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ABSTRACT

The extracellular pH (pi I,.) in many solid tumors is often lower than
in normal tissues. Cells may survive conditions of acid pi 1, because
antiports in their membrane exchange Na* for 11+,or 11CX)., for Cl~,

and thus regulate the intracellular pH (pH,). We have therefore assessed
the effects of drugs which interfere with regulation of pi I; on survival of
Chinese hamster ovary and human bladder cancer MGH-U1 cells in
tissue culture. Nigericin, an ionophore which acidifies the cytoplasm
when cells are placed in medium at low pi I,.,was not toxic at pi I, 6.5 or
above but became very toxic as pi I, was reduced below this value.
Amiloride and 4,4'-diisothiocyanostilbene 2,2-disulfonic acid, inhibitors
of the Na*/H* and HCO3~/Cr exchangers, respectively, decreased pH,

in the presence of nigericin at low pi I...These drugs showed little or no
toxicity in the pi I. range of 6.0-7.0 but added greatly to the toxicity of
nigericin. A combination of all three drugs led to toxicity in the pi I,.
range of 6.5-6.8, well within the measured range of tumor pH, but not at
pH, 7.0 or above. A combination of low pH and hypoxia, two conditions
likely to be found in regions distant from tumor blood vessels, caused
cell mortality in the absence of drugs, and this effect was increased by
nigericin used alone or in combination with amiloride and 4,4'-diisothio-

cyanostilbene 2,2-disulfonic acid. These drugs may be regarded as pro
totypes for potential new anticancer agents that might achieve selective
killing of tumor cells by interfering with the regulation of intracellular
pH.

INTRODUCTION

Measurements of extracellular pH (pHe) in solid tumors have
shown considerable variation, but the average tumor pHe ap
pears to be about 0.5 pH unit less than in normal tissues (1-5).
Typical ranges of pHe are 6.5-6.9 in tumors and 7.0-7.5 in
normal tissues, but pHc values of 6.0 or lower have been
detected in some tumors. In many tumors, cells located in
regions distant from blood capillaries are hypoxic due to limited
diffusion of oxygen. Hypoxia may contribute to the develop
ment of acidic conditions in tumors; under hypoxic conditions
cells must rely on anaerobic glycolysis to supply their energy
requirements, although glycolysis may be limited by availability
of glucose in poorly vascularized regions. Under conditions in
which glucose supply is sufficient, hypoxia would lead to accu
mulation of lactic acid and hydrolysis of ATP (6), with conse
quent reduction of tumor pHe. Thus the pHe in hypoxic regions
of tumors might be lower than mean values of pH determined
by electrode measurements.

We have reported recently that the combination of hypoxia
and low pi 1, was toxic to cells in culture (7) and we have
suggested that these conditions may contribute to cell death
and necrosis found in many tumors. Since hypoxic cells are
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known to be resistant to radiation treatment and to some of the
commonly used anticancer drugs, simulation or enhancement
of conditions that lead to natural cell death in tumors might
have chemotherapeutic potential.

Regulatory mechanisms allow the survival of cells in an acid
environment by maintaining a higher intracellular pH (piI,)
than that predicted from the electrochemical equilibrium of H+
and HCO3~ ions across the cell membrane (8). The two known

systems responsible for the regulation of pHÂ¡in mammalian
cells are (a) countertransport of external Na+ for internal H+,
a process inhibited by the diuretic amiloride, and (h) counter-
transport of external HCO3~ for internal Cl~ which is inhibited
by stilbene derivatives such as DIDS4 (8). Inhibition of these

regulatory mechanisms could influence cell viability. We have
therefore investigated the cytotoxic effect of membrane-active
compounds which might lead to a reduction of pHÂ¡when cells
are placed in an acidic environment. Two classes of compounds
have been studied: (a) the ionophore nigericin which lowers pHÂ¡
by allowing exchange of intracellular K+ for extracellular FT

(9); and (/>)the drugs amiloride and DIDS which inhibit the
ion exchange agents.

MATERIALS AND METHODS

Cells. CHO cells and the human bladder carcinoma cell line MGH-
Ul (kindly provided by Dr. G. Prout and colleagues, Urology Research
Laboratory, Massachusetts General Hospital, Boston, MA) were main
tained in complete a-medium supplemented with antibiotics and 10%
FCS. Cultures, free of Mycoplasma, were reestablished from frozen
stock at approximately 3-month intervals. MGH-U1 cells were grown
routinely as monolayers in tissue culture flasks and were detached prior
to experiments with 0.025% trypsin and 0.01 % EDTA. CHO cells were
transferred from culture flasks to spinners about 1 week prior to their
use in experiments. All experiments were carried out with exponentially
growing cells.

