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A variety of studies strongly hint that celi membranes can
be important targets for new and existing anti-tumor
drugs. Traditionally, the search for new anti-cancer
agents has focused on compounds designed to act on the
biosynthesis, stabiility or function of DNA; it may be
timely, however, to broaden our search horizon and
consider targets outside of the nucleus. Thus, the cell
membrane as well as membraneous organelles may well
play a key role in the future of anti-tumor drug devel-
opment.
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Introduction

The plasma membrane, as well as the internal
cellular membranes of the mitochondria, en-
doplasmic reticulum and golgi apparatus, play
important roles in cell architecture and function.
Thus they would seem to be appropriate targets for
cytotoxic drugs to be used in cancer therapeutics;
however, as is obvious from the dearth of
anti-tumor agents which act at this level, cell
membranes have been slighted as a target for drug
development. The purpose of this brief review is to
explore prospects and limitations concerning the
discovery and development of anti-tumor drug
candidates designed to act primarily upon cell
membranes. There is substantial, but rather widely
dispersed, literature on membrane actions of
anti-tumor drugs. Without attempting an exhaus-
tive review, this article will try to point out some
of the themes in the recent literature on this topic
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and appraise how these themes might be further
developed.

For most currently available anti-neoplastics,
including nucleoside analogs, antifolates, alkylating
agents and intercalators, the primary mechanism of
cytotoxic action involves effects on the biosynthesis,
stability or function of DNA." This is certainly a
reasonable site of action since DNA is cleatly a
critical target for the inhibition of neoplastic cell
multiplication. The selectivity of these anti-cancer
drugs is based on the exploitation of differences in
DNA organization, replication and repair between
normal and malignant cells. For example, altered
uptake and polyglutamylation of folates in tumor
cells may be responsible for the relative selectivity
of methotrexate (MTX) and its analogs,” while
efficient phosphorylation of cytosine arabinoside to
form Ara CTP in certain leukemias may be the basis
of the drug action.” However, events at the level of
DNA synthesis and function are very fundamental
and highly conserved; thus the biochemical
alterations in neoplastic cells that permit the
selective action of anti-cancer drugs are usually
rather subtle and often poorly understood.
Therefore, most agents which act on tumor cells
via DNA also have profound toxicities to rapidly
dividing normal cell populations. These toxicities,
including bone marrow suppression, damage to the
gastrointestinal epithelium and damage to skin,
often limit the effectiveness of anti-cancer therapy.

In addition to processes involving DNA, events
based in cell membranes are also critical for cell
growth and replication. For example, the proton
gradient across the mitochondrial membrane is
essential for the generation of ATP in most cells.*
Maintenance of an appropriate ion gradient across
the plasma membrane is vital for protein synthesis,5
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for enzymes function® and for osmotic stability,’
loss of which would lead to cell lysis and death.?
Thus, drugs that act to damage membranes or to
inhibit critical membrane processes might have
considerable potential as cytotoxic anti-cancer
agents (Figure 1). As in the case of events at the
nuclear level, there are numerous potentially
exploitable, albeit subtle, differences between
normal and malignant cells in terms of membrane
organization and function; some of these differences
will be discussed immediately below. In thinking
about membrane-active agents as anti-cancer drug
candidates, however, one must keep their likely
toxicities firmly in mind. Drugs of this type may
profoundly impair cells and tissues which utilize
trans-membrane ion gradients to serve vital
functions such as communication (e.g. the nervous
system), mechanical work (e.g. the heart) or
excretion (e.g. the kidney). The specter of these
very important acute toxicities has in the past, no
doubt, dampened enthusiasm for rational develop-
ment of membrane-active anti-tumor drugs and has
likely impeded their emergence from drug screen-
ing programs. Nonetheless, it is important to note
that the tissues affected by the toxicities of
membrane-active drugs are likely to be different
from those drugs which act via DNA, this remains
to be fully documented. Thus, if the most severe
toxicities of membrane-active drugs can be avoided,
these agents may work very well in combination
therapy with ‘standard’ anti-cancer drugs (those
acting on DNA), because of non-overlapping tissue
sites of dose-limiting toxicity.

