
Abstract. Apoptotic pathways represent the mechanisms
of programmed cell death that counteract initiation and
progression of cancer. New therapeutic targets are currently
being explored on the basis of our detailed knowledge of
the mechanisms and factors involved in apoptosis. In recent
years, numerous proteins have been identified, which act as
tumour suppressors or as oncoproteins in caspase-independent
programmed cell death mechanisms, in which lysosomes are
implicated for their lysosomal functions in cancer, mainly
attributed to lysosomal proteinases, particularly the cathepsins.
If cathepsins are released from the lysosomal lumen into the
cytoplasm they initiate a number of processes that may cause
either apoptotic or non-apoptotic (necrotic) cell death. The
release of cathepsin D into the cytoplasm by vacuolar-type
ATPase (V-ATPase) inhibitors produces the characteristic
signs of apoptotic cell death, including caspase-3 activation
and DNA laddering. For the destabilisation of the lysosomal
membrane, two methods are available having therapeutic
potential: the formation of reactive oxygen species (ROS)
by irradiation or by enzymatic reactions and the lysosomal
membrane permeabilisation by lysosomotropic compounds.
Findings also suggest that the deregulation of polyamine
metabolism or cytotoxic metabolites generated from the
oxidative deamination of spermine by amine oxidases in

association with lysosomotropic compounds may induce
apoptosis. Cross-resistance of cells to cytotoxic actions of a
wide variety of natural and synthetic anticancer drugs is the
well-known phenomenon called multidrug resistance (MDR),
due to glycoprotein P that functions as an ATP-dependent
pump. The sensitisation of tumour cells to anticancer drugs by
lysosomotropic compounds, and particularly the sensitisation
of MDR-resistant cells recommend scrutinizing the potential
of lysosomotropic drugs in cancer therapy.
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1. Introduction

Apoptotic pathways are the best studied programs that
counteract initiation and progression of cancer (1). Conseq-
uently, new therapeutic targets are currently being explored
on the basis of our detailed knowledge of the mechanisms
and factors involved in apoptosis (2). For many years, interest
was mainly focused on mitochondrial and death receptor-
mediated apoptosis signalling pathways, which converge at
the level of caspase-3 activation. In recent years, more
proteins have been identified, which act as tumour suppressors
or as oncoproteins in caspase-independent programmed cell
death mechanisms, in which lysosomes are implicated (3-5).
Numerous reviews document the revival of interest in lyso-
somal functions, particularly in cancer (6-11). It is now well
established that lysosomal proteinases, particularly the
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cathepsins, contribute in several ways to apoptotic and non-
apoptotic cell death (12). Cathepsins have multiple functions.
Cysteine cathepsins B and L and the aspartate cathepsin D
are implicated in malignant transformation and in cancer
progression (13-15).

Apoptosis is morphologically characterised by rounding
up of the cell, retraction of pseudopodia, reduction of cellular
volume, condensation of the chromatin, fragmentation of the
nucleus, plasma membrane blebbing, but little modification
of the cytoplasmic organelles (5) and maintenance of an
intact plasma membrane. In contrast, autophagic cell death
occurs without chromatin condensation and is accompanied by
massive vacuolisation of the cytoplasm (10). The vacuoles may
contain degenerating cytoplasmic organelles. According to
Bursch (16), autophagic-programmed cell death and apoptosis,
although morphologically different, should not be considered
as mutually exclusive phenomena. Both reflect cell responses
to physiological and pathological changes of the environmental
conditions. In addition to their function in the cleavage of
cytoplasmic constituents within the lysosomal lumen, diverse
signals are mediated by lysosomal proteinases to caspases,
and thus to apoptosis. For example, radiation-induced cell death
involves the formation of reactive oxygen species (ROS) that
cause lysosomal destabilisation and induce caspase activation
(17). Radiation-induced cell death belongs, therefore, to the
category of lysosome-dependent apoptosis. In addition to
radiation, a variety of cytotoxic drugs are capable of inducing
apoptosis by accumulating within the lysosomes, and releasing
lysosomal proteases, due to the impairment of the lysosomal
membrane.

Several findings suggest that the deregulation of metabolism
of polyamines (putrescine, spermidine, spermine and related
compounds) may induce apoptosis (18). Apart from being of
vital importance for the propagation and viability of most cells
the natural polyamines spermidine and spermine are also the
source of cytotoxic metabolites. The oxidative deamination
of spermine by bovine serum amine oxidase (BSAO: EC
1.4.3.6) generates hydrogen peroxide, aldehydes and ammonia.
Hydrogen peroxide and aldehydes induce apoptotic and non-
apoptotic cell death. We demonstrated that the induction of cell
death was potentiated by the combined treatments of BSAO/
spermine with MDL 72527 [N1,N4-bis(2,3-butadienyl)-1,4-
butanediamine dihydrochloride], an inactivator of flavin-
adenin-dinucleotide (FAD)-dependent amine oxidase (AO),
with lysosomotropic properties (19). Other lysosomotropic
compounds that sensitize tumour cells to toxic spermine
metabolites, such as chloroquine, are being investigated. A
systematic exploration of the potential of this category of
compounds in cancer therapy has not been published. It seems
therefore of interest to review the sporadic observations and
to investigate the chances of lysosomotropic drugs in cancer
therapy.

