
6.575

Review

The Interplay of Dysregulated pH
and Electrolyte Imbalance in
Cancer

Khalid O. Alfarouk, Samrein B. M. Ahmed, Ahmed Ahmed, Robert L. Elliott , Muntaser E. Ibrahim,

Heyam S. Ali, Christian C. Wales, Ibrahim Nourwali, Ahmed N. Aljarbou, Adil H. H. Bashir  et al.

Special Issue
New Insights into Tumour pH Regulation

Edited by

Dr. Alzbeta Hulikova

https://doi.org/10.3390/cancers12040898

https://www.mdpi.com/journal/cancers
https://www.ncbi.nlm.nih.gov/pubmed/?term=2072-6694
https://www.mdpi.com/journal/cancers/stats
https://www.mdpi.com/journal/cancers/special_issues/p_H
https://www.mdpi.com
https://doi.org/10.3390/cancers12040898


cancers

Review

The Interplay of Dysregulated pH and Electrolyte
Imbalance in Cancer

Khalid O. Alfarouk 1,2,3,*, Samrein B. M. Ahmed 4, Ahmed Ahmed 5, Robert L. Elliott 6,

Muntaser E. Ibrahim 7, Heyam S. Ali 8, Christian C. Wales 2, Ibrahim Nourwali 9,

Ahmed N. Aljarbou 10, Adil H. H. Bashir 7, Sari T. S. Alhoufie 11, Saad Saeed Alqahtani 12,

Rosa A. Cardone 13 , Stefano Fais 14, Salvador Harguindey 15 and Stephan J. Reshkin 13

1 Alfarouk Biomedical Research LLC, Temple Terrace, FL 33617, USA
2 American Biosciences Inc., New York, NY 10913, USA; dwales@americanbiosciences.com
3 Hala Alfarouk Cancer Center, Khartoum 11123, Sudan
4 College of Medicine, University of Sharjah, P. O. Box 27272 Sharjah, UAE; samahmed@sharjah.ac.ae
5 Department of Oesphogastric and General Surgery, University Hospitals of Leicester, Leicester LE5 4PW, UK;

Ahmed.ahmed@doctors.org.uk
6 The Sallie A. Burdine Breast Foundation, Baton Rouge, LA 70806, USA; drrobertelliott@cox.net
7 Institute of Endemic Diseases, University of Khartoum, Khartoum 11111, Sudan;

mibrahim@iend.org (M.E.I.); Derma55@yahoo.com (A.H.H.B.)
8 Department Pharmaceutics, Faculty of Pharmacy, University of Khartoum, Khartoum 11111, Sudan;

Heyam57@hotmail.com
9 College of Dentistry, Taibah University, Al-Madinah Al-Munwarah 42313, Saudi Arabia;

ibrahim_germany@hotmail.com
10 College of Pharmacy, Qassim University, Buraydah 51452, Saudi Arabia; aaljarbou@yahoo.com
11 Department of Clinical Laboratory Sciences, Faculty of Applied Medical Sciences, Taibah University,

Al-Madinah Al-Munwarah 42353, Saudi Arabia; saritalal1@hotmail.com
12 Clinical Pharmacy Department, College of Pharmacy, Jazan University, Jazan 45142, Saudi Arabia;

saad6620@hotmail.com
13 Department of Biosciences, Biotechnologies, and Biopharmaceutics, University of Bari, 90126 Bari, Italy;

rosaangela.cardone@uniba.it (R.A.C.); stephanjoel.reshkin@uniba.it (S.J.R.)
14 Department of Oncology and Molecular Medicine, National Institute of Health, Viale Regina Elena, 299,

00161 Rome, Italy; stefano.fais@iss.it
15 Institute for Clinical Biology and Metabolism, Postas 13, 01004 Vitoria, Spain; salvaszh@telefonica.net
* Correspondence: Alfarouk@Hala-Alfarouk.org

Received: 2 February 2020; Accepted: 2 April 2020; Published: 7 April 2020
����������
�������

Abstract: Cancer cells and tissues have an aberrant regulation of hydrogen ion dynamics driven
by a combination of poor vascular perfusion, regional hypoxia, and increased the flux of carbons
through fermentative glycolysis. This leads to extracellular acidosis and intracellular alkalinization.
Dysregulated pH dynamics influence cancer cell biology, from cell transformation and tumorigenesis
to proliferation, local growth, invasion, and metastasis. Moreover, this dysregulated intracellular pH
(pHi) drives a metabolic shift to increased aerobic glycolysis and reduced mitochondrial oxidative
phosphorylation, referred to as the Warburg effect, or Warburg metabolism, which is a selective
feature of cancer. This metabolic reprogramming confers a thermodynamic advantage on cancer
cells and tissues by protecting them against oxidative stress, enhancing their resistance to hypoxia,
and allowing a rapid conversion of nutrients into biomass to enable cell proliferation. Indeed, most
cancers have increased glucose uptake and lactic acid production. Furthermore, cancer cells have
very dysregulated electrolyte balances, and in the interaction of the pH dynamics with electrolyte,
dynamics is less well known. In this review, we highlight the interconnected roles of dysregulated pH
dynamics and electrolytes imbalance in cancer initiation, progression, adaptation, and in determining
the programming and reprogramming of tumor cell metabolism.
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1. Introduction