Characteristics of membranes of
normal versus malignant cells

Many investigators in the past decade have invested
a great deal of effort looking for chemical, physical
and functional differences between the plasma
membranes or intracellular membranes of normal
cells and their transformed or malignant counter-
parts.” For example, in the late 1970s and early 1980s
several comprehensive review articles examined the
abundant information which had been accumulated
by that time.!”* The membranes of many
transformed cells seemed to differ from those of
most normal cells with respect to several different
sets of parameters:

(i) Glycosylation patterns. Aberrant oligosaccharide
compositions of glycolipids and/or glycoproteins
have been observed for many tumor cells."* Often
the tumor cell phenotype involves incomplete
synthesis of membrane gangliosides and accumula-
tion of precursors; however, many other types of
altered glycosylation have been observed. Since
glycolipids which contribute to membrane physical
properties are also involved in cell interactions and
regulation of receptor function, the altered patterns
of glycosylation in tumor cells could be very
important functionally.

(ii) Membrane fluidity. Metastatic properties of cells
have been associated with differences in cell surface
membrane fluidity and lipid composition.'” This is
probably best documented for certain lymphomas
whose membranes seem more fluid than their
normal lymphoid counterparts.'®’’ The altered

Most Anti-Cancer Drugs

Membrane Active Brugs

1. Alternate target of attack.

2. Overcoming drug resistance
due to membrane permeability

3. Possible synergism with
conventional antitumor drugs.

Figure 1. Cell membranes as an alternate target for anti-cancer drugs.
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glycolipid composition often found in tumor cells
may contribute to the observed changes in
membrane fluidity. Cholesterol homeostasis in
highly malignant cells may also be less regulated as
compared with local tumors or in normal tissue.'®"
The abnormal regulation of membrane cholesterol
content, fatty acid composition, cholesterol/pho-
spholipid ratio and feed back inhibition of
cholesterol biosynthesis observed in highly malig-
nant cells may be associated with differences in the
function and/or quantity of a group of cytosolic
lipid transfer proteins, i.e. the sterol carrier proteins
(SCPs).?

(ii) Membrane—cytoskeletal linkages. One of the
most dramatic and consistent differences noted
between transformed cell lines and their non-
transformed counterparts concerns enhanced aggu-
tinability of lectins.’®?' This is accompanied by an
increased mobility of the glycoproteins which serve
as ‘lectin receptors’. The biochemical basis of this
phenomenon is thought to be a weakened
anchorage between cell surface glycoproteins and
cytoskeletal elements subtending the plasma mem-
brane. The general validity of this phenomenon has
been shown to be true with members of the integrin
super-family. A member of the cell surface adhesion
receptors has been shown to display a diffuse
distribution in transformed cells while being tightly
anchored to cytoskeletal structures in focal contacts
in non-transformed cells.”>” This rather funda-
mental alteration in the linkage of membrane
proteins to the cytoskeleton in tumor cells may have
important implications for cell adhesion, motility,
invasiveness and metastatic ability,* as well as in
terms of cellular responses to membrane-active
agents.

(iv) Mitochondrial membrane changes. A variety of

differences have been observed between the
mitochondria of tumor cells and those of
their normal counterparts.”>? These include

alterations in mitochondrial abundance, morpho-
logy and utilization of substrates. Another common
observation is that tumor mitochondria exhibit
reduced ‘acceptor control ratios’, indicating that
the inner mitochondrial membrane is leaky to pro-
tons; this may be an important factor for
modulating cellular resistance of anti-cancer drugs
such as cisplatin resistance in tumor cells.”’” Finally,
in tumor cells there is often an altered balance
between the Krebs cycle and glycolysis in terms of
ATP production, with relatively more glycolysis
and lactate production in cancer cells.

(v) Other aspects. There exist in the literature
descriptions of many other differences between
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membranes of tumor cells and those of their
counterparts. Certainly, altered lipid modification of
proteins (myristoylation, plamitoylation and isopre-
nylation), lipid regulation of proteins (protein
kinase C; PKC), lipid metabolism (phosopholipase
A, C and D), RAS and GAP?® should be
mentioned.

For drug development, one need not identify a
unique difference between normal and all malignant
cells. Rather, it is sufficient to identify characteris-
tics which discriminate cells of a particular tumor
from most cells of the host; certainly, many of the
parameters discussed above meet this criterion.
Therefore, it seems worthwhile to reconsider the
accumulation of information on tumor cell
membranes which has accrued in the previous
decade, to add to this some developing insights
concerning key membrane enzymes such as
members of the PKC family, and to use this
information to explore the possibility of identifying
and developing membrane-active anti-cancer drugs.
Recently, this specific subject has been extensively
reviewed by Tritton and Hickman.”

