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ABSTRACT & oren Access

“When the solution of a scientific problem is neither possible at the present time
nor can be foreseen in the future this may mean that the answer that we are so
desperately looking for can be waiting for us hiding in the past”.

J. L. Arranz

In its diverse forms in nature (H+, H1, H2, H3O+), it is becoming increasingly evident that hydrogen plays a fundamental
role in many areas of both human life and the entire planetary ecosystem. It has been postulated that hydrogen was
the first molecule detected just after the Big Bang, a simple product that can be easily transformed into different energy
compounds. There are many aspects of pH-mediated damage, from acid rain and the acidification of the seas to cellular
apoptosis. On the contrary, the good news is that modern hydrogen technologies hold the promise of obtaining limitless
amounts of clean energy. Also, the hydrogen obtained by the decomposition of water through renewable energies, like
solar or wind, is transformed into energy as a clean fuel. Since this methodology uses the most abundant raw material,
water, it can accumulate great quantities of energy with a very low environmental impact.

In the world of medicine, the dynamics of the hydrogen ion (protons or H+) is a more realistic manner of expressing changes
in pH and/or acid-base homeostasis and pathophysiology. Recently, the pH-centered anticancer perspective has been
extended to include the etiology, pathogenesis, and treatment of neurodegenerative diseases (HNDDs), all under the
same integral and unitary H+-perspective.

From the classical genetic perspective, the nature of cancer is thought to include a multiplicity of diseases that require
a large variety and combination of generally toxic drugs created to kill every neoplasm. However, from a phenotypic
standpoint, cancer is a highly organized and uniform disease having selective hallmarks in all malignant tumors irrespective
of their genetic and tissue differences. This is logical since all solid tumors, and even leukemias, share most molecular,
metabolic, biochemical, and pathophysiological characteristics that are independent of their genetic makeup.

It is well known that there is a general mechanism that supports any single transformation, growth, progression, invasion,
and metastasis of any malignant tumor. Such an integral and hierarchically organized progressive and destructive
process is also in full accord with what Otto Warburg once said: ""The causes of cancer are countless, but they all work
through the same mechanism™. Recently, the new paradigm on cancer has been associated to the etiopathogenesis of
HNDDs in a comprehensive article in this same journal. No matter that from the point of view of metabolism, a massive
number of intermediary causes of cancer have been discovered and well-identified, it can be demonstrated that they
act through a final and integral mechanism represented by an increase in cellular pH mainly mediated by the upregulation
of the Na+/H+ (NHE1) (Table 1).
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Table 1. A myriad of mediating neoplastic drivers are carcinogenic through an increased cell pH secondary
to NHE1 upregulation.

Genetic changes or increased activity of cell membrane transporters and pumps that regulate pH

Enhanced glycolytic activity within cells

Viral infections, such as HPV16 E7, contribute to carcinogenesis

Activation of cancer-promoting genes like v-mos and Ha-Ras

Exposure to chemicals such as polycyclic aromatic hydrocarbons and arsenic compounds in water

Proteins produced by genes and genetic instability, including Bcl-2 and BRCA1/BRCA2

Influence of hormones and mitogen-signaling molecules such as growth factors, interleukins, insulin,
angiotensin Il, prolactin, growth hormone, bombesin, glucocorticoids, IGF-1, TGF-beta, EGF, VEGF,
PDGF, IL-1 and IL-8, prostaglandins, GCSF, and transferrin

High blood glucose levels

pH-related microenvironmental mechanisms that allow cancer cells to avoid detection by the immune
system

Voltage-Gated Sodium Channels (VGSC), Ca2* channels

Age is a risk factor for cancer. “7ime cause cancer” (Otto Warburg).

Legend: Factors of many natures and sources that become carcinogenic through an increase in intracellular pH and/or
through NHEL1 activation and/or intracellular alkalization.

Abbreviations: NHE1: sodium/hydrogen exchanger 1; EGF: Epidermal growth factor; IGF1: Insulin-like growth factorl;
PDGF: Platelet-derived growth factor; TGF: Transforming growth factor; IL-1: Interleukin-1; TGF3: Transforming growth
factor beta; VEGF: Vascular endothelial growth factor; IL-8: Interleukin 8.

In summary, the main aim and scope of this contribution is to fully explain for the first time the new paradigm in
cancer and neurodegenerative diseases, integrating from basic findings into translational research and the
new approaches that derive from this conceptualization to treatment, taking as examples an in-depth study
of breast and brain cancer from this H*-based and integral perspective.
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) Introduction. The pH factor as the missing link in Otto Warburg's theory
In the present contribution, we will consider in depth the etiological mechanism of cancer that Otto Warburg
missed. He disregarded the tight pH-related relationship among cellular pH and aerobic glycolysis, which
is nowadays approached from the dynamics of the hydrogen ion (H*) in cancerous tissues of the most varied
genetic origins®® (Table 2).

Table 2. Different clinical situations in cancer and neurodegeneration where pH abnormalities are fundamental
in etiopathogenesis when NHEL1 is overexpressed (Cancer) or underregulated (Neurodegenerative Diseases).

Diseases Characteristics and Hallmarks

All malignant tumors Intracellular alkalization (1pHi) + Extracellular acidification (| pHe) =
Cancer proton reversal (CPR)

Brain tumors (GBM) (Glioblastoma | NHE1 overexpression, elevated aerobic glycolytic metabolism, and pH
multiforme) deregulation as therapeutic targets.

Breast cancer (BC) NHE1-driven etiology, particularly affecting triple-negative breast
cancer (TNBC), inducing a pH decrease in local progression (acid-driven
invadopodia) and stimulating the metastatic process.

Multidrug resistance (MDR) MDR is mediated by elevated intracellular pH and high pH-related
activation of P-glycoprotein.

Metastatic process The acidic tumor microenvironment (TME) promotes invasion, immune
escape, and activation of the metastatic cascade.

Human neurodegenerative Contrariwise, deregulation of pH dynamics (acidic pHi-acidic pHe) is
diseases (HNDDs) fundamental in the etiopathogenesis of different human neurodegenerative
diseases, such as Multiple Sclerosis, Alzheimer's disease and ALS.

*Modified from reference 16.

Legend: pHi: Intracellular pH; pHe: Extracellular pH: MDR: Multiple drug resistance; NHE1: Sodium/hydrogen antiporter;
TNBC: Triple negative breast cancer; TME: Tumor microenvironment; CPR: Cancer proton reversal.

