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Targeting Mitochondria
for Cancer Treatment — Two Types
of Mitochondrial Dysfunction
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Abstract: Two basic types of cancers were identified — those with the
mitochondrial dysfunction in cancer cells (the Warburg effect) or in fibroblasts
supplying energy rich metabolites to a cancer cell with functional mitochondria
(the reverse Warburg effect). Inner membrane potential of the functional and
dysfunctional mitochondria measured by fluorescent dyes (e.g. by Rhodamine 123)
displays low and high values (apparent potential), respectively, which is in contrast
to the level of oxidative metabolism. Mitochondrial dysfunction (full function)
results in reduced (high) oxidative metabolism, low (high) real membrane potential,
a simple layer (two layers) of transported protons around mitochondria, and high
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(low) damping of microtubule electric polar vibrations. Crucial modifications are
caused by ordered water layer (exclusion zone). For the high oxidative metabolism
one proton layer is at the mitochondrial membrane and the other at the outer
rim of the ordered water layer. High and low damping of electric polar vibrations
results in decreased and increased electromagnetic activity in cancer cells with the
normal and the reverse Warburg effect, respectively. Due to nonlinear properties
the electromagnetic frequency spectra of cancer cells and transformed fibroblasts
are shifted in directions corresponding to their power deviations resulting in
disturbances of interactions and escape from tissue control. The cancer cells

and fibroblasts of the reverse Warburg effect tumors display frequency shifts

in mutually opposite directions resulting in early generalization. High oxidative
metabolism conditions high aggressiveness. Mitochondrial dysfunction, a gate to
malignancy along the cancer transformation pathway, forms a narrow neck which
could be convenient for cancer treatment.

Introduction

Energy supply, its transformation, and utilization in biological systems are a hallmark
of a living organism. From the physical point of view biological systems are in

a coherent state far from the thermodynamic equilibrium which is an essential
condition for biological activity and life. Energy is utilized in various processes,

for instance, in transport, interactions, organization, and information transfer.

Any elementary motion depends on the energy supply. O.Warburg intuitively
assessed the cancer process as a disturbance of the energy transformation and
utilization. He experimentally disclosed that cells in the cancer tissue can obtain
approximately the same amount of energy from fermentation as from respiration
whereas the healthy cells obtain much more energy from oxidation than from
fermentation (Warburg et al., 1924; Warburg, 1956). Biological research orientated
predominantly to the biochemical and genetic processes considered the Warburg
effect to be a side corollary of the cancer process and not its central issue. On
the other hand the mechanisms of the energy supply and the role of the biological
electromagnetic field (EMG) cannot be understood without deep understanding
of the structure of biomolecules, biochemical reactions, and genetic processes.

(In biological cells the most significant component of EMG is very likely the
microtubule near field which is of electrodynamic nature.) Mitochondria are the
boundary elements between the chemical-genetic and the physical processes

in cells (Pokorny, 2012; Pokorny et al., 2013b). The energy released from the

flux of electrons down the electron transport chain and associated with the
production of reactive oxygen species (ROS) is used for transfer of protons from
the mitochondrial matrix space across the inner membrane and creation of the
electrochemical potential. The protons diffuse through the outer membrane into
cytosol. The electric field between the positively charged protons and the negative
charge of ROS in the matrix space produces water ordering around mitochondria
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(Pokorny, 2012). A layer of a strong static electric field was measured up to a
distance of about 2 uym from the surface of mitochondria (Tyner et al., 2007). In
the interphase mitochondria are aligned along microtubules and form essential
conditions for generation of the EMG by microtubules. Mitochondria supply the
energy, the ordered water provides low damping, and the static electric field shifts
the microtubule oscillations into a highly non-linear region (Pokorny et al., 2011;
Pokorny, 2012). The generated EMG seems to have a fundamental role in biological
activity.