2. Functions of lysosomes

The digestion of redundant cellular material has long been
considered to be the exclusive function of lysosomes (20,21).
However, more recent work has demonstrated that the
processes that involve lysosomes are not unspecific catabolic
mechanisms, but targeted functions (8,22,9).

The release of lysosomal enzymes is a physiological
process. The mechanism of secretion of lysosomal enzymes,
their fate and the mechanisms by which extracellular inhibitors
of the lysosomal enzymes may prevent tissue damage have
been reviewed by Davies and Allison (23).

Two pathways are mainly involved in the degradation of
cellular material: the ubiquitin-proteasome pathway (24) and
autophagy (22). The latter term designates any intracellular
process that results in the complete degradation of cytoplasmic
components to amino acids and nucleotides inside the lyso-
somes. Based on the way substrates reach the lysosomal lumen,
one distinguishes between three major forms of autophagy
(25). In macroautophagy the substrates are first sequestered
by a membrane of non-lysosomal origin (‘autophagosome’).
Fusion of the autophagosomes with lysosomes exposes the
contents of the autophagosome to an array of proteolytic
enzymes (26,27). In microautophagy the lysosomal membrane
itself engulfs the cytosolic substrates. In chaperone-mediated
autophagy, soluble proteins bind to a cytosolic chaperone.
Selectivity depends on the recognition of an amino acid
sequence of the substrate protein by the chaperone. The
substrate-chaperone complex binds to a receptor of the
lysosomal membrane that mediates its translocation into
the lysosomal lumen (28). While only some forms of macro-
autophagy and microautophagy are selective, chaperone-
mediated autophagy is always selective.

Most cells have the ability of autophagy, though to different
degrees. The basal autophagic activity reflects a role in the
control of the turnover of proteins but, in contrast with the
multi-enzyme proteasome system, autophagy is suited to
remove not only proteins, but also functionally redundant cell
organelles.

Concerning cancer, the role of autophagy is Ianus faced.
In theory, both activation and inactivation of autophagy
could support tumour growth (9). In later stages of tumour
growth, the cells of inner layers (in contrast with the well-
vascularised cells of the outer layers) have insufficient access
to oxygen and nutrients. In this situation, autophagy is able to
provide a minimal energy supply for tumour cell survival by
degrading proteins. In addition, specific toxins, pathogens and
altered cytoplasmic constituents, damaged cell organelles and
aggregated proteins are sequestered and degraded through
autophagy. The removal of these undesired materials supports
tumour growth by protecting from apoptosis. In agreement with
this suggestion is the observation that inhibition of autophagy
can induce apoptosis of tumour cells (29). On the other hand, if
cells cannot activate autophagy, protein synthesis predominates
over protein degradation and cell growth continues; a situation
that is typical of the cancer cells in the early stages of tumour
growth. In this case, activation of autophagy could antagonise
tumour growth. Apart from the stage of cancer, the level of
cell differentiation, type of tissue, surrounding conditions and
the genetic background influence autophagic activity in cancer
(8,30,31).

3. Permeabilization of lysosomal membranes and apoptosis

If ROS, lysosomotropic agents, or sphingosine accumulates
within the lysosomes, they induce a variety of processes that
may cause the destabilisation of the lysosomal membrane.
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Near total permeabilisation causes mainly necrotic cell death,
while selective membrane permeabilisation induces mainly
apoptosis (7). In Fig. 1, a current concept of lysosomal
membrane permeabilisation is shown. For the destabilisation
of the lysosomal membrane by ROS, intra-lysosomal ferric
ions are essential, which originate from the digestion of
iron-containing metalloproteins (32). The ferric ions catalyse
the formation of oxygen radicals from hydrogen peroxide.
Complexation of iron by deferoxamine stabilises lysosomes
against hydrogen peroxide (33-35).

Irrespective of the cause of lysosomal membrane per-
meabilisation, if cathepsins are released from the lysosomal
lumen into the cytoplasm they initiate a number of processes
that may cause apoptosis. For example, they promote mito-
chondrial hydrogen peroxide formation (36). Since ROS are
able to initiate lysosomal membrane permeabilisation, a
positive feedback loop may be generated, if mitochondrial
ROS formation is sufficiently high. Using 3-aminopropanal
as lysosomal membrane disrupting agent, an amplifying loop
presumably initiates, that is partially inhibited in the presence
of α-tocopherol (37).

Cathepsin B (a member of the cysteine proteinases) (38),
and cathepsin D (a member of the small family of aspartate
proteinases) mediate apoptosis in a variety of models (39-41).
By using pepstatin (an aspartate proteinase inhibitor) the role
of cathepsin D in apoptosis induction has been demonstrated.
It prevented to different degrees apoptosis that was induced
by anticancer drugs with lysosomotropic properties (42) and
a newly synthesized retinoid (43).

Interestingly, the translocation of heat shock protein
(HSP) 70 promotes cell survival by stabilising the lysosomal
membrane and preventing its permeabilisation. The increased

formation and incorporation of HSP 70 into the lysosomal
membrane is obviously a defence mechanism against stress,
such as oxidative stress. It is well known that a variety of
tumour cells generate an excess of ROS (44).