Our group inaugurated this integrated perspective decades ago**° and as early as 1992 the pH-centered
metabolic cancer paradigm was introduced?®. From there on, the terminology progressively changed from
“pH-centered paradigm” to “proton dynamics of cancer”?°?, Since then, we have grown with this most
comprehensive and integral oncological model up to the present time*2?2, More recently, this all-embracing
energetic perspective has expanded to the metabolically-opposed pH-world of human neurodegenerative
diseases (HNDDs)??? (Tables 2 and 3 and Figure 1).
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Table 3. Comparison of Intracellular and Extracellular pH in Normal Cells, Cancer Cells and Neurodegenerative
Diseases (HNDDs)

Normal Cells Neurons in Neurodegenerative Cancer Cells
Diseases (HNDDs)

Intracellular pH (pHi) is lower than | Both pHi and pHe are reduced | Intracellular pH is alkaline and the
extracellular pH (pHe) (acidic) extracellular pH acidic (TME)

pHi: 7.2-7.8 (alkaline); An elevated
pHi: 6.2-6.8 (acidic); low pHiis | pHi supports cell cancer

pHi: 6.99-7.05 _ _ _ . .
linked to cell death progression. (High pHi therapeutic
antiapoptosis) (CPR)
pHe: 6.0-6.8 (acidic); low pHe pHe: 6.0-6.8 (acidic); high pHi/low
pHe: 7.35-7.45 also contributes to cell death pHe combination promotes cancer

(TFWS) cell survival (CPR)

Abbreviations: pHi: Intracellular pH; pHe: Extracellular pH: HNDDs: Human neurodegenerative diseases; TME: tumor
microenvironment; CPR: Cancer proton reversal; TFWS: Trophic factor withdrawal syndrome.

More graphically, Figure 1 shows the different acid-basic areas of cellular and systemic homeostasis and allostasis
in cancer, normality and neurodegeneration, with the H* concentrations in nanomoles/liter representing both
ends of a metabolic spectrum compatible with both cellular and/or human life.
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Figure 1. Comparison of Intracellular and Extracellular pH in Normal Cells, Cancer Cells and Neurodegenerative
Diseases (HNDDs)
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Otto Warburg discovered the main tumor metabolic derangements regarding the aerobic glycolysis in
tumor cells, but missing the cellular pH effects on glycolysis he took for granted that cancer cells were acidic
because of their high production of lactic acid. However, in the long term this became the main mistake
and limitation of the Warburg theory. On the contrary, nowadays we know that all types of cancer cells present
a unique and selective reversed pH gradient: an intracellular alkalinity and a secondary extracellular and
microenvironmental (TME) acidity, this is, a pathognomonic hallmark of malignancy Cancer Proton Reversal,
or CPR) (Table 3). This feature has recently become the latest hallmark of cancer cells and tissues. Indeed, at
the present time it is well-documented that an intracellular alkalization is the primary metabolic cause of aerobic
glycolysis in the etiology of cancer 242¢ (Figure 1).

i) Selective cellular and microenvironmental pH disruption of homeostasis in cancer cells and tissues
As a confirmation of the primordial etiology of different human cancers, proton extrusion alone has been shown
to be sufficient to induce from cellular dysplasia to full malignant transformation®-*? (Figure 2).

Figure 2. Metabolic mechanisms of cellular malignant transformation

. Cancer progression

: NHE-1 :
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(Warburg effect) —»* LA

J

Abbreviations: NHE1, Na*/H*exchanger isoform 1; ASIC1, acid-sensing ion channel type 1a; Hv1, voltage-
dependent H* channel isoform 1; PT, proton transporters; PP, proton pumps; CPR, cancer proton reversal,
MDR, multiple drug resistance; LA, lactic acid; TME: tumor microenvironment.

Cellular malignant transformation results in an energetic rearrangement and pHi/pHe reversion that differs,
and is exactly the opposite, of what it takes place in all normal tissues. Interstitial acidity (TME) (Table 2 and
Figure 2) is part of the cancer proton reversal (CPR), which represents the most profound disruption of cellular
homeostasis. Thereafter, CPR enables the integration of each subsequent stage of tumoral local growth and
invasion, which also induces a relentlessness cancer progression and metastatic process. At the same time,
this wide-ranging perspective indicates the correct therapeutic pathways and strategies to be followed*>33-3,
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Seen in this light, the whole concept of malignancy can be integrated into a single and Unitarian process of
progressive local and systemic deviation from a healthy status that finally affects the entire organism, leading
to death in most cases. The new comprehensive approach related to pH considered here can easily explain
etiology, etiopathogenesis, and progression of cancer as an integral unit in different phases of evolution.
Furthermore, such Unitarian perspective covers everything from neovascularization and cancer immunity to the
phenomenon of “spontaneous” (?) regression of cancer, as well as key aspects of chemotherapy like multidrug
resistance (MDR), and even selective cancer apoptosis (Figure 1 and Table 2).

This approach opens new avenues to increase our understanding of all cancerous growths as a single and
unitarian disease. This follows Otto Warburg's motto: “We can only cure what we can understand first.” An
integral approach to cancer that also reminds us of the old Hippocratic aphorism that reads: “Now of all diseases,
the fashion is the same, but the seat varies. So, while diseases are thought to be entirely uniike one another,
owing to the difference in their seat, in reality all have one essence and cause. What this cause is | shall try
to declare in the discourse that follows” 3.

In recent years, the search for a unifying theory of cancer etiology has been considered once again 2%
15162336 |n summary, this chapter focuses on all these features and how this new paradigm can now be
therapeutically utilized in modern cancer therapeutics and other diseases, like HNDDs?7816:2223.35 Einally, this
entire review integrates all those efforts to further advance along the pH-centered road as a cutting-edge in
modern medical research, mainly in oncology and HNDDs.

i) On pH and cancer metabolism

It is also surprising that neither the cause-effect relationship between pH abnormalities and/or hydrogen ion
dynamics in cancer metabolism have not been considered at all in some recent seminal publications on the
selective hallmarks of cancer'**3, This paradigm of the proton dynamics in cancer has recently been considered
in the etiopathogenesis of a myriad of driving causes of cancer of different natures and origins secondary
to an intracellular alkalization, the up-regulation of sodium hydrogen exchanger isoform 1 (NHE1), and the
pathological effect of a decreased concentration of celular protons?* (Table 1).

iii) Potential therapeutic opportunities in solid tumors. Closing gaps

The therapeutic importance of using different proton transporter inhibitors (PTIs) in cancer, was initially
introduced almost two decades ago®:. The main aim of this treatment approach to malignant tumors is to
induce a selective cellular acidification that may lead to cancer cell apoptosis (anti-Warburg effect)**3%-41, This
approach also aims to reverse the damaging effects of the acidic tumoral microenvironment (TME) of cancer
tissues, that is fundamental in blunting the immunity against malignant cells and tumors*2.

