cell death is associated with a rapid decrease
in ATP content and suppression of cancer cell prolifera-
tion, which makes this agent a prospective drug for can-
cer cell elimination [70, 83]. 2-DG and 3-BP are already
being tested in clinical trials [84-87]. It is notable that
studies of cancer cell resistance to 3-BP revealed mono-
carboxylate transporter 1 (MCT1, SLCI16A1 gene prod-
uct), which is necessary for 3-BP entry into the cell, as a
major factor associated with cancer cell sensitivity to 3-
BP [88]. Upregulation of MCT 1 expression may increase
cancer cell sensitivity to treatment.

A decrease in ATP content due to inhibition of gly-
colysis in cancer cells with glycolytic metabolic profiles
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can initiate cell death in multiple ways [89]. One of the
possible mechanisms is dephosphorylation of proapoptot-
ic protein Bad followed by its activation, migration to
mitochondria, MOMP, and cell death with minor toxicity
for normal cells [90]. A decrease in ATP, caused by 2-DG
or glucose-deprived medium, stimulated Fas-induced
apoptosis as assessed by phosphatidylserine externaliza-
tion on plasma membrane [91]. Notably, a significant
decline in ATP content will cause necrotic cell death.

It has been mentioned previously that the metabolic
shift towards glycolytic ATP production characterizes
fast-growing cancer cells in contrast to slower growing
cancer cells using OXPHOS as a major source of ATP [92,
93]. Thus, it appears that applying glycolytic inhibitors
would not always be an effective therapy. Inhibition of
glycolysis would be most effective in tumors with defec-
tive mitochondria; otherwise, stimulation of mitochondr-
ial activity followed by inhibition of glycolysis will com-
pensate for ATP deficiency. Thus, it has been demon-
strated that gliomas that predominantly use glycolysis
(glycolytic gliomas) are able to switch to OXPHOS with
preferential pyruvate and glutamine utilization [94-96]. A
similar switch between glycolysis and OXPHOS was
found in cervical cancer cells, breast carcinoma, and pan-
creatic cancer [3]. In addition, in studies performed by
Reitzer and colleagues, it was shown that glutamine, not
glucose, is preferentially used by Hela cells for energy
supply. At the same time, OXPHOS is a predominant
pathway of energy production in cervical cancer [97].
Thus, cell death may be induced by affecting glutamine
metabolism. Glutamine deprivation caused apoptosis
because of depletion of Krebs cycle intermediates, and
not due to other consequences, such as alterations in pro-
tein, glutathione, and nucleotide biosynthesis or redox
state regulation [98, 99]. It should be mentioned that the
addition of two Krebs cycle intermediates, such as pyru-
vate or oxaloacetate, prevented cell death. Apoptosis
induced by depletion of Krebs cycle intermediates is
mediated by the following main functions of the cycle: (i)
NADH and FADH supply for OXPHOS through reduc-
tion of NAD™ and FAD, and (ii) maintaining cooperation
of different cell metabolic pathways. Apparently, alter-
ations of NADH/NAD" and FADH,/FAD ratios can
affect regulation of transcription of genes [100] and
MOMP [101]. In this way, glutamine may be involved in
promotion of cell survival by providing biosynthetic pre-
cursors as well as supporting Krebs cycle functioning,
which act as a regulator of the redox processes [102]. This
hypothesis is supported by the fact that only a small per-
centage of consumed glutamine is utilized for biosynthet-
ic processes by proliferating cells [103]. This evidence
suggests that Krebs cycle substrates play crucial roles in
cell bioenergetics and are involved in the regulation of cell
death mechanisms [104].

Cancer cells are forced to stimulate activity of mito-
chondria following suppression of glycolysis and gluta-
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minolysis. Thus, in HepG2 hepatoma cells, glucose dep-
rivation stimulated mitochondrial biogenesis and
OXPHOS, associated with increases in mtDNA, mRNA,
product proteins translation, mitochondrial transcription
factor A, and a twofold increase of cyclooxygenase
expression [105].

As mentioned above, HIF stabilization induces PDK
expression and PDH suppression. Dichloroacetate
(DCA), acting as a PDK inhibitor, reactivates PDH and
stimulates pyruvate conversion to acetyl-CoA, thus
restoring cell metabolic profile to normal cell metabolism
(Fig. 2b). DCA is able to switch metabolism from aerobic
glycolysis to OXPHOS, stimulating mitochondrial activi-
ty and, as a consequence, production of ROS. The latter
in turn may cause mitochondrial destabilization and
apoptosis induction [106]. It is assumed that mitochon-
dria of several tumors are significantly more sensitive to
metabolic alterations because of their inability to adapt to
OXPHOS rapidly and this may trigger apoptosis. DCA is
undergoing phase I clinical trials. Therefore, DCA can be
considered a prospective anticancer drug that targets can-
cer cell metabolism modulation [5, 8]. Unfortunately, in
some cases the metabolism of normal cells is also affected
by the doses of DCA that inhibit the enzyme activity in
tumors. This limits its use in anticancer therapy [107].