In view of the complexity of the apoptosis-related path-
ways and signalling cascades (1), an in-depth analysis of the
consequences of lysosomal membrane permeabilisation is
beyond the scope of this overview. However, it is evident
from previous studies (41,45) that mitochondrial membrane
permeabilisation is a critical step of lysosome-initiated apop-
tosis. This was demonstrated, among others, by the following
observations (46). After exposure to hydroxychloroquine, a
lysosomotropic quinoline derivative, the release of cathepsin
B from the lysosomal lumen was determined. Following the
release of cathepsins, characteristic signs of apoptosis were
observed, such as caspase activation, phosphatidylserine
exposure, chromatin condensation, and mitochondrial
permeabilisation, as indicated by insertion of Bax into mito-
chondrial membranes, the release of cytochrome c, and the
loss of mitochondrial transmembrane potential. Furthermore,
mouse embryonic fibroblasts lacking the expression of Bax and
Bak were resistant to hydroxychloroquine-induced apoptosis.
Although they released cathepsins similar to Bax and Bak
expressing fibroblasts, they failed to undergo mitochondrial
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Figure 1. A current concept of lysosomal membrane permeabilisation,
according to Guicciardi et al (7) modified.

Figure 2. Structures of some selected lysosomotropic compounds.
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membrane permeabilisation. Kågedal et al (47) demonstrated
by immunostaining that Bax inserts not only into the mito-
chondrial, but also into the lysosomal membrane, and causes
the release of lysosomal proteases. It seems likely that the
apoptotic effect of cathepsins is amplified by the impairment
of the lysosomal membrane by Bax insertion.

4. Lysosomotropy is not sufficient to kill cells

Lysosomotropic compounds accumulate within the lysosomes
owing to the pH gradient between the cytoplasm and the
lysosomal lumen, hence they have to be proton acceptors.
Since membranes are diffusion barriers for positively charged
molecules, lysosomotropic compounds are usually weak bases
with a considerable proportion of the free base in equilibrium
with its protonated form. As shown in Fig. 2, their formula
represents the diversity of structural features of lysosomotropic
compounds. They range from simple aliphatic amines and
amino acid esters to complex molecules. Compounds such as
atropine, cocaine, nicotine and numerous other alkaloids, as
well as the ß-receptor blocker propanolol [1-(isopropylamino)-
3-(1-naphthyloxy)-2-propanol] belong to the family of lyso-
somotropic compounds. Acridine orange, Lysotracker red
and other weakly basic fluorescent dyes accumulate selectively
in acidic vesicles at low extracellular concentration, and allow
the detection of leakage of acidic vesicular organelles by
determining their relocation within the cytoplasm. Ammonia
(pKB 4.75) and methylamine (pKB 3.40) are the most important
endogenous lysosomotropic compounds. In the case of
ammonium salts, 1.7% of NH3 is in equilibrium with NH4

+ at
pH 7.4. Since the free bases, which enter the lysosomes by
diffusion, are protonated within the lysosomal lumen, the
intra-lysosomal pH increases; for example from 5.6-5.7 by
approximately 1.4 units at 10 mM ammonium chloride in the
cellular environment. Owing to the increase of the intra-
lysosomal pH, the conditions for the proteolytic digestion of
engulfed materials by the lysosomal enzymes are impaired.
This has a number of consequences, including the prevention
of the further uptake of lysosomotropic compounds, an increase
in size and number of lysosomes, and the overloading of lyso-
somes by non-digestible material. The following few examples
illustrate the consequences of a lysosomotropic compound
accumulation in the cells. Tilorone, an immunomodulator,
induces, in cultured fibroblasts, the lysosomal storage of
sulphated glycosaminoglycans and produces cytological and
histochemical alterations reminiscent of inheritable mucopoly-
saccharidosis (48). Treatment of peripheral blood lymphocytes
with ammonia or other lysosomotropic compounds eliminates
the natural killing activity of these cells similarly to the
treatment with inhibitors of cathepsins (49). Ammonia and
chloroquine reduce the catabolism of 125I-labeled Listeria
by macrophages in a dose-dependent manner and affect an
intracellular handling step required for the expression of the
immunogenic that is relevant for T cell recognition (50). In
fact, numerous drugs induce lysosomal disorders of the liver,
since the Kuppfer cells accumulate lysosomotropic agents
particularly well.

The impairment of protein digestion by lysosomotropic
compounds may be exploitable for therapeutic purposes, as
the following examples show. Monensin, a lysosomotropic

peptide, improved the cytotoxicity of a conjugate of the ricin
A chain, that was linked by a thioether bond to monoclonal
antibodies directed toward breast cancer cells. Since the
cellular transport of drugs is affected by lysosomes, a better
understanding of their role in drug transport and compart-
mentalisation is expected to improve drug accumulation in
clinically relevant sites (51).

Not all lysosomotropic compounds are cytotoxic. Ammonia
salts, methylamine and related hydrophilic weak bases are
mainly cytostatic. They cause swelling of the lysosomes, but
do not render the membrane leaky to hydrolytic enzymes. In
order to produce lysosomal membrane permeabilisation and
cathepsin release, the lysosomotropic compounds require a
certain degree of lipid solubility. The ability of lysosomotropic
detergents to kill cells at low concentrations is due to their
straight hydrocarbon chain tail of 9-14 carbon atoms that is
usually attached to imidazole, morpholine and related bases
(52). These compounds are incorporated into membranes and
impair membrane stability.

