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Abstract

Resistance to anti-cancer chemotherapies often leads to regional failure, and can be caused by biochemical and/or physiological
mechanisms. Biochemical mechanisms include the overexpression of resistance-conferring proteins. In contrast, physiological resistance
involves the tumor microenvironment, and can be caused by poor perfusion, hypoxia and/or acidity. This communication investigates the
role of tumor acidity in resistance to a panel of chemotherapeutic agents commonly used against breast cancer, such as anthracyclines,
taxanes, anti-metabolites and alkylating agents. The effects of pH on the cytotoxicity of these agents were determined, and ion trapping was
confirmed by monitoring the effect of pH on the cellular uptake of radiolabeled anthracyclines. Furthermore, pH-dependent cytotoxicity and
uptake were compared between parental drug sensitive MCF-7 cells and variants overexpressing p-glycoprotein (MDR-1) and Breast Cancer
Resistance Protein. These data indicate that the magnitude of physiological resistance from pH-dependent ion trapping is comparable to
biochemical resistance caused by overexpression of drug efflux pumps. Hence, microenvironment-based ion trapping is a significant barrier

to anthracycline-based chemotherapy and can itself be a therapeutic target to enhance the efficacy of existing chemotherapies.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The NCI estimates that 182,800 new cases will occur
and about 41,200 deaths will result from breast cancer in
the United States this year. The 5-year relative survival rate
for localized breast cancer is approximately 96%. How-
ever, if the cancer has spread regionally, the 5-year survival
rate drops to 77%, and for women with distant metastases
the rate drops further to 21%. For localized disease,
standard treatment includes surgical resection and removal
of regional lymph nodes, often in combination with radio-
therapy [1-4]. For disseminated disease, chemotherapy
and/or hormone therapy are widely used [3,5]. Mortality
often results from distant metastases and their failure to
respond to therapy. Resistance to therapy can involve both
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biochemical and microenvironmental factors. Biochemical
resistance includes up-regulation of drug efflux and meta-
bolizing pathways such as MDR-1 (p-glycoprotein) or
Breast Cancer Resistance Protein (BCRP) [6]. Physiolo-
gical resistance, on the other hand, is a consequence of
poor perfusion, hypoxia and/or acidity in the tumor micro-
environment [7,8].

Human tumors have long been considered acidic based on
microelectrode measurements [9]. Non-invasive measure-
ments of tumor pH in animal tumor models by magnetic
resonance spectroscopy (MRS) using 3-aminopropylpho-
sphonate and ZK-150471 reveal that it is the extracellular
pH (pHe) in tumors which is acidic while the intracellular
pH (pHi) is neutral-to-alkaline [10,11]. Hence, tumors
contain regions with large, acid-outside plasmalemmal
pH gradients, while normal tissues generally have alka-
line-outside pH gradients [12].'H magnetic resonance spec-
troscopic imaging (MRSI) of a pH-sensitive imidazole,
IEPA, has shown that tumor pHe is locally variable, with
arange of greater than +0.3 pH unit over 8-10 mm [13-15].
The causes for the acidic pH in tumors are not well-defined,
but may include deficiencies in tumor perfusion, metabolic
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abnormalities associated with transformation, and an
increased capacity for transmembrane pH regulation. In
human tumors, including breast cancers, pHe has only been
measured by microelectrodes and these data are in con-
cordance with the values observed in animal systems, i.e.
that the pHe is significantly acidic, in the range from 6.2 to
7.0[9]. Invivo 3'P MRS of human tumors reveal that the pHi
is neutral to alkaline, in the range 7.0-7.4, as measured by
endogenous inorganic phosphate [16]. Hence, the acid-out-
side pH gradient observed in animal tumors is a good model
for many human tumors, including carcinoma of the breast.

The low pHe in tumors can reduce the effectiveness of
some chemotherapies. A number of mechanisms have been
postulated to be responsible for this effect, including reduc-
tion in cycling cell fraction [17], selection for apoptosis-
resistant phenotypes [18], and direct effect of ion gradients
on drug distribution or ion trapping ([8], and references
therein). The ion trapping model predicts that weakly basic
chemotherapeutic drugs such as anthracyclines, anthraqui-
nones and vinca alkaloids will concentrate in more acidic
compartments. The acid pHe of tumors will therefore
effectively hinder weakly basic drugs from reaching their
intracellular target, thereby reducing cytotoxicity. The ion
trapping model also predicts that the acid pHe of tumors
will improve uptake of weak acids such as chlorambucil
into the relatively neutral intracellular space. Clinically,
breast carcinoma is commonly treated with doxorubicin,
paclitaxel, cyclophosphamide, and 5-flourouracil [19,20].
Vincristine, vinblastine, mitoxantrone, daunorubicin and
chlorambucil are also used to various degrees [ 19-21]. With
the exception of paclitaxel, all of these clinically useful
drugs are ionizable and hence their distribution will be
affected by the microenvironmental pHe.