Lipoic acid, a fatty acid with antioxidant hetero-
cyclic group containing a disulfide bond, acts in a similar
way and inhibits PDK. Lipoic acid is conjugated with
proteins and is an essential cofactor of both the PDH
complex and Krebs cycle component 2-oxoglutarate
dehydrogenase. Despite the antioxidant activity of lipoic
acid demonstrated in normal tissues, it may act as a
prooxidant in cancer cells, leading to ROS production,
p53 upregulation, and stimulation of caspase activity
[108, 109]. Combined treatment with lipoic acid and
chemotherapeutic agents, such as doxorubicin or IL-2
and methoxyprogesterone, may serve as a prospective
strategy in anticancer therapy [14, 110].

MITOCHONDRIA AS TARGETS OF
CHEMOTHERAPY

The requirement of adequate mitochondrial func-
tioning for cancer cell growth and development has been
demonstrated in various studies, suggesting that this
bioenergetic pathway is a prospective target of
chemotherapy. For instance, the vitamin E analog a.-TOS
selectively induces apoptosis, accompanied by ROS pro-
duction, in cancer cells (Fig. 2¢). ROS production is
accounted for by respiratory chain complex II inhibition
caused by the interaction of a-TOS with proximal and
distal ubiquinone binding sites [111], which leads to leak-
age of electrons and superoxide radical production [8].
Therefore, complex II of the respiratory chain complex
appears to be a prospective target for anticancer
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chemotherapy. Analogously, suppression of succinate oxi-
dation in complex II by acetoin led to suppression of
mitochondrial activity in Ehrlich carcinoma without
affecting normal cells [112]. Notably, a-TOS has a wide
range of targets, for instance, it is able to stimulate Ca>"
uptake, which in the presence of ROS promotes MPT
induction [113]. The addition of triphenylphosphonium
groups to the a-TOS molecule leads to its accumulation
in mitochondria, promoting induction of cell death by
lower doses of the drug. Applying such mitochondria-tar-
geted agent as MitoVES suppressed cancer cell prolifera-
tion by affecting mtDNA [114].

3-BP, described previously as an anticancer drug that
targets hexokinase, is an alkylating agent that induces
apoptosis through alternative mechanisms as well. Recent
studies demonstrated that 3-BP affects mitochondria;
furthermore, it stimulates ROS production, thus stimu-
lating the mitochondrial pathway of apoptosis in breast
cancer MDA-MB-231 cells. It was shown that the
decrease of antiapoptotic protein Mcl-1 was involved in
stimulation of cell death. 3-BP-induced apoptosis was
accompanied by a decrease in the p-Akt level, suggesting
that Mcl-1 decline was associated with PI3/Akt signal
cascade [115]. In hepatoma HepG2, 3-BP suppressed
respiratory chain complex II, and in the case of glucose
deprivation, it inhibited complex I as well. In addition, 3-
BP triggered uncoupling of mitochondrial oxidation and
phosphorylation, stimulating oxygen consumption insen-
sitive to oligomycin [116, 117]. The anticancer activity of
3-BP was enhanced by glutamine deprivation, which is
probably associated with stabilization of monocarboxy-
late transporters [118].

As described previouslyy, MOMP is a nonreversible
process of apoptosis. In recent years, the synthetic
analogs of BH3-only proteins, known as BH3 mimetics,
appeared. One of them is ABT-737, which is able to stim-
ulate cell death by Bax or Bak release from their com-
plexes with antiapoptotic protein (Fig. 2d). ABT-263, an
orally administered derivative of ABT-737, also known as
navitoclax, has a similar activity. Both drugs are undergo-
ing phase I/I1 clinical trials. ABT-737 functions similarly
to the BH3-only family member Bad. ABT-737 and
ABT-263 bind with high affinity (ICs, < 10 nM) to Bcl-2,
Bcl-X; and Bcl-W, but not to Mcl-1 or Al, thus greatly
limiting the cytotoxic effect of ABT-737 (for instance,
breast cancer line MEF are highly resistant to ABT-737).
Therefore, the combined application of ABT-737 with
Mcl-1-inhibiting agent is necessary for successful treat-
ment. Such co-treatment is currently considered a
prospective strategy in anticancer therapy [119]. Thus,
cancer cell sensitivity to ABT-737 as a single anticancer
agent absolutely depends on the profile of expressed Bcl-
2 family proteins. For instance, small cell carcinoma and
various types of lymphoma and leukemia have signifi-
cantly higher Bcl-2 protein level and are highly sensitive
to ABT-737. Notably, ABT-737 binding to Bcl-2, Bcl-X|,

and Bcl-W proteins leads to the release of the actual
BH3-only proteins, which are able to bind to and thus
inactivate other antiapoptotic proteins, in particular Mcl-
1, which does not interact with ABT-737 [120].