Membrane actions of ‘conventional’
anti-cancer drugs

Many agents which have their primary action at the
DNA level also have important actions at the
membrane level. For example, alkylating agents are
known to affect a number of membrane functions®
including inhibition of ion transport.”’ Nucleoside
analogs have been reported to modify cell
surfaces”> and to act on lipid membranes.”
Cisplatin has been reported to inhibit amino
acid transport® and to cause alterations of
membrane fluidity.”

The anthracyclines seem to interact with
membranes in a variety of ways. Work by
Tritton and his colleagues®”” and by Tokes’
group,”®* using doxorubicin coupled to macro-
molecular carriers, showed that the drug could kill
cells, presumably via membrane interactions, under
conditions where no drug could reach the nucleus.
It is also well known that the quinone moiety
of anthracyclines can generate free radicals
which lead to lipid peroxidation and membrane
damage.* Lipid peroxidation, as well as the known
propensity of doxorubicin to bind to the
mitochondrial lipid cardiolipin, may be the
underlying causes of the well known cardiomyo-
pathy induced by high cumulative doses of
doxorubicin' and may also be involved in

2
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doxorubicin toxicity to tumor cells. In addition,
more recent works by Tritton and co-workers*'*?
showed that adriamycin could increase the turnover
rate of phosphotidylinositol (PI) in treated tumor
cells and it appears that the disruption of this
key early event in signal transduction may
be involved in the cascade of events that
mediates the cytotoxic action of adriamycin.

A new perspective on interactions between
‘standard’ anti-cancer drugs and membrane compo-
nents has been provided recently by the work of
Bell and his colleagues on PKC.* Cloning of the
PKC gene has revealed the existence of a gene
family encoding closely related isoforms.**
The existence of a family of PKC polypep-
tides suggests that distinct PKC isoforms particpate
in different cellular pathways, and seem to play a
critical role in the transduction of membrane signals
and in the regulation of cell growth.* However,
recent findings indicated that alterations in
the activity of PKC may be involved in malignant
transformation processes.*”* PKC in its active
form is a membrane-bound enzyme complexed with
anionic lipids and calcium. PKC is activated by its
endogenous ligand diacylglycerol and by phorbol
esters,” it is inhibited by endogenous lipids
such as sphingosine and lysophingolipids.”™'
Interestingly, PKC is also inhibited by a number of
useful or potential anti-tumor agents including the
nucleoside analog sangivamycin, acridine deriva-
tives, doxotrubicin—iron(III) complex and 7-hydroxy
staurosporine.***>* These findings suggest that
PKC may be a potential target for cancer
chemotherapy and may also provide an important
new venue for the development of anti-tumor drug
candidates which act on membrane-associated
kinases.

Agents which enhance membrane
permeation of anti-cancer drugs

Transport of an anti-tumor drug across the
plasma membrane and its accumulation in cells is
an important determinant of drug action. This has
recently been emphasized in the context of the
multi-drug resistance (MDR) phenomenon.*>> > The
most common form of MDR is due to over
expression of the P-glycoprotein, a rather promisc-
uous ATP driven membrane efflux pump which
can export a variety of amphiphilic cationic
drugs from cells, including important anti-tumor
agents such as vinca alkaloids and anthracyclines.
Inhibition of the efflux function of the P-
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glycoprotein should permit increased accumulation
of the anti-tumor drug and reversal of the drug
resistant phenotype. Accordingly, considerable
effort has recently gone into the search for
non-cytotoxic agents which can inhibit the
P-glycoprotein. A number of agents includ-
ing verapamil and its analogs, cyclosporins,
reserpine analogs, and other compounds may serve
this purpose,”®® while structure-activity studies
and molecular modeling are leading to an
understanding of the characteristics of drug
recognition by the P-glycoprotein.®’ The fact that
a specific transport system is involved makes it most
likely that highly selective agents can be designed
to affect the drug efflux function of the
P-glycoprotein without generalized membrane
damage.

In addition to the MDR phenomenon, poor
cellular accumulation of anti-tumor drugs can limit
therapy in a variety of situations, as in the case of
a tumor population resistant to cisplatin ther-
apy.*>® Accordingly, investigators have examined
the possibility that membrane-disrupting agents
such as cyclosporin A, valinomycin and lonida-
mine®* * might potentiate cisplatin cytotoxicity.
The basis of this effect is not clear at this time, but
these agents are known to have significant effects
on the mitochondria, thus the mitochondrial
membrane may hold important keys for modulating
cisplatin cytotoxicity in tumor cells. In any case, the
synthesis of relatively non-toxic agents which act
on membrane transport systems or on the innate
structure of the lipid bilayer, in a manner which
potentiates the sensitivity of ‘standard’ anti-cancer
drugs, certainly seems a worthwhile goal for drug
development.