In the following sections, we will consider at length Brain Cancer and then Breast Cancer as two cases that
allow us to illustrate the application of the pH-centered paradigm as a rational strategy for treatment of
these and other solid tumors. Finally, we will outline the various drugs and pharmaceuticals that specifically
target proteins involved in the pH-centric mechanisms underlying these and other malignant diseases.
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II) On brain cancer. pH deregulation and abnormal metabolism in its
etiopathogenesis and treatment

“Particular facts are never scientific, only
generalization can establish science.”

Claude Bernard

The concept of homeostasis as a physiological state of biological systems was initially introduced by Cannon
and Selye**** during the first half of the 20th century. Strangely enough, the concept of acid-base equilibrium,
one of the most defining aspects of homeostasis, was disregarded by its own creators (Walter Cannon and
Hans Selye) and also by the scientific community for decades, until the concept of homeostasis started to
include acid-base concepts within its conceptual range.

Brain cancer, mainly glioblastoma multiforme (GBM), continues to have an ominous prognosis. The results of
standard treatment approaches have been gloomy, with minimal and insignificant advancements over the
last few decades. Thus, the therapy of GBM remains a challenge in current oncological practice. This indicates
that there is an urgent need to adopt different approaches to manage GBM and brain tumors in general.
In this contribution, a different perspective that the one offered by traditional oncology is advanced to improve
the treatment of brain cancer.

Metabolism-wise, GBM is a highly glycolytic tumor, its rapid growth being highly dependent on pH deregulation,
also showing, like other tumors, an elevated Na* cell content, that also plays a fundamental role in cell
transformation, along with an upregulation of the sodium hydrogen exchanger 1 (NHE1) and, to a lesser extent,
of other proton (H*) transporters?>47:48,

The lessons learned from the pH-centered paradigm show promising changes in the treatment of GBM.
Indeed, brain cancer cells, like other extracranial malignancies, show steady anomalies of the extracellular
and intracellular pH (pH. and pH)). However, the extreme metabolic deregulation of GBM has helped to
increase the understanding of the proton dynamics in cancer, that can now be implemented to improve the
therapeutics of brain cancer and other tumors’84°,

A vast array of proton pumps (PPs), e.g., vacuolar-ATPases (V-ATPase), proton transporters (PTs), ion exchangers
and aquaporin channels have been reported to be involved in the etiopathogenesis of brain cancer. Recently,
the high content of Na* in cancer cells has been added to this list *®, something that was already considered
by Cone in the early 70's*’.

Importantly, all these factors have a parallel role towards inducing an intracellular alkalinity (IA). This deviation
of cellular homeostasis is also responsible for inducing and upregulating the Multidrug Resistant Associated
Protein 1 (MRP1), which leads to failure in responses to chemotherapy. Conversely, the inhibition of V-ATPase
activity and of other PTIs, such as NHE1, enhances the cytotoxicity of cisplatin (CDDP) by lowering the
cytoplasmic pH (pHi). These authors have even proposed that the anticancer activity of drugs such as CDDP,
appears to depend on the inhibition of proton extrusion and the negative regulation of the NHE1%%%%, On
the contrary, upregulation of the NHE1 exchanger induces CDDP’s resistance by elevating the pHi?*5%-,
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From the biochemical and metabolic landscape, the overexpression of NHE1 is now considered the main
driving force of GBM progression in the hostile microenvironment that supports its survival.*"#8%96°_|n other
different solid tumors beyond brain tumors, the original Warburg dogma of aerobic glycolytic as the root
cause of cancer has evolved to a post-Warburg pH-centered paradigm on cancer metabolism**®. The positive
regulation of NHE1 not only maintains an alkaline intracellular pH, but in so doing blocks the possibility of
inducing selective cancer apoptosis mediated by intracellular acidification'®#. In summary, the elevation of
pHi is a sine qua non factor both in brain malignant transformation and in multiple drug resistance (MDR) in
GBM, perhaps with even more significance and selectivity than what takes place in other extracranial
malignanciges?*’48:°50.60-64

Alongside the context of cancer etiopathogenesis, an extracellular acidity (|pHe), induced after the initial
cellular alkaline shift (1pHi), is also a fundamental concept in the development and progression of brain cancer.
Therefore, extracellular acidity becomes a rational and important factor in understanding these tumors, which
use it to escape the immune system*2%, The end result of the interactions between the cellular pH-dependent
allostasis, the tumor microenvironment and its interstitial acidity creates a protective shield around the
tumor, with the onset of a state of anergy and immunosuppression mediated by the loss of antigenicity
secondary to malfunction of T cells and natural killer (NK) cells induced by pH acidification!42 66-73,

Now a question arises: do cancer cells create their environment or does the environment shape their behavior
or is there a reciprocal relationship? The general notion favors that genes control its expression by being
dependent on the environment™-%. Even in the case of a genetically induced overexpression of NHE18, the
tumor environment and its unique pH gradients govern tumor behavior. In this regard, Nijhout integrated
both genetic and epigenetic mechanisms, stating: “When a compound modified by a gene is needed, it is
a signal from the environment which activates the expression of the gene and never an intrinsic characteristic
of the gene” #. Thus, it can be can concluded that the NHE1, but not only NHE1, lies within the core of
tumorigenesis of many types of cancer, including GBM334850.62-64.67

i) Implementing cellular pH-dependent drugs in preclinical and clinical treatment of malignant gliomas.
Drug resistance.

The inhibition of proton transporters and ion channels are important in decreasing local growth and progression
of GBM and other types of brain malignancies®#*#, The NHE1 inhibitor, Cariporide, can induce intracellular
acidification in GBM tumor cells after only one dose®#®°. On the contrary, the administration of Cariporide
alone is less efficacious against glioma cells as compared to its utilization with Na*/Ca** exchanger inhibitors
(NCX1), a combination that selectively kills brain cancer cells®®.

