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Simple Summary: While improvements in technology have improved our ability to treat many
forms of cancer when diagnosed at an early stage of the disease, the ability to improve survival and
quality of life for patients with late stage disease has been limited, largely due to the ability of cancer
cells to evade destruction when treatments block preferred paths for survival. Here, we review the
role that ions and ion channels play in normal cell function, the development of disease and their
role in the life and death of a cell. It is hoped that viewing cancer from the perspective of altered ion
channel expression and ion balance may provide a novel approach for developing more effective
treatments for this devastating disease.

Abstract: Life depends upon the ability of cells to evaluate and adapt to a constantly changing
environment and to maintain internal stability to allow essential biochemical reactions to occur. Ions
and ion channels play a crucial role in this process and are essential for survival. Alterations in
the expression of the transmembrane proteins responsible for maintaining ion balance that occur
as a result of mutations in the genetic code or in response to iatrogenically induced changes in the
extracellular environment is a characteristic feature of oncogenesis and identifies cancer as one of a
constellation of diseases known as channelopathies. The classification of cancer as a channelopathy
provides a different perspective for viewing the disease. Potentially, it may expand opportunities for
developing novel ways to affect or reverse the deleterious changes that underlie establishing and
sustaining disease and developing tolerance to therapeutic attempts at treatment. The role of ions
and ion channels and their interactions in the cell’s ability to maintain ionic balance, homeostasis,
and survival are reviewed and possible approaches that mitigate gain or loss of ion channel function
to contribute to new or enhance existing cancer therapies are discussed.

Keywords: cancer; channelopathy; targeted osmotic lysis; ion channels; Na+, K+-ATPase; pulsed
electric fields

1. Introduction

For decades, the oncology community has regarded cancer from several viewpoints.
Originally thought of only as a disease of uncontrolled growth, it is additionally viewed
as a failure of cell death, genetic mutation, or a failure of the immune system. Moreover,
metastasis can be thought of as an increase of motility and invasiveness, and recurrence
can be viewed as cancer cells exiting an extended G0 phase of the cell cycle or hibernation
and a return to the features of stem cells. The viewpoint from which the disease is viewed
determines the approaches to treatment that are likely to be conceived.

Louis Ptáček and his colleagues [1–3], upon discovering that a mutation in the gene that
codes for the expression of the sodium channel in muscle responsible for contraction was the
cause of hyperkalemic periodic paralysis, introduced the term, channelopathy, to highlight
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the importance of altered ion channel functioning in the phenotypic presentation of the
disease [4]. Since then, it has been recognized that many other diseases [5–11], similarly
share altered ion channel expression and the resulting determinants of abnormal gain or
loss of function associated with mutations in the genetic code or in response to changes
in the extracellular environment [12], as major contributors to establishing the pathogenic
state. Indeed, over the past 30 years or so, a small community of investigators has focused
on the role of ion channels in cancer proliferation, metastasis and recurrence [13]. Voltage-
gated Ca2+ and K+ channels, up-regulated in many forms of carcinoma and sarcoma, induce
the suspension of apoptosis [13–16]. Treatments designed to inhibit Ca2+ channels can
re-instate apoptosis [17,18]. Likewise, inhibition of voltage-gated K+ channels can restore
apoptosis in many carcinomas [19]. Additionally, some ligand-gated ion channels, over-
expressed in certain cancers, lead to enhanced cellular proliferation [20]. Importantly, an
increase in voltage-gated sodium channel (VGSC) expression has been linked to increased
motility, invasiveness, growth rate, and metastasis in most aggressive carcinomas [21–32].
Because of these findings, Prevarskaya et al. [33] proposed that cancer should viewed as an
“oncochannelopathy” which has led to the proposal of an array of novel treatments that
in deference to approaches that eliminate the affected cells to deliver a cure, are designed
to additionally modulate or mitigate the effects of altered channel expression in order to
restore function.