Since, however, highly lipophilic compounds impair
membrane function indiscriminately, they are not useful as
drugs. That their accumulation is nevertheless important for
their membrane effects is demonstrated by the observation
that ammonia, methylamine and other non-cytotoxic lysosomo-
tropic compounds provide protection against lysosomotropic
detergents.

5. Inhibitors of vacuolar ATPases mimic effects of
lysosomotropic compounds

Proton pumps, namely the vacuolar-type ATPases (V-
ATPases), maintain the pH gradient between cytoplasm
and acidic vesicles. Inhibitors of the V-ATPases, such as
the plecomacrolide antibiotics bafilomycin A and the
concanamycins, increase the intra-lysosomal pH similarly
to lysosomotropic compounds (53).

The V-ATPase inhibitors are cytotoxic toward a variety
of tumour cells; EC50 values are in the nanomolar range.
They even have anti-tumour properties in vivo (54-56). The
release of cathepsin D into the cytoplasm by V-ATPase
inhibitors produces the characteristic signs of apoptotic cell
death, including caspase-3 activation and DNA laddering.
However, as pointed out by Nakashima et al (55), bafilomycin
Al induced neither a decrease of the mitochondrial trans-
membrane potential, nor the release of cytochrome c, indicating
a mitochondrion-independent death mechanism.

6. Cytotoxic lysosomotropic compounds

Lysosomal cathepsins induce cell death. Since the release of
lysosomal cathepsins induces apoptotic and non-apoptotic
(necrotic) cell death (7,12), the permeabilisation of the lyso-
somal membrane appears to be a potential target in cancer
therapy.

For the destabilisation of the lysosomal membrane, in
principle two methods of therapeutic potential are available:
formation of ROS, for instance by UV or γ-irradiation, or by
enzymatic reactions using xanthine oxidase after administration
of hypoxanthine (57) or by bovine serum amine oxidase
(BSAO) administration in the presence of spermine (58), and
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lysosomal membrane permeabilisation by lysosomotropic
compounds [the fact that lysosomotropic compounds may

induce ROS formation (59) is not considered as a third
method]. In contrast to irradiation methods, therapies relying
on ROS formation by enzyme-catalysed reactions and the
administration of lysosomotropic compounds have not been
systematically explored.

Several conventional drugs may be capable of releasing
cathepsins by permeabilising lysosomal membranes. Indeed,
numerous anticancer drugs induce DNA damage that triggers
p53-dependent apoptosis, and Yuan et al (60) demonstrated
that p53-mediated apoptosis is induced via lysosomal damage
by ROS.

Among 879 compounds of the National Cancer Institute
mechanistic set, 15 induced caspase-catalysed cleavage of
cytokeratin-18, without showing dependence on p53 induction.
Among this subset, seven compounds showed lysosomal
membrane permeabilisation (42). Their anticancer effect is
likely to rely at least in part on this property. Since over 50%
of human tumours contain a functionally defective p53 that
reduces sensitivity to some commonly used chemotherapeutic
agents, such as etoposide and cisplatin, apoptotic p53-
independent drugs may have an advantage.

In Table I, lysosomotropic compounds of known cyto-
toxicity are compiled. Some selected compounds are more
closely considered below.

3-Aminopropanal. 3-Aminopropanal is a potent lysosomotropic
compound that causes oxidative stress by rupturing lysosomes
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Table I. Lysosomotropic compounds with cytotoxic properties.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Compound Cells Reference
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
N-dodecyl-imidazol Baby hamster kidney (BHK) Miller et al (52)

Chloroquine Pancreatic adenocarcinoma Zeilhofer et al (63)
Human metastatic colon carcinoma SW 620 Seiler et al (64)

Hydroxychloroquine Boya et al (45)

MDL 72527 Human metastatic colon carcinoma SW 620 and Duranton et al (73)
[N1,N4-bis (2,3-butadienyl)-1,4-butanediamine] SW 480

L1210 mouse leukemia Dai et al (19)
Seiler et al (72)

LoVo colon adenocarcinoma and M14 melanoma Agostinelli et al (74,75)

N1,N4-di-n-butyl-1,4-butanediamine L1210 mouse leukemia Seiler et al (72)
Human metastatic colon carcinoma SW 620

1,4-diamino-2-butyne L1210 mouse leukemia Porter et al (108)
2,5-diamino-3-hexyne

Phenylalanine methylester Human leukemia Rosenfeld (109)

Glycyl-D-phenylalanine-2-naphthalamide Vero cells Jadot et al (110)

L-leucyl-L-Leucine methylester Human leukaemia (HL60) Uchimoto et al (111)
Mizuta et al (112)

Retinoid CD437 (6-[3-(1-adamantyl)-4-hydroxyphenyl]- Human leukaemia (HL60) and several other Zang et al (43)
2-naphthalene carboxylic acid) tumour cell lines

Tilorone (2,7-bis[2-(diethylamino) ethoxy]fluoren-5-one) Bovine fibroblasts Lullmann-Rauch et al (113)

3-Aminopropanal D384 glioma Li et al (114)
Human neuroblastoma (SH-Sy5Y) Yu et al (37)

Ciprofloxacin, Norfloxacin HeLa cells Boya et al (46)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 3. Formation of 2-aminopropanal from spermine by the spermine
oxidase-catalysed reaction.
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(37). It is a polyamine metabolite in cerebral ischemia (61)
and attracts particular interest as an endogenous compound
with neurotoxic properties. Although its formation has not been
entirely clarified, it seems likely to be a product of spermine
oxidase, an inducible flavin-dependent amine oxidase (62).
This reaction is formulated in Fig. 3, but another flavin-
dependent polyamine oxidase (PAO) may also promote the
formation of 3-aminopropanal from spermine. Other not yet
identified amine oxidases cannot be excluded from being
responsible for the formation of this toxic aldehyde, from
spermidine or spermine, in the brain of stroke patients.

