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Increase in Thermosensitivity of Tumor Cells by Lowering Intracellular pH1

Chang W. Song,2 John C. Lyons, Robert J. Griffin, Carol M. Makepeace, and Edward J. Cragoe, Jr.

University of Minnesota Medical School. Department of Therapeutic Radiology-Radiation Oncology, Minneapolis, Minnesota 55455 1C. W. S.. J. C. L. R. J. C.. C. M. M.Â¡,
and Nacogdoches. Texas 75963-1548 IE. J. C./

ABSTRACT

We previously reported that the thermosensitivity of tumor cells can be
increased when the intracellular pH is lowered by inhibiting Na'/H'

exchange through the plasma membrane with amiloride (3,5-diamino-6-
i-hl(iro-.V-idiiiniiiK) methylenelpyrazinecarboxamide) or its analogues and
IICO, /("I" exchange with 4,4-diiothiocyanato-stilbene-2.2'-disulfonic

acid. In this study, we investigated the effects of (3-amino-6-chloro-5-
(l-homopiperidyl)-A'-(diaminomethylene)pyrazine-carboxamide) (HMA),
an analogue of amiloride and a potent inhibitor of Na ' /H * exchange,

and R( + )-[(5,6-dichloro-23,9,9a-tetrahydro-3-oxo-9a-propyl-lH-fluoren-
7-yl)oxy]acetic acid [B-3( + l], a potent inhibitor of HCO.r/CI" exchange,

on the thermosensitivity of SCK tumor cells in vitro. We observed that 10
UMof HMA could effectively increase the cell death by heating at 43Â°Cin

pH 6.6 medium but not in pH 7.5 medium. The B-3( + ) at 50 MMalone had
no effect on the thermosensitivity of cells, but it increased the thermosen-

sitizing effect of HMA in acidic medium. Our results strongly suggested
that a combination of HMA and B-3( + ) may preferentially thermosensi-

tize tumors in vivo since the interstitial environment in tumors is acidic
relative to that in normal tissues.

served subsequently that the thermal response of mouse tumors grown
in the legs could he significantly increased when the host mice were
treated with amiloride and DIDS before the tumors were heated (24).

Some of the analogues of amiloride. such as EIPA (Mr 299.8) and
HMA (Mr 311.8), have been demonstrated to be much more powerful
and specific than amiloride in inhibiting the Na+/H+ antiport (25). We

recently reported that EIPA was indeed more potent than amiloride in
lowering pHi and enhancing the thermal damage in tumor cells in an
acidic environment in vitro (26). The effect of HMA on thermosen
sitivity has not yet been investigated.

Recently. B-3( + ) (M, 369.2) was identified as more potent and
specific than DIDS in inhibiting the HCO.r/Cl~ exchange through the

plasma membrane (27). Clinical investigations are in progress to
evaluate the usefulness of this (aryloxy) alkanoic acid in reducing
brain edema (28). In the present study, we demonstrated that the
thermosensitivity of SCK tumor cells in acidic medium is markedly
increased by HMA. particularly in the presence of B-3( + ). probably

due to an increase in intracellular acidity by the drugs.

INTRODUCTION

It is well known that the interstitial environment in malignant
tumors is acidic relative to that in normal tissues (1-3). However, the

intracellular environment of tumor cells in vivo has been reported to
be considerably less acidic than the interstitial environment by virtue
of effective regulatory mechanisms which prevent equilibrium of pHi'

with pHe (4-6). Among a number of known pHi regulatory mecha
nisms in mammalian cells, the Na+/H+ exchange and the Na^-de-
pendent HCOj~/Cl~ exchange through plasma membrane have been

identified to be the principal ones (7-15). Appropriate pHi is so

essential for various cellular metabolism as well as survival and pro
liferation of cells that pHi regulatory mechanisms may be used as
targets for cancer therapy (16).

The response of tumor cells to heat has been known to increase as
the pHi is lowered (17-20). We previously demonstrated that the

thermosensitivity of tumor cells in vitro could be markedly enhanced
when the pHi is lowered by simultaneously blocking the Na+/H+
exchange and HCO,~/Cr exchange with amiloride (3,5-diamino-6-

chloro-/V-(diaminomethylene)pyrazinecarboxamide) and DIDS. re

spectively (14, 15, 21). Amiloride alone could increase the cellular
thermosensitivity in vitro (22, 23), but the combination of amiloride
and DIDS was far more effective (14, 15). Importantly, such ther-

mosensitization by lowering pHi by blocking the proton extrusion
from the cells was found to be greater in an acidic environment than
in a neutral environment. This suggested that the intratumor environ
ment, which is acidic, may be exploited to preferentially increase the
thermal damage in tumors relative to normal tissues. We indeed ob-
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4.4-diiothiocyanato-stilbene-2,2'-disulfonic acid; EIPA. 3-amino-6-chIoro-5-( A'-ethyl-A'-

isopropylamino)-jV-(diaminomethylene)-pyrazinecarboxamide; HMA. 3-amino-6-chloro-
5-( l-homopiperidyl)-A'-(diaminomethylene)pyrazinecarboxamide; B-3( + ). /?(
dichloro-2.3.9,9a-tetrahydro-3-oxo-9a-propyI-l H-fluoren-7-y])oxy| acetic acid.