2. Ions and Ion Channels—Basic Fundamental of Life
2.1. Ion Channels and Life in Single Cells

Life as we know it is contingent upon the ability to isolate, organize, coordinate
and maintain a conducive environment for chemical reactions to occur that transform
or conserve energy to support growth, reproduction and survival of cellular units in an
ever-changing and often hostile external environment. The types and relative amounts
of charged elements present at a given time that can vary widely in the external environ-
ment, but are tightly controlled within the confines of individual cells by semi-permeable
membranes that are responsible for maintaining cellular shape and the internal com-
partmentalization that is necessary for ensuring the proper and efficient conduction of
biochemical reactions [34–36].

Neutral relationships in living systems fluctuate due to the semi-permeable nature of
the plasma membrane and the ionic concentration gradients that provide a form of stored
energy for driving many of life’s essential biologic reactions [37], e.g., neuronal action
potential, muscular contraction, oxidative phosphorylation, in an effort to reach molecular
equilibrium. The charged nature of the lipid bilayer also retains large, impermeable,
negatively-charged, and osmotically active molecules within the cell that create a charge
imbalance with the extracellular space. The charge imbalance must be reconciled in order to
achieve osmotic equilibrium, homeostasis, and environmental support for biologic function
and must be present to establish and maintain the voltage gradient across the membrane
of active cells. Because the passage of each of the charged species differs, resolution of
the charge imbalance must be achieved by coordinating the concentrations of charged
species, typically Na+ ions with limited access to the intracellular space and less impeded,
positively charged K+ ions. Based on the level of cellular activity and the composition of the
extracellular space, the membrane potential can shift above or below the resting level, thus
affecting conformational change in a variety of transmembrane proteins that selectively
allow voltage-gated facilitated diffusion of specific charged species, e.g., K+, Ca2+, Na+,
Mg2+, H+, Cl−, PO4

2− and HCO3
− ions, into and out of the intracellular space down

their concentration gradients [38]. The gradients are created and maintained by the active
transport of charge elements across cell membranes against their concentration gradient
that derive energy from the breakdown of adenosine triphosphate (ATP) or by coupling the
transport of charged particles against their concentration gradients in conjunction with the
transfer of another charged element that flows down its concentration gradient [39,40]. The
linked transport provides the requisite energy for the exchange, e.g., Na+/Ca2+ exchanger,
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Na+/H+ exchanger, Cl−/HCO3
− exchanger. Sodium-potassium-ATPase (Na+, K+-ATPase;

the sodium pump), serves as the primary energy-dependent transporter in most cells for
establishing and maintaining the electrochemical gradient that is created by the differences
in the intra- and extracellular Na+ and K+ ion concentrations across the cell membrane [40].
Channel opening and closing and the ability to subsequently restore the membrane’s
electrochemical gradient provides the basis for the cell’s ability to monitor the extracellular
environment to embrace favorable and avoid injurious conditions and for maintaining
proper cellular homeostasis for growth, cell motility and reproduction. Alterations in
the voltage gradient that occur across plasma membranes in the process of living and in
response to challenges from the extracellular environment result in a choreographed ebb
and flow of charged elements that is necessary to adjust to changes that occur during the
performance of biological functions. As long as individual cells are able to acquire oxygen
and sufficient nutrients and to eliminate waste, they will grow and survive.

2.2. Ion Considerations in Multicellular Organisms

Ion concentrations and gradients and the modulation of the channels and transporters
responsible for establishing and maintaining osmotic balance are also essential for survival
at the level of multicellular organisms. The regulation of charge provides energy and
establishes the basis for performing and maintaining many essential functions including
the control of cellular replication, relative growth and cell death during embryonic devel-
opment, the initiation of gene expression, organ function and plastic changes needed for
organ repair and maintenance, the coordination of neuronal function, the development
and modulation of neuronal circuitry controlling behavior and even the development of
pathologic change associated with degenerative and proliferative disease that contributes
to organismal demise [41].