H. Frohlich formulated a hypothesis of coherent electrical polar vibrations in
biological systems with energy condensation in one or a few modes of motion
correlated over macroscopic region (Frohlich, 1968a, b, 1969, 1973, 1980).
Disturbances of interactions of a cell in the tissue due to its frequency changes of
polar vibrations were assumed to be an initial condition for the origin of cancer
malignant activity (Frohlich, 1978). The generated electrical oscillating field was
measured by attraction of small dielectric particles with a high permittivity and
linear dimensions about 1 pm by yeast cells. This dielectrophoretic attraction
disclosed the highest power in the M phase (Pohl et al., 1981). The M phase
increased activity of yeast cells in the frequency region 8-9 MHz was confirmed by
Pokorny et al. (2001). Sahu et al. (2013) measured resonant frequencies of isolated
microtubules in the frequency range 10-30 MHz, 100—200 MHz, at about 20 THz
(the wavenumber about 700 cm™), and the UV absorption spectrum at about
270 nm.Advanced biological research assumes that the tissue organization field is
based on biomechanical forces generated in and by tissues (Soto and Sonnenschein,
2011). Morphogenesis is also discussed on the basis of a model of mechanical
forces generated in the system (Beloussov, 2012). The physical nature and origin
of the suggested forces are not specified. Other authors assume that orchestrated
activities are mediated by bioelectric signals based on voltage gradients of the
transmembrane potential (Levin, 2012, 2014; Chernet and Levin, 2014).

Examination of the glycolytic phenotype cancer cells, i.e. cancer cells with
the inhibited pyruvate pathway in mitochondria, the high uptake and retention
of fluorescent dyes by mitochondria (hyperpolarization), and restoration of
their healthy state was performed and published by Bonnet et al. (2007). The
lack of hyperpolarization of the mitochondrial membranes in some cancer
cells (Chen, 1988) suggests another type of the mitochondrial dysfunction and
apoptosis blocking (Pavlides et al., 2009). The cancer cells with the high activity
of mitochondria and the mitochondrial dysfunction in fibroblasts in the stromal
microenvironment may produce this type of the energy production defects.
Analysis of the cancers with the reverse Warburg effect presented in this article
forms an additional part to the description of the glycolytic phenotype cancers
(Pokorny et al., 2012a, b, 2013a).

Energy supply is a crucial condition of life and mitochondrial oxidative
metabolism sets up its higher forms. Disturbances of the coherent state far from
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the thermodynamic equilibrium caused by the mitochondrial dysfunction are
considered to be an essential point of cancer transformation (Pokorny et al., 2013b,
2014). Analysis of the published data on the potential of the mitochondrial inner
membrane, the normal and the reverse Warburg effect, and dependence of the
ordered water layer on pH concentration proves that the measured potential may
be modified by the ordered water layer, which is a novel contribution explained

in this article. The result enables a rational assignment of the apparent potentials
to both types of the Warburg effect. The high and the low value of the apparent
membrane potential correspond to the low and the high mitochondrial oxidative
activity of the cancer cell, respectively. Consequently, the cancer cells with the
reverse Warburg effect have a high power of the EMG and high biological activity,
which explains their high aggressiveness.

Mitochondrial inner membrane potential

Warburg disclosed perturbations of the oxidative metabolic energy production
connected with cancer transformation — the dysfunction of mitochondria. The
functional mitochondria form a negative potential across the inner membrane
dependent on the distribution of the negative and positive charges connected
with their metabolic activity (Klingenberg and Rottenberg, 1977). The uptake and
retention of positively charged fluorescent dyes by mitochondria were used for
measurement of the mitochondrial membrane potential. One highly specific dye
for this purpose is Rhodamine 123 (Rh123) with a delocalized positive charge
(Chen, 1988; O’Connor et al., 1988). Dependence of the uptake and retention of
Rh123 on the negative potential was measured on isolated mitochondria
(Modica-Napolitano and Aprille, 1987). The level of the absorbance and
fluorescence values is a function of the membrane potential (Chen, 1988). (With
respect to the further analysis the potential measured by the uptake and retention
of fluorescence dyes is termed the apparent potential.)