Reagents. Amiloride was a gift from Merck, Sharpe & Dolina-

(Quebec), and the tetraacetoxymethyl ester of BCECF was purchased
from Molecular Probes (Eugene, OR). [14C]DMO (54 mCi/mmol),
[I4C]PEG (0.78 mCi/g), [3H]PEG (1.6 mCi/mg), and 3H2O (5 mCi/ml)

were obtained from New England Nuclear. Acetonitrile and KH2PO4
were obtained from Fisher (Fair Lawn, NJ), tetrabutylammonium
phosphate from Waters Associates (Milioni. Ontario, Canada), tri-
chlorotrifluoroethane (Freon) from Matheson (Whitby, Ontario, Can
ada), and perchloric acid from J. T. Baker Chemical Co. (Phillipsburg,
NJ). Nigericin, DIDS, and all other chemicals were purchased from
Sigma Chemical Co. (St. Louis, MO).

Cell Survival Experiments. Ten ml of a suspension containing 10"
cells/ml in a-medium plus 5% dialyzed FCS buffered to the required
pH were added to small glass vials. The cells were stirred continuously
at 37Â°C,and a humidified gas mixture of either air (plus 5% CO2) or

nitrogen (plus 5% CO2, <10 ppm O2) flowed through the vials, as
described previously (10).

To achieve the desired pH, the appropriate amount of sodium
bicarbonate was added to bicarbonate-free a-medium (plus 5% dialyzed

4The abbreviations used are: DIDS, 4,4'-diisothiocyanostilbene 2,2-disulfonic
acid; CHO cells, Chinese hamster ovary cells; FCS, fetal calf serum; BCECF, 2,7-
biscarboxyethyl-5(6)-carboxyfluorescein; DMO, 5,5-dimethyl-2,4-oxazolidine-
dione; PEG, polyethylene glycol; Nat, K*, intracellular Na* and K*; NaÃ,KÃ•,
extracellular Na* and K*.
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COMPOUNDS INTERFERING WITH INTRACELLULAR pH REGULATION

PCS). Thus, bicarbonate was present in the media of all experiments.
The stability of pHÂ«during 6 h incubation of CHO cells (1 x IO6cells/

ml) gassed with air or N2 (each with 5% CO2) at various initial pHe
values (i.e., pH of the medium before adding cells) was detailed previ
ously (7). In brief, l h after initiation of gassing, pHt decreased by 0.1-
0.2 unit in air or in hypoxia at any initial pi I., in the range of 6.0-7.2.
pi I, varied minimally during the subsequent 4 h of gassing with only
slight acidification (0.05-0.1 pH unit) of the cell suspension under
hypoxic conditions. Nigericin (added l h after initiation of gassing) did
not affect pi I, for at least 4 h. In all figures (unless otherwise indicated)
the indicated pH is the initial pH of the medium just before adding
cells and gassing.

One h after initiation of gassing, appropriate concentrations of drug
dissolved in 100 tÂ¡\50% ethanol were added to the vials. Each drug was
added separately. The control vials received the same volume of 50%
ethanol; maximum ethanol concentration in any experiment did not
exceed 1.5%, a level that was not toxic to CHO or MGH-U1 cells. At
selected times after adding drug or ethanol, 0.5 ml aliquots of the cell
suspension were removed by passing a long needle attached to a syringe
through the gas outlet tube. The cells were washed and resuspended in
Â«-mediumplus 10% PCS at pH 7.3, diluted, and plated in triplicate
Petri dishes. Colonies were stained and counted 9-13 days later.

