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This review presents a possible new approach against
cancer, as represented by inhibition of proton
pumps, a mechanism used by tumour cells to avoid
intracellular accumulation of toxic substances.
Proton pump inhibitors (PPIs) belong to a family of
pro-drugs that are currently used in the treatment of
peptic diseases needing acidity to be activated. PPIs
target the acidic tumour mass, where they are meta-
bolized, thus blocking proton traffic. Proton pump
inhibition triggers a rapid cell death as a result of
intracellular acidification, caspase activation and
early accumulation of reactive oxygen species into
tumour cells. As awhole, the devastating effect of PPIs
on tumour cells suggest the triggering of a fatal cell
toxification. Many human tumours, including
melanoma, osteosarcoma, lymphomas and various

adenocarcinomas are responsive to PPIs. This
appears highly conceivable, in as much as almost all
human tumours are acidic and express high levels of
proton pumps. Paradoxically, metastatic tumours
appear to be more responsive to PPIs being more
acidic than the majority of primary tumours. How-
ever, two clinical trials test the effectiveness of PPIs
in chemosensitizing melanoma and osteosarcoma
patients. Indeed, tumour acidity represents a very
potent mechanism of chemoresistance. A majority of
cytotoxic agents, being weak bases, are quickly
protonated outside and do not enter the cells, thus
preventing drugs to reach specific cellular targets.
Clinical data will provide the proof of concept on the
use of PPIs as a new class of antitumour agent with a
very low level of systemic toxicity as compared with
standard chemotherapeutic agents.

Keywords: cancer, cancer chemotherapy, detoxifica-
tion enzymes, drug resistance, reactive oxygen spe-
cies, therapeutics.

The hostile cancer microenvironment

Cancer is an area with significant unmet medical
need. Worldwide, more than 20 million people are
diagnosed with cancer annually and, in spite of cur-
rently available therapies, more than a million pa-
tients die from this disease each year. There is a
continuing need for safe and effective new treatments
resulting in durable disease remission and increased
overall survival. In recent decades, the war against
cancer was based on the principle of Paul Ehrlich’s
‘magic bullets’, introduced more than 100 years ago,
which led to the success of antibiotics 50 years later.
The successful use of antibiotics against infectious
agents supported the use of the same approach
against malignant tumours: to set up new drugs that
selectively target and kill tumour cells [1]. After so
many years we are still waiting for the magic bullet
against malignant tumours. New approaches are

now being proposed, such as developing therapeutic
strategies aimed at controlling cancer rather than
trying to cure it [2]. However, it is also possible to ap-
proach new anticancer therapies by trying to under-
stand the mechanism/s through which cancer cells
avoid growth control. It is possible that cancers also
use the same mechanisms to overcome the cytotoxic
effect of chemotherapeutic agents, which very often
induce more adverse side effects than inhibition of
cancer growth, progression and metastatic spread.
Further understanding of the molecular mecha-
nisms involved in the growth and progression of
malignant tumours is required. In general, tumour
cells upregulate glycolysis and grow in a hypoxic
microenvironment. Highly proliferative cancer cells
produce a large amount of H generated by glycoly-
sis, glucose utilization, lactic acid production and
proton efflux [3, 4]. One interesting hypothesis is
that the hostile microenvironment generated during
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tumour growth progressively selects cells suited to
survive in these adverse conditions. The uncon-
trolled growth, lactate production from tumour
metabolism and the low blood and nutrient supply
all contribute to a tumour microenvironment with
many molecules that are extremely toxic for either
normal or more differentiated cells. It is therefore
possible that those cells that survive in this unfa-
vourable microenvironment possess the means for
avoiding intracellular accumulation of toxic mole-
cules. Some of the most efficient mechanisms that al-
low cancer cell survival in adverse environmental
conditions include several proton extruders [5, 6].
Amongst the proton flux regulators are the V-ATPase
[7], the Na*/H" exchanger (NHE) [8] and carbonic an-
hydrase 9 (Table 1). These hyperactive proton pumps
create a disturbance of pH gradients that is typical of
malignant cells. In fact, malignant tumour cells are
characterized by a disturbed pH gradient between
the acidic extracellular and the alkaline intracellular
compartments (reversed pH gradients; Fig. 1). This is
a condition that quickly kills normal or more differ-
entiated cells. Proton pumps efficiently extrude H"
out of the cell (Fig. 2a) and/or into internal vacuoles
(Fig. 2b), thus avoiding potentially highly cytotoxic
acidification of the tumour cell cytosol. In many tu-
mours, the chronic exposure to acidic pH has been
reported to promote invasiveness, metastatic behav-
iour and resistance to cytotoxic agents [9-12]. More-