The present study investigates the pH-dependent beha-
vior of these drugs in vitro. While some of these drugs have
been investigated previously, others have not, and no
studies exist wherein this panel of anti-breast cancer drugs
was investigated by the same methods. For this work, the
well-characterized MCF-7/s cell line was selected to model
a locally invasive breast carcinoma in vitro. Two drug-
resistant variants of this cell line, MCF-7/D40 and MCF-7/
mitox, were also used. These cell lines were created by
exposure to increasing concentrations of doxorubicin or
mitoxantrone, respectively, over many months [22]. MCF-
7/D40 cells are p-glycoprotein positive and exhibit a 40-
fold greater 1cso of doxorubicin compared to the parental
MCE-7/s cells. MCF-7/mitox cells overexpress the ATP-
binding-cassette containing multi-drug transporter, BCRP
[23]. These cells tolerate an 80-fold greater mitoxantrone
concentration than do the parental MCF-7/s cells.

Results of the present study indicate that ion trapping can
significantly modulate chemotherapy. The activities of the
weak bases mitoxantrone, doxorubicin and daunorubicin
are all inhibited by low pHe. Conversely, the actions of the
weak acids cyclophosphamide, 5-fluorouracil and chlor-
ambucil are all enhanced by low pHe. In the case of the

anthracyclines these effects are mirrored in altered drug
accumulation, confirming the ion trapping mechanism.
Furthermore, the magnitude of this physiological resistance
is comparable to the better-characterized biochemical resis-
tance induced by overexpression of MDR-1 or BCRP.

2. Description of drugs
2.1. Doxorubicin

Doxorubicin is an antibiotic isolated from Streptomyces
peucetius var. caesius [24]. It consists of a weakly basic
amino sugar, daunosamine, linked via a glycosidic bond to
the red-pigmented tetracyclic moiety, adriamycinone.
Doxorubicin (Adriamycin®™) has been used clinically
against cancer since 1969, and displays an extremely broad
spectrum of activity both in experimental tumor models
and in human malignancy. The anthracycline portion of
doxorubicin intercalates between DNA base pairs, and the
sugar moiety is absolutely required for DNA intercalation
and anti-tumor activity [25]. Intercalation of doxorubicin
into cellular DNA results in inhibition of both DNA-
directed DNA and RNA synthesis [26]. Although the
cytotoxicity of doxorubicin is not cell-cycle specific, it
does have increased activity during late S phase of the cell
cycle [27]. Doxorubicin is also a topoisomerase type II
inhibitor. Anthracycline cytotoxicity is largely dependent
on inhibition of topoisomerase type II activity, resulting in
strand breaks (Fig. 1) [28].

Doxorubicin has a primary amine with a basic pK,, and
has been previously shown to undergo ion trapping and
sequestration into acidic vesicles within the cytoplasm that
have been associated with drug resistance ([8], and refer-
ences therein). Although this sequestration into acidic
vesicles may be the result of passive ion trapping, it is
also possible that as-yet unidentified active proton-depen-
dent transporters are responsible [6,29,30]. A number of
agents have been used to inhibit vesicle acidification,
causing release of doxorubicin into the cytoplasm and
subsequent enhancement of cytotoxicity [31,32].

Although the ability of doxorubicin to intercalate into
DNA is pH independent, topoisomerase type II activity
increases with alkaline pHi [28]. Cytosolic pH can also
affect the electrostatic interactions of doxorubicin with
proteins and lipids, which constitute the third localization
compartment for doxorubicin in vivo [33,34]. Doxorubicin
is a substrate for multiple drug export proteins including p-
glycoprotein (MDR-1) and the lung resistance protein
(LRP), which may or may not be affected by pH [35].

2.2. Daunorubicin
Daunomycin (Rubidomycin®, Cerubidine®™) is an

anthracycline-derived antibiotic that was first isolated from
a unique strain of Streptomyces. It consists of a weakly
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Fig. 1. Drug molecules used in this study.

basic amino sugar, daunosamine, linked via a glycosidic
bond to the red-pigmented tetracyclic moiety daunomyci-
none. Daunorubicin is structurally identical to doxorubi-
cin, except for the presence of hydrogen in place of a
hydroxyl group at the 14-carbon position in the anthracy-
cline ring. Clinically, daunorubicin has a much more
limited spectrum of anti-tumor activity than doxorubicin
and is used primarily in the treatment of leukemias.
Daunorubicin has the same primary amine with the same
pK. as doxorubicin, and has been demonstrated to have
increased anti-tumor activity as well as increased intracel-
lular accumulation at alkaline pHe [36]. Like doxorubicin,
daunorubicin is sequestered into acidic intracellular orga-
nelles in a pH dependent manner [37]. Daunorubicin is also
a substrate for p-glycoprotein and LRP [38].