Chloroquine. Chloroquine, an anti-malaria and anti-inflam-
matory drug, is known for its lysosomotropic properties. It
is cytotoxic, with EC50 values in the μM range (63,64). It
synergises the cytotoxic effect of polyphenolic apple
constituents, the procyanidins, in SW 620 metastatic colon
carcinoma cells (64) and of Vinca alkaloids and anthra-
cyclines in MDR human leukaemia and KB carcinoma cells
(65,66). Other lysosomotropic amines, such as propanolol,
atropine, amantadine and nicotine were also effective in
restoring the sensitivity of the carcinoma cells to vincristine,
vinblastine and actinomycin D cytotoxicity (66).

N1,N4-bis(2,3-butadienyl)-1,4-butanediamine (MDL 72527).
MDL 72527 and some structurally related diamines with
unsaturated aliphatic substituents had been designed as
inactivators of polyamine oxidase (PAO), an enzyme present
in most vertebrate tissues and responsible for the inter-
conversion of the polyamines (67). The compound enhances
the cytotoxicity of spermine to baby hamster kidney (BHK)
(68) and CaCo-2 cells (69), as well as the cytotoxicity of a
calmodulin antagonist to several tumour cell lines (70, 71). In
the course of these investigations, it became apparent that the
cytotoxic effect of MDL 72527 was independent of its ability
to inactivate PAO. This was later confirmed by the comparison
with a saturated structural analogue, which lacked the ability
to inhibit PAO (72). The observations of Dai et al (19) revealed
the apoptotic and lysosomotropic property of the drug. The
latter was based on the formation of cytoplasmic vacuoles. Dai
et al (19) demonstrated also a high sensitivity of transformed
haematopoietic cells (in comparison with the non-transformed
analogues) to MDL 72527. Vacuole formation and induction
of apoptosis was also shown for colon carcinoma-derived
SW 480 and SW 620 cell lines (72,73) and for wild-type and
MDR LoVo human colon adenocarcinoma (74) and M14
melanoma cells (75), when they were pretreated with MDL
72527 and then treated with BSAO in the presence of spermine.
However, in contrast with the latter observations on LoVo
and M14 cells, vacuole formation in leukaemia cells (19) was
not reversible in the presence of MDL 72527.

7. Sensitisation of cancer cells to anticancer treatment by
lysosomotropic compounds

Cross-resistance of cells to cytotoxic actions of a wide
variety of natural and synthetic anticancer drugs is the well-
known phenomenon called multidrug resistance (MDR). The
pharmacological basis of MDR is the decreased accumulation
and enhanced release of the cytotoxic drugs. The development

of MDR is associated with the overexpression of a gene that
encodes an integral membrane glycoprotein of 170 kDA,
called glycoprotein P, for its structure see Loo and Clarke
(76). Glycoprotein P functions as an ATP-dependent pump
that extrudes a broad range of drugs from the cells (77,78).

A variety of stimuli increase the expression of the MDR
gene: low extracellular pH, heat shock, arsenite and other
cytotoxic agents including anticancer drugs and UV irradiation,
among others (79). Wadkins and Roepe (80) drew attention
to the changes of intracellular pH and membrane potential of
cells with overexpressed P-glycoprotein. These changes affect
the transmembrane flux of a large number of compounds,
which render the cells drug resistant.

In an attempt to characterise the physical and chemical
properties shared by compounds that modulate MDR, Zamora
et al (81) established a long list of structures including synthetic
and natural indoles, acridines, quinolines, isoquinolines and
alkaloids containing these structures as well as numerous
other alkaloids, among which nicotine and atropine should be
mentioned here. According to these and other investigations,
chemosensitisers with the capacity to block drug extrusion
have to contain hydrophobic parts and aromatic moieties, and
a functional group that can act as a hydrogen bond donor or
acceptor (78). They are lipid soluble at physiological pH and
many of these compounds possess a basic nitrogen atom and
at least two co-planar aromatic rings (79). Verapamil (a Ca2+

ion channel blocker) is considered as one of the most potent
chemosensitisers (Fig. 4). It is frequently used as standard for
determinations of the ability of new compounds to reverse
MDR (82-85).