A correlation between the apparent potential and the real negative potential is
essential for assessment of its variations under different conditions. The membrane
potential depends on various factors including, for instance, cell growth (Goldstein
and Korczack, 1981; Chen, 1988), distribution of ions (Klingenberg and Rottenberg,
1977), and ionophores (Reed, 1979). During continuous respiration, some
compounds such as nigericin hyperpolarize mitochondria by electrically neutral
exchange of protons for potassium ions leading to decrease of the pH gradient
and increase of the membrane potential in compensation for the change of the
electrochemical potential (Reed, 1979; Johnson et al., 1982). The measurement
method using a fluorescent dye was applied to the assessment of differences
between the healthy and cancer cells. Mitochondria in normal healthy cells display a
low apparent potential (Nadakavukaren et al., 1985; Chen, 1988). In contrast a great
majority of adenocarcinoma, transitional cell carcinoma, squamous cell carcinoma,
and melanoma have a high apparent potential (Lampidis et al., 1983; Chen, 1988).
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A profound relationship between differences in the mitochondrial apparent
membrane potential and the tumorigenic properties was found. The apparent
potential makes possible determination of the probability of the colonic tumor
expansion and progression (Heerdt et al., 2003, 2006).

The negative-inside inner membrane potential generated upon energization of
the mitochondria depends on the proton transfer from the matrix space.The
equilibrium distribution of #Rb atoms on both sides of the membrane and the
Nernst equation (Modica-Napolitano and Aprille, 1987) were used to calibrate
the fluorescence data supplied from uptake and retention of Rh123.The absolute
values of the apparent potential of the cancer cells CX-1 and MIP101 were
about 60 mV higher than the values of the apparent potential of the healthy cells
CV-1 (Modica-Napolitano and Aprille, 1987). The inhibitory effect of the Rh123
fluorescent dye on the mitochondrial bioenergetics function was demonstrated
with the conclusion that FyF,-ATPase was the primary site of toxicity (Modica-
Napolitano et al., 1984; Modica-Napolitano and Aprille, 1987).The increased
apparent potential (i.e. hyperpolarization of the inner membrane compared to
healthy cells) examined by the tetramethyl rhodamine methyl ester (TMRM) was
observed on several types of cancer cells with the inhibited pyruvate transfer
into mitochondria (Bonnet et al., 2007). Restoration of the pyruvate transfer by
application of dichloroacetate (DCA) results in increased oxidative mitochondrial
activity, reversal of hyperpolarization, and return of the potential to the level of
healthy cells. Similar results were measured by a protonophore (carbonylcyanide-
p-trifluoromethoxyphenylhydrazone, FCCP).This experiment disclosed that the
high apparent potential is connected with a low oxidative energy production and
vice versa. However, the real mitochondrial membrane potential should depend on
the proton transfer, i.e. the high membrane potential has to correspond to a high
oxidative activity. A possible dependence of the apparent mitochondrial potential
on water ordering is explained in Discussion. It should be mentioned that cancer
cells may be selectively damaged by changes of mitochondrial ultrastructure
(Modica-Napolitano et al., 1996).

However, not all cancer transformations correspond to the model of
hyperpolarized mitochondrial membrane and may differ in this feature. For
comparison, two opposite cases are presented. For instance, v-fos oncogene
transformed fibroblasts have been shown to have higher apparent potential in
comparison with their untransformed counterparts (Zarbl et al., 1987). In contrast,
v-fes oncogene transformed mink fibroblasts display change from a state of high
apparent potential and low pH gradient to a state of a very low apparent potential
and a very high pH gradient (Johnson et al., 1982; Chen, 1988). Mitochondria in two
human colon carcinoma cell lines had the absolute value of the apparent potential
lower than the potential of their healthy counterparts and nigericin failed to
hyperpolarize the mitochondria (Modica-Napolitano et al., 1989). A short overview
of cancers with low and high apparent potential of mitochondria is in Table 1.
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Table 1 — Mitochondrial inner membrane apparent potential of the
healthy and the cancer cells