2.3. Mitoxantrone
Mitoxantrone (Novantrone™) is a synthetically derived

anthracycline analog and member of the anthracenedione
family. It contains a planar polycyclic aromatic ring struc-

ture, as in doxorubicin, but lacks a sugar moiety. Mitox-
antrone has two polar side-chains attached to the aromatic
rings which render the molecule water-soluble [39]. Clini-
cally, mitoxantrone is used primarily in the treatment of
leukemias, lymphomas and advanced breast cancers [40].
Mitoxantrone is a DNA intercalating agent and topoisome-
rase type II inhibitor that causes DNA strand breaks [41].
Like anthracyclines, mitoxantrone is cytotoxic to cells
throughout the cell cycle but is more potent to cells in
late S phase [39]. Mitoxantrone has been reported to
undergo ion trapping similar to anthracyclines [42,43].
Mitoxantrone has also been reported to be more toxic at
alkaline pH independent of intracellular drug concentra-
tion, and this is in part mediated by cell cycle alterations
[44]. At alkaline pH mitoxantrone can complex with iron
or copper cations, resulting in the generation of free
radicals [45]. Mitoxantrone is readily bound by proteins
and lipids in the body in a pH-dependent manner [46]. As
in the case of anthracyclines, mitoxantrone’s anti-tumor
activity is dependent on topoisomerase type II activity,
which has an alkaline pH optimum [28].
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2.4. Paclitaxel

Paclitaxel (Taxol™) is an extract from the Pacific Yew,
Taxus brevifolia [47]. Paclitaxel consists of an eight-mem-
ber taxane ring with a four-member oxetane ring and a
carboxyl side-chain located at the C-13 position. Paclitaxel
is a mitotic spindle poison that stabilizes microtubules and
inhibits their depolymerization [48]. Paclitaxel has been
reported to have significant activity against ovarian carci-
noma, breast carcinoma, small cell lung carcinoma, and
Kaposi’s sarcoma [49]. Paclitaxel is highly lipophilic, and
does not have any ionizable groups with pK, values in the
physiological range. However, pH-dependent alterations
in the cell cycle can alter the cytotoxicity of taxol [44].
In tissue extracts alkaline pH favors the assembly of
microtubules [50], and this may indirectly affect the
anti-tumor activity of the taxoids. However, since the
intracellular concentrations of paclitaxel are not expected
to be affected by changes in pH, it is a useful control in the
current study.

2.5. Cyclophosphamide

Cyclophosphamide (Cytoxan™, Neosar™) is a rationally
designed nitrogen mustard analog first synthesized in 1958
[51]. Cyclophosphamide is a pro-drug that requires enzy-
matic activation to a phosphoramide mustard for biological
activity. In vivo, cyclophosphamide is activated both in the
liver by mixed function oxidases, and in tissues by various
constitutive and inducible p-450 enzymes which have been
shown to be overexpressed in tumors [52]. Cyclophospha-
mide is a bi-functional alkylating agent, and causes both
single-stranded DNA breaks and DNA cross-linkages that
are cytotoxic to dividing cells. It is somewhat more toxic to
cells in S phase of the cell cycle. The in vivo anti-tumor
activity of cyclophosphamide inversely correlates with
aldehyde dehydrogenase activities [53].

Cyclophosphamide and its 4-hydroxylated metabolite
enter the cell via both passive diffusion and active trans-
port, and may therefore be substrates for ion trapping.
However, the influence of pH on cyclophosphamide is
complex because all of the metabolic activating and inac-
tivating processes are influenced by pH. Cyclophospha-
mide metabolites have a 200-fold enhancement in
cytotoxicity at an pHe of 6.2 in vitro, which is similar
to other alkylating anti-tumor agents such as chlorambucil
[54]. Lower pH accelerates the rate of conversion of 4-
hydroxycyclophosphamide into its active carbocation [55].
Acidic pH also enhances the cytotoxicity of the four most
prevalent urine metabolites of cyclophosphamide. Bicar-
bonate inhibits these reactions directly by facilitating the
metabolic conversion of the more mutagenic metabolites
into less mutagenic ones [56]. These metabolites of cyclo-
phosphamide have pK, values in the physiological range,
and thus pH can be expected to influence their membrane
permeabilities.

2.6. Chlorambucil

Chlorambucil (Leukeran™) is a nitrogen mustard analog
similar to cyclophosphamide that is primarily used to treat
leukemias [57]. Cellular uptake of chlorambucil occurs by
simple diffusion, and it is extensively metabolized. Beta-
oxidation of the butyric side chain in chlorambucil results
in the formation of its major metabolite, phenyl acetic
mustard, which retains anti-tumor activity [58]. Like other
clinically useful nitrogen mustards, chlorambucil is bi-
functional and can cross-link DNA.

Chlorambucil is not a substrate for p-glycoprotein.
Resistance to chlorambucil has been associated with
increased glutathione and glutathione-S-transferase levels
[59]. Additionally, up-regulation of DNA excision repair
enzymes is also associated with chlorambucil resistance, as
are mutations in p53 [60]. Chlorambucil is a weak acid
with a pK, of 5.8, and is thus expected to be a substrate for
ion trapping [61,62]. A number of different mechanisms
have been successfully used to increase tumor acidity and
subsequently increase chlorambucil anti-tumor activity
[63,64]. Additionally, alterations of pH within the physio-
logical range increase the rate of mono-alkalinization but
do not affect the formation of DNA-cross-linkages [65].