MATERIALS AND METHODS

Cells. SCK mammary adenocarcinoma cells of A/J mice were used. This
tumor developed spontaneously in a female A/J mouse in our laboratory, and
the early generations of this cell lineare stored in liquid nitrogen (14, 15). New
cultures of the cells are established es'ery 3â€”4months from the stock cells. The

cells grow well in vitro with a plating efficiency of about 60% in RPMI 1640
medium containing 10% calf serum.

Chemicals. The HMA and B-3( + ) were specifically synthesized for this

study by previously described methods (29. 30). The chemical structures of
HMA and its analogues are shown in Fig. 1. and the chemical structure of
B-3I + ) is shown in Fig. 2. These drugs were dissolved in dimethyl sulfoxide

and then diluted to appropriate concentrations with RPMI 1640 medium
(Grand Island Biological Co.. Grand Island. NY).

Thermosensitivity of Cells. The SCK cells in exponential growth phase in
vitro were harvested with trypsin treatment, washed, and counted. Appropriate
numbers of the cells were plated in 25-cm' plastic culture flasks with 8 ml of

RPMI 1640 medium containing 10% calf serum and antibiotics. Duplicate
cultures were set up for each experimental group. After the cultures were
maintained for about 16 h in a 37Â°Cincubator under a 5% CO; atmosphere, the

medium was replaced with 4 ml of fresh medium with or without HMA and/or
B-3( + ). The pH of medium containing 22.4 HIMNaHCO, was adjusted to 7.5

or 6.6 with CO2. and the flasks were tightly capped and immersed into a water
bath preheated at 43Â°C.After the cells were heated for varying lengths of time,

the cells were gently rinsed once with fresh medium and cultured with 8 ml of
medium supplemented with 10% calf serum and antibiotics at 37Â°Cfor 8 days

in a 5% CO2 incubator. The resultant colonies were fixed and stained with 1%
crystal violet in ethanol. and the colonies consisting of )50 cells were counted.

RESULTS

Incubation of SCK cells with 50 |JMHMA or 50 JJMB-3( + ) alone
or in combination at 37Â°Cfor 2 h in both pH 7.5 and pH 6.6 medium

exerted no effect on the clonogenicity of the cells (data not shown).
The effects of HMA or B-3( + ) on the survival of SCK cells heated for
varying lengths of time at 43Â°Cin pHe 7.5 and pHe 6.6 medium are

shown in Figs. 3 and 4. respectively. At pHe 7.5, the thermosensitivity
of SCK cells was not affected by 10 UMHMA (Fig. 3). However, the
thermosensitivity of the cells at pHe 7.5 markedly increased when the
concentration of HMA was increased to 50 UNI.As expected, the
thermosensitivity of SCK cells at pHe 6.6 (Fig. 4) was greater than
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Fig. 2. Chemical structure of B-3( + ).

that at pHe 7.5. At pHe 6.6, unlike at pHe 7.5, the thermosensitivity
of the cells was markedly increased by 10 \IM HMA, and it further
increased when the concentration of HMA was increased to 50 UM.
The cell survival after heating at 43Â°Cfor 120 min at pHe 6.6 with 50

UMHMA was smaller than that without HMA by almost 1.5 log. The
thermosensitivity of SCK cells was not affected by 50 UMof B-3(+)

at both pHe 7.5 and pHe 6.6. The combined effects of HMA and
B-3( + ) on the thermosensitivity of SCK cells are shown in Fig. 5. At
pHe 7.5, the combination of 10 UMof HMA and 50 UMof B-3( + ) had

virtually no effect on the thermosensitivity of the cells. On the other
hand, the thermosensitivity of SCK cells at pHe 6.6 was markedly
enhanced by the combination of 10 UMHMA and 50 UMB-3( + ). The
results shown in Figs. 4 and 5 clearly demonstrate that the thermosen-

sitization of cells at pHe 6.6 by the combination of the two drugs was
markedly greater than that by HMA alone. The cell survival after
heating for 120 min in the presence of 10 UMHMA and 50 UMB-3( + )

at pHe 6.6 was > 2 logs smaller than that at pHe 7.5.