over, some evidence suggests that abnormal pH may
be involved in some tumour-associated cellular func-
tions, such as driving acidic vesicular traffic [13],
drug resistance [14], lytic enzyme activation [13] and
aberrant phagocytic activity [15, 16]. Detoxifying
mechanisms may thus represent both a key survival
option and a mechanism that progressively selects
individual cells armed to survive against all odds
rather than collaborate with other cells for a common
end-point. This makes malignant cells very similar to
microorganisms [17]. In fact, proton pumps, as cellu-
lar mechanisms that counteract the accumulation of
toxic agents, are very active in microbes and yeasts
too [18-20]. We propose that an efficient approach to
the fight against cancer would be to block or inhibit
as many mechanisms involved in cell detoxification
as possible, to deprive cancer cells of a key survival
option and thus trigger tumour cell death. During
the last decade, several lines of evidence have sug-
gested that the majority of human cancers may
potentially be responsive to therapies based on inhi-
bition of mechanisms underlying tumour acidificat-
ion [3-14, 21]. In fact, extracellular acidity is a hall-
mark of tumour malignancy and proton pumps seem
to be the major mechanism responsible for acidificat-
ion of the tumour extracellular environment [4-8,
21]. Acidity has a key role in increasing the meta-
static behaviour of tumours [9, 10]. In sum, to over-
come tumour acidity by inhibiting mechanism of

Table 1 Efflux pumps described as hyperexpressed and/ or hyperfunctional in malignant tumours or cell lines

Cellular
Type of pump localization Function References
H'-ATPase Plasmamembrane Acidification of extracellular [7,14,76]
and acidic microenvironment and endo-
organelles lysosomal compartment
Na'/H"-ATPase (NHE) Plasmamembrane Alkalinization of cytosol and [59]
acidification of extracellular
microenvironment
MCT1 (H"/ Plasmamembrane Elimination of lactate from [77]
lactate symporter) glucose catabolism, and
acidification of extracellular
milieu
Carbonic anhydrase 9 Plasmamembrane Regulation of intracellular [21]
pH and pH gradients
H'/K'-ATPase Gastric Regulation of extracellular (78]
epithelial cellline pH
ATP-binding cassette Plasmamembrane Extrusion of chemothera- [31,79,80]

peuticdrugs
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Fig. 1 Cellular pH gradients. At least two pH gradients are
present both in normal and tumour cells: one between the
extracellular space and the cytosol (big grey rectangle) and
the other between the cytosol and the acidic vesicle (small
grey rectangle). In a tumour cell, the extracellular pH is acidic
(ranging between 5.5 and 6.8), the intracellular pH is weakly
acidic (ranging between 7.3 to 7.8) and the pH of the acidic
vesicle (AV)is very acidic. N, nucleus.

acidification may represent the future path of antitu-
mour strategies.

In this review, we present data to support the idea
that a future anticancer approach should include
molecules that counteract proton pump activity as a
key mechanism of tumour cells homeostasis.

Failure of a general cytotoxic approach

Many human solid tumours are difficult to treat with
conventional therapies, even though the majority of
anticancer drugs are cell poisons that have the poten-
tial to kill all cells, alone or in combination. At least
two main mechanisms may be involved in this poor
responsiveness of malignant tumours to the cytotoxic
approach. One is acquired resistance to chemothera-
peutic drugs, a phenomenon known as multidrug
resistance (MDR), which is still considered a major
cause of treatment failure in cancer patients. How-
ever, it specifically refers to tumour cells or tumours
thatrespond to chemotherapyin the first-line setting,
but after recurrence do not show sensitivity to a wide
spectrum of anticancer drugs [22, 23]. In classical
MDR, tumour cells exhibit resistance to a wide range
of structurally and functionally unrelated com-
pounds, such as vinca alkaloids, anthracyclines, tax-
oids and other antimitotic drugs [24, 25]. MDR cells