2.7. 5-Flourouracil

5-Flourouracil (5-FU, Adrucil®™) is a fluorinated pyri-
midine antagonist. 5-FU is clinically used in the treatment
of GI cancers, breast cancer, skin cancer and cervical
cancer [66]. 5-FU is an inactive prodrug with several active
metabolites. A major metabolic product is 5-flouro-2'-
deoxyuridine-5’-monophosphate, an inhibitor of thymidy-
late synthase. Alternatively, 5-FU can be incorporated into
the DNA and RNA of tumor cells, resulting in chain
termination or base mismatch.

Resistance to 5-FU is often mediated by deficiencies in
both the quantity and quality of metabolizing enzymes
[67]. 5-FU is a weak acid with a pK, of 7.6, due to the
electron-withdrawing properties of fluorine [68]. In DNA,
ionization of N-3 causes incorrect base pairing with gua-
nine, resulting in a high frequency of mismatch [69]. 5-FU
may also participate in pH dependent ion trapping. How-
ever, it is unclear how 5-FU is taken up by cells. Simple
diffusion, passive diffusion and active transport have all
been reported as transport mechanisms. Acidic pHe has
been shown to result in elevated intracellular concentra-
tions of 5-FU in vitro and in vivo [70,71].

3. Methods
3.1. Cell and tumor growth

MCF-7/s, MCFE-7/D40 and MCEF-7/mitox cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
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supplemented with 10% fetal bovine serum (FBS)
(HyClone). For in vivo culturing, a suspension of 5 x 10°
MCE-7/s cells in 0.05 mL of Matrigel were implanted in the
mammary fat pads of 6- to 7- week-old female severe
combined immunodeficient (SCID) mice. Since MCF-7
cells are estrogen-dependent, 17B-estradiol pellets
(72 mg, 60-day release; Innovative Research of America)
were subcutaneously implanted in the shoulder region of the
mice by means of a 12-gauge trocar (Innovative Research)
2 days prior to tumor inoculation.

3.2. Magnetic resonance spectroscopy (MRS)

Mice were anaesthetized with a combination of keta-
mine (72 mg kg~ '), xylazine (6 mg kg™ "), and aceproma-
zine (6 mg kg~ ') and immobilized on a home-built probe
with a solenoid coil tunable to 'H or *'P. 3-Aminopropyl-
phosphonate (3-APP, 0.15-0.3 mL, 128 mg mL ™", pH 7.4)
could be injected into the mouse during the experiment via
an intraperitoneal catheter. Volume-selective PRESS or
ISIS *'P spectra were acquired at 4.7 T on a Bruker Biospec
as previously described [10,72].

3.3. Measurement of intracellular pH in vitro

pHi was measured in vitro using the fluorescent dye
SNARF-1, as previously described [30]. Briefly, cells were
grown onto 9 mm X 22 mm glass cover slips, washed three
times with buffer A (1.3 mM CaCl,, 1 mM MgSO,,
54mM KCI, 044 mM KH,PO,, 110mM NaCl,
0.35 mM NaH,PO,, 5mM glucose, 2 mM glutamine,
5 mM HEPES, 5 mM MES, 10 mM NaHCOj3) at a pH
of 7.15 at 37° and incubated for 30 min at 37° in a 5%
carbon dioxide atmosphere with 3 mL of buffer A contain-
ing 10 pM acetoxymethylester SNARF-1 (Molecular
Probes). This was followed by a second incubation in
buffer A for 45 min to allow for complete hydrolysis of
the dye. Coverslips were then placed in a holder/perfusion
device and inserted into a fluorometer cuvette and fluor-
escence measurements were acquired at an excitation of
534 nm with the emission sequentially sampled at 584 and
644 nm in an SLM8000C (SLM). The ratio (R) of fluor-
escence intensities of emissions at 584 and 644 nm
was converted to pHi values using the equation: pH =
7.38 4 log,0.822+1og,,[(R — 0.458)/(1.928 — R)]. Data
are presented as mean = SEM of six independent measure-
ments.

3.4. Drug uptake

Cells were grown to confluence in 6-well plates, at
which time the cells were incubated in DMEM/F12 con-
taining 20 mM HEPES, 20 mM MES, 10% FBS and
0.208 pCi per well of '*C doxorubicin (Amersham) for
30 min at 37° in a 5% carbon dioxide atmosphere at pH of
6.8 and 7.4, respectively. After the incubation, the plates

were placed on ice and washed five times with ice-cold
HBSS, followed by extraction with 1.0 mL of 0.1 N NaOH
for 1 hr at 4°. Samples were divided into equal aliquots for
determination of protein content using the Bradford assay
(www.bio-rad.com) and radioactivity using liquid scintil-
lation counting.