In conclusion, GBM cells control the pHi to be highly alkaline as a mechanism of resisting a pro-apoptotic
situation, which would be stimulated by intracellular acidity. Taken together, all the evidence suggests that this
acid-base mechanism is the primary reason for GBM's resistance to chemotherapy. Furthermore, preclinical
studies have shown that other anticancer drugs, such as topiramate, lonidamide, quercetin, and dichloroacetate
(DCA), induce a cellular acidification in cancer cells**®”-8, which would be stimulated by intracellular acidity.
All in all, the available evidence indicates that this acid-base mechanism is also the primary reason behind
GBM resistance to chemotherapy.
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Besides NHEL, other transporters are key players in the acid-base homeostasis of GBM, mainly carbonic
anhydrase IX (CAIX) and monocarboxylate transporters (MCTs)%"°%%, Therapeutically, the concerted targeting
of all the known H* extruders, was initially considered to treat malignant tumors in general**?, This has been
repeatedly suggested and clinically tried in small groups of patients with solid tumors®®. This also represents
a rational approach to the management of GBM (Table 4).

Table 4. Drugs with potential benefit in the treatment of brain tumors that, to a large extent, have not
yet been clinically or even preclinically tested.

50 mg. every week until reaching
200 mg. twice a day.

Drug Doses and Side Effects Objective
Starting dose, 50 mg twice a day. | Topiramate is a voltage gated sodium channel
_ The dose must be increased by | inhibitor that acidifies glioma cells and reduces
Topiramate

the risk of seizures.

Starting dose, 125 mg. twice a

Acetazolamide is a carbonic anhydrase (CA)

Acetazolamide day the first week, and 250 pan-inhibitor and cancer cell acidifier.

(AZM) mg. b.i.d. thereafter.

10-20 mg three times a day. Amiloride is a non-specific NHE inhibitor and the

Hyperkaliemia can be an first one that was developed and introduced in
Amiloride occasional problem, more with | the clinic as a sparing diuretic. A positive clinical
(and/ or liposomal | non-liposomal amiloride. experience in an occasional patient has been
amiloride) reported. A non-liposomal AM barely crosses

the blood-brain barrier (BBB).

There is not an established dose

for quercetin. Oral doses of 3 | Quercetin is a pan-monocarboxylate transporter
Quercetin grams three times a day are (MCT) inhibitor and intracellular GBM acidifier.

well tolerated in the long term. | Liposomal quercetin is also available.

Very poor oral absorption.

Fenofibrate is a PPRa agonist that reduces the
motility of glioma cells, induces their apoptosis,
inhibits glycolytic metabolism and reduces migration.
Fenofibrate also targets glioma stem cells.

Fenofibrate 100 mg twice a day.

Celecoxib inhibits the growth of cancer cells and
induces apoptosis. It also increases the
effectiveness of chemotherapeutic drugs and
radiotherapy. It attenuates the Wnt/Bcatenin
pathway, reduces angiogenesis and inhibits
myeloid derived suppressor cells.

Celecoxib 400 mg twice a day.
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Cariporide (HOE 642) is a powerful NHE1
inhibitor but, unfortunately, is not available for

Cariporide (HOE642) | Previously available for clinical | clinical use in oncology. It is orally bioavailable.
Unavailable in trials in cardiology. It also induces non-apoptotic cell death in
oncology malignant glioma.

Diclofenac inhibits lactate formation and counteracts
Diclofenac Usual doses immune suppression in a murine glioma.

Dichloroacetate
(DCA)

25-40 mg/kg daily in 2-3

weeks cycles (plus Vitamin B1).

DCA is orally available and has been used
frequently for GBM in the experimental context
as a cell acidifier and glycolytic inhibitor as well
as in Phase 1 clinical trials.

Betulinic acid
(clinical trials are
underway)

Different dosages.

It penetrates the BBB and is highly effective in
temozolomide-resistant glioblastoma cells. It is
also effective against other malignancies, like
melanoma and neuroectodermic tumors. Its
antitumoral activity is also related to its effect as
a topoisomerase 1 inhibitor.

Cisplatin (CDDP)

Protocols dosages

Cisplatin induces pHi acidification and a metabolic
shift from glycolysis to oxidative metabolism in
cancer cells. This is accompanied by the inhibition
of cancer cell growth. Cells either recover,
maintaining an alkaline pHi to survive and
proliferate, although at reduced growth rates, or
undergo cell death. CDDP also induces therapeutic
intracellular acidification.

Compound 9t (C9t)
(Unavailable)

Co9t has been reported to be 500-fold more potent
against NHE1 than Cariporide and to have a
greater selectivity for NHE1 over NHE2 (1400-
fold). Besides, C9t is orally bioavailable, has low
side-effects in mice and shows a significantly
improved safety profile over other NHE1 inhibitors.
It has been suggested that Compound 9t could
be a “magic bullet” in the treatment of malignant
tumors.

*** For further information, see reference No. 21.
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if) Intracellular acidifiers in preclinical and/or clinical research and practice in the treatment of gliomas.
The possibility of targeting H* extruders (MCT, CAIX, and NHE1) in a coordinated manner to treat malignant
tumors in general was initially considered!**, Since then this strategy has been repeatedly suggested and even
clinically tested in small groups of patients with solid tumors 255, a line of clinical cancer research that also represents
a potential and rational approach to the therapeutics of glioblastoma multiforme (GBM). These principles
constitute the concrete scientific basis for the proposed treatment for brain neoplasms.

At least, they are three reasons why the treatment of GBM is poorly effective: (i) its rapid invasiveness, (ii)
resistance to chemotherapy, and (iii) the limited access of drugs to the tumor beds due to the usual protective
effect of the blood-brain barrier (BBB). As with any other tumor, extracellular acidity (EA) in GBM is a fundamental
requirement for its high invasive capacity*®. It is important to highlight that a triple-action treatment that
simultaneously addresses glucose availability, pH alterations and the CPR present in brain tumors could
represent a key advance by reducing their growth, invasion, and metastasis®.

Table 5 shows the therapeutic drugs that acidify the pH; via a pHi-lowering mechanism also valid for BC. This
feature can be related to the inhibitory effects of one or more proton extruders, namely, NHE1 inhibitors,
monocarboxylate transporters (MCTSs), carbonic anhydrases (CAs), H™-vacuolar ATPases, proton pump inhibitors
(PPI) and voltage-gated sodium channels (VGSC) inhibitors, all that have shown activity against gliomas®¢®
598588949 |t would be more rational to combine these drugs to achieve tumor regression of GBM®. The
modified formulations (liposomes, polymers and nanoparticles) of repurposed “off label” drugs are helpful to
enhance their delivery to the site of action. In this scenario, it is helpful for the pharmaceutical formulations to
enhance those drugs absorption to overcome the BBBY'.