Despite the significant specialization of function that is required to ensure the survival
of multicellular organisms, the maintenance of cellular homeostasis and the elements of
intercellular communication are conserved and are absolutely fundamental. They rely on
the expression and coordinated functioning of ion channels to communicate and coordinate
the benefits of cellular specialization to enable the organism to successfully compete for,
and effectively occupy osmotically supportive niches for the good of the organism. In so
doing, a conceptual shift in priority from ensuring survival of individual cells to survival of
the whole is adopted. This requisite shift involves autophagy, a process for breaking down,
eliminating or recycling damaged cellular components and the programmed elimination
of certain cells to ensure optimum functioning of individual parts for the benefit of the
whole, a process known as apoptosis or apoptotic cell death [42–46]. Autophagy serves
to repair and replace dysfunctional cells and apoptosis plays an essential role in shaping
an organism during embryonic development, in the maintenance of cellular volume and
turnover and in the control of organ size.

As in life, the death of a cell depends on maintaining the proper water content within
a space-limiting membrane. The free passage of water across the plasma membrane occurs
by osmosis when differences in osmotic pressure exist between the cell’s external and inter-
nal environs [41,47–49]. In the presence of low osmotic pressure, water diffuses through
the cell membrane resulting in an increase in cellular volume. Although water generally
follows the flux of Na+, the restoration of cell volume in normal cells in response to small
isovolumetric fluctuations in osmotic pressure, typically involves a large influx of Ca2+ and
the extrusion of K+, Cl−, and organic osmolytes through activation of a wide variety of
transmembrane protein channels in the cell membrane, e.g., Ca2+-activated K+ (KCa) chan-
nels (predominantly the large-conductance (BKCa) and intermediate-conductance (IKCa)
Ca2+-activated K+ channels), voltage-gated K+ (Kv) channels, inwardly rectifying K+ (KIR)
channels, two-pore-domain K+ (K2P) channels and the extrusion of organic osmolytes, e.g.,
amino acids, polyalcohols, and amines, through volume-regulated anion channels (VRAC)
associated with the production of free radicals [41,47,50,51]. In the presence of high osmotic
pressure, water leaves the cell thereby reducing cell volume and initiating a regulatory
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volume increase (RVI) mechanism associated with increased levels of intracellular Na+,
Cl−, and organic osmolytes through the activation of Na+/Cl− and Na+/K+/2Cl cotrans-
porters and Na+/H+ exchangers [52–56]; Figure 1. The maintenance of intracellular and
extracellular ionic balance, osmotic pressure and cell volume, is essential for the support
of life sustaining biochemical reactions and survival [42,43,47,55,57–59]. The mechanisms
and elements enabling ionic exchange are conserved and extraordinarily redundant in cells
throughout the animal kingdom [60,61]. When working well, the multiplicity of pathways
effectively guarantees continued conduction of essential functions and provides a means to
escape elimination when exposure to harmful or lethal stresses occurs.
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Figure 1. The diagram presents major steps in the metabolic pathways occur in cells in response to
extrinsic environmental challenges (hypertonicity, hypoxia, toxins, immune response, and trauma)
and intrinsic signaling that trigger influx (+) or efflux (−) of ions orchestrated through numerous
channels between the extracellular matrix and the intracellular space resulting in shifts in cell
volume, downstream activation, increase (inc), decrease (dec), or inhibition (X) of processes affecting
cellular function and survival. The numbers and types of channels expressed and the resulting
number of ions exchanged determines cellular functioning and provides targets for developing
treatments to modulate pathologic change and provides the means for cells to develop resistance
and avoid elimination with intervention affecting steps closer to cellular elimination having less
opportunity for resistance.