3.5. Drug cytotoxicity

Cytotoxicity was determined as described previously
[73]. Briefly, cells were grown to log phase in 96-well
plates and the medium was exchanged for one at either pH
6.8 or 7.4 containing the indicated concentrations of drug.
Medium was buffered using non-volatile buffers (10 mM
MES, 20 mM HEPES, and 10 mM tricine) in combination
with bicarbonate concentrations that were adjusted to be in
equilibrium with 5% ambient carbon dioxide. Twenty-four
hours later the growth medium was replaced with drug-free
growth medium at pH 7.1, and cells were allowed to grow
the subsequent 72 hr, after which time they were fixed and
stained with 0.1% crystal violet. The dye was then solu-
bilized with acetic acid, and absorbance was used for the
determination of cell number.

3.6. Calculation of theoretical drug distributions

Cytoplasmic-extracellular drug ratios were calculated at
the steady state as described previously [6]. Briefly, the
ratio of protonated to deprotonated drug was calculated
from the Henderson—-Hasselbach equation in both intra-
cellular and extracellular compartments for a given pHi,
pHe, and pK, of the drug. The concentration of the
uncharged species was set to 1.0 on both sides of the
membrane and the total concentration was calculated as the
sum of charged + uncharged. Data were expressed as a
ratio of intracellular to extracellular concentrations.
Enhancement was calculated as the ratio at high pH
relative to ratio at low pH.

4. Results

Figure 2 illustrates a 3'P MR spectrum of an MCF-7/s
tumor growing in the mammary fat pad of a SCID mouse.
The pHe of MCF-7/s xenografts was measured from the
chemical shift of exogenously administered 3-APP, and the
pHi was measured from the chemical shift of endogenous
inorganic phosphate. Both pHe and pHi of MCF-7/s xeno-
grafts are tumor size-dependent, but the pHi — pHe dif-
ference is not significantly correlated with tumor size [10].
For tumors between 150 and 1200 mm3, tumor pHe varied
between 6.56 and 7.35 and tumor pHi varied between 7.01
and 7.39, while the pHi — pHe difference was 0.19 + 0.17
(N = 13). Measurement of tumor pH has been recently
reviewed [7] and these numbers are entirely consistent with
measurements made by other groups in other tumor sys-
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Fig. 2. 3'P MR spectrum of a 1020 mm® MCF-7/s tumor xenograft. pHe is
calculated from the chemical shift of 3-aminopropylphosphonate (3-APP)
and pHi from the chemical shift of inorganic phosphate (P;). PME:
phosphomonoesters; NTP: nucleoside triphosphates.

tems. As discussed previously, these results are also con-
sistent with measurements made in human tumors, includ-
ing breast cancers [9,16].

The pH values measured in vivo can be recapitulated in
vitro, as shown in Fig. 3. In this figure the pHi of MCF-7/s
cells is shown at pHe values of 6.8 and 7.4. Note that, at a
medium pHe of 7.4, the pHi is 7.2, providing an alkaline-
outside chemical gradient for protons. Conversely, at a
medium pHe of 6.8 (similar to that found in tumors) the
pHi of 7.05 provides an acid-outside chemical gradient.
Models have been generated to predict the effect of incu-
bation pH on drug uptake, if ion trapping were the domi-
nant mechanism mediating uptake [6]. An acid-outside
environment will tend to drive the uptake of weak acids
into cells, where they will ionize and be trapped because of
a lower permeability for the charged species. Conversely,
an alkaline outside environment will tend to exclude weak
acids from cells. The opposites are true for weak bases.

Many chemotherapeutic drugs used in the treatment of
breast cancers are weak acids or bases. These and other
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Fig. 3. Cytosolic pH (pHi) of MCF-7/s cells as a function of medium pH
(pHe).

Table 1
Drugs used in this study

Drug Mechanism ITonization behavior

Daunorubicin Anthracycline:
Topo 1II inhibitor
Anthracycline:
Topo 1II inhibitor
Anthraquinone:

Topo 1II inhibitor

Weak base (pK, = 8.3)
Doxorubicin Weak base (pK, = 8.3)

Mitoxantrone Weak base (pK, = 8.3)

Paclitaxel Taxane: stabilizes Zwitterionic
microtubules

Chlorambucil DNA alkylating agent ~ Weak acid (pK, =5.8)

Cyclophosphamide DNA alkylating Weak acid (pK, = 6.0)

agent pro-drug
Antimetabolite
pro-drug

5-Fluorouracil Weak acid (pK, = 7.6)

drugs used in this study are listed in Table 1, and include
anthracyclines and an anthraquinone (doxorubicin, dau-
norubicin, and mitoxantrone), cyclophosphamide, chlor-
ambucil, 5-fluorouracil and paclitaxel. These were chosen
because they are commonly used in the treatment of breast
cancer and they represent a variety of mechanisms and
ionization behaviors. Anthracyclines and vinca alkaloids
are weak bases; chlorambucil, cyclophosphamide and 5-
fluorouracil are weak acids; and paclitaxel is non-ionizable
in the physiological pH range. The effects of pH on the
activity of cyclophosphamide and 5-fluorouracil are com-
plex, presumably because they are pro-drugs, and the
conversion reactions exhibit pH-dependency [74].