Along the same lines, acridine orange, an acidophilic weakly drug related to photodynamics, has anticancer
activity in different types of cancer by taking advantage of the acidic tumor microenvironment of tumors®.
Other photodynamic-oriented procedures have been recently reported as intracellular acidifiers®. Finally, for
a more comprehensive discussion of pH-related acidifiers, either orthodox or repurposed anticancer drugs
in preclinical and clinical oncology, see references??. Further translational research in these areas and the
activation of clinical trials in bedside neuro-oncology are urgently needed.

iii) On the pH-centered paradigm approach to treating brain malignancies. Conclusions.

Treatment of GBM appears to be the greatest therapeutic failure of modern oncology. This article presents
a comprehensive, rational, and alternative proposal for the treatment of malignant brain tumors. The therapeutic
measures proposed in this contribution must be tested as an integrated approach, since their utilization of one
drug at the time would not achieve sufficient cellular hyper-acidification of GBM to induce a selective tumoral
apoptosis chain reaction. All in all, the acid-base shift of brain tumors appears to be the most rational and promising
target in GBM treatment. Its full benefits will first require to understand the effects of each individual drug
and at the same time to overcome the therapeutic challenges posed by the blood-brain barrier. We hope that
this original and radical change from the frame of mind of traditional oncology can make a difference in the
treatment of these tumors in the near future®’ %,

Furthermore, the inhibition of lactate extrusion has been documented to also inhibit GBM invasiveness and
increase sensitivity to radiotherapy®®*. Finally, it is worth insisting that cisplatin (CDDP) induces intracellular
acidification, which is the first beneficial effect observed for this drug®=8. As for voltage-gated sodium channels
(VGSCs), they are known to stimulate proliferation, motility, resistance to apoptosis and matrix invasion of
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cancer cells. Consequently, VGSCs overexpression are also considered a selective target, whether in GBM or
other extracranial malignancies®-1°*, For further details, see?%,

Ill) On breast cancer. pH deregulation and abnormal metabolism in its

etiopathogenesis and treatment

Just as the pH parameter has been considered in neuro-oncology, it can be used to understand the metabolism
and dynamics of BC. This section presents key elements, including etiology, pathology and treatment of BC
from a pH-centric paradigm. The pH-perspective could be implemented for a more robust therapeutic approach
to the treatment and management of BC, as it underlies and embraces most, if not all, of the cancer hallmarks
to date. From this comprehensive, pH-based homeostatic approach, a new therapeutic arsenal for the treatment
of BC can be extrapolated, which could be clinically adopted for the management of its various types,
including their later stages.

The conventional approach: surgery, chemotherapy, and radiotherapy, to managing BC is, in most cases, a
dead end that proves ineffective and toxic when the disease reaches advanced stages of evolution. In this vein,
the pH approach not only offers oncology practice more effective and less toxic treatments but also enriches
biology by providing a wealth of information, so improving the understanding of the different biochemical
abnormalities that energize cancer cells3>193.104,

This strategy, at least potentially, allows for an intervention against all the selective features of cancer metabolism
in prevention, and even treatment in advanced disease>®. Just a few decades after Otto Warburg's death, the
knowledge gained about the role of membrane-bound proton extruders in increasing intracellular pH (pHi) and
decreasing extracellular pH (pHe) allows us to create a new and rational metabolic approach to BC treatment.

Therefore, from a therapeutic perspective, the alteration of cellular proton dynamics suggests further attempts
to induce a selective toxic (pro-apoptotic) response through the concerted use of proton transport inhibitors
and pumps (PTls and PPIs)*. Other BC agents that acidify cytoplasmic pH, cancer proton reversal agents (CPRs)
and repurposed drugs from various sources (natural, synthetic, and semi-synthetic resources) are also becoming
more attractive for integration into the management of BC and other cancers'®*'%, The present contribution,
from the laboratory to the clinic, is a metabolically oriented approach to improving the overall treatment of
BC that integrates the key etiological and therapeutic factors related to pH (Figure 3 and Table 5).

CAUSES OF BREAST CANCER INTEGRAL TREATMENT

tPTs/PPs  'NHE lon Channels PTls NHE inhibitors lon Channels inhibitors
Prolactin Inhibltors  Glycolytic inhibitors HIF Inhibitors
Doxorubicin Paclitaxel Cis-Platinium Antlestrogens

Insulin  Prolactin Estrogens Genes Melatonin DCA TME alkalization Resveratrol Repurposed drugs

t PH; § PHe + PHj 4 pPHe
—— CPR 3 = CPR reverting agents =V

N
Tumor

Figure 3. lon transport proteins driving cancer proton reversal (CPR) together with strategies for blocking
or reverting CPR as a pH-dependent integral treatment.
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Table 5. pH and/or H*-related options for an integral breast cancer treatment.

Drugs

Mechanisms and Effects

Amiloride (AM)

Acts as a broad NHE inhibitor and acidifies cells; reduces new blood
vessel formation and blocks metastasis in animal models; also blocks
voltage-gated sodium channels

Acetazolamide (AZM)

Inhibits carbonic anhydrases, lowering intracellular pH; reduces cancer
cell invasion; works well in combination with NHE inhibitors

Monocarboxylate transporter
(MCT) inhibitors

Compounds like Quercetin inhibit MCTs and acidify cells; liposomal
forms improve absorption

V-ATPase inhibitors (PPIs)

Used to prevent BC and overcome drug resistance; Recent studies
support their use in BC and other solid tumors

Doxorubicin (DOXQO)

Resistance to this drug increases with higher pHi

Paclitaxel

Blocking NHE1 enhances paclitaxel effect, especially in TNBC

Cisplatin (CDDP)

Initially lowers cell pH by inhibiting H+ export via NHE1; excessive
NHE1 activity increases resistance by raising pHi

Antiestrogens and CAIX
inhibitors

BC cells negative for estrogen receptors often show high NHE activity and
increased CAIX; antiestrogens and CAIX inhibitors can improve outcomes

Melatonin (MT)

MT has antiestrogenic properties; reduces tumor aggressiveness, promotes
cell death, inhibits glycolysis, blood vessel growth and metastasis

Metformin (MET)

MET also shows antiestrogenic effects; reduces tumor aggression, promotes
apoptosis, suppresses glycolysis, and blocks angiogenesis and metastasis

HIF inhibitors

HIF inhibitors target hypoxia-inducible factor, which supports tumor survival
and spread; CAIX inhibitors and other compounds can block HIF activity

Repurposed drugs

Agents such as dichloroacetate, phloretin, lonidamine, niclosamide,
DHA, salinomycin, simvastatin, and resveratrol show potential benefits.