Measurements of Intracellular Na* and K* (Na* and K*). Measure

ments were carried out essentially as described by Grinstein et al. (11).
During the course of incubation of CHO cells with or without nigericin
(1 f/g/ml), 2.5 ml of a cell suspension containing about 2.5 x Id" cells

were removed and quickly washed twice with ice-cold choline buffer
(free of Na* and K* containing 140 mM choline chloride, 10 mM

glucose, 1 mM CaCl2, 1 mM MgCl2, and 20 mM Tris-2-(A'-morpho-
lino)ethanesulfonic acid, pH 7.3). The buffer was aspirated and the
pellet was stored at -70Â°C overnight. The pellet was then suspended

in 1 ml li standard solution (15 meq/liter; Instrumentation Labora
tory Inc., Lexington, MA) and mixed vigorously to break the cells
osmotically; after sedimentation of debris the Na* and K* content of

the supernatant was measured by flame photometry (Photometer model
443; Instrumentation Laboratory). Concentrations of Na* and K* were

calculated based on cell volume which was measured electronically
(Coulter Counter ZM attached to C1000 Coulter Channelyzer).

To assess the amount of k and Vr lost from cells during washing
with Na+- and K*-free choline buffer, a parallel experiment was carried

out in which the cells were sedimented without washing. Briefly, after
sampling 2.5 ml from the cell suspension, [3H]PEG (4 x IO5cpm/ml
final) was added to the cells, I ml (1 x ID" cells) was sedimented

through an oil-phthalate mixture, and an aliquot from the supernatant
was counted by liquid scintillation (Packard Tri-Carb, C2425). The
pellet was transferred to a separate tube containing li' (15 meq/liter)

and the cells were lysed by vigorous mixing. An aliquot of the pellet in
Li* was then counted by liquid scintillation. The fraction of 3H in the
pellet indicated the amount of extracellular Na and K' in the li"

suspension and was used to correct values obtained by flame photom
etry.

Measurement of Intracellular pH. Intracellular pH was measured by
two methods: (a) partition of the weak acid DMO, as described previ
ously (12). Briefly, after 5 h exposure to medium containing nigericin
or to the ethanol diluent (controls), CHO cells (2 x 10' cells/ml) were
equilibrated with media containing either [I4C]DMO and 3H2O for
determination of DMO partition or with ['"CJPEG (M, 4000) and 3H2O

for determination of intracellular volume and of trapped extracellular
space. One ml of the cell suspension (2 x 10' cells total) was loaded on
300 i'l oil-phthalate and sedimented through this mixture. The pellet
(i.e., cells) and an aliquot of the supernatant (i.e., medium) were then
counted by liquid scintillation; (b) intracellularly trapped fluorescent
dye, as described elsewhere (11, 13, 14). The method is based on the
penetration of the tetraacetoxymethyl ester of BCECF into cells, where
it is cleaved by internal esterases, releasing the poorly permeant and
highly fluorescent BCECF. BCECF serves as a cytoplasmic fluorescent
indicator, with a pk,, value close to 7.0 (13) and a linear relationship
between fluorescence intensity and pHÂ¡in the range of 6.0-7.5. For the
experiments, cells were loaded with 2 tig/ml tetraacetoxymethyl ester-
BCECF for 40 min at 37Â°C,sedimented, and resuspended in fresh a-

medium (without serum) to yield 1.0-1.2 x 10' cells/ml. Aliquots of
either 4.8 x IO5cells (MGH-U1) or 9.6 x 10s cells (CHO) were then
added to a cuvet containing Na* buffer (containing 10 mM glucose, 1

mM KCI, 1 mM CaCI2, 1 mM MgCl2, and 140 mM NaCl) and pHÂ¡
measurements were carried out in a Perkin Elmer LS3 fluorescence
spectrophotometer. Excitation and emission wavelengths were 495 and
525 nm, respectively. Calibration of pHÂ¡versus fluorescence intensity
was carried out on the same batch of cells for which pHÂ¡measurements
were done, in K* buffer (identical to the Na* buffer only with isoosmotic
replacement of KCI for NaCl) with nigericin. This ionophore sets H*/
H* = K*/K* such that when cells are suspended in K+buffer (containing
approximately the same concentration of K* as the cytoplasm) pHÂ¡

follows pHe (9). In those experiments in which pHÂ¡measurements were
carried out in Â«-medium(minus phenol red), a calibration curve was
defined in the same medium, by using 5 pM monensin (a H*/Na*

ionophore) plus 2 Mg/ml nigericin.
Measurements Relating to Cellular Energy Metabolism. The concen

tration of lÃ¡clateand glucose in the medium were measured using a
commercial kit (Sigma) as detailed previously (7). High performance
liquid chromatography measurements of levels of AMP, ADP, and
ATP were carried out as described in a previous publication (7). Energy
charge was calculated as