DISCUSSION

The present study demonstrated that the thermosensitivity of SCK
cells in an acidic environment is markedly increased by HMA, an
inhibitor of the Na4/H4 antiport, and that the thermosensitization by
HMA is further enhanced by B-3( + ), an inhibitor of HCO,~/C1~

exchange. The HMA is a S-W/V-hexamethylene) analogue of

amiloride (Fig. 1) and has been demonstrated to be one of the most
potent and specific inhibitors of Na+/H+ exchange among numerous

analogues of amiloride (25). The effectiveness of 10 UM HMA in
sensitizing the tumor cells to heating at pHe 6.6 (Figs. 4 and 5) was
similar to that of 500 UMamiloride (14, 15), indicating that HMA is at
least 50-fold more potent than amiloride in increasing the thermosen

sitivity of SCK cells in an acidic environment.
We previously reported that EIPA (Fig. 1), another analogue of

amiloride, was also at least 50-fold more effective than amiloride in

decreasing pHi and increasing the thermosensitivity of SCK tumor
cells in acidic medium (26). We also demonstrated that the thermosen
sitization by amiloride or EIPA was due to a decrease in pHi by these
compounds (26). The effects of HMA on pHi of SCK cells has not yet
been investigated. However, it would be reasonable to conclude that
the thermosensitization of SCK cells by HMA observed in the present
study (Figs. 3-5) was due mainly to a decrease in pHi by the drug.
Whereas B-3( + ) has been reported to be more potent and specific than

DIDS in inhibiting HCO.r/Cr(27, 28), this compound alone at 50 UM
could not increase the thermosensitivity of SCK cells at both pHe 7.5
and 6.6, although it enhanced the thermosensitizing effect of HMA
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â€¢¿�50 ^M HMA

50(iMB 3(4)
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Duration Of Heating (min)

Fig. 3. Survival curves of SCK tumor cells heated at 43Â°Cin pH 7.5 medium con

taining 10 or 50 pM HMA or 50 UMB-3( + ). The control curve is the survival curve of the
cells heated without the drugs. Paints (barst, means (Â±1SEMI of 8-10 experiments with
duplicate cultures for each experiment.
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Fig. 4. Survival curves of SCK tumor cells heated at 43Â°Cin pH 6.6 medium con

taining 10 or 50 UMHMA or 50 pM B-3( + ). The control curve is the survival curve for the
cells heated without the drugs. Points (barsl, means (Â±l SEM).
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Fig. 5. Survival curves of SCK tumor cells heated at 43Â°Cin pH 7.5 or pH 6.6 medium

containing a combination of 10 UMHMA and 50 UMB-3( + ). The control curves are the

survival curves of cells heated without the drugs in pH 7.5 or pH 6.6 medium. Points
(bars), means <Â±lSEM).

(Figs. 3-5). The lack of noticeable thermosensitization by B-3( + ) or
DIDS alone suggests that the role of HCO3~/Cl~ exchange in regu

lating pHi of SCK cells is relatively small compared with the Na+/H +

exchange.
Note that the increase in thermosensitivity by HMA alone or in

combination with B-3( + ) occurred preferentially in the acidic envi
ronment (Figs. 3-5). The following mechanisms may account for the

preferential thermosensitization by HMA in an acidic environment.
HMA and its analogues inhibit the Na+/H+ exchange only in proto-

nated form (25). Since HMA is a weak base, the fraction of HMA in
the protonated form increases as the environmental pH decreases so
that the inhibition of Na+/H+ exchange, and thus thermosensitization

by HMA, is greater in a low pH environment than in a high pH
environment. The pHi of the cells at pHe 6.6 is lower than that at pHe
7.5 even before the treatment, despite the presence of pHi regulatory
mechanisms (14, 15). The treatment of the cells in an acidic environ
ment with HMA and B-3( + ) would further lower the pHi of the cells

and sensitize the cells to heat. As shown in Fig. 3, thermosensitization
occurred even at pHe 7.5 when the concentration of HMA was high.
i.e., 50 UM.Various cellular metabolisms such as synthesis of DNA,
RNA, and proteins have been reported to be inhibited by high doses
of amiloride (15, 25). The effect of HMA on the cellular metabolism
has not yet been elucidated. However, it would be reasonable to expect
that HMA has effects similar to amiloride on the cellular metabolism,
and thus the thermosensitization by a high dose of HMA may result in
part from alteration of cellular metabolisms.

The fact that HMA effectively increases the thermosensitivity of
tumor cells in an acidic environment in vitro and B-3( + ) enhances the

thermosensitization by HMA suggests that it may be possible to
exploit the acidic intratumor environment to preferentially increase
the thermosensitivity of tumors relative to normal tissues with HMA
and B-3( + ). Our preliminary studies demonstrated that HMA was not

much more toxic than an equal dose of amiloride to A/J mice. Detailed
information concerning the pharmacokinetics of HMA remains to be
revealed. On the other hand, the pharmocokinetics of B-3( + ) have

been extensively investigated, and clinical trials to determine the
usefulness of B-3( + ) in reducing brain edema are in progress (28).

Because of our results, investigation of the effects of HMA in com
bination with B-3( + ) on the thermosensitivity of tumors in vivo is

warranted.
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