Fig.2 Subcellular localization of V-ATPases. (a) V-ATPase is
so called because of a preferential expression on the mem-
brane of internal acidic vesicles where it pumps H' from the
cytosolto the intravesicle space. The localization and function
of V-ATPase are common to a variety of cells. The role of this
enzyme is to maintain lysosomes or phagosomes in an acidic
state, suitable for lytic enzyme activation. (b) V-ATPase may
also be expressed on plasma membranes. This is the case for
cells that require extracellular acidification to function, such
as osteoclasts. These cells need a low pH microenvironment
to directly remodel bones and activate proteolytic enzymes in
young children and adolescents. V-ATPases pump H' ions
outside the cell with a net consumption of ATP.

overexpress a variety of transmembrane drug efflux
pumps belonging to the family of ATP-binding cas-
sette transporters, which includes P-glycoprotein
(P-gp or MDR-1) [23], the multidrug resistance-asso-
ciated protein-1 [26], the lung resistance protein [27,
28] and the breast cancer resistance protein [29].
These proteins extrude drug molecules against a
concentration gradient into the extracellular

© 2010 Blackwell Publishing Ltd Journal of Internal Medicine 267; 515-525 517



m Symposium: PPl-induced tumour cell death

compartment, leading to a significant decrease in
intracellular drug retention. Unfortunately, whereas
the increase in the expression and activity of these
proteins was directly related to MDR in vitro, the same
relationship was not found for in vivo chemoresis-
tance of solid tumours, raising considerable doubts
about the clinical relevance of this phenomenon [30].
In fact, the precise mechanism/s of lack of response
to chemotherapy in the vast majority of cancers is un-
known. Most proposed mechanisms involve bio-
chemical and microenvironmental factors. A very
rough but extremely efficient mechanism of lack of
responsiveness to chemotherapy is the change in pH
gradient between the extracellular environment and
the cell cytoplasm, and between the cell cytoplasm
and lysosomal compartments [31, 32]. Drug entry
into the cell is highly dependent on the pH gradient
between the external and internal compartments of
the cell. Malignant tumours are characterized by re-
verse pH gradients (Fig. 1) and this may severely af-
fect the entry of drugs [4, 33]. Indeed, low extracellu-
lar pH reduces the uptake of weakly basic
chemotherapeutic drugs through direct protonation,
thus preventing drug intracellular targeting [25]. It is
therefore conceivable that a very efficient mechanism
of tumour unresponsiveness to chemotherapeutics
would be the direct protonation and neutralization of
drugs by the H*-rich extracellular compartment [4].