Binding of vinblastine to membrane vesicles from MDR
cells, produced by exposure to Vinca alkaloids or anthra-
cyclines, and competition for the binding site suggested binding
to P-glycoprotein as the characteristic property of compounds
suited to reverse MDR. Binding of chemosensitisers to the
P-glycoprotein pump has repeatedly been demonstrated.
For example, chloroquine inhibits the photo affinity labelling
of a quinoline-based photoactive chemosensitiser (N-{4-[1-
hydroxy-2-(dibutylamino)ethyl]quinolin-6-yl}-4-azidosalicyl-
amide) (86).
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Figure 4. Structural formulae of Verapamil and Fluoxetine, drugs that
reverse multidrug resistance.
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Zamora et al (81) directed attention to the fact that Vera-
pamil has lysosomotropic properties: this is evident from its
ability to prevent intra-lysosomal proteolysis (87,88). From a
structural point of view, many of the compounds listed by
Zamora et al (81) have the structural features of lysosomotropic
compounds. This is also true for more recently investigated
chemosensitisers, such as Fluoxetine (N-methyl-3-[(4-trifluoro-
methyl)phenoxy]benzene-propanamine), an antidepressant
with structural similarity to Verapamil, and several other
compounds (Fig. 4) (83-85). Owing to their hydrophobic parts,
these bases are presumed to impair lysosomal membrane
stability. Presumably, a polymer of spermine that is likely
to accumulate in lysosomes after having been taken up by
endocytosis, belongs also to this group (89).

From the foregoing, it seems evident that, among the
MDR-reversing drugs, selective ligands of P-glycoprotein
are more rare than the norm, since most of the compounds
have the structural features of lysosomotropic compounds.
The following observation supports the suggestion that
chemosensitisers may not exclusively (and in some cases
not at all) act by binding to P-glycoprotein: Verapamil and
reserpine greatly improve the cytotoxic effect of Taxol,
anthracyclines and Vinca alkaloids in P-glycoprotein-deficient
hamster and human nasopharyngeal carcinoma cells (90). In
this case, binding to P-glycoprotein is excluded as a mechanism
of sensitisation. The sensitising effect of Verapamil is not
stereospecific, i.e. the R- and S-isomers are equipotent in
modulating resistance in L1210 mouse leukaemia cells by
Mitomycin C, an alkylating agent (91). This fact may also be
taken as a hint to a chemosensitising mechanism of Verapamil
that is independent of P-glycoprotein binding.

Lysosomotropy appears to be a more general principle
of drug sensitisation than binding to P-glycoprotein, though
certainly not an exclusive principle. Lysosomotropic drugs
and lipophilic compounds, including neutral detergents (92,93),
have in common that they impair membrane fluidity, stability
and permeability. In agreement with the notion that membrane
permeabilisation is a key step in drug-induced sensitisation
of cells to anticancer drugs is the observation that the ability
of drugs to enhance Taxol cytotoxicity correlates with their
ability to permeabilise lipid bilayers (90).

8. Hydrogen peroxide and spermine oxidation products
induce damage of lysosomal membrane and multidrug-
resistant cells

In vitro and in vivo studies on BSAO/spermine-induced cyto-
toxicity. Hydrogen peroxide damages lysosomal membranes
and initiates apoptosis (35). Likewise, hydrogen peroxide
formed in situ, e.g. by enzymatic oxidation of hypoxanthine
(57) or spermine (58), is cytotoxic and has anti-tumour effects
in vivo (57,94).

Several in vitro studies have shown that the cytotoxic
products of BSAO and spermine, H2O2 and acrolein, can
induce either apoptosis or necrosis, depending on both their
concentrations and the cell type (58,95-98). The cytotoxicity
was evaluated on both sensitive and resistant human colon
adenocarcinoma cells (LoVo WT and LoVo DX, respectively)
and melanoma cells (M14 WT and the doxorubicin-resistant
line M14 ADR) by using a plating efficiency assay, thus

determining the ability of the cells to reproduce and form
macroscopic colonies.

Fig. 5 shows the percentage cell survival against the time
of exposure to purified BSAO (6.98x10-3 units/ml) in the
presence of exogenous spermine (6 and 12 μM), at 37˚C. In
the presence of BSAO and spermine, a higher cytotoxicity was
observed in LoVo DX than in LoVo WT cells. The percentage
cell survival decreased in both cell lines with increasing
exposure time, resulting in approximately 18% in LoVo WT
(curve a) and approximately 5% in LoVo DX cells (curve b),
after 60 min of incubation. Also M14 ADR cells were more
sensitive to the treatment than M14 WT cells. The cytotoxic
effect on both cell lines increased as a function of incubation
time. After 60 min of incubation, which is the highest incub-
ation time, the survival of M14 WT cells was approximately
11% (curve c), while only 3% (curve d) of the M14 ADR
cells remained viable. As expected, it may be seen that the
cytotoxic effect in LoVo WT (curve e) and LoVo DX cells
(curve f) was more marked in the presence of 12 μM spermine
than 6 μM spermine, at 37˚C. The higher cytotoxicity in the
presence of 12 μM spermine was attributed to the formation
of an increased amount of H2O2 and aldehyde(s), during the
enzymatic reaction (74,75). It was determined fluorometrically
that approximately 80% of the formed H2O2 crossed the cell
membrane, and that uptake reached a maximum in approxi-
mately 10 min after the enzymatic reaction was started.
Aldehyde(s) contributed to cytotoxicity, but at a later stage of
the reaction and to a lower extent (approximately 20%) (98).