Potential anti-tumor agents which act on
cell membranes

Phospholipid analogs as anti-tumor drugs

In the mid-1960s, Munder and colleagues dis-
covered that lysolecithin analogs with an ether
linkage at position 1 of glycerol exhibited
interesting cytotoxic activities against tumor cells.®’
Somewhat later, Hanahan and co-workers showed
that lipids of similar structure were the basis of
platelet activating factor (PAF), a potent biological
mediator.®® These findings have led to a vast
amount of work on the biological actions of
lysophospholipids with ether or other poorly
hydrolyzable linkages at the 1 position and, in



particular, to many explorations of their potential
role in tumor therapy.

Some of the anti-tumor actions of the ether or
alkyl lysophospholipids seem to be due to direct
cytotoxic actions on tumor cells,**” enhancement
of the tumoricidal capacity of macrophages’' or
induction of cell differentiation.” Ether lipids and
similar analogs have been shown to be powerful
inhibitors of PKC;>™* however, other membrane
enzymes such as Na/K ATPase may also be
affected.” Ether lipids also may have direct effects
on the structure of the lipid bilayer and may cause
changes in fluidity,’*”” and/or membrane permeabi-
lization and disruption.”® In addition to direct
actions on tumor cells, some lysophospholipid
derivatives may also act via stimulation of the
immune system’>—this may be especially true for
analogs with PAF-type activities—and also show
promising results in purging leukemia cells from
bone marrow in vitro.”

While these findings are quite interesting,
clinical therapeutic experience thus far with
first generation ether lysophospholipids has been
somewhat encouraging.®"® However, more so-
phisticated investigations into the actions of these
agents on the lipid bilayer and on key membrane
enzymes and receptors in various types of cancer
cells should hopefully lead to the design of more
potent and specific analogs.

lonophores as anti-tumor drugs

An interesting and important group of compounds
which act on cell membranes are the agents known
as ionophores. This designation does not connote
any common chemical structure, but rather a
common functionality. Ionophores are a heterogen-
eous set of compounds which have the ability to
increase membrane permeability towards mono- or
divalent cations or other small molecules.®**
Mobile ionophores bind metal ions or organic
cations to form lipid soluble complexes which can
then shuttle back and forth across the cell
membrane. Good examples of this type are
valinomycin, a proton and potassium selective
cyclic depsipeptide, and the carboxylic ionophores
monensin and nigericin. Channel forming iono-
photes create water filled transmembrane chan-
nels or pores of narrow diameter which permit the
movement of ions and small molecules; examples
of this type include gramacidin and amphotericin B.
Ionophore induced fluxes can disrupt a multitude
of cellular functions including osmotic stability,
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protein synthesis and energy metabolism,*** and

thus ionophores can exert powerful cytotoxic
actions. Obviously, cells of organs and tissues
which rely on ion gradients for their function (e.g.
nerve cells, heart cells) might be particularly
susceptible to the cytotoxic effects of ionophores.
At the present time very few ionophoric com-
pounds are used therapeutically, largely because of
their potential for cardiotoxicity and nephrotoxi-
city. The only ionophore used in the clinic for
systemic therapy is amphotericin B, a compound
valuable in the treatment of disseminated fungal
infections.®” Nonetheless, ionophores may have
potential utility in the control of neoplasia, both as
direct cytotoxic agents and as modulators of the
actions of other anti-tumor drugs. It is this premise
which we have begun to explore over the past
several years.

We have made some progress in learning
to use ionophores as experimental anti-tumor
drugs, concentrating on the agent valinomycin,
which had previously been reported to display
anti-neoplastic activity iz viv0.®® A main concern of
our eatly investigations was finding a way to
mitigate the expected neuro- and nephrotoxicity of
valinomycin and other ionophores. We found that
we could reduce or ‘buffer’ the host toxicity of
valinomycin by use of a lipid vesicle based
drug delivery system (liposome) (Figure 2).
This could be done while maintaining or
enhancing the antitumor activity of valino-
mycin as assessed in the P388 mouse leukemia
system (Figure 3).° The basis of this effect is not
entirely clear, but may relate to an altered
organ/tissue distribution of the liposomal valino-
mycin which diverts the drug from key sites of
toxicity such as the cardiovascular system.””' The
enhancement of the therapeutic index of valinomy-
cin by its incorporation into liposomes was paral-
leled by treduced toxicity to ‘normal’ cells i
vitro and enhanced selectivity to c-Ha-ras-trans-
formed cells.”” It is possible that the ras-transformed
cells have a higher endocytotic capability than the
‘normal’ cells and thus tend to accumulate
liposomal valinomycin. Alternatively, there may be
difference in the plasma membrane lipid characteris-
tics of 3T3 and Ha-ras/3T3 cells that tends to favor
the partitioning of liposomal valinomycin into the
membranes of the transformed cells. We are
currently pursuing these questions, trying to under-
stand the innate anti-tumor action of valinomycin
on ‘normal’ and oncogene transformed cells.