Moreover, an important mechanism for chemoresis-
tance involves acidic vesicles and the altered pH gra-
dient between the cytoplasm and intracellular organ-
elles. Many chemotherapeutic drugs are membrane
permeable in their neutral form and relatively mem-
brane impermeant when protonated and charged.
Upon entry, they are protonated and sequestered
within the acidic compartments of the cell (lyso-
somes, recycling endosomes, trans-Golgi network
and secretory vesicles). Furthermore, lysosomal-like
vesicles of MDR cells are more acidic than vacuoles of
drug-sensitive cells [34]. This suggests that a com-
mon mechanism used by tumours to neutralize cyto-
toxic drugs is sequestration within acidic vesicles
possibly followed by elimination outside the cells by
vesicle degranulation. Proton pumps and pH changes
exert a key role in the traffic of microvesicles within
the tumour microenvironment [35]. Indeed, agents
that disrupt or normalize the pH gradient in tumours
may reverse MDR and/or directly inhibit tumour
growth. This effect may be obtained by either a direct
buffering by sodium bicarbonate treatment [25] or
lysosomotropic agents inducing both pH gradient
modification and alkalinization of acidic vesicles [36].
Key evidence supporting the role of proton pumps
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and acidity in chemoresistance has been provided by
experiments with proton pump inhibitors (PPIs).
Inhibition of proton pumps by drugs belonging to the
PPI family (e.g. omeprazole and lanzoprazole) in-
duced reversion of drug resistance in chemoresistant
human cancer cells, consistent with increase of
extracellular pH, inhibition of acidic vesicle secretion
and increased intracellular drugretention [37]. These
data support a new approach for sensitizing chemo-
resistant tumours to cytotoxic drugs through specific
inhibition of a mechanism that actively maintains the
tumour microenvironment in a state of low pH. How-
ever, PPIs also have another very important feature:
they are pro-drugs that need acidity for full activation
[38]. This chemical property of PPIs allows both spe-
cific delivery of these drugs to the acidic body com-
partments and specific transformation into the active
compound (tetracyclic sulphenamide) within the
acidic microenvironment [39]. This feature of PPIs is
key for reducing potential side effects of PPI. These
enzymes are widely expressed within the human
body and there is evidence that mutations of some
proton pumps may lead to serious and often lethal
conditions. Genetic defects in the expression of V-
ATPases in osteoclasts and intercalated cells may
lead to development of osteopetrosis and renal tubule
acidosis, respectively [40]. Recent data also show that
inhibition of V-ATPase subunit (ATP6L expression)
by smallinterfering RNA in MDR human tumour cells
sensitizes the cells to doxorobicin, 5-fluorourocil and
vincristine. This effect was mediated by a significant
increase in lysosomal pH and retention of anticancer
drugs in the cell nucleus, thus further supporting a
role of proton pumps and tumour acidity in resis-
tance tochemotherapy [41].

Involvement of proton pumps in tumour cell invasion and metastasis

V-ATPases are not merely a harmful mechanism
leading to extracellular acidification. They pump pro-
tons into the extracellular environment or lumen of
some membrane-bound organelles to avoid accumu-
lation of H* within the cell cytosol [39, 40, 42, 43]
(Fig. 2). Moreover, overexpression of V-ATPases is re-
lated to invasion and metastasis [6, 42]. However,
these enzymes, as well as maintaining cytoplasmic
pH homeostasis, are also involved in many cellular
functions such as receptor- and non-receptor-medi-
ated endocytosis and intracellular transport [43].
Moreover, V-ATPases have a key role in the regulation
of more complex functions of normal organs and tis-
sues, such as renal acidification, pH maintenance in
mechanosensory hair cells and bone reabsorption
[40]. V-ATPases are very active in malignant cells,
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correlating with a high expression at both the plasma
membrane and acidic vesicle level [42] (Fig. 3), proba-
bly because of a large amount of H' ions from the
acidic extracellular space. In cancer tissues, the
extrusion of protons via V-ATPase causes extracellu-
lar acidification and contributes to the maintenance
of an aberrant pH gradient between the alkaline cyto-
sol and the acidic extracellular environment (Fig. 3).
Extracellular acidification may represent a real
advantage for cancer cells, inasmuch as it is the best
condition for secretion and activation of many
proteases involved in the digestion of the extracellular
matrix (ECM). Proteases that need a low extracellu-
lar pH for optimum activation include matrix
metalloproteinases (MMPs), bone morphogenetic
protein-1-type metalloproteinases, tissue serine pro-
teases and adamalysin-related membrane proteases
[44, 45]. MMPs are proteases essentially involved in
degradation and remoulding of the ECM, owing to
their ability to collectively degrade all the structural
components of the ECM. Knockdown of ATP6L (c-
subunit gene) inhibits cancer metastasis by decreas-

IC Intracellular compartment

EC Extracellular compartment

O Lysosome

ing proton flux and, consequently, inhibiting prote-
ase activation [46]. Cancer metastasis ultimately
leads to the failure of clinical treatment for patients
with malignant tumours [44]. Remodelling and deg-
radation of the ECM is a constant feature of cancer
invasion and metastasis [45]. It is therefore conceiv-
able that blocking tumour acidification may repre-
senta future therapeutic approach forinhibiting can-
cer invasion and metastasis, through loss of a key
requirement for lytic enzymes activation. Tumour
cells with different metastatic behaviour may be dis-
tinguished through their different use ofion exchang-
ers [6]. Some data suggest that cancer cells with low
metastatic potential preferentially use NHEs and
bicarbonate-based H'-transporting mechanisms,
whereas highly metastatic cells preferentially use
plasma membrane V-ATPases [6]. The expression of
V-ATPases is increased in chemoresistant cancer
cells and can beinduced by chemotherapeutic agents
[47, 48]. These data have indicated that, for various
reasons, V-ATPases may represent a valuable target
fornew anti-cancer strategies [4, 39, 42, 43].