Prolactin inhibitors

Drugs like bromocriptine, Parlodel-LAR, and cabergoline help to
weaken BC spread by targeting prolactin

Bicarbonate transporter
(NBC1) inhibitors

Although specific NBC1 inhibitors are not yet available, various ion
channel blockers are being explored for this purpose

Cariporide (CP)

CP is a potent NHEL1 inhibitor that promotes cancer cell death but is not
widely available for clinical use
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Drugs Mechanisms and Effects

Voltage-gated sodium channels and NHE1 are both overexpressed in
VGSC inhibitors BC, aiding tumor growth and spread. Their inhibitors are especially useful
in TNBC; calcium signaling also playing a bipolar role

A highly selective and promising NHE1 inhibitor with low toxicity in animal

Compound 9t (C9t) . _ . e e ,
studies; not yet available due to technical difficulties in its production

2-Aminophenoxazine-3-one | A selective, non-toxic NHE1 inhibitor effective in animal tumor models
(Phx-3) and is also used in Japan for Gl inflammatory diseases

Abreviations: AM: Amiloride; AZM: Acetazolamide; BC: Breast cancer; MT: Melatonin; NHE: Sodium/hydrogen exchanger;
P-gp: P-glycoprotein; TME: Tumor microenvironment; MDR: Multiple drug resistance; ER*: Estrogen receptor-positive;
ER-: Estrogen receptor-negative; CAs: Carbonic anhydrases; PPI: Proton pump inhibitors.

*For further explanations, see text.

IV) pH and homeostasis-related etiological and therapeutic actors in breast
cancer. Role of proton (H+) extrusion, intercellular alkalization/extracellular
acidification in the etiopathogenesis and treatment of BC and other solid
tumors.

Reshkin et al., discovered that when human papillomavirus (HPV) was transfected into normal epithelial cells,
the first expressed protein found to be upregulated was the sodium/hydrogen exchanger 1 (NHE1), followed
by alkalization of the cytosol (pHi)?"'%. The alkaline pHi stimulates each step of glycolysis progressively and
sequentially, while slowing the Krebs cycle?. The lactate produced is extruded from tumor cells, creating, with
the help of CO., a highly acidic interstitial microenvironment (TME)'*’. This acidic pHe inhibits pro-inflammatory
immune cells, thereby stimulating local invasion and the metastatic cascade while simultaneously reducing
the effectiveness of chemotherapy**%. In conclusion, the over-expression of NHE1 could be considered the
main driving force of tumorigenesis, what we have called “the neo-strategy of cancer cells and tissues” %1%,
Perhaps the most significant discovery about the primordial etiology of BC has been the demonstration that
proton extrusion alone induces dysplasia, stimulates tumor growth and invasion, while suppressing apoptosis
in invasive BC%2°,

Most importantly, according to seminal publications on the subject, NHE1 overexpression leads to increased
proton extrusion in BC cells, particularly in triple-negative breast cancer (TNBC). Therefore, NHE1 is a key
determinant factor of cytoplasmic alkalinity and the final carcinogenic factor in the metabolic. biochemical and
clinical etiology of BC. It can be concluded that H* extrusion is the primary etiological mechanism explaining
the onset and progression of BC from ductal carcinoma in situ to invasive cancer. Even at an early stage,
precancerous lesions already showed a higher-than-normal proton efflux rate®*1°%1° Moreover, invasive BC
cells show higher rates of proton production and efflux into the TME than non-invasive cells'®*'2,

All the accumulated data from different laboratories confirm that NHE1 is not only fundamental in all stages
of the etiopathogenesis of BC, but also a key factor in multidrug resistance (MDR)?:2°109110-114 “\While a
pathologically elevated pHi (>7.2) (Table 1) is the key factor responsible for the initiation and progression of
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BC, it secondarily induces a highly hostile and acidic TME and increases CPR. This selective and pathognomaonic
proton reversal mechanism has already become a highly differential hallmark of all cancer cells and tissues*'*
115126 This makes CPR the key to understanding the complex dynamic pathology of the entire pH paradigm?.

A comprehensive interpretation of the vast amount of data accumulated over the past few years demonstrates
that many different etiological factors, of diverse nature and origin, act through pH#/pHe imbalance to exert
a fundamental carcinogenic effect in BC and other types of malignant tumors in general. Ultimately, the
perspective gained from these discoveries provides a significantly improved understanding of the molecular,
biochemical, and metabolic abnormalities underlying the etiology and pathogenesis of BC. Now, an important
question arises again. Can anyone dare to say nowadays, considering the numerous known pH-dependent
and mediating carcinogenic factors, that the primary and ultimate cause of breast cancer is unknown?
(Tables 1, 2, 5 and Figure 2).

i) Main carcinogenic pH-related drivers in BC and other tumors: proton transporters (PTs), proton pumps
(PPs), growth factors (GFs) and genetic abnormalities.

The alkaline pH; stimulates glycolysis and at the same time hinders oxidative phosphorylation®®, while the lactate
produced by tumor cells is extruded, creating the pathognomonic interstitial acidity (TME) of malignancy?®’.
This acidic pHe results in the activation of local invasion and the metastatic process, decreasing and even
annulling the effectiveness of chemotherapy, especially of weakly basic drugs (MDR)*1%¢, This not only occurs
in BC tissue, being even greater in some resistant BC cells as compared to sensitive cells, which is similar to
what takes place with other Proton Transporters®>*?4, In addition to NHE1 overexpression, carbonic anhydrases
(CAs), primarily CAIX, have been shown to play a key role in BC pathogenesis. Similarly, the Na*~HCO3~
cotransporter (SLC4A7, NBCnl), V-ATPase proton pumps, monocarboxylate transporters (MCTs), and hypoxia-
inducing factor 1 (HIF-1) promote BC progression?%115-117.125-130,

In addition to altering cellular homeostasis and buffering capacity, MCTs induce:
(@) pH; alkalization.
(b) TME acidosis by removing lactic acid (LA) from the intracellular space**®.

