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Purpose: Intracellular pH is regulated mainly by Na*/H" antiport and C1"/HCO53 exchange through the cell
membrane. Amiloride (3,5S-diamino-6-chloro-N-(diaminomethylene)pyrazine carboxamide) is a diuretic drug that
blocks Na'/H" antiport and DIDS (4,4-diisothiocyanatostilbene-2,2'-disulfonic acid) is an inhibitor of
ClI"/HCOj5 exchange. We investigated the potency of these drugs to lower pH; and increase the thermosensitivity

of tumors in vivo.

Materials and Methods: The cytocidal effect of heat in combination with drug effect in vivo was studied using the
in vivo-in vitro clonogenic assay method and the tumor growth delay method with SCK tumors, a mammary ade-
nocarcinoma, on the hind limbs of A/J mice. The effects of amiloride and DIDS on tumor pH; and high energy

phosphate levels were investigated using >'P-NMR,

Results: We observed that amiloride or DIDS alone increased the effect of hyperthermia at 42.5°C or 43.5°C to
suppress tumor growth. The thermosensitization was greater when the two drugs were combined. For example,
hyperthermia at 43.5°C alone resulted in a tumor growth delay of about 4 days. When 10 mg/kg amiloride or 25
mg/kg DIDS was injected prior to heating, the growth delay increased to about 6 days. When both drugs were
injected prior to heating, a total growth delay of 8 days was obtained. In vivo-in vitro excision assays for cell
survival demonstrated that these drugs enhanced the heat-induced tumor cell death. An i.p. injection of 10 mg/kg
amiloride plus 25 mg/kg DIDS did not lower the tumor pHi over a 120 min interval. Heating the tumors at 42.5°C
for 1 hr significantly lowered the pHi and when the tumor-bearing mice were injected i.p with amiloride and DIDS,
and the tumors were heated 1 hr later, the drop in pH; was greater relative to that by heating alone. Heating alone
significantly lowered the tumor energy levels as indicated by PCr/P; and 8-ATP/P; ratios and an i.p. injection of
25 mg/kg amiloride prior to heating further reduced the energy status in the tumors.

Conclusion: Amiloride or its analogs and DIDS may be useful in increasing the therapeutic efficacy of hyperthermia

treatments by enhancing the reduction in tumor pH;.

Intracellular pH, Thermosensitization, Amilorade, DIDS.

INTRODUCTION

The interstitial pH in most tumors is known to be acidic
relative to normal tissues (16, 20, 22). This tumor acidity
is one of the few physiological characteristics which may
be exploited in the treatment of tumors. For example, it
has been suggested that certain drugs which alter the in-
tracellular pH and which are toxic only under acidic con-
ditions may have therapeutic potential due to the high
degree of tumor acidity (10, 13, 19).

Hyperthermia in combination with radiotherapy and
chemotherapy is being used for the control of human tu-
mors. The low pH associated with tumors is believed to
be one of the reasons why hyperthermia may be prefer-

entially cytotoxic to tumors relative to surrounding nor-
mal tissues. It has been demonstrated that the intracellular
pH (pH;) and not the extracellular pH (pH.) is the critical
factor which influences the cellular thermosensitivity (1,
2,7). Mammalian cells have a great degree of control over
their pH; and can maintain a relatively neutral pH; even
when the external pH is quite acidic (7). For example,
SCK tumor cells, cultured in vitro at pH 7.4 or 7.2 main-
tain their pH; near those values but when placed into
acidic culture media at pH 6.6 they maintain pH; values
0.3 to 0.4 pH units higher than the surrounding environ-
ment (7). It is reasonable to suspect then that drugs which
interfere with the mechanisms which control pH; may be
able to sensitize the cells to heat in an acidic environment.
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We indeed observed that amiloride (3,5-diamino-6-chloro-
N-(diaminomethyulene)pyrazine carboxamide) alone or
with DIDS (4,4-diisothiocyanatostilbene-2,2'-disulfonic
acid) lowered the pHi of SCK cells in culture and that
these drugs markedly enhanced the thermal killing of tu-
mor cells in vitro, particularly in an acidic extracellular
environment (7). In the present study, the capability of
amiloride and DIDS to sensitize in vivo tumors was in-
vestigated. In addition, we studied the effects of these drugs
on pH; and the metabolic status in heated and unheated
SCK tumors using >'P-NMR.

METHODS AND MATERIALS

Drugs

Both amiloride and DIDS were purchased from a com-
mercial source*. Amiloride has an LDs, of 50 mg/kg in
A/J mice with animal deaths beginning after 30 mg/kg
and reaching 100% mortality at 70-80 mg/kg. DIDS is
markedly less toxic than amiloride with no deaths occur-
ring even at 100 mg/kg. The LDs, for DIDS was found
to be 150 mg/kg in A/J mice. The standard dose for DIDS
used in this study was 25 mg/kg. The combined injection
of 25 mg/kg DIDS with 25 mg/kg amiloride, the highest
amiloride dose used in this study, produced about 20%
mortality. Therefore, 10 mg/kg was chosen as the highest
amiloride dose to be used with DIDS in the tumor growth
studies. No animal deaths were ever observed due to the
injection of 10 mg/kg amiloride with 25 mg/kg DIDS.
Amiloride and DIDS were dissolved separately at the ap-
propriate concentrations in saline and were administered
to the mice in a 0.2 ml i.p. injection one hr before the
hyperthermia treatments. When both amiloride and DIDS
were injected into the same mice, amiloride was injected
first and DIDS was injected 20-30 min later. The drugs
were administered separately in two i.p. injections because
amiloride and DIDS form an insoluble precipitate if com-
bined together at high concentrations. DIDS is readily
soluble in saline, but amiloride at these high concentra-
tions requires a brief heating in a microwave oven for it
to completely dissolve.