Low apparent potential ~ High apparent potential Low or very low
(hyperpolarized mitochondria)  apparent potential
Normal epithelial cells A great majority of: —human oat cells
— adenocarcinoma — large cell carcinoma of lung
— transitional cell carcinoma — poorly differentiated carcinoma
— squamous cell carcinoma of the colon
— melanoma — leukemias
— lymphomas
— neuroblastomas
— osteosarcomas
Low Rh123 uptake High Rh123 uptake Low or very low Rh123
and retention and retention uptake and retention

The data are taken from: Klingenberg and Rottenberg (1977), Modica-Napolitano and Aprille (1987), Chen (1988),
O’Connor et al. (1988). Rh123 — Rhodamine 123

The experimental data of the apparent potential suggest that mitochondria in
cancer cells may be in two different states corresponding to the apparent potential:
one state connected with inhibited and the other state with normal or highly
active mitochondrial function. Analysis of cancer cells with a high value of the
apparent potential was performed by Bonnet et al. (2007). Pyruvate transfer into
the matrix space is inhibited by phosphorylation of the pyruvate dehydrogenase
(PDH) enzyme family by the pyruvate dehydrogenase kinases (PDKs).As a
consequence, the diminished flux of electrons along the electron transfer chain may
result not only in the decreased efflux of protons from the matrix space but also
in the reduced production of reactive oxygen species (ROS).The release of ROS
regulates the opening of the plasma membrane ion channels. Downregulation of
the K* channel Kv1.5 results in the increased concentration of K* ions inside the
cell by the decrease of their efflux down their intracellular/extracellular gradient.
For instance, production of the mitochondria-derived relatively stable ROS-H,O,
is diminished with the consequent inactivation of Kv1.5.The proton space charge
field together with the water ordering is disturbed. Opening the pyruvate transfer
restores normal conditions for the mitochondrial function.

Cancer cells with highly active mitochondrial function

Cancer cells with the inhibited pyruvate transfer into the mitochondrial matrix
space represent only one possible type of the mitochondrial dysfunction. Another
type of energy production defects may exist in cancers. Cancer cell effects on
stroma were observed and suggested to constitute a separate mechanism of
response of myofibroblasts to the invasive neoplasia (Seemayer et al., 1979). It
was also assumed that malignant tumor cells and adjacent “normal” cells have

to undergo a mysterious cancerization process as was mentioned by Martinez-
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Outschoorn et al. (2010a). Pavlides et al. (2009, 20103, b) disclosed that the cancer
associated fibroblasts secrete the energy rich metabolites produced by the aerobic
glycolysis. The epithelial cancer cells take them up and use them in a highly effective
mitochondrial ATP production via oxidative phosphorylation. This mechanism is
called the reverse Warburg effect. The reverse Warburg effect was observed in
breast cancers, advanced prostatic cancers, and may exist in many different types
of epithelial cancers dependent on tumor microenvironment (Pavlides et al., 2009,
2010a; Bonuccelli et al., 2010a, b; Martinez-Outschoorn et al., 2010a). An overview
of the healthy and the cancer cells with different mitochondrial potential is in
Table 1. One of the essential conditions for creation of the reverse Warburg
effect is a loss of the stromal caveolin-1 (Cav-1) expression (Pavlides et al., 2009,
20103; Bonuccelli et al., 2010b; Chiavarina et al., 2010; Martinez-Outschoorn et al.,
2010b; Ko et al., 2011), which is connected with induction of the oxidative stress,
autophagy/mitophagy (Pavlides et al., 2010a; Martinez-Outschoorn et al., 2010b,
2011), and the mitochondrial dysfunction in the associated fibroblasts (Pavlides
et al., 2009). [The activated myo-fibroblasts perform a normal wound healing
function which is mediated via differentiation of the normal fibroblasts (Pavlides
et al,, 2009). Their lactate production and secretion suggest that the mechanism of
the reverse Warburg effect may be a general feature of their activity.] The normal
epithelial cells undergo an epithelial-mesenchymal transition (Bonuccelli et al.,
2010b). The tumor growth and metastasis are fuelled by the supply of energy rich
metabolites, such as lactate, pyruvate, glutamine, keton BHB (beta-hydroxybutyrate)
from the associated fibroblasts (Pavlides et al., 2009, 2010a; Bonuccelli et al.,
2010a; Migneco et al., 2010; Ko et al., 2011). Supply of the energy rich metabolites
(Martinez-Outschoorn et al., 2011), loss of Cav-1 in the stromal fibroblasts
(Martinez-Outschoorn et al., 2010a) and their excess production of ROS drive an
anti-oxidant defence in the cancer cells and protection against apoptosis (Lisanti et
al,, 2010; Martinez-Outschoorn et al., 2010b).