A considerable enhancement of cytotoxicity at 42˚C,
compared to 37˚C, was also determined. In hyperthermic
conditions greater cytotoxicity was observed in MDR cells
than in sensitive cells, in both colon adenocarcinoma and
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Figure 5. Effect of BSAO in the presence of spermine on the survival of
M14 melanoma and LoVo colon adenocarcinoma cells, WT (solid line)
and MDR (dashed line). Time-effect relationship and effect of different
concentrations of spermine on cell survival. M14 WT and M14 ADR cells
were incubated in the presence of 6.5x10-3 IU/ml BSAO and 6 μM spermine
(∫; ƒ) for up to 60 min at 37˚C, followed by the determination of the
percentage of surviving cells by a plating efficiency assay. LoVo WT and
LoVo DX cells were also incubated in the same experimental conditions
with 6 μM spermine (‡; •) and 12 μM spermine (Δ; s). Each point represents
the mean value of the results of 2 to 5 plates of three or four experiments.
The error bars indicate ± S.D. When not shown, S.D. lies within the symbols.
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melanoma cell lines. Hyperthermia could act at the initial
stage of the treatment, probably by accelerating the kinetics
of the membrane molecular interactions and by favouring
drug delivery into the cancer cells (99,100).

Preliminary results obtained on LoVo WT and LoVo DX
cells by real-time PCR experiments, showed an increase in
mRNA levels for the BAX pro-apoptotic gene in MDR cells
after treatment with 12 μM exogenous H2O2 of both LoVo cell
lines. Instead, LoVo cells treated during 60 min of incubation
with 12 μM exogenous acrolein, showed a slight over-
expression of the pro-apoptotic gene BAX at the latest stage
of the reaction, in agreement with the results obtained by the
clonogenic assay, as above described. The pro-survival BCL-2
gene did not reveal any variation after LoVo cell line
treatment with either exogenous H2O2 or acrolein (Agostinelli,
manuscript in preparation).  

Taking into account these findings, it has been therefore
evaluated in vivo, using a mouse melanoma model, whether
BSAO, when injected directly into the tumour, is able to induce
tumouricidal activity by converting endogenous polyamines
to toxic products in situ (94). Treatment of mice bearing
subcutaneous melanoma tumours with a low dose (2.5 mU)
of native or immobilized BSAO, induced inhibition of tumour
growth by 40% and 70%, respectively, during a period of 10
days after a single injection of the enzyme into the center of
the tumour. The poly-ethylene glycol (PEG)-albumin matrix
used for enzyme immobilization had no significant effect on

tumour growth. The lower Vmax of the immobilized form of
BSAO would allow a prolonged, slow release of cytotoxic
products compared to the more rapid generation of higher
levels of cytotoxic products with the native enzyme. Moreover,
it was reported that the immobilization of BSAO into a
hydrogel matrix of PEG-albumin increased its operational
stability in vitro from 1.5 h to 70 h (101). An important finding
is that, under these experimental conditions, the native BSAO
generates a burst of hydrogen peroxide and aldehyde(s) at such
concentrations that necrosis is favoured, whereas immobilized
BSAO caused cell death mainly by apoptosis.

The main goal of this study is to develop a new type of
cancer treatment for solid tumours, which takes advantage of
the fact that the polyamine levels are higher in many solid
tumour tissues such as breast, colon, melanoma, brain and
kidney (102). These findings with immobilized BSAO could
be beneficial since the ultimate aim of anticancer treatments
is to induce tumour cell death by apoptosis, a process that
avoids inflammatory damage to surrounding tissues.

Sensitization of LoVo and M14 cells to BSAO/spermine-
induced toxicity by MDL 72527. At present, we are investig-
ating drug combinations with the aim to increase the induction
of cell death by toxic polyamine metabolites. It has been
demonstrated that pre-treatment of human colon cancer-
derived LoVo (74) and M14 human melanoma cells (75) with
MDL 72527 [N1,N4-bis(2,3-butadienyl)-1,4-butanediamine
dihydrochloride] sensitizes the cells to subsequent exposure
to hydrogen peroxide and aldehydes generated from BSAO/
spermine-induced cell death and potentiates the enzymatic
system. In Fig. 6, transmission electron microscopy (TEM)
observations showed that the pre-treatment of the cells with
300 μM MDL 72527 caused the temporary formation of
cytoplasmic vacuoles, of lysosomal origin, within less than
6 h (Fig. 6e and f). The pre-treatment with MDL 72527 also
increased the number of lysosomal structures as shown by
confocal microscopy (Fig. 7c and d; Agostinelli et al, manu-
script in preparation) when compared with the controls (Fig. 7a
and b), indicating a contribution of the lysosomotropic
properties of MDL 72527 to the sensitisation of the tumour
cells to hydrogen peroxide and aldehyde formed during the
treatment with BSAO and spermine (Fig. 6e and f). Instead,
mitochondrial damage, as observed by TEM (Fig. 6c and d),
seemed to correlate better with the cytotoxic effects induced
by the ROS generated during the treatment than with the
formation of vacuoles. A direct cytotoxic effect of spermine
at low concentrations used in these experiments can be
excluded. In essence, the ultrastructural alterations support
the view that MDL 72527 acts as a lysosomotropic compound
and that the sensitization of M14 melanoma or LoVo colon
adenocarcinoma cells to the treatment with BSAO and
spermine, as was evident from the decrease of cell survival,
is mainly due to the effects induced by pre-treatment with
MDL 72527 on the endosomal-lysosomal system, with release
of lysosomal enzymes into the cytosol (74,75). The MDR cell
lines deriving from LoVo and M14 cells were considerably
more sensitive to this treatment than the corresponding wild-
type cell lines. In fact, severe changes of the mitochondrial
structure, such as dilatation of the cristae and disruption of
membranes, were mainly observed in multidrug-resistant cells
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Figure 6. Ultrastructural features of mitochondria of M14 WT and M14 ADR
cells (transmission electron micrographs). (a) Untreated M14 WT cells.
(b) Untreated M14 ADR cells. (c) M14 WT cells and (d) M14 ADR cells
exposed for 60 min to 6.5x10-3 IU/ml BSAO and 6 μM spermine at 37˚C.
(e) M14 WT and (f) M14 ADR pre-treated cells with 300 μM MDL 72527
for 6 h and then treated with BSAO and 6 μM spermine for 60 min. The
alterations of the mitochondrial structure are more evident in treated M14
ADR cells. Scale bars, 1 μm.
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(Fig. 6d and f). The results represent an important aspect
for the application of this strategy, since the occurrence of
resistance to cytotoxic agents in cancer cells is one of the
most serious obstacles to successful anticancer chemotherapy
(77). Although MDL 72527 is likely to be a substrate of
the P-glycoprotein pump, as determined by flow cytometry
and immunofluorescence confocal microscopy, the higher
sensitivity of MDR LoVo and M14 cells to hydrogen peroxide
toxicity cannot be explained by the differences of the activity
of the P-glycoprotein pump. Presumably, the previously
mentioned changes of the physical properties of the cells
(altered intracellular pH and membrane potential) due to the
overexpression of the MDR gene (80) offer a basis for an
explanation of the observed sensitization of MDR cells to
hydrogen peroxide, the enzymatic oxidation product of poly-
amines. However, this aspect is presently being investigated.