ATP + '/z ADP

AMP + ADP + ATP

RESULTS

Effects of Nigericin. The cytotoxic effects of nigericin for
CHO and MGH-U1 cells incubated under aerobic conditions
at various pHe are shown in Fig. 1. Nigericin was toxic to cells
at low but not at normal pHe. The sensitivity of this cytotoxic
effect to pHe and to concentration of nigericin is illustrated for
CHO cells in Fig. 2. In the presence of nigericin cell survival
began to decrease at pHe 6.5 and declined rapidly as pHe was
reduced further (Fig. 2A). At pHe 6.3, an exponential decrease
of plating efficiency was observed with increasing nigericin
concentration between 0 and 0.5 ^g/ml and a slower decrease
of plating efficiency was observed at higher concentrations of
the drug (Fig. 2B). Some variation in levels of survival was
obtained in multiple experiments, but results were always qual
itatively similar. Fig. 2 indicates that small variations in pHe or
in the concentration of nigericin may produce a large effect on
cell survival.

The effect of nigericin on the concentration of Na* and K* is
shown in Fig. 3. After 6 h incubation with the drug in air, K*
levels decreased (by 4-fold at pHc 7.0 and 30-fold at pHc 6.0-
6.1) whereas Na* levels increased (by approximately 3-4-fold)
relative to untreated cells. The total concentration of Na* plus
K* was greater in the controls than in cells treated with nigeri

cin, especially at low pHe. For example, at pHe 6.0-6.1, taking
into account the differences in cell volume, the sum of Na* plus
K* was 55% of the controls (Fig. 3). In the parallel experiment
in which cells were not washed with Na+- and K*-free choline
buffer (detailed in "Materials and Methods"), the corrected sum
of Na+ and K* at pHe 6.0-6.1 with nigericin was 79% of the

controls (data not shown).
Nigericin caused equilibration of pHÂ¡with pHe in CHO cells

incubated for 5 h at low but not at normal pHe (Table 1). Using
the pH-sensitive fluorescent dye BCECF, nigericin was found
to cause an immediate decrease of pHÂ¡in cells placed under
acidic conditions (Fig. 4). Because nigericin is an uncoupler of
oxidative phosphorylation, its effect on cellular energy metab
olism was investigated. Measurements of lactate (Fig. 5) and
glucose concentration (data not shown) in the medium revealed
that following a 6-h incubation of CHO cells with nigericin, the
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COMPOUNDS INTERFERING WITH INTRACELLULAR pH REGULATION

1.0

: (A)

IO'1

icr

10"

IO'4

Control -

Nigerie in
0.25
Â¡jg/ml

1
Â£1.0

IO'1

IGT1

iorj

10-

7.0

(B)

6.8 6.6 6.4 6.2
Initial pHe
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Change'of pHe Hours after adding drug(s)
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Fig. I. Plating efficiency <>Hll CHO cells and (li) MGH-U1 cells following
exposure to nigericin (0.25 //j: ml) at different initial pilc. Mean and range for
triplicate plates are indicated.

rate of glycolysis was increased slightly under aerobic conditions
but decreased under hypoxic conditions relative to the controls.
This effect was seen at both normal and low pHe. Cellular ATP
pools and the energy charge of CHO cells treated with nigericin
are shown in Fig. 6. ATP levels decreased at low pHc (Fig. 6A).
They were lower under hypoxic than under aerobic conditions
(see also Ref. 7) and they were also lower in the presence of
nigericin than in untreated cells. The decrease of energy charge
with decreasing pi I, in cells treated with nigericin and in
hypoxic cells was much slower than the decrease of ATP levels

IO"
12345

Concentration of nigericin (^g/ml)

Fig. 2. A, plating efficiency of CHO cells exposed for 4 h to nigericin (0.25 or
1.0 fig/ml) at different initial p11,.Control samples were incubated without drug.
/(. plating efficiency of CHO cells exposed for 6 h to different concentrations of
nigericin at an initial pi I, of 6.3. Mean and range for triplicate plates are indicated.

(Fig. 6B), with a decrease in energy charge below the normal
values (0.85-0.95) seen only at pHc < ~6.5. Aerobic untreated
cells exposed to pH, 5.9 had a normal energy charge despite an
almost 40% decrease in ATP concentration.