W'e also began to investigate possible synergisms
between valinomycin and established ‘standard’
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Figure 2. Toxicity of free or liposomal valinomycin in
mice. Various doses of free drug or drug in phosphatidyl
choline/phosphatidyl serine/cholesterol liposomes were
administered i.p. or i.v. to healthy BgD,F, mice (six mice
per group). Survival was evaluated over a 30 day period.
Liposomes were either multilamellar vesicles without
further processing or were filtered through 0.6 mm
Nucleopore filters.

anti-tumor drugs, i.e. those acting primarily
on DNA. An important set of experiments showed
that low doses of valinomycin could enhance
cisplatin cytotoxicity in fibroblastic cells” as well as
epithelial tumor cells® 7n vitro. The potentiating
effect of liposomal valinomycin on cisplatin
cytotoxicity raised the question whether this
phenomenon is additive or synergistic. To address
this question, we assessed the outcome of the drug
combination using the median-effect principle® that
clearly showed synergistic cytotoxic effects for the
combination of cisplatin and liposomal valinomycin
in human tumor cells (Figure 4). The mechanism
underlying this synergistic interaction is currently
unknown. One possible explanation would be that
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valinomycin increased the cellular uptake of
cisplatin, leading to a consequent increase in the
formation of platinum—DNA adducts. From Figure
5, it is clear that only a modest increase in
cell-associated platinum occurred on simultaneous
treatment with cisplatin and valinomycin. Thus, it
does not appear that the effects of valinomycin on
cisplatin accumulation are sufficient to fully explain
the cytotoxic synergism. Recently, we reported”
that valinomycin blocks the progression of cells at
the G, phase, i.e. the sensitive phase for cisplatin
action.”® This could be one basis for the cytotoxic
synergism observed between cisplatin and valino-
mycin. Alternatively, valinomycin may discharge
the pH gradient across the membranes of the
endosome/lysosome compartment which will affect
the cytoplasmic pH and, consegently, tumor cell
proliferation. This could lead to changes in the rate
or magnitude of the chemical and enzymatic
processes that are responsible for cisplatin-induced
DNA damage or repair. All these processes are
being actively explored in our laboratory.

These initial observations suggest that iono-
phores can exhibit anti-tumor efficacy as individual
agents. In addition, one may be able to
use valinomycin (or other ionophores), especially in
a suitable drug delivery system like liposomes, to
enhance the anti-tumor actions of established drugs
such as anthracyclines or cisplatin, possibly at a
minimal cost in additional host toxicity. It is
interesting to note that investigators studying the
effect of other ionophotes on cells have described
results and approaches very similar to those
obtained with valinomycin by our laboratory. For
example, Marks and colleagues® recently showed
that the carboxylic ionophore monensin can
potentiate the cytotoxic action of immunotoxin,
both in vitro and #n vive. Similar results obtained by
Griffin and Raso® have also indicated that
monensin, when delivered in emulsion form, can
indeed potentiate immunotoxin effects against
human colorectal carcinoma and mesothelioma.
The mechanism by which monensin potentiates the
action of immunotoxins is not yet clear. Nigericin,
another carboxylic ionophore, has recently been
reported to enhance the cytotoxic effects of
mafosfamide (a precursor of activated cyclopho-
sphamide) 7n vitro.”” The effect of nigericin, in this
study, probably relates to the cellular modulation
of pH; which enhances the H™ ion-mediated
potentiation of the cytotoxicity of the alkylating
drug. The modulation of the anti-tumor actions of
established anti-neoplastics by these ionophores is
exactly the goal of the cancer chemotherapist;
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Figure 3. Anti-tumor effects of liposomal valinomycin. BgDF, mice were
inoculated i.p. on day 0 with 1 x 10® P388 leukemia cells. Mice were then
treated i.p. on day 1 with various doses of free or liposome-incorporated
valinomycin. Groups of six mice were used for each point. Survival was
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Figure 4. Combined effect of 3 h (A) and 72 h (B) exposure
of CaOV-3 human ovarian carcinoma cells to cisplatin
plus liposomal valinomycin. Computer-generated curves
describe the combined effects of cisplatin plus liposomal
valinomycin at fixed ratios. Results are plotted as a
function of the fraction of treated cells affected versus the
combination index (fa—Cl plot) under a mutually
non-exclusive assumption. All points lying above a Cl of
1 are antagonistic, those lying below a Cl of 1 are
synergistic and those lying at a Cl of 1 are additive.
Interaction of cisplatin and liposome-incorporated valino-
mycin is strongly synergistic over nearly the entire range
of concentrations tested (B), whereas it is antagonistic
over the higher concentrations of drugs tested and