@
@
@

Plasmatic membrane

ﬁ H, V-ATPase

Fig. 3 Differences in pH gradients and V-ATPase activity between normal and tumour cells. Tumour cells are characterized by
an alkaline cytosolic pH and an acidic extracellular pH; this gradient is involved in tumour progression and malignancy, resulting
in chemoresistance, metastasis and increased rate of proliferation. Such pH gradients are maintained by the upregulated activity
of V-ATPases that extrude protons outside the cell and acidify intracellular vesicles. However, a footprint of tumour cells is a
marked V-ATPase expression on the cell plasma membrane, which in normal conditions occurs only in very specialized cells (such
as osteoclasts). Extracellular acidification through V-ATPase occurs normally in acid-secreting compartments of the stomach. In-
deed, proton pump inhibitors need an H'-rich microenvironment, as occurs in the stomach and in the tumour mass, for protonation
and activation. Within the tumour, the result of V-ATPase hyperactivity is the so-called ‘pH reverse gradient’, with an acidic extra-

cellular space and an alkaline cytosol.
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Inhibition of proton pumps: a new strategy against cancer

V-ATPase inhibitors have shown a high level of effi-
cacy in vitro, but their potential application in the
clinical setting has been hampered by likely toxicity
in normal cells [4, 39]. However, molecular silencing
of some V-ATPase subunits has shown delayed can-
cer growth even with only a cytostatic effect, and no
clear cytotoxicity against cancer cells [39, 43]. The
approach of using PPIs, such as omeprazole and
esomeprazole, to inhibit tumour proton pumps with-
out systemic toxicity seemed to be most promising for
cancer therapy. After protonation in the acidic spaces
of the stomach, PPIs irreversibly bind to the proton
pumps, inhibiting proton translocation and acidifi-
cation of the extracellular environment. The specific
targets of PPIs are H'-ATPases that are normally con-
tained within the lumen of gastric parietal cells. PPIs
have been used for decades as first-line treatment of
peptic diseases, with minimal side effects [38, 49]
even when administered at high dose and using
chronic schedules as required for patients with Zol-
linger-Ellison syndrome [50, 51]. However, PPIs also
inhibit the activity of V-ATPases, thus blocking pro-
ton transport across membranes. As a result of their
broad action on various proton ATPases, pretreat-
ment with PPIs reversed drug resistance in a variety
of human tumour cells [37, 52]. Results of the safety
profiles of PPIs [38, 49] together with our preclinical
data [37] presented the rationale for two clinical trials
currently ongoing at the National Tumor Institute
(Milan) and the Orthopedic Institute Rizzoli (IOR;
Bologna, Italy), with the end-point of evaluating the
chemosensitizing effect of PPIs in patients with mela-
noma or osteosarcoma. However, it has been shown
that in vivo inhibition of V-ATPase activity by RNA
interference significantly delays human cancer
growth by decreased proton extrusion [46], suggest-
ing that pH regulation may have a key role in tumour
homeostasis [39]. On the basis of these results, a pos-
sible direct antitumour activity of PPIs has recently
been explored. The antitumour activity of PPIs was
first investigated in human B-cell tumours in which,
despite a good response rate to polychemotherapies
[53, 54], a proportion of patients show chemoresis-
tance and/or clinical relapse. Moreover, recent
improvements in therapy have often been achieved
by dose intensification, which can cause severe toxic-
ity and secondary malignancies [53, 54|. Results
showed that PPIs induced pro-apoptotic effects in
various human B cell tumour-derived lines and in
blasts of children with preacute lymphoblastic leu-
kaemia [55]. Of interest, the PPI effect was increased
by unbuffered culture medium [55], suggesting the
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need for free acidification of the medium for optimum
PPl activation. In fact, the great potential of PPIs as V-
ATPase inhibitors is that they require protonation to
be transformed into the active drug [4, 38, 39] and cell
culture conditions in the absence of buffering mole-
cules allows spontaneous acidification by human tu-
mour cells, and conceivably a better activation of
PPIs. Moreover, PPIs induced a clear inhibition of B-
cell tumour growth following repeated oral treatment,
in the absence of any additional standard or noncon-
ventional treatment [55], thus supporting the idea of
PPI as a potential treatment of cancer [56, 57]. These
findings also suggested that PPIs may be specifically
targeted to cancer cell acidic compartments, gener-
ated by aberrant tumour metabolism, where they are
activated inducing tumour growth inhibition, with-
out detectable systemic toxicity. However, B-cell tu-
mours were not the best model to measure PPI anti-
neoplastic effect with respect to the level of acidity in
the microenvironment, inasmuch as these cells do
not tolerate baseline low pH conditions. To fully ad-
dress this point, a more suitable model of human mel-
anoma cells derived from metastatic lesions has been
exploited. In fact, these human melanoma cells may
be cultured atlow pH, without any evidence ofintoler-
ance [16]. Using melanoma cells, PPIs showed a clear
pH- and dose-dependent antitumour cytotoxic effect
[58]. In vivo experiments confirmed that PPIs induce
tumour growth inhibition, consistent with changes in
pH gradients (with increase in extracellular pH and
decrease in cytosolic pH), thus abolishing the typical
tumour-dependent reversal of pH gradients [59, 60].
Moreover, repeated in vivo treatments with high-dose
PPIs markedly increased the survival of xenografts,
without any evidence of systemic toxic effects. These
data provided the proof of concept that PPIs may be
used as antineoplastic agents, and that they target
tumour mass by acting on intracellular and extracel-
lular pH regulators and thus cause tumour cell
death. The underlying mechanism may involve acidi-
fication of the cell cytosol by depriving tumour cells of
apivotal survival option to dispose of H" and probably
of acidic metabolites [39, 57, 60]. However, experi-
mental data suggested that the PPI effect differed be-
tween tumour cell histotypes.