In most cells, the utilization of glucose by the cell yields energy in the form of ATP and other
molecules, ultimately ending in CO2 and H+. Under aerobic conditions, O2 binds a proton to form
H2O; therefore, O2 acts as an intracellular detoxifying molecule [1]. During transient low oxygen
conditions and in only some relatively adaptable tissues (e.g., skeletal muscle but not in the brain nor
heart) glycolysis produces lactate (converted from pyruvate), which is then translocated (extruded),
via proton-linked monocarboxylate transporters (MCTs), creating an acidic extracellular pHe [2–7].
This transient shift in the metabolic program under oxygen scarcity is termed the “Pasteur effect” [8].
Chronic endurance training increases muscle blood flow capacity (BFC) through the promotion of
vascularity (remodeling of the arterial tree and/or increasing vascular resistance), and so increases
oxygen levels [9–11]. While intermittent hypoxia leads to a disastrous effect on cell fate ending in
cell death, skeletal muscle cells have adapted [12] by acquiring aberrant biology through disruption
and/or atrophy of mitochondria [13]. The Pasteur effect could be seen as an economical cost during a
deficit of O2 because it represents the cytoplasmic utilization of glucose efficiently, ending up in the
formation of lactate. In conclusion, in normal tissue, oxygen is generally a critical component in the
cellular detoxifying process.

In the 1920s, Otto Warburg observed that most cancer cells could perform glycolysis in the
presence of oxygen with a dominant production of lactate, which later came to be known as the
“Warburg effect” and is considered to be a cancer hallmark [2,14]. The consequence of the upregulated
glycolysis is creating alkaline pHi conditions inside the cell and an acidic extracellular pHe [1,15].
The pH dysregulation observed in cancer cells helps to drive various tumor hallmark processes that
are highly sensitive to even minimum pHi variations such as cancer initiation, progression, adaptation,
proliferation, migration, and the reprogramming of tumor cell metabolism. Furthermore, many effects
on biologic processes of a cell are generated as a result of pH-sensitive functions such as the regulation
of protein expression, the affinity of proteins to bind with a ligand as well as the activity of ion
channels/enzymes that are important to maintain electrolyte dynamics in normal cells and create an
electrolyte imbalance within the tumor cell.

In this review, we shall start out with a general discussion of the dynamics, regulation, and role
of intracellular and extracellular pH in cancer processes followed by a discussion of what is known
about the interaction of these pH dynamics with the dynamic and regulation of important cellular
electrolytes such as sodium, bicarbonate, calcium, potassium, and chloride.

2. Extracellular Acidity and pH Sensors

Transmembrane pH sensors provide crucial information about the signal pathways that transduce
the acidic extracellular pH ‘signal’ towards the reprogramming of genes and cancer processes within
tumor cells [16]. G protein-coupled receptors (GPCRs), such as GPR4, 65 and 68, respond to increased
extracellular proton levels via protonation of histidine residues in their extracellular regions [17]
which then transduces the signals by various G proteins and several intracellular pathways such
as phospholipase C (PLC) as well as adenylyl cyclase. There are also some non-G protein-coupled
receptors such as TRPV1 (i.e., transient receptor potential V1) as well as ASIC1 (i.e., acid-sensing ion
channel 1) that are activated by the acidic extracellular pH [18]. Recently in prostate and breast cancer
cells exposed to the acidic environment, it has been reported that as these channels permit the influx of
calcium followed by the activation of nuclear factor-κB (i.e., NF-κB) [19,20].

Furthermore, intracellular pH sensing is now known to play essential roles. Indeed, due to the
nature of His and Arg residues to carry the charge, intracellular pH sensing may occur directly as a
result of changes in the level of protonation of proteins involved in various signaling mechanisms.
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An example of this is the activity of most enzymes in the glycolysis pathway, which are pH-sensitive
with optimum activity at alkaline pH and mutations in these residues can alter the overall activity of
the enzymes (see below).

3. The Impact of pH on the Proliferation and the Survival of Cancer Cells

Alkaline intracellular pHi was considered by Pouyssegur and colleagues [21] to be not obligatory
but rather permissive to increase the proliferation of cells, and pHi-dependent changes in cell
proliferation have been confirmed by a recent study [22]. Various studies have suggested that the
proliferative response based on pHi is dependent on the increased/decreased activity of transporters
such as the sodium and hydrogen exchanger 1 (NHE1) [23], bicarbonate transporters driven by
sodium [24,25] as well as the H+/K+-ATPase proton pump [26]. In the cell cycle regulation of a normal
cell, when in interphase, the cells follow a subsequent pH increase until they reach the end of the S phase,
promoting the transition to the G2/M phase. Any blockage of the increasing pH causes attenuation of
the level of cyclin B as well as maintaining inhibitory phosphorylation of Cyclin-Dependent Kinase 1
(Cdk1-pTyr15). It is still difficult to determine the reason behind the regulation of cell cycle progression
by the presence of a high alkaline pHi in cancer cells [21]. The study on the fibroblast cell lines has
suggested an increase in the level of cyclin B, along with the level of Cell Division Cycle 25 (Cdc25)
phosphatases (which causes dephosphorylation of inhibitory of Cdk1 Cdk1-pTyr15) as well as a
reduction in the Wee1 kinase level (which causes phosphorylation of Cdk1- Tyr15) due to a constant
increase in pHi [27]. Additionally, such changes in expression result in increasing the expression of
active Cdk1, which causes promotion of the entry into the G2/M phase.