The predicted behaviors for two representative drugs
under our experimental conditions are shown in Fig. 4.
Figure 4A shows the predicted effects of pHe on the
distribution of mitoxantrone at two different pHi values,
7.05 and 7.20. The pHi in MCF-7/s cells is 7.2 at a pHe of
7.4 (Figs. 2 and 3), for which the predicted intracellular-to-
extracellular drug distribution ratio is approximately 1.8,
shown as a filled circle in Fig. 4A. At a pHe of 6.8, the pHi
in MCF-7/s cells is 7.05 (Figs. 2 and 3), for which the
predicted drug distribution ratio is approximately 0.6,
shown as an open circle in Fig. 4A. Hence, raising the
pHe would be expected to enhance mitoxantrone accumu-
lation into cells 3-fold, assuming constant extracellular
drug concentration. The converse is true for weak acids
such as chlorambucil, as shown in Fig. 4B. In this case, the
cytoplasmic/interstitium drug ratio is approximately 1.8 at
a pHe of 6.8, and approximately 0.7 at a pHe of 7.4. Hence,
theoretical distribution of chlorambucil into tumor cells is
expected to be enhanced approximately 3-fold by the acid-
outside plasmalemmal pH gradient.

To test these predictions, MCF-7/s cells were exposed to
chemotherapeutic drugs at different pHe values, as
described in Section 3. Since the pHe was altered for
periods up to 24 hr, an important control was the effect
of this treatment on the growth of cells in the absence of
drug. Under conditions of this study, there were no differ-
ences in the final cell number following treatment of the
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cells for 24 hr at pH 6.8 or 7.4 (Fig. 5). An example of the
effects of pHe on cell survival following drug treatment is
depicted in Fig. 6, which shows the effect of increasing
mitoxantrone concentration on cell number at an incuba-
tion pH of 6.8 or 7.4. These data show that the 1cs
decreases from 13x 1077 M at pHe 6.8 to 3.4 x 107’ M
at pHe 7.4. These and results from various drugs are
presented in Table 2A. Note that weak acids had consis-
tently lower 1cso values at the lower pHe, that weak bases
had consistently lower Icso values at the higher pHe, and
that the 1csq values of paclitaxel were not affected by pH.
These results indicate that there is a direct effect of pH on
drug sensitivity. Furthermore, the effect of pH on drug
sensitivity was not simply due to altered cell cycle kinetics
at lower pH values.

This physiological resistance induced by low pHe on
weak bases can be significant, even compared to biochem-
ical resistance exhibited by p-glycoprotein or the BCRP.
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Fig. 5. MCF-7/s cell density following 24 hr exposure to medium at pH
6.8 or 7.4. No significant differences were found.

This is illustrated in the data from drug-resistant cells
presented in Table 2B and C. As expected, at both pH
values, the 1csy values for doxorubicin and mitoxantrone
are considerably higher in the drug-resistant cells (Table 2B
and C) compared to the parental MCF-7/s cells (Table 2A).
Nonetheless, the 1c5o values for both drugs are significantly
lower at pHe 7.4, compared to pHe 6.8. The enhancement
in cytotoxicity of mitoxantrone resulting from a raising of
pH from 6.8 to 7.4 was 3.8-, 7.8- and 8-fold for the MCF-7/
s, MCF-7/D40 and MCF-7/mitox cells, respectively. The
enhancements for doxorubicin were consistently lower, at
2.7-, 5.8- and 2.4-fold, respectively. Notably, for a given
drug, the degree of enhancement caused by raising pHe
was similar across all cell lines. This can be interpreted to
indicate that the physiological resistance imposed by ion
trapping can significantly compound a biochemical resis-
tance caused by overexpression of drug resistance proteins.

Although the data to this point suggest that changes in
the pH gradient are driving altered uptake of drug, it could
also be the case that the intracellular targets (e.g. topoi-
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Fig. 6. A typical cytotoxicity curve showing enhanced cytotoxicity of
mitoxantrone to MCF-7/s cells at higher pHe.
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1cso M) pH 7.4

Icso (M) pH 6.8 P-value (-test)

Table 2
pH-dependent cytotoxicity of drugs to MCF-7/s, MCF-7/D40 and MCF-7/mitox cells
Drug Drug type pK.
(A) MCF-7/s cells
Mitoxantrone Weak base 8.3
Doxorubicin Weak base 8.3
Daunorubicin Weak base 8.3
Paclitaxel Zwitterionic NA
Cyclophosphamide Weak acid 6.0
5-Flourouracil Weak acid 7.6
Chlorambucil Weak acid 5.8
(B) MCF-7/D40 cells
Doxorubicin Weak base 8.3
Mitoxantrone Weak base 8.3
Chlorambucil Weak acid 5.8
(C) MCF-7/mitox cells
Doxorubicin Weak base 8.3
Mitoxantrone Weak base 8.3
Chlorambucil Weak acid 5.8