PPI-induced tumour cell death: apoptosis or nonconventional mecha-
nism of cell death

Preclinical data suggested that PPIs induce cell death
of many human malignant tumour-derived cell lines
[52, 55, 58], with targeting of tumour cells because of
their acidic pH [39, 57, 60], but apparently without
targeting of any specific tumours. However, impor-
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tant information regarding the mechanism that PPIs
exploit to kill tumour cells came from further experi-
ments. PPIs induced selective cytotoxicity in B-cell
tumours that had undergone early massive reactive
oxygen species (ROS) activation and lysosomal mem-
brane perturbation, leading to a caspase-indepen-
dent cell death [55]. In line with the expected inhibi-
tion of pH regulation, PPIs caused alkalinization of
acidic vesicles and acidification of the cytosol, sug-
gesting that PPI-mediated antitumour activity may
undergo strong inhibition of a crucial mechanism
that allows tumour cells to efficiently eliminate toxic
molecules, including protons and ROS [55]. ROS
accumulation is an early event in the PPI-mediated
antineoplastic effect and permeabilization of acidic
vesicles is a crucial part of this apoptotic cascade
[55]. The subsequent acidification of the cytosol may
create the optimum conditions for massive activation
of protease and other lytic enzymes, thus leading to
cell death through a type of autodigestion (or at least
cessation of metabolic function). This was also con-
sistent with an inhibition of protease needing acidity
to be active in their ECM degradation [61, 62]. The re-
sults obtained with melanoma cells were in many re-
spects comparable with those obtained with B-cell
lymphoma, but the two cell death pathways appear to
differ in the participation of caspases. Indeed,
whereas PPIs induce caspase-independent cell death
with involvement of mitochondrial membrane depo-
larization in human B-cell lymphomas [55], PPI-in-
duced cell death is caspase dependent in human mel-
anoma [58]. Moreover, PPI-induced melanoma cell
death also involves typical features of caspase-medi-
ated cell death, such as poly (ADP-ribose) polymerase
cleavage and DNA fragmentation but, in contrast to
B-cell lymphomas, it did not occur through mito-
chondrial alteration [58]. Furthermore, the cytotoxic
effect of PPIs was not related to a particular
mutational profile or activated signalling pathways,
suggesting that PPIs may encompass molecular
hallmarks of human malignant tumours such as
melanoma.