On the other hand, apoptotic cells have more acidic intracellular pH [28,29], and cytosolic
alkalinization through activation of the Na+/H+ exchanger was found to suppress apoptosis through
the inactivation of a pH-dependent endonuclease [29]. This acidification of the cytosol has been
demonstrated to be an early event that regulates caspase activation in the mitochondrial pathway for
apoptosis [29,30]. A reduction in the levels of mitochondrial pHi has been found during the apoptosis
response mediated by death receptors [31], and this death-receptor acidification of pHi depends upon
the caspases, which further cause DNA fragmentation [32]. It has been suggested that a reduced pHi is
the sign of early caspase activation during the mitochondria-mediated apoptosis since a reduction
in pH causes the mitochondria to release cytochrome C [33]. In support of this, it was observed that
caspases are activated through cytochrome c, and this process needs cytosolic pH in the range between
6.3 and 6.8 [30].

4. Tumor Metabolism

In the 1920s, Otto Warburg observed that most cancer cells could perform glycolysis in the presence
of oxygen with a dominant production of lactate, which later came to be known as the “Warburg
effect” [2,14]. While the cytoplasmic utilization of glucose occurs only where mitochondria poorly
function or are unable to function [1], it has been observed that many cancer cells can balance their
metabolism between glycolysis and mitochondrial pathways [34–37]. Indeed it has been observed
that some cancer cells can also rely on the lactate produced by other strongly glycolytic cancer or
stromal cells known as “reversed Warburg effect” in that the ‘oxidative’ tumor cells are utilizing lactate
produced by another glycolytic (Warburg) tumor cell [38]. Therefore, we proposed that cancer is an
integrated metabolic ecosystem [8], and such metabolic diversity is governed by reaction-diffusion
kinetics as a function of tumor vascularization [39] as well as the capability of tumors to wash out
their metabolic waste products [40]. Intracellular alkalinity supports all the glycolytic steps to provide
ATP and NADH [1] as well as maintaining the redox state of the cell through the Pentose Phosphate
Pathway (PPP) pathway to support cellular proliferation and diminish cell death [2].

The alkaline pHi is the result of the activation of many proton exchangers/ion channels that is
acting together to make the extracellular milieu acidic [41]. This acidic pHe confers an “evolutionarily
advantageous” cancer fitness [41] by supporting tumor growth via: (i) diminishing growth of the
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normal cells and so provide more space and relative abundance of nutrients, e.g., glucose, (ii) blunting
the immune system [41], (iii) supporting metastatic transformation [41], and (iv) the acidic pH ionizes
the weak basic chemotherapeutics agents and so reduces their entrance to the cell through lipid
bilayers [42].

This type of programming and reprogramming of metabolism is beneficial to cancer cells as it
increases their resistance to hypoxia. Hence, the nutrients are rapidly converted into biomass, thereby
increasing cell proliferation, as well as providing protection against the damaging ROS produced
by mitochondria. However, it has been found that in several types of cancer, there is an increase in
glucose uptake as well as the production of lactic acid. Glycolytic flux depends partly on the activity of
glycolytic enzymes having a strong alkaline pH sensitivity, such as lactate dehydrogenase A (LDHA)
and Phosphofructokinase 1(PFK-1) [1].

LDHA regulates the conversion of pyruvate into lactate and is associated with a high level of
aggressiveness in terms of its expression/activity in metastatic cancers. Moreover, tumor growth will
be suppressed upon inhibition of LDH [43,44]. Indeed, in pancreatic tumors, the post-translational
acetylation of Lys5 tends to reduce LDHA activity and, hence, reduces the growth of tumors due to
the replacement of endogenous LDHA with a mutant of acetylation–mimetic [45]. LDHA activity
is also regulated by the post-translational modification caused by protonation/deprotonation and,
physiologically, due to a higher, alkaline pHi [46]. In LDHA, potential sensing regions of pH such
as Asp140 which have been identified and form an electromagnetic bond in the catalytic site with
the His192 in its backbone and the other region consists of Lys131 which is exposed to solvent and
also contain a residue network at the interface of the tetramer, i.e., Arg170, His180 and 185 have been
identified with the help of a computational program known as pHinder. The residues in the sensing
regions can modify the values of pKa values shifting in an upward or downward direction in terms of
physiological range. The details of the molecular mechanism of pH sensing with the help of LDHA are
still undetermined [47].