The mechanism of fibroblast degradation for production and secretion of
the energy rich metabolites depends on the ROS production by the cancer
cell. Cav-1 is an inhibitor of the nitric oxide (NO) production in fibroblasts
(Lisanti et al., 2010). A loss of Cav-1 causes the increased NO production, which
leads to the mitochondrial dysfunction, the increased ROS production, and
the enlarged oxidative stress (Lisanti et al., 2010; Martinez-Outschoorn et al.,
2010a). The glycolytic enzyme isoform of pyruvate kinase (PKM2) and the lactate
dehydrogenase B (LDH B) mediate the reverse Warburg effect (Bonuccelli et al,,
2010b). The oxidative stress in the neighbouring stromal cells may be also induced
by hydrogen peroxide (H,O,) secreted by the cancer cells (Sotgia et al., 2012;
Witkiewicz et al., 2012). The tumor-stroma co-evolution is described, for instance,
by Lisanti et al. (2010).

The tumors with the fully functional mitochondria and supply of the energy
rich metabolites from the fibroblasts have increased risk of the recurrence, the
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lymph node metastasis, the treatment drug resistance, and a poor clinical outcome.
Inhibitors of glycolysis prevent the tumor promoting effects. Combination of 2-DG
(2-deoxy-D-glucose) with DCA (dichloroacetate) — two well established glycolysis
inhibitors — may strongly reduce the tumor growth (Bonuccelli et al., 2010b).

Discussion
The pathological breakdown of the coherent energy states far from the
thermodynamic equilibrium is considered to be a general process of cancer
(Pokorny et al., 2013b, 2014). The mitochondrial dysfunction in cancer cells or
the cancer cell associated stromal fibroblasts plays an essential role in cancer
transformation and development.The electromagnetic field generated by
microtubules depends on the mitochondrial function (Pokorny, 2012; Pokorny
et al.,, 20123, b). In healthy cells the mitochondria supply energy, provide low
damping of oscillations due to the ordered water around them, and produce a
strong static electric field shifting the microtubule oscillations into the nonlinear
region. The oscillation frequencies depend on the nonlinear characteristic of the
system. If the force constant in the potential valley increases with the decreasing
oscillation power the frequency increases (with the increasing power the frequency
decreases). The absorption resonant frequencies of some tumors were measured
around 465 MHz (Vedruccio and Meessen, 2004), which corresponds to the shifted
spectral lines of the healthy cells in the frequency band below 200 MHz.