(c) BC shows a concerted progression from survival to proliferation to angiogenesis to migration, ending
in invasion, metastasis and death® %31, MCT1 and MCT4 are the most significant MCT actors in BC; their
expression being associated with tumor aggressiveness and a poor prognosis, both in BC and in other
types of solid tumors*7"132,

The Na*™—HCO-; cotransporter (SLC4A7, NBCnl)

This is another mechanism for proton extrusion, elevation of pHi and promotion of CPR in BC**!!¢, Indeed,
its inhibition decreases BC growth rates and improves patient survival*®!3313 Furthermore, NBCn1l works in
conjunction with NHE1, VGSC and NaVi.5, thereby targeting Na(v)1.5 VGSC and Ca** channels. Through these
associations, the progression of metastatic BC is inhibited*****". Similarly, V-ATPase is highly expressed in
different cancers, in addition to BC, disrupting cellular homeostasis and worsening prognosis*?®*2,

Voltage-Gated Sodium Channels (VGSC)

VGSC are transmembrane proteins that play a critical role in cellular sodium and Ca** dynamics®*¢*%¢, Among
the VGSCs, the NaV1.5-Na* channel is significantly overexpressed in BC and other solid tumors. VGSC stimulates
tumor growth and metastasis by stimulating the formation of invadopodia*®91%*, VGSC expression is an
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indicator of metastatic activity in BC, as it increases proton (H*) efflux to further acidify the TME!'3. These ion
channels are especially crucial in the onset and progression of TNBC!3¢1% as well as in its treatment'®11%°, In
recent publications, it has been shown that a proton pump inhibitor (PPI) such as omeprazole is more effective
than a PTl, like amiloride, in inhibiting the growth of murine TNBC***1%*> Finally, Ca** signaling promotes TNBC
invasion and metastasis by favoring the Warburg effect!?13,

Hormones like sex steroids (estrogens, prolactin), insulin; plus, other autacoids like PDGF, insulin-like growth
factor (IGF1), VEGF, EGF, cytokines and interleukins, are important members of the pathogenesis of BC. Most
of these factors, if not all, upregulate NHE1 (Table 1). Among them, estrogens (estradiol) are well-known in
BC pathogenesis, stimulating carcinogenesis and proliferation’*4. BC tissues that lack the estradiol receptor
(ER-) correlate with NHE1 overexpression and also with HIF-1alpha upregulation'#s. Similarly, insulin (INS)
has a significant tumor-stimulating activity in BC, also as a consequence of NHE1 stimulation. Moreover,
cytoplasmic alkalinity not only stimulates the glycolytic pathway but also the overexpression of oncogenes
in different systems?®46-148 |t is important to note that increased expression of both insulin and IGF- | are
associated with decreased survival rates in BC patients. Thus, it is rational to consider hyperinsulinemia as
a primary stimulating factor in the growth of many tumors, while insulin suppression, mainly through dietary
means or drugs such as Metformin, has been proposed to decrease tumor development due to its inhibition
of glycolysis®®®, In the same vein, IGF-1 suppression is associated with an increased life expectancy and
decreased tumorigenesis in BC cancer®®4%1%1, Finally, Prolactin (PRL) also shows a significant role in stimulating
BC growth through the activation of NHE1, also contributing to the metastatic process®#!%, The activation
of the PRL receptor has been found to induce BC in mice®*.

Genetic abnormalities, such as the overexpression of the NCAPH gene, are also linked to the progression of
BC. Their overexpression worsens the prognosis by making cancer cells more resistant to treatment, particularly
in the most common types of BC**°. A similar situation occurs with genes such as BRCA1 and BRCA2, whose
mutations are associated with familial BC and ovarian neoplasms (""The Angelina Jolie syndrome"). In these
cases, carcinogenic activity also appears to be mediated by NHE1 overexpression, as it has been recently
proposed, but has not been confirmed yet®.

pH and drug resistance in BC. BC cells resistant to drugs like doxorubicin (DOXO), cis-platinum (CDDP), and
paclitaxel are highly dependent on pHi conditions*1%¢, the more alkaline the pHi, the higher the resistance
(multi-drug resistance, or MDR). This MDR is either: i) physiological through protonation of weakly basic drugs
making these drugs more ionized (less lipid solubility), or ii) biochemical resistance as a consequence of a CPR
that stimulate the multidrug-resistant proteins, e.g., P-glycoproteins (P-gp)*6:61121.157-159,

if) Specific drugs targeting pH in BC and in other tumors (see Table 5).

Cytoplasmic Acidifiers

The core of this approach is to reduce the cytoplasmic alkalinity by manipulation of ion channels and other
transporters (NHE1, HCO3/Cl, H-ATPases) that contribute to cytoplasmic alkalinity?385104160161 "|n this line,
the synergistic inhibition of NHE1 and H*-ATPase simultaneously induces cancer cell apoptosis by lowering
the cytoplasmic pH (“metabolic proton therapy”) together with TME alkalization (“metabolic antiproton
therapy”)?%,
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Amiloride (AM).

Seminal studies by Cone advanced mitotic stimulation as secondary to an increase in intracellular Na*, but this
was not associated then with pH changes or H* extrusion*’. In spite of this, AM was already considered an
inhibitor of cancer cell proliferation®21%3, This conclusion included BC*®*. Subsequently, after the discovery of
the NHE, the general dogma on the initiation and pathogenesis of cancer shifted from Na* influx to its main
consequence, H* efflux'®’. AM is a weakly non-specific inhibitor of NHE that was the first NHE antiporter inhibitor
administered as an antineoplastic agent®!%. Later studies demonstrated that treatment with AM leads to a
complete suppression of lung metastasis in rats with BC%¢7. AM also possesses antiangiogenic and antimetastatic
pI’Opertieszz*85'165'168'169.