Highly proliferating cancer cells show a characteristic feature of enhanced lactate activity;
however, in glucose metabolism, the pathways that lead to an upstream flow of carbon is still not clear.
Furthermore, it is known that in glycolysis, the activity of the first-rate limiting enzyme, i.e., PFK-1
is sensitive to levels of pH depicting more than a tenfold increase between the pH range of 7.0–7.4
although several studies have suggested variability in the PFK-1 role in cancer [48].

The enhanced expression of the protein PFK-1 in several cancers has suggested the high activity
of PFK-1 is related to enabling the phenotypes of cancer cells [49]. Furthermore, PFK-1 glycosylation
also shows high activity in cancer [49]. In addition to that, it was shown in several human cancers that
various somatic mutations found in PFK-1 have the ability to inhibit its enzyme activity [50]. A PFK-1
platelet isoform has been used to understand the dysregulated pH dynamics of PFK-1 activity as a
crystal structure. His208 was found to be the pH sensing residue based on the crystal structure of
PFK-1, its estimated pKa, and the simulations based on the molecular dynamics [50].

KRAS (K-ras or Ki-ras) is a gene that governs cell signaling. The KRAS gene encodes an
approximately 21 kDa small GTPase, that cycles between the active guanosine triphosphate-bound
form (GTP) and the inactive guanosine diphosphate bound form (GDP) [51]. Normally, it controls cell
proliferation. However, if mutated, the negative signaling perturbated, and so, the cells proliferate
continually. Oncogenic activation of KRAS can affect several cellular processes that regulate morphology,
proliferation, metabolism, motility, and survival via the activation of many pathways, such as the MAPK
and PI3K/AKT/mTOR pathways [52,53]. KRAS expression stimulates the Warburg effect through
enhancement of the expression many genes, including the gene responsible for the expression of the
glucose transporter-1 (GLUT1) and several rate-limiting glycolytic enzymes, including hexokinase and
lactate dehydrogenase. Also, KRAS expression supports the Hexosamine Biosynthesis pathway (HBP)
and Pentose Phosphate Pathways (PPP); and so, pooling the DNA building blocks and inhibiting the
cell death pathway (e.g., apoptosis) through the modulation of the NADP+/NADPH ratio [54–56].
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Several treatment modalities have been adopted to interfere with glycolysis, e.g., some
pharmacological agents used to treat cancer via restoration of the mitochondrial function to support
programmed cell death (apoptosis); some of these agents include Proton Pump Inhibitors (PPIs),
Hydroxycitrate, NaHCO3, Lipoic acid, and could be extended to use some of the natural extracts, e.g.,
Fermented wheat germ extract FWGE [14,57–62].

5. Effect of pH on Tumor Metabolism

Various studies have suggested the importance of tumor environmental acidification on metabolic
programming [39,41,63–66]. Although, it was identified that the cellular mechanisms that vent protons
are limited in their action, and the cancer cells reprogram their metabolism uniquely to fulfill the
challenging environment. The whole process is regulated by an efficiently working mechanism that
tends to maintain the pHi of tumor cells within the alkaline range, even in the presence of an acidic
environment [67]. The regulation of pH in tumor cells is carried out with the help of classical models
such as hydrogen extrusion or bicarbonate cytoplasmic buffering [68].

Due to alterations in cancer cell metabolism, tumor cells secrete a massive amount of lactate into
the tumor microenvironment. The adaptations made by tumor metabolism in response to acidosis of
the tumor microenvironment are linked with the development of a lactate gradient in hypoxic cancer
cells. Lactate is a product of glycolysis released from the cell via the MCT4, a process that is referred to
as metabolic symbiosis as it can then be taken up consumed by other cancer cells [69–71]. Various
studies have recognized HIF2α as a critical regulator which helps in adapting metabolism in response
to acidosis [72,73], whereas HIF-1α (i.e., hypoxia-induced transcription factor) shows down-regulated
activity [74,75]. As observed in tumor cells of the cervix, colon as well as the pharynx, the enhanced
glutamine metabolism occurs as a result of the upregulated activity of HIF-2α as it gets activated
under low pH conditions. This glutamine metabolism is regulated by the enhanced expression of the
transporter of glutamine known as ASC-like sodium-dependent neutral amino acid transporter 2 (also
referred as ASCT2, SLC1A5 and ATB (0)) or GLS1 (referred as glutaminase) instead of the standard
metabolism of glucose taking place at neutral pH [76].

Another alteration observed in tumor cell metabolism under low pHe is associated with the
metabolism of lipids. The production of reactive oxygen species is also observed in the cells, which
are exposed to acute/prolonged time to low pH. However, several phenotypic variations have been
observed as tumor cells are chronically in contact with low pH (acidic), causing proliferation (same
as that of observed in cancer cells at neutral pH). However, acute exposure to low pH is linked with
depicting inhibitions on growth and a rapid reduction in the step where ribose, is obtained from
glucose, to be used in the process of ribonucleotide synthesis [77]. Moreover, glutamine and fatty acids
contribute to the synthesis of ribose under acute low pH conditions [78]. Such events occur during the
progression of cancer cells adapting to low pH conditions and strategies developed for dealing with the
increasing demand for survival needs such as bio-energy and antioxidant and afterward developing the
capacity to fulfill the biosynthetic needs (lipids and proteins, etc.) to proliferate. The lactate secretion
supports cancer cells such as to promote the invasion of the tumor by causing local acidification of the
tumor microenvironment (TME), by increasing the protease levels/activities [41,79–82] or when lactate
uptake is carried out by stromal cells to use as a substrate to generate energy for supporting growth
and production of pyruvate to be taken up by the cancer cells [83].