In the case of the Warburg effect the power of microtubule oscillations and
of the generated electromagnetic field in cancer cells may be downregulated
and its parameters changed. Coherence of the electromagnetic field may be

Cancer transformation pathway

Initial state —— > Precancerous state —— > Cancer

Decreased  Oncogene Warburg effect Rebuilt and shifted
genome mutation MD in cancer cell or frequency spectrum

(Disturbance of PDK 1-4 MD in associated
of coherent  Inhibition fibroblasts
states?) of PDP 1-2

Escape from tissue

i i
I I
i i

stability Induction | reverse Warburg effect |
i i
| | . .
: ! interaction and control
I I

Figure 1 — A diagram of a cancer transformation pathway with the Warburg effect, the reverse Warburg effect,
and a hypothetical link of the changed electromagnetic activity. The rebuilt and shifted frequency spectrum of
the cancer cells makes possible their escape from tissue control and regulation. Mitochondrial dysfunction (MD)
is formed either in the cancer cells or in the associated fibroblasts. The cancer transformation pathway is divided
into three essential parts: the initial state containing disturbances of the biochemical and genetic mechanisms
(genome mutations), the precancerous state when the mitochondrial dysfunction is created, and the final cancer
part with a hypothetical explanation of malignant properties. It is assumed that a massive genome mutation
depends on the low level of coherent energy states.
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Figure 2 — A schematic picture of hypothetical frequency spectrum shifts of the electromagnetic field generated
by microtubules in cancer cells. The central part corresponds to a normal healthy cell and the side parts to
cancer cells. The frequency spectrum shifts depend on the power of microtubule oscillations and the generated
electromagnetic field. The power of the electromagnetic field generated by the cancer cells with the normal and
the reverse Warburg effect is lower than and equal to or higher than the power of the healthy cells, respectively.
vy and vgy, denote frequencies of the spectra of cancer cells with the normal and the reverse Warburg effect,
respectively. v stands for the frequencies of the spectrum of the healthy tissue cells. Damping depends on the
level of water ordering conditioned by mitochondrial function.

disturbed, the frequency spectrum changed and shifted from the tissue frequency
region (in correspondence to the decreased power). In the case of the reverse
Woarburg effect the enhanced mitochondrial activity and supply of the energy rich
metabolites to cancer cells provide the increased power of oscillations, the changed
frequency spectrum and its shift outside the tissue region too (in correspondence
to the increased power). Consequently, in both types of the Warburg effects
the cancer cells may escape from the tissue control and regulations and begin
their activity independent of the tissue. Figure 1 shows a cancer transformation
pathway (with a hypothetical term of the disturbed electromagnetic field) with the
mitochondrial dysfunction in the cancer cells or in the associated fibroblasts. In the
case of the Warburg effect and the reverse Warburg effect the frequency spectrum
of the electromagnetic field is shifted outside the tissue frequency region, very
likely to the higher and lower frequencies, respectively. Cancer cells escape from
the tissue control and regulation (Figure 2). Due to opposite frequency shifts of
EMG in the cancer cells and their associated fibroblasts a tendency towards local
invasion and metastasis should be increased in cancers with the reverse Warburg
effect at their early stage of development.These cancers are aggressive, with
increased risk of recurrence, and poor clinical outcome (Chiavarina et al.,
2010).

Infection with the lactate dehydrogenase elevating virus (LDHYV) increases
the level of the lactate dehydrogenase (LDH, now classified as NAD 1.1.1.27
Oxidoreductase) isoenzymes in plasma. LDH isoenzymes are upregulated in the
fibroblastic stromal compartment of the human breast cancer samples that lack
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the stromal Cav-1 expression (Pavlides et al., 2009; Bonuccelli et al., 2010a). LDH-B
may be a novel biomarker for the reverse Warburg effect (Bonuccelli et al., 2010b).
An extensive investigation of the role of LDH isoenzymes in the cancer process
was performed. Activity of the LDH isoenzymes (fractions) was determined by the
electrophoretic method using agar gel. The blood serum of cancer patients with
the gynaecological tumors (for instance, of vulva, endometrium, ovarium, cervix)
and the tumorous tissues were examined. An increased activity level of the LDH

5 isoenzyme in the majority of the cancer patients was observed by Skoda et al.
(1967) and Jandova et al. (1969a, b, 1970, 1971). (The LDH enzyme isoforms are
marked either by capital letters or numerals.)