Effect of Amiloride and DIDS on Cell Survival and on pi I,.
We studied the cytotoxic effects of amiloride and DIDS either
alone or in combination with nigericin at various pi I... At pi I,
7.0, amiloride (0.1 HIM)had no cytotoxic effect either alone or
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COMPOUNDS INTERFERING WITH INTRACELLULAR pH REGULATION
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Ih after change
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6h exposure
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( or control)ri-|

pHe7.0 pHe7.0 pHe 6.0-6.1 pHe 6.Q-6.I

control + Nig control + Nig
Fig. 3. Intracellular levels of Na* and K* in CHO cells (A) l h after exposure

to initial p11, 7.0 or 6.0-6.1 in the absence of drug, and (//) after a further 6-h
exposure in the presence of nigericin (Nig, I ftg/ml). Calculation of levels of
Nsu*and K* were based on the measured cell volumes of 1006 (im3 (pH 7.0,
control). 909 um' (pH 7.0 + Nig), 890 um3 (pH 6.0, control), and 774 ^m3 (pH

6.0 + Nig). Columns, mean values 3 separate experiments; bars, SE.

Table 1 Intracellular pH (pH,) of CHO cells incubated with or without nigericin
at varying extracellular pH (pHJf

ControlPH.*7.24

(7.15-7.33)
6.74
6.64

(6.63-6.64)
6.25pH,'6.93(6.88-7.00)

6.88
6.75

(6.56-6.87)
6.42NigericinpH.*7.25

(7.16-7.34)
6.80
6.54

(6.52-6.56)
6.18pH,6.94(6.83-7.03)

6.72
6.54

(6.49-6.59)
6.17

" pHj was measured by the DMO method (12). Cell concentration was 2x10*

cells/ml and the concentration of nigericin was 1 /^ nil.
* pH of the medium 5 h after adding the drug. Gassing of the cell suspension

began l h before adding the drug. Numbers represent mean and range (in
parentheses) of 2 measurements from 2 separate experiments or of measurements
from a single experiment (where no parentheses are shown).

' Numbers represent mean and range (in parentheses) of 4 measurements from

2 separate experiments or mean of 2 measurements from a single experiment
(range not indicated).

with nigericin. Amiloride showed either slight or no toxicity
for CHO cells at pHc 6.0 but caused a decrease in cell survival
by a factor of 10"' after 2 h treatment with nigericin (Fig. 1A).

Similar results were obtained with DIDS (Fig. IB). This com
pound (at 0. l IHM)was not toxic to CHO cells by itself at either
pH, 7.0 or 6.0 or in combination with nigericin at pHe 7.0 but
greatly increased the cytotoxicity of nigericin at low pHe.

The combination of amiloride and DIDS (0.1 HIM each)
proved nontoxic to CHO cells at pHe 7.0, 6.4 (Fig. 8/<) or 6.0
(data not shown). In contrast, the combination of these two

7.a

7.0

6.8

6'6

64

7.0

6.8

6.6

6.4

N.q (a
CHO

â€¢HAm

MGH-UI (b

Â©Am

Â©Am

2 min

Fig. 4. Intracellular pH measured with BCECF (see "Materials and Methods"
for details) of (A) CHO and (B) MGH-UI cells suspended in N;f buffer following
the addition of 0.25 i<g/ml nigericin (Nig), in the absence or presence of 0.1 mM
amiloride (Am). Extracellular pH was 6.77 at the time of adding nigericin. Cell
number for each pH( measurement was 9.6 x 10* for CHO cells and 4.8 X IO3
cells for MGH-UI cells. The experiment was repeated several times at different
pll, values and qualitatively similar results were obtained.

CExtracellular

loctote(mM)

Dâ€”roojm̂<ehii!iÃˆ

Nz Nz Air Air Nz Nz
pH 7.0 pH 70 pH 7.0 pH 7.0 pH 6.1 pH 6.1 pH 6.1 pH 6.1

Control + Nig Control + Nig Control +Nig Control +Nig

Fig. 5. Lactate production in CHO cells incubated without or with 0.25 /ig/
ml nigericin (Nig). Values are expressed as mM concentration measured in cell-
free medium following incubation of 1 x 10'' cells/ml for 6 h at the indicated

|il I,. Columns, means of 3 measurements: lian. SD. The experiment was also
repeated with 1 Â«cnil nigericin and similar results were obtained.