2.3. Ion Channels, Cell Volume and Cell Death

Loss of the ability to control volume is a characteristic of cells that foreshadows
their demise [41]. In multicellular organisms, cells in the tissues that regularly sustain
physical stress, exposure to toxins or injury necessitating frequent repair and an increase
demand for DNA replication, are eliminated by autophagy or are genetically programmed
to undergo elimination through a form of apoptotic cell death [42–46]. The elimination
of fatigued or impaired cells reduces the likelihood of propagating errors in transcrip-
tion and translation associated with damage to the genetic code and makes room for
replacement cells. The process of apoptosis is characterized by a loss in cell volume. The
volumetric change is affected through the coordinated activity of several transmembrane
ion channels in the outer plasma membranes and inner mitochondrial membranes that
are responsible for regulating intracellular osmotic pressure and production of ATP and
the failure to initiate the RVI mechanism [56]; Figure 1. The process is set in motion by
an increase in intracellular Na+ [62–65] that initiates an efflux of intracellular K+ through
Kv, BKCa, IKCa, delayed rectifier and inward rectifier K+ channels, a process that blocks
the apoptotic death receptor and reduces the protection against DNA fragmentation and
caspase-3 protease activation [41,57,66–70]. The additional activation of volume sensitive,
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outwardly rectifying Cl− channels [71–75] and Bax-associated inhibition of mitochon-
drial Kv 1.3 channels, further enables the release of cytochrome c and the production
of reactive oxygen species that lead to apoptosis, the normal and evolutionarily benefi-
cial cascade of events that encompasses cleavage and condensation of the DNA, nuclear
fragmentation, caspase activation, apoptosome formation and apoptotic nuclease activity,
resulting in blebbing of the plasma membrane, cell death, and engulfment of the cell by
phagocytes [41,55,58,69,70,73,75–85]. These final steps remove non-functional cells without
initiating inflammation and changes in the extracellular matrix associated with the requisite
release of lytic enzymes and chemical mediators associated with cell death. The surviv-
ing cells’ avoidance of exposure to the deleterious effects of lytic inflammatory enzymes
and chemical mediators associated with inflammation minimizes collateral damage in
the surrounding extracellular environment and maximally preserves organ function and
integrity (Figure 2).
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Figure 2. The illustration depicts important characteristics of normal apoptosis that rely on proper
ion channel expression and function and are essential for maintaining healthy organ structure and
integrity. The circular profiles represent relative size of normal cells (black circles) and cells scheduled
for programmed cell death (red circles). Parallel green bars and yellow dots represent typical ion
channels and their restorative mechanisms, here for Na+, respectively. Arrows denote the direction
of ionic flow. Dividing cells are indicated by overlapping circles and bold lines. Beginning in (A),
normal cells for a portion of functioning organ are rendered with relatively uniform size. As apoptosis
begins (B), there is a shift in ion channel function in the cells scheduled for apoptotic death (red
circles) resulting in a decrease in volume that progresses through (C,D) as the process continues. This
process provides room for replacement cells seen dividing in (D). Upon completion of cell division,
the remains of the dead cells are removed by phagocytosis maintaining structural integrity in (A),
while renewing component cells. Note that this process occurs without initiating inflammation.