The cell-mediated immunity response to the LDHV antigen was examined
too.The LDHYV antigen was prepared from the serum of inbred mice of the
C3H H?* strain infected with the LDHV.As a response to the LDHV antigen the
T lymphocytes adherence to solid surfaces manifests changes which are evaluated
in healthy humans and cancer patients with different cancers. A positive response
to the LDHYV antigen was a general feature of the investigated cases of the cancer
process (Jandova et al., 2001). Using the described method T lymphocytes prepared
from the blood of the cervical precancerous patients were examined. The results
lead to a conclusion that in the cervical cancer the glycolytic and the mitochondrial
oxidative energy production are transformed in the precancerous link of cancer
transformation, which is the last step before local invasion and metastasis (Jandova
et al., 2009).

Electric polarization of the mitochondrial membrane depends on the production
of ROS and the proton transport from the matrix space across the membrane, on
the distribution of ions in the cell, and on other conditions inside the cell. Effects
of cell growth, varying inhibition of the mitochondrial function by the fluorescent
dyes, plasma membrane potential, and ionophores on the apparent membrane
potential were investigated. The main effect was assigned to inhibition of the Kv1.5
channels in the plasma membrane resulting in the increased concentration of K*
in the cell (Bonnet et al., 2007). However, the effect of the water ordering around
mitochondria (Pokorny, 2012) has not been adequately explained.

The apparent potential (negative inside the matrix) of mitochondria in the
cancer cells is higher than and equal to (or even smaller than) the apparent
potential of their healthy counterparts for the low and high oxidative activity,
respectively. Consequently, the apparent potential differs from the real potential
which is proportional to mitochondrial oxidative activity — the low and high value
of the real membrane potential depends on the low and high metabolic activity,
respectively. However, the experimental data from the fluorescent measurement
of the potential across the inner membrane were interpreted without taking
into account the ordered water layer around mitochondria. The thickness of the
ordered water layer forming exclusion zone depends on pH (Zheng and Pollack,
2003, 2006), the membrane potential, and the type and concentration of ions in the
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solution. The exclusion zone is not formed for positively charged particles and a
negative membrane potential corresponding to pH equal to and greater than a limit
value as follows from analysis of the experimental findings of Zheng and Pollack
(2003). The exclusion zone is formed and its thickness increases with decreasing
pH in the region below its limit. Therefore, for a low membrane potential (pH

is greater than the limit value) the transported protons from the matrix form a
simple layer around the mitochondrion. For a high membrane potential (pH is
below the limit value) two proton layers may be formed: a) an inner proton layer
at the membrane below the ordered water layer, where the electric forces exerted
on protons by the matrix negative charge are greater than the forces exerted by
diffusion and the ordered water layer, b) a proton layer at the outer rim of the
ordered water. In the latter case the number of protons in the layer is smaller
than the total number of transported protons but their number is a function of
the membrane potential. The fluorescent dye molecules very likely cannot replace
protons in the inner layer between the membrane and the ordered water layer.
Therefore, the apparent membrane potential depends either on the replacement
of the protons in the simple layer or in the layer at the outer rim of the ordered
water by fluorescent dye molecules. At the low mitochondrial oxidative activity
the number of protons in the simple layer may be greater than their number in
the layer at the outer rim in the case of high oxidative activity. Therefore, the
number of the replaced protons by the molecules of a fluorescent dye might not
correspond to the real membrane potential. The low or the very low apparent
potential is measured on mitochondria with the high or very high proton transfer
across the membrane, respectively. Cancer cells with the reverse Warburg effect
and a hyperactive mitochondrial function have a low or a very low apparent potential.