9. Concluding remarks

The revival of interest in lysosomal function accompanies the
50th anniversary of the discovery of lysosomal function (21),
as already pointed out in the introduction to this review. From
the enhanced sensitivity of immortalised cells to lysosomal
death pathways (103), new possibilities in cancer therapy are
expected (11). Lysosomotropic compounds were not included
in these considerations, and played in fact an outsider role
during the last decades. However, the sensitisation of tumour
cells to anticancer drugs by lysosomotropic compounds,
and particularly the sensitisation of MDR-resistant cells,
recommend scrutinizing the potential of lysosomotropic
drugs in cancer therapy. Admittedly, there are some obvious
problems to be taken into consideration. a) The stabilisation
of lysosomal membranes by translocation of HSP 70 seems
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Figure 7. Confocal microscopy observations. The pre-treatment with 300 μM MDL 72527 enhanced the number of lysosomal structures. (a) Untreated M14
WT cells. (b) Untreated M14 ADR cells (scale bars, 16 μm). (c) M14 WT and (d) M14 ADR treated cells (300 μM MDL 72527 for 6 h) (scale bars, 20 μm).
The number of lysosomes was higher in M14 ADR than in WT cells.
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to argue against the use of lysosomotropic compounds, because
it decreases the sensitivity to cytotoxic lysosomotropic
compounds. Presently, information is lacking on the relative
sensitivity of non-transformed and transformed cells to the
combined treatment with anticancer drugs and compounds
that destabilise lysosomal membranes and favour cathepsin D
release. The observation of Dai et al (19) on the higher
sensitivity to MDL 72527 of leukaemia cells, compared with
immortal myeloid progenitor cells, is promising for therapeutic
applications of cytotoxic lysosomotropic compounds. b)
The impairment of lysosomal proteolysis prevents chronic
treatment, but this should not be too great a hurdle, as is
evident from the extensive experience with chloroquine in
the treatment of malaria.

From a therapeutic point of view, the improvement of the
efficacy of in situ formation of cytotoxic polyamine metabolites
is essential. This may be achieved by combinations of the
treatment with cytotoxic drugs, or by heat. Hyperthermia in
combination with cytotoxic drugs (100), preferentially with
drugs that enhance cytotoxicity at elevated temperatures (104),
and the administration of drug combinations are clinically
accepted methods. Likewise, sensitising cells by a lysosomo-
tropic compound, as for example chloroquine or MDL 72527
(74,75), improved cell damage by hydrogen peroxide and other
spermine metabolites. An extension of these experiments with
the aim to further improve the cytotoxic effect of spermine
metabolites appears important.

Based on the structural requirements of the chemo-
sensitisers, which are similar to those of cytotoxic lyso-
somotropic compounds, a rational design of new cytotoxic
lysosomotropic compounds is possible and desirable. However,
new compounds are not absolutely required, since promising
clinical trials could be started immediately using combinations
of available drugs. In the first place, well-established drugs
with known toxicological and pharmacological properties
should be taken into consideration. Among these, Fluoxetine
has an interesting aspect for cancer treatment because of its
antidepressant properties. In our opinion, the systematic
exploration of chloroquine in combination with conventional
anticancer drugs promises new, efficient anticancer therapies
within a short period. This compound is cytotoxic per se and
because of its scanty side effects it can be used even in long-
term treatments of children (105). In addition, chloroquine
has antiviral effects (106) and, more important, it improves
the therapy of glioblastoma multiforme (107). In our
laboratory, preliminary studies carried out on human colon
adenocarcinoma and melanoma cells suggest that the anti-
malarial drug chloroquine, in association with BSAO/spermine,
could potentiate the effects of the enzymatic oxidation products
of spermine and might be important as a new approach in
antineoplastic therapy, particularly against MDR cancer cells.
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