By contrast, necrotic cell death stems from pathogenic attack, ischemia, or the irre-
versible thermal, mechanical or chemical compromise of cell structure, or the mechanisms
needed to store and use energy for cellular functioning, is associated with cellular swelling.
Necrotic volume increases involve increased Ca2+ influx through activation of members of
the family of transient receptor potential (TRP) channels, disruption of chromatin and ion
and electron transport mechanisms that lead to a depletion or reduced synthesis of ATP,
organelle dysfunction, the influx of Na+ through TRP melastatin-2 and -4 channels, and cell
lysis [47,81,82]; Figure 1. With disruption in the cell membrane, lysosomal enzymes and
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chemical mediators are released into the surrounding extracellular matrix initiating the pro-
cess of inflammation and the recruitment of components of the immune system to restrict
the extent of damage, remove the cause and result of injury, repair structural integrity and
restore normal homeostasis and function [86]; Figure 3. This process generally produces
sufficient, but often imperfect results that can ultimately lead to a reduction in cellular
reserve, structural deterioration, and loss of function. This process can accelerate in the
presence of especially harsh environments associated with frequent or extensive physical or
hypoxic stress or exposure to toxic/metabolic cellular trauma and tissue injury (Figure 1).
Prolonged periods of inflammation with its requisite release of chemokines, growth factors
and proteolytic enzymes, can increase the risk of producing collateral damage in normal
tissue [87,88]. Chronic inflammation thus hastens the rate of decline associated with wear
and tear and imposes an increased need for repair and replacement of essential cellular con-
stituents that are crucial for maintaining function and survival. Coincidentally, the release
of chemical mediators and growth factors associated with the cyclooxygenase pathway that
are released during inflammation and are known to stimulate the expression of VGSCs in
dorsal root ganglia related to the site of inflammation [89–91]. It may similarly affect cells
that surround an area of necrosis by increasing the expression of VGSCs, osmotic influx of
water and cell swelling. The addition of regulated conduits for Na+ influx may provide a
means for preempting the apoptotic reduction in cell volume and programmed cell death,
resulting in prolongation of cell survival and an enhanced ability for the affected cells to
metastasize and invade normal tissue [92–94].
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Figure 3. The illustration presents important characteristics of necrosis that distinguish this form of
cell death with apoptosis. Conventions are the same as used in Figure 1. There are normal cells in (A).
A nidus of injury (small purple circles) and an area of inflammation (shaded area) initiated to control
the amount of injury and heal the wound is illustrated in (B). The inflammatory mediators affect a
change in channel expression in local cells resulting in an increase in cell volume for normal cells
and a maintenance of cell volume in cells scheduled for apoptotic death. In (C), lytic enzymes in the
area of inflammation affect lethal changes in the genetic code and initiate necrosis in the previously
normal cells (large circles with dashed purple borders). These changes lead to the extension of the
area of inflammation and enhance the effect on channel expression and function. Shifts in channel
expression and function in response to changes in the extracellular matrix illustrated in (D), support
the cells scheduled for apoptosis channel. Increases in Na+ channel expression supports survival and
enhances cell motility and the ability to invade to areas beyond the area of inflammation.
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2.4. Ion Channels and Cancer

With age, time and each replication associated with frequent exposure to necrosis and
inflammation, the likelihood for mutation of the genetic code increases and the cell’s ability
to repair the damage declines. Alterations associated with ion channel expression play a
role in altering apoptotic balance that leads to increased cellular longevity and an enhanced
ability for cellular proliferation [95–97]. For example, changes in the expression of key
membrane channels or transporters affect change through modulation of the pathways
for ion exchange that regulate energy utilization and storage necessary to support the
performance of the biological reactions that are critical for maintaining cell volume, osmotic
balance and survival of cancer cells. Following oncogenic change, neoplastic cells increase
water content and maintain cell volume by decreasing K+ efflux, at least in part by reducing
the expression of a number of cell type- and state-specific, Kv, including among others
Kv 1.1, Kv 1.3, Kv 1.5, Kv 2.1 and Kv 11.1 [75,76,98–105], by increasing the expression of
VGSCs [21–32,106], Ca2+-activated Cl− channels, 8-transmembrane receptor-activated Cl−

channels, and volume sensitive outwardly rectifying Cl− channels [107–109]. Additionally,
alterations in the microenvironment further support the invasion of transformed cells into
normal tissue and promote their growth and metastasis [110,111].