Despite the established mechanism of BH3 mimetics
activity, some of them induce cell death in the absence of
Bax and Bak, indicating the presence of targets other than
antiapoptotic proteins [119, 121]. Obatoclax, a synthetic
derivative of prodigiosin, binds to all of the antiapoptotic
proteins with low affinity (comparable to the affinity of
ABT-737 to Mcl-1) and kills both wild-type cells and
cells lacking Bax and Bak. Presumably, the cytotoxic
effect of obatoclax is determined by caspase-independent
or autophagy-mediated mechanisms by endoplasmic
reticulum (ER) stress or upregulation of Noxa. The latter
causes Mcl-1/Bak complex dissociation, which explains
the anticancer activity of obatoclax and its role in cell
sensitization to ABT-737 [119, 122, 123].

Gossypol, a polyphenolic aldehyde derived from
plants, was originally used clinically not as an anticancer
drug, until its BH3 mimetic properties were found.
Gossypol binds to antiapoptotic proteins with modest
affinity (on the order of a few uM) [123]. The gossypol
derivatives apogossypol and apogossypolone, which also
function as BH3 mimetics, are undergoing preclinical
studies, whereas the benzoylsulfonide derivative TW37
has already reached phase I/1I trials.

Zhang and colleagues discovered a new BH3-
mimetic, S1. It binds to both Mcl-1 and Bcl-2, causing
dissociation of the Bax/Bcl-2 and Bak/Mcl-1 complexes
(dose and time-dependent effect) and apoptosis induc-
tion [124]. However, Eastman and colleagues suggested
that S1 does not act as a true inhibitor of Bcl-2 proteins,
but stimulates Noxa upregulation, which inhibits Mcl-1
and induces Mcl-1 degradation, leading to cancer cell
sensitization to the cytotoxic therapy [122]. Furthermore,
S1 stimulates ROS production followed by ER stress
[125]. In addition, Zhong et al. have demonstrated that
S1-induced cell death may be associated with autophagy
stimulated by ER stress and with alterations of Beclin 1
and Bcl-2 interaction [51, 126]. Besides, Song et al. syn-
thesized derivatives more potent than S1 and other new
Mcl-1 inhibitors: a 2-cyanoacetamide and a 2-hydroxyn-
icotinonitrile [127, 128].

Recently, a number of other low molecular weight
compounds with different structure have been identified
that have BH3-mimetic activity. However, the lack of a
sufficient number of in vivo studies of the newly discov-
ered and synthesized Mcl-1 inhibitors does not allow us
to consider their further application. The newly discov-
ered BH3-mimetic 072RB [129] decreased Bcl-X; and
Mcl-1; however, whether its activity is determined by
direct binding of these antiapoptotic proteins remains to
be elucidated [130].

Affecting cell bioenergetics for cancer cell elimina-
tion and for reduction of toxicity of chemotherapeutic
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drugs is a rapidly growing area that appears to be a
prospective strategy of future anticancer therapy. Thus, it
has been demonstrated on a murine breast cancer
xenografts model that 2-DG combined with mitochon-
drially targeted anticancer agents, such as Mito-CP and
Mito-Q, led to significant tumor regression with no
revealed side effects to normal tissues [131]. Most
recently, it has been shown that the well-known antidia-
betic drug metformin induces cancer cell death and sup-
presses the growth of xenografts. Combined therapy with
2-DG and metformin synergistically stimulated cell
death, and 2-DG treatment lowered the required met-
formin concentration more than five-fold [132].
Analogously, the lactate dehydrogenase inhibitor oxam-
ate significantly stimulated ionizing radiation-induced
suppression of cell growth in murine xenograft [133].
Inhibition of glycolysis by 2-DG not only stimulated
both ABT-737-induced apoptosis in lymphoma cells, but
also prolonged survival of mice with lymphoma xenograft
[134].

In summary, there are two general features of meta-
bolic reprogramming in the majority of cancer cells: pref-
erential use of glycolysis over OXPHOS for ATP produc-
tion (even in the presence of ample oxygen) and stimula-
tion of glutamine consumption as one of the energy
sources. However, various types of tumors demonstrate
significant genetic and phenotypic heterogeneity in meta-
bolic profiles of cells. Thus, about 30% of tumors cannot
be detected by FDG-PET (fludeoxyglucose-positron
emission tomography) due to insufficient (below thresh-
old) glycolytic shift or because cells utilize substrates
other than glucose. Cancer cell metabolism depends on
the presence of oncogene and/or oncosuppressor muta-
tions and is regulated by the tumor microenvironment
(including oxygen and nutrient concentrations). Tumor
radio- and chemoresistance may be determined by abnor-
malities of cell metabolism, suggesting that reactivation
of the “normal” metabolic profile can sensitize cancer
cells to therapy. Investigation of cancer cell bioenergetics
and its contribution to chemoresistance appears to be a
prospective strategy in cancer cell elimination.
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