compounds with nigericin (0.25 pi;/ ml) was highly toxic at low
pHe (pH, 6.4) but showed only minimal toxicity at pHe 7.0.
Qualitatively similar results were obtained for MGH-UI cells
(Fig. SB), although this cell line was less sensitive to these drugs
than CHO cells. The pHc sensitivity of nigericin (0.25 ^g/ml)
plus amiloride plus DIDS (each at 0.1 HIM) to CHO cells
incubated in air is indicated for different periods of incubation
in Fig. 9. The combination of these drugs caused cytotoxicity
in the pH. range of 6.5-6.8 (but had little or no effect at pH
7.0); these pHe values are within the range that has been
recorded in many types of solid tumor.
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COMPOUNDS INTERFERING WITH INTRACELLULAR pH REGULATION
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iÂ«
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I 0.4
HJ

0.2

(0

Air.control â€¢

v Air,Â©Nig
i \ ,\ \ ,

(b â€¢

A ir, control

7.0 63 6.6 64 6.2 6.0
Extracellular pH

Fig. 6. Percentage of ATP (A) and energy charge (B) of CHO cells incubated
without (controls) or with 1 Â»ig/mlnigericin (A7#) for 4 h as a function of pi 1.
(measured after 4 h incubation). ATP levels (in A) are expressed as percentage of
the controls (pH 7.0, in air). Arrows in B, actual value less than the point shown
which is the calculated value based on the detection limits of the high performance
liquid chromatography. Energy charge is denned as

ATP + V2ADP
AMP + ADP + ATP

Because nigericin was found to cause an immediate decrease
of pHi (Fig. 4), the effect of amiloride and DIDS on this
nigericin-induced cytoplasmic acidification was studied. Fig. 4
shows that amiloride decreased further (by 0.2-0.3 unit) the
reduction of pHÂ¡caused by nigericin in both CHO cells (Fig.
4/1) and MGH-U1 cells (Fig. 4B). To test the effect of DIDS,
pHj measurements were carried out in Â«-medium (without
phenol red, or serum, and with 3.85 mM NaHCO3) using
continuous gassing with 5% CO2 in air. The results obtained
were similar (albeit of smaller magnitude) to those obtained
with amiloride; DIDS (0.1 mM) caused a further decrease of
~0.1 pH unit in pHÂ¡compared to that caused by nigericin alone.
DIDS also added to the acidification caused by nigericin plus
amiloride (data not shown). Neither amiloride nor DIDS (0.1
mM each) caused a decrease of pHÂ¡when added alone in Na+
buffer or in Â«-medium(data not shown).

Effect of Hypoxia. We investigated the effects of nigericin,
amiloride, and/or DIDS on survival of CHO cells incubated
under hypoxic conditions. Exposure of cells to hypoxic condi
tions at low pHe is toxic in the absence of drugs (Ref. 7; Fig.
10/1). Fig. 10/1 shows that at pHe 6.1, the addition of 0.25 p.g/
ml nigericin to cells incubated in hypoxia caused additional loss
of survival by a factor of 10~3 after 2 h. Incubation of CHO

cells (with or without nigericin) under hypoxic conditions
caused fluctuations of Nat and K,' levels; these fluctuations

were qualitatively similar to those seen when aerobic cultures
were exposed to nigericin (Fig. 3).

In contrast to nigericin (Fig. 10/1), addition of amiloride and/
or DIDS (0.1 mM each) did not increase cytotoxicity to CHO

2 4
Change of pHe Hours after adding drug(s)

+ gassing

Fig. 7. Plating efficiency of CHO cells exposed at different initial pi I, to (A)
amiloride (0.1 mM) and/or nigericin or (B) DIDS (0.1 mM) and/or nigericin. The
concentration of nigericin was 0.1 ng/ml for all groups but one, where the
concentration was 0.2 fig/ml. This group was included to allow a comparison of
adding a second drug as opposed to increasing the concentration of nigericin.
Control groups showing no effect (unlabeled data) include amiloride or DIDS
alone at pi 1, 6.0, nigericin alone at pH 6.5, and nigericin plus amiloride or
nigericin plus DIDS at pH, 7.O. Points, mean for triplicate plates; bars, range.