Because of the recognized importance of ions, ion channels and transporter expression
in establishing, maintaining and restoring ion balance, homeostasis and essential concen-
tration gradients involved in the regulation of the cell cycle [112], cell growth [95,113],
proliferation [96,100,103,113], migration [97,98], neovascularization [114], and the cascades
of events related to programmed cell death [115,116], considerable effort has been devoted
to the discovery and development of therapeutic agents that can be targeted to affect
changes, particularly in K+, Na+ and Cl− channel function or expression that make it
possible for cells in specific degenerative or neoplastic disease states to accelerate or evade
programmed cell death. In the case of cancer, these cells additionally invade normal tissue
and metastasis [21,22,24,25,92–95,99–101,111,113]; Figure 1. Unfortunately, because of the
rapid growth of tumors, cellular microenvironments continually evolve and generate novel
challenges for cancer cells to meet and overcome in order to survive. The multiplicity of
ion channels and redundancy of options for ion-ion interactions provides virtually endless
possibilities for compensatory downstream ‘by-pass’ alternatives for evading destruction
when preferred paths are compromised [114]; Figure 1. This confers enhanced survival of
the cancer and a monumental challenge for the clinician wishing to select an appropriate
target for achieving therapeutic benefit while averting treatment failure and adverse events.

Initial attempts at developing treatments were focused on altered ion channel ex-
pression involved in the initiation or reversal of the pathologic changes in the apoptotic
cascades, the ability of cells to reproduce, or the development of resistance to treatment.
These technologies logically employed the promising and rapidly expanding approaches of
targeted and immune-modulating therapies that are designed to identify features unique to
diseased cells that can be used to deliver therapeutic agents or activate and direct immune
attacks to eliminate the pathologic cells and are the mainstay of our current standard
of care [111,112,117–120]. While the selectivity achieved by activation or inhibition of
gene expression and targeting the delivery of therapeutic interventions has improved
efficacy and limited adverse effects compared with earlier therapeutic methods, that they
affect permanent change or lethality in targeted cells, encumbers these treatments with
significant adverse effects related to cross-reactions with a wide variety of conserved ion
channels that exist and are broadly expressed in normal tissues. For example, pharmaco-
logical or pathologic inhibition of production of Nav 1.5 channels that are over-expressed
in many carcinomas can produce cardiomyopathies, cardiac arrhythmias, dizziness and
nausea [121].

As in other channelopathies, unintended problems associated with targeting and
eliminating specific abnormally expressed ion channels and the cells in which they are
commonly expressed is acknowledged to be especially problematic when considering
irreversible treatments have the potential to eliminate all cells that normally or abnormally
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express the targeted channel, effectively compromising or destroying organ systems, e.g.,
cardiac, peripheral nerve, and precluding survival. For example, agents designed to directly
target and reduce the overexpression of Kv, especially the Kv 1.3 and Kv 1.5 channels, or
alter the expression of proteins, such as K+ channel modulatory protein KChAP [105] or
Bax, a pro-apoptotic protein [43,76,77], that through interaction with K+ ion channels in the
mitochondrial membrane compromise of the oxidative phosphorylation cascade may, by
providing a mechanism to alter intracellular concentration gradients, decrease neoplastic
resistance and stimulate apoptosis, but may also lead to cardiac arrhythmias.

The features of phenotypic heterogeneity and genetic heterogeneity (mutations in
a single gene that can cause different diseases and mutations in different genes that can
result in the same or similar disease phenotype), impose additional complications for
identifying and delivering optimum treatment. For example, mibefradil, a Ca2+ channel
inhibitor, inhibits proliferation in human glioma and neuroblastoma cells, but because of its
effect on the functioning in off-target epithelial cells may have the opposite effect through
modulation of Ca2+-activated Cl− channels that have been reported to stimulate apoptosis
and suppress tumour formation [107].

Treatments of channelopathies, are therefore conceptually different from other treat-
ments because they focus on developing reversible methods to directly or indirectly modu-
late ion balance and channel activity in abnormally expressing cells to achieve control of
the disease through reversal of the gain or loss of channel function. In the management of
cancer, as in the management of inherited painful channelopathies, the use of Na+ channel
blocking agents, such as carbamazepine, phenytoin and riluzole, that that block the ex-
pression or impede the function of VGSCs has been shown to decrease tumor growth and
invasiveness and to suppress cell migration and metastasis, a noble aim. However, as with
other agents that target the elimination of functional gain, have thus far been ineffective in
eliminating the cancer [39,92,122–129].