Cariporide (CP) crosses all membranes of cancer cells*¢121:156138.198 Thjs could explain why NHE1 and CA
inhibitors increase the effectiveness of Paclitaxel in TNBC and its metastasis 281101%6.158.199,

Cisplatin (CDDP) as a cytosolic acidifier and NHE1 inhibitor

Cisplatin (CDDP) is a well-known chemotherapeutic agent used in traditional oncology to treat many tumors,
including BC. Extensive data have demonstrated the different modes of action of CDDP*%2%° including its
ability to induce cytoplasmic acidification, along with its ability to negatively regulate NHE1°2%, |t is important
to stand out that the CDDP-induced cytoplasmic acidification has been shown to be the first detrimental
effect detected in cancer cells. Conversely, NHE1 overexpression increases resistance to CDDP by raising
intracellular pH?®8201,

Antiestrogens

BC cells lacking estradiol receptors (ER") are known to be associated with higher NHE1 expression than ER*
cells, an scenario almost identical to that induced by CAIX?%22%, |n addition, ER™ cells are associated with
increased HIF-alpha expression®*2%, Therefore, it is more rational to include both together, selective inhibitors
of CAIX and NHEL1, to improve tumor prognosis, at least in BC ER-tumors78:203,

Melatonin (MT)

Melatonin (MT) has anti-estrogenic activity, so it would be rational to include it in the therapeutic arsenal against
BC, even in prevention, and also in brain tumors®*2%, MT affects the expression of the ER receptor, decreases
local estrogen synthesis, supports immunity and downregulates VEGF, thus counteracting angiogenesis?°6-2%°,
MT also inhibits the Warburg effect in BC cells, decreasing drug resistance in different tumors?©2'*, Therefore,
MT would be suitable as an adjuvant therapy added to hormonal therapy, such as-Tamoxifen, in patients
with BC?12213,

Metformin

Metformin (MET) lowers pHi in many cancer cell lines, including BC cells. This antidiabetic drug has been reported
to increase survival of patients with TNBC*42*5, MET exhibits many other anticancer effects. It inhibits HIF-
1-alfa and decreases Warburg metabolism?. Additionally, MET alters VEGF expression in BC?¢%'7 inhibiting
its growth while decreases drug resistance®®. For a more comprehensive review of the multiple roles of MET
and many other pH-related anticancer drugs, see ref.2.

Hypoxia-inducible factor (HIF-alfa) inhibition
Tissue hypoxia is an essential factor in tumors biology, as it helps them to survive in those hypoxic conditions*®
219220 Therefore, targeting HIF-lalpha will represent a successful strategy to alter tumors adaptation®®.
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Many compounds have been introduced, at least experimentally, in clinical trials to target HIF-1 alpha, such
as celecoxib, sorafenib, melatonin, curcumin and digoxin, but without much success to date?%°22-225,

Bicarbonate Transporter Inhibitors (NBC1)

Inactivation of the electrogenic sodium bicarbonate cotransporter 1 (NBC1) leads to pHi acidification®?,
resulting in prolonged tumor-free survival and reduced proliferation'*. N-cyansulfonamide is a selective
inhibitor of NBC12%, but so far there is no data on its safety and effectiveness.

Voltage-Gated Sodium Channel (VGSC), Ca** signaling, and their inhibitors

The Na(v)1.5 channel belongs to the VGSC family. Both Na(v)1.5 and NHE1 are overexpressed in BC and other
tumors. Together, they contribute to cell motility migration and metastasis*'#!91%, Inhibition of Na(v)1.5 has
been documented to increase the survival rate of BC patients?®??°. Therefore, the Na(v)1.5 sodium channel has
an interesting role in the management of BC!'%140164 |n this vein, phenytoin inhibits VGSC and, therefore,
decreases invasion and metastasis?®®. The recommendation to use phenytoin should be considered as
another pH-related measure in the management of BC%1%,

Other repurposed drugs (RPD) as potential compounds in BC

Because conventional chemotherapeutic agents are toxic and many of them are considered treatments without
a future, the analysis of repurposed drugs is increasingly becoming more attractive in cancer treatment?32%,
Some of them possess cellular acidifying effects, such as docosahexaenoic acid (DHA), resveratrol, quercetin,
phloretin, niclosamide, lonidamine, and simvastatin®31-23¢,

Sodium Bicarbonate (SB) Plus Dimethyl Sulfoxide (DMSO) in Cancer Management

Tumor TME acidity is associated with metastatic bone pain in BC patients®’. Sodium bicarbonate neutralizes
extracellular acidity, leading to alkalization of the TME and inhibition of spontaneous metastasis’’, being useful
in the treatment of bone pain in patients with solid tumors#2. A combination of SB with DMSO has been shown
to be safe and effective for cancer pain in advanced disease**#%2%, Furthermore, this combination demonstrated
a greater prolongation of survival in BC patients and many other tumors, even during advanced stages of
the disease?*92%,

In fact, the use of DMSO is a safe agent in humans, and some studies have shown its lack of toxicity when
used for periods of up to 5 years?*2. Unexpectedly, in one single study, the alkalization of tumor pHe has shown
a cancer-promoting effect in BC tissues in mice?*. Finally, regarding the formulation of the BS+DMSO mixture
in human cancer, see ref.1%,

Conclusions. Main hallmarks of the approach centered on pHi/pHe for the study
of malignhancy and other pathologies from the perspective of the new integral,

energetic and homeostatic/acid-base paradigm.

In the case of brain cancer, but also in BC and other tumors, the main objective of the pH-centric approach is
to overcome the therapeutic plateau and dismal prognosis of any metastatic disease. The therapeutic measures
proposed in this work should be considered as an integral mechanism for acidifying cancer cells to induce a
chain reaction that culminates in selective tumor apoptosis. In the case of brain tumors, selective reprogramming
of their acid-base balance appears to be the most promising approach for treating glioblastoma GBM. Its full
benefits still require further translational research and the implementation of clinical trials in neuro-oncology,
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given the therapeutic challenges that the blood-brain barrier (BBB) presents to certain anticancer drugs. Also,
inhibition of lactate extrusion decreases GBM invasiveness and increases the sensitivity to radiotherapy?.
Regarding drugs like CDDP and Adriamycin, the cellular acidification induced by them is a surprising beneficial
effect that has rarely considered to be the main anticancer mechanism of action®¢¢, As for NHE1 and voltage-
gated sodium channels (VGSC), their overexpression is known to stimulate cancer cell proliferation, motility,
matrix invasion resistance to apoptosis (MDR). Consequently, NHE1 and VGSC overexpression should be
considered important selective targets in GBM and other extracranial malignancies.

Unfortunately, recent books on cancer metabolism have not considered the cancer metabolic paradigm here
studied®**#%, It is our hope that these efforts and this new philosophical interpretation of modern oncology?*¢24’,
can soon lead to significant improvements in the management of human cancer, and may also help to better
understand the physiopathology and treatment of human neurodegenerative diseases.

Dedication

This article is dedicated to the memory of Alejandra Luna, a brave young girl who died from a glioblastoma
multiforme.
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