Carbonic Anhydrase Enzyme

The internal cell environment is subjected to various changes due to different extracellular
conditions. Therefore, different cellular mechanisms ensure maintaining the homeostatic balance in the
internal environment of the cell. One of the mechanisms that play a vital role in maintaining the cellular
homeostatic balance is pH, which is partially buffered by a group of membrane-associated enzymes
named Carbonic anhydrases (CAs). Carbonic anhydrases are zinc metalloenzymes responsible for
reversibly hydrating CO2 to yield a bicarbonate molecule (HCO3

−) and a proton (H+). At least
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15 isoforms of carbonic anhydrase have been identified in mammalian cells with different tissue
distribution [84]. CAs exist both intracellularly and extracellularly and were shown to be involved in
pH buffering-unrelated functions such as calcium metabolism, signal transduction, metabolism, fluid
and electrolyte secretion, and tumorigenesis [85–89].

The tumor microenvironment has a crucial role in tumor invasion and metastasis. The extracellular
pH was found to be linked with more invasive phenotypes and aberrant growth of the tumor [90].
One of the mechanisms that allow cancer to resist the low pH is upregulating carbonic anhydrase [90,91].
Reduced invasion of breast cancer cells was observed upon knocking down carbonic anhydrase XII; this
was attributed to the concomitant reduction in MMP-2 and u-PA expression levels [92]. CAIX depicted
a negative effect on cell adhesion and promote cell motility via augmenting Rho-GTPase signaling
cascade [92]. On the other hand, CAIX expression in both normoxic and hypoxic conditions resulted in
mediating survival and growth signals [93]. In contrast to the general role of CAs in promoting tumor
development and progression, CAII was reported to reverse the epithelial-mesenchymal transition in
hepatocellular carcinoma [94]. However, this function may help metastatic cells to seed the destinated
tissues by returning the cells to their original morphology.

The state of hypoxia and acidity of the tumor microenvironment represents a challenge for
chemotherapeutic agents [95–100]. Carbonic anhydrase inhibitors were found to prohibit cancer
metastasis; this was mainly linked to increasing the sensitivity of the cancer cells to the anti-angiogenic
agents [98]. It was also shown that treating cells with CAIX and CAXII inhibitors promote the
susceptibility to radiotherapy-induced apoptosis [97]. Intriguingly, mTOR inhibitor efficacy was
stronger in non-hypoxic conditions; nevertheless, the combination of the mTOR inhibitors with
CAIX inhibitors portrayed anti-cancer activity under hypoxic conditions [99]. Previous reports
revealed that carbonic anhydrases, particularly the membrane-associated isoforms, are considered
potential prognostic markers. CAIX demonstrated high levels in the serum of patients with advanced
hepatocellular carcinoma [100].

Cancer evolution in response to chemotherapy is becoming a challenge to find an effective
chemotherapeutic agent with few side effects. Modulating the pH of the tumor microenvironment by
carbonic anhydrase inhibitors has proved to sensitize the tumors to some of the chemotherapeutic
agents that show efficacy with fewer side effects.

There are many proteins that regulate bicarbonate dynamics involved in carcinogenesis and
becomes more attractive in cancer management (Table 1).

Table 1. Proteins that regulate bicarbonate dynamics involved in carcinogenesis with its
potential modulators.

The Name of Proteins Modulators

Anion exchanger family (bicarbonate transporter family) Acetazolamide, niflumic acid [101]

6. pH-Tumor Angiogenesis interactions

Tumor vasculature is one of the tumor-microenvironmental hallmarks that play a crucial role
in carcinogenesis [102]. Acidic pHe represents a supportive medium for the growth of tumor
vessels. To compensate for low extracellular nutrients, tumor cells over-express VEGF and EGF that
support the growth of tumor vessels, i.e., VEGF is an adaptive strategy to compensate for tumor
acidity and hypoxia [103]. Therefore, in those two opposing factors, tumors develop abnormal
vasculatures characterized by the formation of vessels composed of endothelial cells incorporated with
transdifferentiated malignant cells resembling endothelial cells (vasculogenic mimicry), which results
in a “tumor vasculature mosaicism” [104–106].

VEGF, which was originally known as vascular permeability factor (VPF), is a driving force for
the neovascularization process. Its expression is activated by acidic pH [107] and most likely results in
leaky blood vessels [108,109], which results in less oxygenation, more glycolytic metabolism, and more
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acidic pH and even more expression of VEGF in the strong positive feedback control loop. Tumor
oxygenation may lead to activation of the Krebs’ cycle and so reduces the formation of tumor acidity
interstitially and cuts this VEGF cycle.