34406 x 1077 1349 x 1077 <0.002
9.6+ 49 x 10°° 26 + 14 x 10°¢ <0.03
17+ 1.4 x 1078 32+6x 1078 <0.0001
35+ 1.6 x 107° 57 +21x%x107° <0.17
66 + 28 x 107° 16 £9 x 107° <0.02
28 +9 x 107° 13+£7x107° <0.004
34 +£43 x 107° 8+ 2.1 x 107° <0.015
15+3 % 107° 87 +£24 x 107¢ <0.0001
1442 x107° 11+3x107° <0.0001
98 + 1.1 x 107° 71412 % 107° <0.01
16 £1 x 1077 39 +£2 x 1077 <0.0003
25+2x107° 20+2 x 107° <0.0003
23+£2x107° 14+1x10°° <0.0001

somerase II) are more sensitive at a pHi of 7.2 (pHe = 7.4)
compared to 7.05 (pHe = 6.8). Therefore, the accumula-
tion of radiolabeled drugs was determined at both these pH
values. Typical uptake curves are shown in Fig. 7, showing
the time dependent accumulation of '*C-labeled mitoxan-
trone and doxorubicin into MCF-7/s cells at pHe values of
6.8 and 7.4. There is clearly an increased accumulation at
pH 7.4, compared to 6.8, indicating that the enhanced drug
toxicity observed above was due to increased drug accu-
mulation. Data for doxorubicin and mitoxantrone in all cell
types are presented in Fig. 8, which show the uptake at pHe
6.8 and 7.4 for both drugs in all three cell lines. Note that
the ratio of uptake at pHe 7.4 to pHe 6.8 is clearly greater
than 1.0 in five out of six data sets, indicating an increased
accumulation of drug at the higher pH values. Note also
that, except for mitoxantrone accumulation in MCF-7/s
cells, the ratio of enhanced uptake is not as high as the ratio
of enhanced cytotoxicity (Cf Table 2).
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5. Discussion

This work shows that, in a controlled in vitro breast
carcinoma model system, the effect of pHe on anti-tumor
chemotherapeutic drug response was largely predictable
and consistent with an ion-trapping model. Moreover, the
results obtained are consistent with other findings in the
literature for all of the drugs tested. Thus, the weak bases
mitoxantrone, daunorubicin and doxorubicin all showed
enhanced cytotoxicity at high pHe values. Conversely, the
weak acids chlorambucil, cyclophosphamide and 5-fluor-
ouracil all showed enhanced cytotoxicity at low pHe
values. This difference between weak acids and weak
bases suggests that the effect of pHe is not simply an
effect on cell cycle or DNA repair machinery. This is also
supported by the observation that taxol toxicity showed no
dependence on pHe. Hence, it is tempting to conclude that
the effects of pHe on the actions of these drugs are
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Fig. 7. Typical uptake curves for (A) mitoxantrone, and (B) doxorubicin, in MCF-7/s cells.
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Fig. 8. Uptake of radiolabeled doxorubicin and mitoxantrone in drug-
sensitive (MCF-7/s) and drug-resistant (MCF-7/D40, MCF-7/mitox) cell
lines at low () and high (E) pH.

dominated by ion trapping. However, there were subtle, yet
significant differences between mitoxantrone and doxor-
ubicin that confound this conclusion.

Mitoxantrone is weakly basic with two ionizable groups
with pK, values of 8.3. It is theoretically predicted that
mitoxantrone’s intracellular drug concentration will be
3.1-fold higher at a pHe of 7.4, compared to 6.8. Radi-
olabeled drug showed a 2.6-fold enhancement of uptake at
pH 7.4 compared to pH 6.8 (P < 0.05). Hence, the dis-
tribution of mitoxantrone in MCF-7 cells appears to be
dominated by ion trapping. Ion trapping in the case of
doxorubicin is less clear. The radiolabeled drug accumula-
tion and cytotoxicity data do indicate that pH affects
doxorubicin behavior. However, the lack of significant
difference in the uptake of doxorubicin between low and
high pH at early time points (<30 min) suggests that the pH
dependent effect on doxorubicin may not be mediated
simply by ion trapping. Low signal in the rapidly changing
system at the early time-points may also have contributed
to the lack of a clear difference at the two pHe. The effect
of increasing pHe on doxorubicin toxicity may also be
mediated through increased pHi, which will decrease the
charge on the molecule and render it more lipophilic. A
similar secondary binding could also be evident for mitox-
antrone, despite the existence of two ionizable groups.