2.5. An Alternate Approach to Conventional Therapy

To minimize the likelihood of treatment failure and adverse effects, short-lived, ion
channel blocking agents affecting reversible compromise of common path conduits that
govern cellular homeostasis, osmotic pressure and cell volume, essential for survival with
few, if any, escape options and greatest disparity between normal and diseased cells are
likely to provide the best therapeutic targets (Figure 1). Evidence provided in recent re-
ports on the benefits of ‘targeted osmotic lysis’ (TOL) support the possibility that Na+

channel activation and simultaneous blockade of Na+, K+-ATPase may offer a promis-
ing option for the treatment of advanced carcinoma because it affects a mechanism that
is a final common path to survival with fewer options for evasion [93,94,118,128,129].
Three decades of evidence shows that most aggressive carcinomas overexpress VGSCs.
This overexpression confers an enhanced ability to invade normal tissue and to metasta-
size [21–32]. The dynamic relationship between VGSCs and Na+, K+-ATPase is essential
for maintaining the critical Na+/K+ electrochemical gradient and cellular homeostasis. The
understanding of this relationship led to the hypothesis that because of the similar impor-
tance of the conserved relationship between Na+ channels and the Na+ pump, it might
be possible to selectively eliminate many carcinomas that highly over express VGSCs by
augmenting, rather than blocking, VGSC activity and simultaneously blocking the pump-
ing mechanism responsible for restoring the Na+/K+ electrochemical gradient and cellular
homeostasis [94,95].

In TOL, opening of VGSCs is achieved by delivering a pulsed electric field to the
whole body. Because of the relative negativity of the intracellular environment and ex-
tracellular Na+ levels always exceed those in the intracellular space, influx of Na+ into
the overly expressing cancer cells greatly increases down this concentration gradient, usu-
ally about 30:1. The simultaneous blocking the Na+ pumping mechanism with a cardiac
glycoside prevents the return of the ions to the extracellular space. Water then passively
follows Na+ into the cells by osmosis, in an attempt to restore normal oncotic pressure,
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but exceeding the cells capacity to comply, resulting in cell lysis. By contrast, normal cells
are spared from damage because Na+ channel expression is significantly less than that
found in most advanced carcinomas. Thus, less Na+, and consequently less water, enters
normal cells averting significant cell swelling and lysis. The evidence to date, drawn from
studies conducted on several forms of cancer performed in vitro and in vivo in several
mammalian species supports the approach to treatment and that the augmentation of
abnormality, particularly with reference to TOL has the potential to provide a safe, well-
tolerated and effective treatment for advanced carcinomas without compromising quality of
life [92,93,118,130,131].

3. Conclusions

Because of their ubiquitous distribution, conserved nature and functional characteris-
tics in all living cells, ions and the transmembrane channels and transporters that determine
and maintain the relationships that are the essence of life and survival, and the recognition
that unique shifts in channel expression and activity occur and serve in the pathogenesis
of disease, the modulation of charge offers an attractive target for developing new and
effective therapies for managing disease. Importantly, because of the evidence of efficacy for
TOL that has been presented to date for the treatment of advanced carcinoma, we further
propose that the identification of shifts in ion channel expression that are widely disparate
from that observed in normal cells, play an integral part of ion-ion relationships critical
to survival, and are characteristic, causative and unique to the pathogenesis of disease,
may prove to be and should be considered in developing novel and effective methods
of treatment. In addition, the augmentation of altered modulating determinants alone
or in combination with complementary therapies warrants consideration and evaluation
as they might well add a new dimension to our approach to managing neoplastic and
other debilitating diseases that may be as good or more effective than standard approaches
designed to impede or eliminate the inciting cause.

4. Patents

A patent for the technology described in this manuscript entitled, Targeted Osmotic
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