cells incubated under acidic (pi I,.6.3) and hypoxic conditions
(data not shown). Addition of nigericin with amiloride and/or
DIDS to cell cultures incubated under hypoxic conditions at
pi I, led to a much greater cell kill than that seen in the control
(no drugs), in cells incubated with amiloride plus DIDS alone,
or in cells incubated with nigericin alone (Fig. 10/f). At the
drug doses used (Fig. 10Ã„),there was no detectable difference
in the survival of cells incubated under aerobic or hypoxic
conditions when all three drugs were added. In a preliminary
study, using one-half the doses of the drugs (0.13 Â¿tg/mlniger
icin plus 0.5 mMamiloride plus 0.05 mM DIDS) the surviving
fraction after 4 h incubation was 0.68 in air and 0.17 in hypoxia
(data not shown).
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Hours after adding drug (s)

Fig. 8. Plating efficiency of (A) CHO cells and (/Â»)MGH-U1 cells exposed at
initial pH, 7.0-7.2 or 6.3-6.4 in the presence of nigericin (0.25 fig/ml) Â±amiloride
(0.1 HIM)Â±DIDS (0.1 "IMI There was no effect of nigericin 'â€¢DIDS to reduce
survival of MGH-U1 cells at pi I, 6.3 and little or no effect of the drugs at pi I,
7.0-7.2 (unlabeled data). Points, mean for triplicate plates; han. range.

DISCUSSION

The present experiments show that (a) agents that interfere
with regulation of pi I can increase cell death when cells are
placed in an acidic environment and that (h) the cytotoxic effect
of low pi I, plus hypoxia can be increased by these agents.

Although the combination of hypoxia and pi I, < 6.5 was
cytotoxic to at least two different cell lines in culture (7), the
average pi I, values that have been measured in tumors range
between 6.5 and 6.9 (1-5). If acid pH is to be used to obtain
differential toxicity between tumors and normal tissues, it is
important to find agents that exert toxicity within the pH
range of 6.5 and 6.9 but not at pHt 7.0 or above. In the present
study this was achieved by treating cells with nigericin, which
acidifies the cytoplasm, plus amiloride and DIDS, which en
hance this acidification, probably by inhibiting the ability of
cells to recover from a low pHÂ¡.

Nigericin alone was toxic to CHO and MGH-U1 cells at pHc
< 6.5. Similar results were obtained by Haveman (15), who
treated M8013S mammary carcinoma cells with the proton
ionophore carbonylcyanide 3-chlorophenylhydrazone. Nigeri-

1.0

10''

IO'

IO'

IO"

IO -
7.0 6.8 6.6 6.4

Initiol pHe

6.2 6.0

Fig. 9. Relationship between plating efficiency and initial pi I, for 2-h or 4-h
exposures of CHO cells to nigericin (0.25 pg/ml), amiloride (0.1 HIM),and DIDS
(0.1 mM). The dashed line (from Fig. 2A) indicates the effects of a 4-h exposure
to nigericin alone. Points, mean for triplicate plates; bars, range.

ein is known to equilibrate pi I,with pi I, when extracellular and
intracellular K+ levels are equal (K* = KÂ¿).Cells in our exper

iments were exposed to medium with a low concentration of
1C (5.5 mM)with the expectation that the outward K*gradient
and the low pHccould cause movement of H+ ions into the cell,

and a fall in pH,. Indeed, CHO cells incubated with nigericin
showed a large decrease of K*, especially at low pHe. The
concomitant increase of Na* suggests that nigericin probably
exchanged K+for Na+as well as for H+and/or that cytoplasmic
acidification caused by nigericin may activate the NaVH'1"ex
changer resulting in an increase of \a,*. In unpublished exper
iments we have demonstrated the existence of an amiloride-
sensitive Na+/H+ exchanger in both CHO and MGH-U1 cells.
At low pHc, nigericin caused a loss of total Na* plus Kf, with

a consequent reduction of cell volume. However, since both the
decrease of cell volume and loss of cations during washing with
Na+ and K+-freebuffer could not account for the full reduction
of the sum of Na,"plus K,'. it is possible that cell osmolarity

was maintained by other (unknown) metabolites or cations. The
large fluctuations of Na,*and K; probably do not cause cell

death, however, because they were detected at both pHe 7.0,
when nigericin was not toxic, and at pHe 6.0-6.1, when the
drug was very toxic (Figs. 1 and 3). However, we cannot exclude
the possibility that the difference in K+ levels between cells at

pHe 7.0 (28 mM) and at pHe 6.0 (2 HIM)is crucial to cell
survival. Nevertheless, it seems likelythat the major mechanism
whereby nigericin kills cells is through lowering of pHÂ¡.