Mitochondrial dysfunction is a central process along the cancer transformation
pathway. The cell mobilizes the tumor suppressor networks to avert malignant
transformation using oncogene-induced senescence (OIS). The crucial mediator
of the OIS is the mitochondrial gatekeeper — the pyruvate dehydrogenase (PDH)
enzyme family. Induced OIS keeps a normal function of PDH and abrogated OIS
results in the mitochondrial dysfunction by inhibition of the pyruvate transfer
(Kaplon et al., 2013; Olenchock and Vander Heiden, 2013). The mitochondrial
dysfunction may develop in the cancer cell or in its associated stromal fibroblasts.
In the former case the power of the generated electromagnetic field of cancer cells
is lower (with low level of coherence) and in the latter case equal to or higher
than power in a corresponding healthy cell.

Cancers of a different origin of the genetic and biochemical disturbances develop
to a narrow neck of the transformation pathway — the decrease of oxidative
metabolism. The Warburg and the reverse Warburg effect may be breakpoints in
the vast majority of cancers for creating malignity which develops after passing this
neck to disturbances of the physical processes. The different types of malignancies
may be vulnerable in this link and might be destroyed by restoration of the normal

Pokorny J.; Pokorny J.; Kobilkova J.; Jandova A.;Vrba J.;Vrba J. Jr.



Prague Medical Report /Vol. 115 (2014) No. 3—4, p. 104119 115)

mitochondrial function in cancer cells and/or their associated fibroblasts. This might
be a favourable condition for treatment.

Treatment of the cancer cells with the Warburg effect should restore a normal
mitochondrial function. The pyruvate pathway into the mitochondrial matrix is
blocked through phosphorylation of the PDH enzymes by PDK’s as described
by Bonnet et al. (2007). Restoration of the full PDH activity and a normal
mitochondrial function may be performed, for instance, by DCA but it is not active
for all PDK’s (Sun et al., 2010). However, the restored healthy state may not be
stable and the cell may return to the cancer version. The pathological production
of PDK’s caused by the oncogene mutation should be targeted too. Treatment
of the cancer cells with the reverse Warburg effect may be rather complicated.
Combination of different steps and action on different parts of the system is
necessary. First of all the physiological level of the stromal Cav-1 should be very
likely excited. The stromal fibroblasts have to restore their mitochondrial function
by blocking the cancer cell transformation signals and removing inhibition of
pyruvate transfer. Another step consists in cutting off secretion of the energy rich
metabolites and their transport to the cancer cell. Special care should be given to
restoration of the apoptotic function. But in spite of the intensive research on the
reverse Warburg effect cancers, the treatment remains at the initial stage.

Conclusion

Cancer process involves two general types: cancers with the normal and with the
reverse Warburg effect. The normal as well as the reverse Warburg effect transforms
the glycolytic and oxidative metabolism in the cells, which may be the last link
before the malignant cancer behaviour. In the case of the normal Warburg effect the
mitochondria in the cancer cells have a high apparent potential (hyperpolarization)
measured by the uptake and retention of the fluorescent dyes. The mitochondria are
dysfunctional with oxidative metabolism lowered due to inhibition of the pyruvate
transfer. The high value of the apparent potential (hyperpolarization) of mitochondria
in the cancer cells with the Warburg effect seems to depend on distribution of
protons and other positive charges without a limiting effect of the ordered water
layer. The treatment should be targeted to restoring the mitochondrial physiological
function and opening the apoptotic pathway.

In the case of the reverse Warburg effect the cancer cells have fully functional
mitochondria and supply of the energy rich metabolites (pyruvate, lactate, glutamine,
etc.) from the associated fibroblasts with the mitochondrial dysfunction. Cancer
cells of this type have high power, large aggressiveness, and high probability of
metastatic activity but a low apparent potential across the inner membrane of the
mitochondria. The low value is explained by formation of a layer of ordered water
separating two proton layers around mitochondria. The treatment should restore
the mitochondrial function in the associated fibroblasts and adjust a physiological
cooperation in the tissue.

Two Types of Mitochondrial Dysfunction
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