Bevacizumab is a monoclonal antibody that acts as a VEGF antagonist [110,111]. It will be very
attractive due to its likely effect on inhibition/prevention of metastasis, but we are not sure if it targets
the endothelial cells alone or endothelial plus tumor cells in the tumor cord. Therefore, a following
possible scenario is: If it targets the endothelial cells alone, it may lead to the formation of tumor
cord consisting only of tumor cells (population shifting of tumor blood vessels); If it targets both,
this diminishes the presence of tumor blood vessels, but it induces selective alterations in the population
structure of the tumor neoplasm by putting selective pressure on oxygenated phenotypes, i.e., remove
the oxygenated tumor cells and keep the hypoxic and anoxic cells and so provide these later adaptive
cells more space. However, those cells are highly responsible for developing metastases [8,39,42].

7. Electrolytes-pH Dynamics interactions

Although the above scenario generated the idea that the unique inversion of the pH gradient of
cancer cells is a consequence of the perturbation of O2 supply, yet another experiment demonstrated
that this intracellular pH (pHi) alteration may be the first event of carcinogenesis and that this was
independent of O2 supply [112]. Whether or not the Warburg effect occurs due to perturbations of
O2 supply and/or over-expression of NHE1 with a secondary elevation of pHi, there is an increased
intracellular pH (intracellular alkalinity) inside the cell which represents suitable intracellular conditions
for upregulation of the glycolytic pathway by increasing the expression of several proton exchangers
and ion channels, e.g., CLIC1, NaV, Kv, etc.

The ions transport proteins found in the plasma membrane strictly regulate the levels of intracellular
pH (i.e., pHi) slightly above neutral inside a normal cell [113]. Several factors influence the regulation of
such transporters such as a homeostatic mechanism caused by the intracellular pH change or oncogenes,
which are considered as intracellular/extracellular cues [22,114], also consisting of growth factor
signaling (83–86), the burden of metabolism (87,88), hypoxia [114] as well as osmotic regulation [115].
However, it has been demonstrated that pHi tends to increase in cancer cells (approx. ∼7.3–7.6) in
comparison with the healthy cells (∼7.2), whereas the opposite is found in the extracellular pH (i.e.,
pHe), which tends to decrease in cancer cells (∼6.8–7.0) as compared to normal cells (∼7.4). This reversed
pH gradient is observed in all cancerous cells and suggested that it is an early event of neoplastic
development [112] and is found to increase with progression [116]. In cancer cells, the metabolic acids
develop due to the increased level of proliferation and metabolism; hence, the increasing level of pHi
was early on considered as paradoxical. Although, a high pHi level is kept at a constant level in cancer
cells by the plasma membrane ion transporters and the pHi regulators such as the sodium and hydrogen
exchanger 1 (also known as NHE1) [114,117], carbonic anhydrases (also referred to as CAs) [118,119],
monocarboxylate transporter 1 and 4 (i.e., MCT1 and 4) [115], as well as a sodium-driven bicarbonate
exchanger [120–122].

The pH dysregulation observed in cancer cells helps to drive tumor processes, which
are highly sensitive to even minimum pHi variations: these are cancer initiation, progression,
adaptation, proliferation, migration, and the programming and reprogramming of tumor cell
metabolism [14,123–127]. Furthermore, many effects on biologic processes of a cell are generated as a
result of pH-sensitive functions such as the regulation of protein expression, the affinity of proteins to
bind with a ligand as well as the activity of ion channels/enzymes [124,128]. Some of these pH-sensitive
ion channels, enzymes [124,129,130], and processes are described below.

7.1. Sodium-Ion (Na+)

Although cancer cells are usually considered as non-excitable cells, they do express Voltage-gated
sodium channels (NaV) in a relatively abundant amount [131] that opposes the prevailing dogma
of a role only in excitable tissue physiology [131]. As a non-excitable protein, NaV supports
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tumor growth [132,133], invasion [134,135], metastasis [135,136] and associated with prognosis [134]
and correlated with resistance to treatment [131]. Therefore, it represents an attractive target for
therapy [137,138].

Tetrodotoxin (TTX), aminoperhydroquinazoline, is a poisonous alkaloidal compound found
mainly in the liver and ovaries of fishes in the order Tetraodontiformes. This compound causes
paresthesia and paralysis via alteration with neuromuscular conduction [139,140]. TTX is a
well-known NaV-Inhibitor [141]. It is a neurotoxin used analgesic in relieving cancer pain (palliative
treatment) [142–144]. TTX blocks NaV extracellularly, while local anesthesia blocks NaV intracellularly
with the various anticonvulsant drug, e.g., Phenytoin, which is considered a potential anticancer
agent [145]. The class 1C antiarrhythmic agent, propafenone, also can act as an anticancer [146].

Many proteins regulate sodium dynamics involved in carcinogenesis and become more attractive
in cancer management (Table 2).

Table 2. Proteins that regulate sodium ion dynamics involved in carcinogenesis with
potential modulators.