Lowering of pHÂ¡by nigericin probably leads to cell death in
an acidic environment by a combination of mechanisms, since
pHÂ¡has a marked effect on a variety of cellular processes,
including energy metabolism. The following mechanisms might
allow nigericin to contribute to cell death at low pHe by energy
deprivation: (a) Nigericin causes a slight increase in the rate of
glycolysis under aerobic conditions (Fig. 5), in agreement with
its known role as an uncoupler of oxidative phosphorylation.
Since glycolysis is inhibited at low pH (Fig. 5; see also Refs. 7
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Fig. 10. Plating efficiency of CHO cells (A) exposed under aerobic and hypoxic
conditions at normal or low initial pi I, to nigericin (0.25 fig/ml) alone or (I!)
exposed under aerobic and hypoxic conditions at initial pi I, 6.5 to various
combinations of nigericin ( N/>.0.25 tig/ml), amiloride l. Im. 0.1 HIMi. and DIDS
(0.1 HIM).Plating efficiency of cells exposed to amiloride and/or DIDS (O.I mvi
each) at pi I, 6.3 under hypoxia was the same as that of untreated cells. Data are
plotted as mean (points) and range (bars) for triplicate plates.

and 16), cells exposed to an acidic environment and to nigericin
may then die of energy deprivation. The results showing de
creased levels of ATP and energy charge (Fig. 6) in cells exposed
to nigericin at low pHc are in support of this view. However,
the uncoupling effect of nigericin could not solely account for
cell death, because nigericin was found to add to the cytotoxicity
of hypoxia plus low pi I,., a situation in which respiration is
already blocked, (b) The large fluctuations of K* and Naf caused
by nigericin could lead to activation of Na+/K+-ATPase with

the consequent loss of energy. This could explain the further
reduction of ATP levels caused by nigericin under hypoxic
conditions at low pHc. (c) The nigericin-induced reduction in
glycolytic rate under hypoxic conditions (Fig. 4) may be caused

by lowering of pHÂ¡(relative to aerobic cells), as some cells are
unable to regulate pi I, in the absence of oxygen (see below).

Cell survival after treatment with nigericin at low pHe varied
considerably between experiments (compare Figs. \A and 10/Ã•).
The reasons for this variation are unclear, but may result from
variation in binding of nigericin to albumin in different batches
of serum (see Refs. 11 and 13), or from slight variations in pHt.
The steep dose-response curve for nigericin and the steep rela
tionship between cell survival and pi I (Fig. 2) could magnify
the effects of small changes in effective dose and pi I..

The addition of the diuretic amiloride and/or DIDS to CHO
or MGH-U1 cells at low pHc caused little or no cell kill.
Cytotoxicity was observed only when nigericin was added as
well. This and the observation that pHÂ¡was unaffected by
amiloride and/or DIDS in the absence of nigericin suggest that
at low pi I, aerobic cells are able to regulate pi 1, (for at least 4
h) despite inhibition of the Na+/H+ and HCO3~/C1~ ion ex

changers. A less likely explanation is that low pi I, alone is not
cytotoxic. A hypoxic environment may inhibit these Â¡onex
changers in the absence of drugs, since recovery of pHÂ¡after
acid loading of cells has been shown to be inhibited under
hypoxic conditions (17, 18).5

Nigericin, which tends to decrease the pH gradient across
cell membranes, probably causes cells placed in an acidic envi
ronment to become more dependent on ion exchangers and
thus renders amiloride and DIDS effective cytotoxic agents.
The addition of amiloride and DIDS to nigericin increased the
pH sensitivity of cells from pH, < 6.5 to pHe < 6.9 (Fig. 9).
The present drugs may not have characteristics (e.g., in vivo
stability, specificity of effects, good penetration from blood
vessels into the tumor) that would render them useful anticancer
agents in vivo. Nevertheless, the demonstration that these pro
totype agents may cause considerable toxicity at a range of pi I,
found in tumors, but not in most normal tissues, suggests that
this difference in pHe might be of potential use for tumor-
specific cell killing. In addition, these compounds have a poten
tial as agents that enhance hyperthermia-induced cytotoxicity,
a process known to be sensitive to low pHÂ¡(19).
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