The preclinical data on possible treatment doses and
schedule of PPIs, suggest doses compatible with
those administered daily to patients with Zollinger—
Ellison syndrome [49-51] who receive up to
240 mg day ! of esomeprazole for several days with-
out major side effects. Magnetic resonance imaging
data suggested also that a possible schedule for PPI
treatment of patients could be discontinuous
administration, because PPIs need an acidic tumour
microenvironment to be transformed into the active
molecule and a continuous treatment regimen may

buffer the tumour and hence prevent full activation of
PPIs[58].

Tumour acidity: a new target for anticancer molecules

Taken together, these data suggest for the first time
that PPIs may represent a prototype model of anti-tu-
mour pro-drugs that exploit the acidic extracellular
pH of the tumour both as a therapeutic target and as
a selective delivery system [39, 55, 58]. In fact, orally
administered PPIs target the tumour site, shifting the
baseline tumour extracellular pH from acidity to neu-
trality and reducing tumour intracellular pH, thus
globally affecting the pH gradient within the tumour
mass [58]. This may have important consequences
not only on the capacity of malignant cells to prolifer-
ate and survive in acidic conditions but also on the
distribution and penetration of chemotherapeutic
drugs (and perhaps many other classes of old and
new antitumour molecules) in the tumour microenvi-
ronment and within tumour cells [3-5, 39, 59, 60].
Different proton pumps may be inhibited by different
drugs; for example, inhibition of the NHE by
amiloride [59, 60] or of V-ATPases by PPIs [39] (Fig. 4).
PPI-induced disturbance of tumour pH gradients is
consistent with inhibition of tumour growth and an
increased survival of melanoma-bearing animals
[58], thus suggesting that PPIs may also positively af-
fect the general status probably by acting on tumour-
dependent cachexia, which is thought to be related to
acidosis of many organs and tissues [63].

It is interesting that the concept of targeting or
exploiting the acidic tumour pH as an antitumour
therapeutic strategy has been supported by several
studies using different molecules. For example, acri-
dine orange (AO) and pH-low insertion peptides have
been proposed as novel antitumoural strategies that
employ tumour acidity as a delivery system. In a mod-
el of osteosarcoma, AO selectively accumulates in the
tumour tissue owing to reversed pH gradients and,
following photodynamic therapy, AO is activated and
selectively kills cancer cells [64]. Recently, interesting
nanotechnology data identified peptides that are able
to selectively insert into the membrane of cancer cells
only at acidic pH, thus providing a powerful tool for
selective delivery of therapeutic agents to the acidic
tumour sites [65]. Another important example is the
inhibition of both tumour growth and metastasis for-
mation induced by alkalinization of tumour pH via
systemic bicarbonate treatment [66, 67]. pH-sensi-
tive polymeric micelles and nanogels, which have re-
cently been developed to target the slightly acidic
extracellular pH environment of solid tumours, also
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Fig. 4 Mechanism of action of novel antitumour agents tar-
geting pH regulation. The mechanism of action of proton pump
inhibitors (inhibit V-ATPaases) and amiloride (inhibit the
Na'/H' exchanger)is shown. Howeuver, these drugs do not di-
rectly interfere with tumour acidification via lactate accumu-
lation. Itis thought that lactic dehydrogenase (LDH) competes
with GAPdH for NAD+, resulting in cytosolic accumulation of
lactate; the anaerobic condition upregulates lactate metabo-
lism and reduces or eliminates glycolytic metabolism.

provide an interesting and novel approach. The pH-
targeting approach is preferred to conventional spe-
cific tumour cell surface targeting, because the acidic
tumour microenvironment is considered to be a com-
mon feature of solid tumours [68]. The acidic environ-
ment created by solid tumours has been exploited to
activate anticancer lytic peptides by making them
cationic only at low pH, thus increasing their selectiv-
ity and pH-dependent activity [69].

These tumour acidity-dependent approaches include
PPIsin a list of future strategies against cancer based
on tumour acidity, taking advantage of the low pH of
tumours as both a target and a way to specifically
activate drugs within the tumour mass.