synergistic at lower concentrations (A).

however, the molecular basis for such modulation
should be exploited and determined.

Conclusions and perspective

Two major themes emerge from consideration of
recent studies on the interplay between anti-tumor
drugs and cell membranes. First, it has become clear
that the ‘standard’ anti-cancer drugs, once thought
to act primarily at the DNA level, may also have
major effects on membranes. For example, anthra-
cyclines (adriamycin—iron(III) complex) turn out to
be potent inhibitors of PKC.*** The transduction
of signals from several growth factors and
hormones impinge upon PKC; thus this family of
membrane-associated enzymes plays a critical role
in the control of cell growth and differentiation.
This raises the question of whether many of the
observed growth inhibitory effects of anthracyc-
lines, like adriamycin—iron(IIl} complex and,
perhaps, of other lipophilic cationic intercalators as
well, may be medated by actions on critical
membrane enzymes such as PKC. It may then be
possible to synthesize analogs of intercalators while
optimizing interactions with membranes with
minimum DNA binding; these analogs may have a
novel spectrum of therapeutic and toxic properties
complementing those of existing drugs.

A second theme is that agents which act primarily
upon cell membranes can be potent anti-tumor
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Figure 5. Accumulation versus concentration of cisplatin. The cell associated
platinum content is shown as measured by flameless atomic absorption
spectroscopy of acid extracts of CaOV-3 human ovarian carcinoma cells treated
for 3 h with either cisplatin alone ([J) or in combination with 20 nM valinomycin
(). Bars represent the mean (+ SE) of three experiments.

agents in their own right and can exhibit synergistic
effects with ‘standard’ anti-cancer drugs. Thus, for
ionophores and for ether lysophospholipids, which
both display substantial anti-tumor activity, struc-
tural, biochemical and cell biological considerations
all suggest that the primary action of these agents
is on cellular membranes. Based on these
observations, the synthesis of new anti-tumor drug
candidates designed to act specifically on cell
membranes would seem a worthwhile approach.
This approach would be facilitated, however, if we
knew more about the mechanism(s) of action of
existing membrane-active drugs such as valinomy-
cin or the ether lipids.

Several possible mechanisms can be suggested for
the observed actions of ether lipids and ionophores
on cells. Thus, the cytotoxic effects of these agents
may be due to inhibition of critical membrane
enzymes such as PKC. This is certainly a valid
possibility for the ether lysophospholipids,””* but
has not been explored for ionophores. Physical
pertutbation of membranes, including changes in
lipid fluidity, permeability or overall mechanical
stability, may also be important aspects of the
actions of these compounds.”*”® Ionophores may
have some unique effects on cells; thus even very
low concentrations of ionophores can perturb ion
gradients which are critical for cell function. For
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example, valinomycin is known to perturb the
mitochondrial membrane potential,**® and thus
disrupt the connection between electron transport
and oxidative phosphorylation. Other ionophores
impair the cell’s ability to maintain cytoplasmic pH,
a critical parameter for cell growth,'” or can disrupt
the orderly recycling of membrane proteins.'” A
very interesting set of observations concerns the
interplay between ‘membrane-active’ and ‘stan-
dard’ or ‘conventional’ anti-tumor drugs (e.g.
anthracyclines, alkylating agents or platinum
compounds). Ionophores have been shown to
potentiate the action of immunotoxins or estab-
lished anti-tumor agents,******1% especially in
diseases confined to the peritoneal cavity. While it
is clearly premature to state that membrane-active
drugs generally sensitize cells to agents which act
on DNA, the results obtained thus far are
suggestive and promising.
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