A significant, 1.3-fold, enhancement in mitoxantrone
accumulation was observed for the MDR-1 overexpressing
cell line, MCF-7/D40, at the 1-hr time point (P < 0.05).
MCF-7/mitox cells also exhibited a significant 1.3-fold
enhancement in drug uptake following 24 hr of exposure to
mitoxantrone (P < 0.05). Notably, the accumulation of
mitoxantrone at high pHe in the drug-resistant cells was
comparable to that in the drug-sensitive parent cells at low

pHe (Fig. 8). Accumulation in MCF-7/s cells at pH 6.8
was 295 DPM min ' mg~', compared to 240 and
248 DPM min—' mg "', respectively, in the MCF-7/D40
and MCF-7/mitox lines at pHe 7.4. Hence, at least in
the case of mitoxantrone, physiological resistance
mediated by ion trapping is comparable to biochemical
resistance mediated by upregulation of drug efflux pumps.

The effects of pHe on the uptake and toxicity of dox-
orubicin in the drug-resistant cell lines were more modest,
compared to mitoxantrone. In the case of the MCF-7/D40
cell lines, pH did not affect uptake, although there was a
significant effect of pHe on cytotoxicity in this cell line.
Uptake and cytotoxicity were both enhanced at high pH in
the MCF-7/mitox cell lines, albeit to a lesser degree when
compared to mitoxantrone. Although the anti-tumor activ-
ity for doxorubicin may be improved with selective tumor
alkalinization, the modest effect of pHe on the uptake and
cytotoxicity of this drug indicates that ion trapping is less
of a factor than with mitoxantrone.

Chlorambucil, a weakly acidic anti-neoplastic che-
motherapeutic, was also utilized to test the prediction that
weakly acidic drugs will reach higher intracellular concen-
trations when cells are in an acidic medium and that these
higher intracellular concentrations will translate into an
increased cytotoxicity at acidic pHe. In all three drug-
sensitive and drug-resistant cell lines, chlorambucil was
more cytotoxic at acidic pHe. Interventions leading to tumor
acidification have been demonstrated in several different in
vivo model systems (reviewed in Ref. [8]), and these should
enhance the anti-tumor activity of chlorambucil.

Results from the other two weakly acidic chemother-
apeutic drugs utilized in these studies, 5-flourouracil and
cyclophosphamide, have caveats that should be noted.
First, in the case of 5-flourouracil, acidic pH does enhance
its anti-tumor activity (vide supra). However, it is unclear
whether or not 5-flourouracil undergoes the phenomenon
of ion trapping since its mechanism of transport is con-
troversial [74]. Ion trapping would only be responsible for
the increased cytotoxicity of 5-flourouracil if the drug
entered the cell via passive diffusion.

In the case of cyclophosphamide, acidic pH does
enhance the anti-tumor activity of this drug and this is
due to ion trapping in vitro. However, these observations
may not have direct in vivo application because hepatic
enzymes are thought to be the predominant mode of
activation of prodrug in vivo. Hepatic metabolism of
cyclophosphamide is pH-sensitive and hence, systemic
acidification may result in the generation of multiple active
metabolic products [65]. Rodrigues et al. [75] have
reported increased uptake and cytotoxicity of ifosfamide
upon air + 5% CO, and carbogen (95% O, + 5% CO,)
breathing, although this effect is thought to be more a
function of blood supply to tumor which is altered by the
hypercapnia. Ifosfamide behaves as a weak base with
estimated pK, of 3.5-4, and is therefore not expected to
participate in ion-trapping.
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Paclitaxel demonstrated an insignificant enhancement in
ICso drug sensitivity with alkaline pH. Vukovic and Tannock
previously reported that paclitaxel sensitivity increased with
alkaline pH, possibly due to cell cycle effects [44]. Paclitaxel
is not a substrate for ion trapping, but its cytotoxic effects
may be sensitive to increased pHi. The current system was
limited to acute alterations in pHe, while Tannock’s design
involved chronic alterations in pHe and hence would have
had a greater effect on the cell cycle distribution. Moreover,
Tannock and co-workers used nigericin, a K*/H" iono-
phore, to equilibrate pHi and pHe, creating sub-physiologic
pHi in the acid-treatment group. Thus, although paclitaxel
may be slightly more active in alkaline conditions, the
magnitude of this enhancement is minor and not statistically
significant in our system. Neither our work nor that of
Tannock suggests that paclitaxel undergoes ion trapping
or is sensitive to transplasmalemmal pH gradients.

We hypothesized that a change in the pHe of tumor cells
in culture will result in predictable changes in cytotoxicity
based on differential ion trapping of the drug by the cells.
The data presented here are consistent with this hypothesis
in the case of mitoxantrone. The effects of doxorubicin are
milder and suggest that the pH-dependent effects of this
drug are only partly described by ion trapping. None-
theless, these results consistently show that selective tumor
alkalinization in vivo is likely to result in an enhancement
in the anti-tumor activity of weakly basic chemotherapeu-
tic drugs. Likewise, pH dependent effects on chlorambucil
activity are consistent with ion trapping being a dominant
mechanism. A similar case can be made for 5-fluoruracil
and cyclophosphamide, yet in vivo metabolism of these
drugs makes it difficult to extrapolate these results to the
clinical situation. Further studies are needed to determine
whether selective acidification in patients will result in the
enhancement in the anti-tumor activity of these weakly
acidic chemotherapeutic drugs.
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