The Name of Proteins Modulators

Voltage-gated sodium channels (NaV) Tetrodotoxin (TTX)
Sodium-calcium exchanger (Na+/Ca2+ exchangers; NCX) Bepridil, 3′,4′-dichlorobenzamil hydrochloride,

KB-R7943, SEA0400, SN-6, YM-244769 [147–150]
Sodium–hydrogen antiporter or sodium–proton
exchanger (Na+/H+ exchanger; NHE) cariporide, amiloride; HMA

(5-(N,N-hexametylene)-amiloride); Phx-3;
Compound 9t [1,116,123,128,151,152]

Na+/K+-ATPase (sodium - potassium adenosine
triphosphatase; the Na+/K+ pump or sodium–potassium
pump)

Digoxin; Ouabain;
3,4,5,6-tetrahydroxyxanthone [153–155]

Potassium-dependent sodium-calcium exchanger -

7.2. Potassium Ion (K+)

In an early report, the ratio of [K+]i/[Na+]i inside the cell was decreased in both aging and cancer
development [156], while other data showed a higher level of potassium. This contradictory data
reveals that potassium may be more elevated extracellularly and reduced intracellularly in cancer.
This is supported by other data that demonstrate that extracellular potassium suppresses the immune
system [157]. Moreover, much pharmacological evidence supports the current hypothesis because
Amiloride and Cariporide (potassium-sparing diuretics) and well known as NHE1 inhibitors are
considered to be potential anticancer agents [1,151,152,158]. Therefore, it will not be surprising if
potassium ion channels are correlated with malignant transformation via outward K+ extracellular
flow [159,160].

One of these channels is a voltage-gated potassium channel (VGKC) highly specific for potassium
(filter selectivity at the extracellular domain) and sensitive to voltage changes in the cell’s membrane
potential. VCKCs are most active at an acidic pH and are associated with various diseases, including
cancer [161]. VGKCs play a crucial role in cellular proliferation [162], potential metastasis [163],
and drug resistance [164].

The non-sedating antihistamine, Astemizole, has been withdrawn from the market due to its
prolonging of the QT interval. However, due to this property, it could act as a potential agent against
VGKCs (e.g., off-label use of it as anti-cancer) [165].

Many proteins regulate potassium dynamics involved in carcinogenesis and become more
attractive in cancer management (Table 3).
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Table 3. Proteins that regulate potassium ion dynamics involved in carcinogenesis with
potential modulators.

The Name of Proteins Modulators

Voltage-gated potassium channel (VGKCs) Astemizole

Calcium-activated
potassium channel

BK channel (Maxi-K, slo1) Charybdotoxin (blocker) [166]
SK channels Rottlerin (mallotoxin) (activator) [167]
IK channel

Inwardly rectifying
potassium channel

The renal outer medullary potassium
channel (ROMK)

Nicorandil (could be used as adjuvant
therapy to anticancer to prevent

cardiotoxicity) [168,169]G protein-coupled inwardly rectifying
potassium channels (GIRKs)

ATP-sensitive potassium channel
(KATP channel)

Tandem pore domain potassium channel Fluoxetine [170–172]

7.3. Calcium Ion (Ca2+)

While the calcium ion (Ca2+) acts as a second messenger, it also has many essential roles in the
cells, including gene expression, cycle, cellular motility, besides its role in apoptosis [173–175].

The exact role of calcium in cancer is a conundrum because, on the one hand, releasing calcium is
accompanied by activating cytochrome C and leads to a downstream cascade of apoptosis, including
apoptosome and other apoptotic intermediates involved in the process of the programmed cell
death [176,177]. On the other hand, calcium supports the cell cycle [178–181] and cellular migration,
too [182–184]. Therefore, some calcium channels, e.g., Voltage-gated calcium (Ca2+) channels (VGCC),
increased in tumors [185–189] while other types of channels were decreased in other tumors (e.g., Ca2+-
ATPase (SERCA3, PMCA1, PMCA4)) [190–192]. Moreover, even the same channel may fluctuate among
different tumors, e.g., TRPV1 is increased in prostate cancer [193] and decreased in Bladder cancer [194].
Thus, it may be too early to reach a conclusion that draws a clear demarcation in answering when
and where the calcium supports the tumorigenesis or blocking it. However, the possible explanation
may come through studying the kinetics and subcellular localization of Ca2+ signals essential for the
identification of which Ca2+-dependent cascade(s) are stimulated and in the duration of action.

Such a challenging scenario is extended to use the calcium channel regulators/modulators
(inhibitors and/or agonist) as therapeutics in cancer, e.g., cannabidiol (CBD) (a derivative of CBDA)
and capsaicin are agonists of TRPV1 and used to treat several types of cancer including colon and
renal cancer [173]. Carboxyamidotriazole and dihydropyridine inhibit Orai (CRAC) and used in the
treatment of several tumors, e.g., hepatoma, lung, and glioma [173]. Also, Verapamil as VGCC-blocker
and potassium channel blocker can be used as chemosensitizers [195].

Many proteins regulate calcium ion dynamics involved in carcinogenesis and are becoming more
attractive in cancer management (Table 4).
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Table 4. Proteins that regulate calcium ion dynamics involved in carcinogenesis with
potential modulators.