Concluding remarks

V-ATPase is expressed in all eukaryotes, from yeast
to man, and in both normal and abnormal cells [40,
43]. Our results and those of other recently published
studies indicate a new path to anticancer treatment,
and important potential therapeutic options emerge
from these new data. The mechanisms controlling
the abnormal pH gradients in tumours may represent
a selective and specific target for new anticancer
strategies. V- ATPase is perhaps the most important
ofthese targets because ofits crucial role in determin-
ing the acidification of the tumour microenvironment
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and consequently the elimination of toxic molecules
(suchas H" orROS). Itis of greatinterest as malignant
tumour cells, like unicellular organisms, use proton
pumps for detoxification. It is reasonable in fact
that PPIs may exert antibacterial activity against
Helicobacter pylori [70], but it is not so immediate
when the same evidence comes from studies on leish-
maniasis [71] or salmonella [72]. We know that pro-
ton pumps are key enzymes for homeostasis of some
infectious agents, such as malaria [73] and yeasts
[20]. These diverse data on the importance of proton
pumps in tumour cells and microorganisms
strengthen the hypothesis that the main aim of both
is to survive in a hostile microenvironment. Of note,
tumour acidity is related to another important tu-
mour feature, cannibalism, which is also considered
to be a survival mechanism of malignant tumours
[16]. Tumour cannibalism is a function through
which metastatic tumours feed on other cells, either
dead or alive, including the T lymphocytes that
should kill them. Experimental data have shown that
cannibalism is increased in acidic culture conditions
[16]. It is therefore reasonable that PPIs or V-ATPase
inhibitors may reduce cannibalism of tumours, thus
inhibiting a mechanism by which tumours feed in
conditions of low nutrient supply, such as a growing
tumour mass. This hypothesis is supported by the re-
cent finding of a gene thatis common to human mela-
noma cells and amoebae and is involved in phagocy-
tic feeding activity [74].

These findings remind us of the Nobel laureate Otto
H. Warburg who, nearly a century ago, pointed out
that ‘We can only cure what we can understand first’.
In this respect, we still need to learn much more about
the mechanisms of cancer development and survival,
including the strategies that cancer cells adopt to
cope with an adverse microenvironment, and how
they deal with host defenses and toxic molecules. We
need to understand why cancer cells select and gen-
erate a microenvironment that allows them to survive
[75], whilst killing normal cells that are not capable of
surviving in these toxic tumour-produced conditions
oflow pH, low oxygen levels and limited nutrient sup-
ply. In this context, a possible new approach may be
to try to further elucidate the mechanisms that allow
tumour cells to survive in the hostile microenviron-
ment created during their growth. Examples of these
survival mechanisms are the several proton pumps
and transporters that allow cancer cells to expel H"
ions, thus avoiding intracellular acidification and,
therefore, cell death. By treating tumours with PPIs,
cancer cells can be specifically killed by a cell death
mechanism selectively induced by intracellular H*
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Table2 Human tumour cells and tumours sensible to inhibition of proton pumps

Human tumour histotype Chemosensitization Antitumour effect References
Melanoma Cisplatin/5-FU/vinblastin/ Cytotoxicity and [387,58,81]
doxorubicin caspase dependent

B-celllymphoma Vinblastin/doxorubicin Cytotoxicity and caspase [387,55]
independent

T-celllymphoma Cytotoxicity and caspase [55]
dependent

Breastcancer Cisplatin/5-FU/vinblastin [14,37]

Colon cancer Cisplatin/5-FU/vinblastin [37]

Gastric cancer Cisplatin/5-FU/doxorubicin Cytotoxicity and apoptosis [52,82]

Ovarian cancer Cisplatin/5-FU/vinblastin [37]

Osteosarcoma Cisplatin De Milito A et al., personal

observation
Liver cancer Inhibition of proliferation [46,83]
Colangio carcinoma Cytotoxicity and apoptosis [84]

accumulation. Data have also suggested that almost
all human tumours may respond to PPI with chemo-
sensitization and/or cytotoxicity, as summarized in
Table 2. It is therefore likely that PPl may represent a
new therapeutic strategy for all human cancers.
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