The Name of Proteins Modulators

voltage-gated calcium channel

L-type calcium channel

Mibefradil [196]
P-type calcium channel/Q-type

calcium channel
N-type calcium channel
R-type calcium channel
T-type calcium channel

ligand-gated calcium channel

IP3 receptor (Inositol
trisphosphate receptor (InsP3R))

Carboxyamidotriazole and
dihydropyridine

Ryanodine receptor
Two-pore channel

cation channels of sperm; Catsper
channels (CatSper)

store-operated channels

7.4. Chloride Ion (Cl−)

Chloride (Cl−) channels are paramount in the physiology of the body include contraction of
the muscle, neuronal excitability, cell-volume osmoregulation, transepithelial fluid transportation,
production, and secretion of mucus and intracellular organelles acidification [197,198]. One of those
channels is Chloride intracellular channel protein 1 (CLIC1).

CLIC1, also known as G6, NCC27, or CLCNL1, is an abundant protein that can be found in both
soluble, an unusual form of the ion channel, as well as a nuclear membrane (e.g., nucleoplasm) associated
form [199–201]. This protein is related to chloride ion transport in various cellular compartments [202]
and is also found in cytoplasmic organelles, e.g., lysosomes, endosomes, and secretory vesicles [201].
CLIC1 plays a role in the redox state of the cell by modulating Reactive Oxygen Species (ROS) [200],
and both its function and incorporation into the membrane and its function are governed by both the
redox state of the cell [203] and pH [199]. Further, both acidic pHe [199] and H2O2 [204] support the
formation of a membrane-associated form. This may reveal its importance in the manipulation of ROS
in attacking the nucleus. Therefore, some have found CLIC1 challenging to consider it as an ion channel
or not [200]. Due to its role in regulating ROS, the CLIC1 ion channels are preferentially expressed in
cancer cells with an oxidative phenotype that cluster around blood vessels (i.e., relatively abundant
in oxygen supply) [8,39]. Overexpression of this protein is correlated with tumor growth [205,206],
invasion, and metastasis [207–210] and poor prognosis [211–213], while its role in chemotherapy
is controversial [214,215]. It has been discovered that CLIC1 maintains the population size of the
neoplasm [216].

R (+) Indanyloxyacetic acid 94 (R(+)-IAA-94) inhibits the CLIC1 ion channel [200,217] as does
Metformin [218]. Its inhibition by metformin could indicate a possible correlation of CLIC1 with the
cellular metabolic state.

Many proteins regulate chloride ion dynamics involved in carcinogenesis and are becoming more
attractive in cancer management (Table 5).

Table 5. Proteins that regulate chloride ion dynamics involved in carcinogenesis with
potential modulators.

The Name of Proteins Modulators

CLC family 5-nitro-2-3-phenylpropylamino benzoic acid
(NPPB), [219]

Epithelial Chloride Channel (E-ClC) family sodium butyrate [220]
Chloride Intracellular Ion Channel (CLIC) Family R (+) Indanyloxyacetic acid 94 (R(+)-IAA-94)

Cystic fibrosis transmembrane conductance regulator (CFTR) -
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8. Conclusions

It is now well-accepted that one of the unifying characteristics of cancer is its strong pH
dysregulation and reversal of the normal pHi to pHe gradient. Various studies have suggested
that this pH dysregulation drives most if not all of the tumor hallmarks and the resistance to
many chemotherapeutic agents. This reversed pH gradient can be reduced or even ablated through
suppression of the overall expression and/or activity of the ion transporters and enzymes that drive it.
Indeed, there is now ample evidence that specific inhibitors of ion transporters (Carbonic anhydrase,
sodium-hydrogen exchangers, Bicarbonate transporters, etc.), is enough to re-sensitize a resistant cell
line to chemotherapy. Importantly, since most of these transporters are quiescent in normal tissues and
are usually activated to maintain the cells in the slightly above neutral pHi during systemic acidosis
&/or alkalosis, while these transporters or enzymes are over activated in the cancer cells reduces the
possibility of side effects occurring during treatment [152]. Therefore, to target the intracellular alkaline
pHi of cancer cells as adjuvant therapy with several other chemotherapeutic drugs holds promise as a
practical approach. Importantly, Cancer also has another crucial dimension in that it can be seen as a
disease of unusual electrolyte levels. For instance, increasing the sodium level supports tumorigenesis,
while a higher level of potassium interrupts it. Also, chloride, calcium, and bicarbonate ions have long
been associated with tumorigenesis. In this respect, many inhibitors of proton transporters and ion
channels that influence cellular pH also influence cellular electrolyte levels and dynamics.

Moreover, the acidic extracellular pHe causes attenuation of the immune response, and neutralizing
pHe is effective in improving the responses towards the cancer immunity-based therapies. Many studies
in cell lines, tumors, and animal models have shown promising results for inhibiting ion transporters
and have suggested readily clinical applications. However, future studies may help in revealing new
combined therapies that make use of treatments specific for genetic signature as well as histological
identification along with essential inhibitors of ion transporters.
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