Tumor growth delay

Throughout this study, SCK tumors of A/J mice were
used. About 2 X 10° SCK cells in 0.05 ml RPMI media
without calf serum were injected under the superficial
layer of the muscle in the right thigh of female A/J mice.
About 7 days later, when the tumors had grown to ap-
proximately 7 by 9 mm in diameter (about 250 mm?),
the mice were separated randomly into groups of 8-10
animals per cage. Mice were fitted onto plastic jigs by a
thread secured around one or two toes on the right foot
and were fastened in place on the jigs by adhesive tape.
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Fig. 1. Effect of heating at 42.5°C for | hr alone or heating after
an injection of | mg/kg or 10 mg/kg amiloride on the growth
of SCK tumors is shown.

The tumor-bearing right legs were submerged into a water
bath preheated at 42.5°C or 43.5°C. After heating the
tumors for 60 min, the mice were released from the jigs
and returned to their cages. Control mice were left un-
treated. The long and short tumor diameters were mea-
sured daily with a caliper until the death of the animal.
Tumor volume was calculated using the standard formula
V = a%b/2, where a is the short tumor diameter and b is
the long tumor diameter. The growth curve data presented
in Figures 1-4 are from 3-5 combined experiments to-
talling 30-40 mice for each experimental condition. The
Student’s t-test was used to test for statistical significance
between mean values for different treatments.

Clonogenic assay of tumors in vivo

The survival of cells in the heated tumors was deter-
mined by use of the in vivo-in vitro excision assay. The
mice and tumors were handled identically to that de-
scribed above for the tumor growth delay study. Upon
completion of the hyperthermia treatments, the mice were
removed from the jigs, killed by cervical dislocation, and
the tumors were excised from the animals. The tumors
were trimmed of any muscle tissue, weighed, minced into
small fragments with a pair of scissors, and dispersed to
single cells by gentle agitation in RPMI media containing
25% trypsin and 15 units/ml DNAse for 20 min at room
temperature. The cell suspension was strained through
sterile gauze to remove any debris and the trypsin was
neutralized by the addition of calf serum. The cell sus-
pension was centrifuged and the cell pellet was rinsed once,

* Sigma Chemical Co., St. Louis, MO.
t Jackson Laboratories, Bar Harbor, ME.
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Fig. 2. Effect of heating at 43.5°C for | hr alone or heating after
an injection of 1 mg/kg or 10 mg/kg amiloride on the growth
of SCK tumors is shown.

recentrifuged and resuspended in fresh culture media.
Appropriate dilutions of the cell suspension were made,
the number of cells was counted, and the number of cells
obtained per gram of tumor was calculated. Appropriate
numbers of cells were then plated into five replicate culture
flasks. After 7 days incubation at 37°C, the resulting SCK
colonies were counted and the plating efficiency of the
cells was determined. From the number of cells obtained
per gram and the plating efficiency of the cells, the number
of clonegenic cells per gram tumor was calculated.

Combined effects of drug(s) and heat on hypoxic cells
The thermosensitizing effect of amiloride and DIDS
under aerated and hypoxic conditions ir vitro was studied.
Appropriate numbers of SCK cells in exponential growth
phase were plated into glass tissue culture flasks and in-
cubated for 16 hr at 37°C. The culture media was replaced
with new media with or without amiloride and/or DIDS.
The flasks were sealed with tight-fitting rubber caps and
two 22-gauge hyperdermic needles were pierced through
the rubber caps for gassing. To create acidic and hypoxic
conditions simultaneously, the flasks were gassed through
one of the needles with a mixture of 33% CO, and 67%
nitrogen for 45 min at room temperature. The other nee-
dle served as the gas outlet. The pH of the culture media
under these conditions dropped to 6.57 = 0.02. Upon
completion of the nitrogen gassing, the needles were re-
moved from the rubber cap leaving the flasks completely
sealed and the flasks were immersed in a 43°C preheated
water bath. For hyperthermia treatments under oxygen-
ated conditions, 25 ml CO, gas was added to each flask
before it was tightly capped. Media pH under these con-
ditions was 6.63 + 0.02. When the heating was finished,
the rubber caps were removed and the media in the flasks
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Fig. 3. Effect of heating at 43.5°C for 1 hr alone, 10 mg/kg
amiloride + 25 mg/kg DIDS, heating after an injection of 10
mg/kg amiloride or 25 mg/kg DIDS alone and combined on
SCK tumor growth is illustrated.

was removed by aspiration. The flasks were rinsed with
culture media twice to remove any remaining drugs, 8 ml
new culture media was added to the flasks and the cells
were incubated in a 5% CO, incubator at 37°C for 7 days
to allow for colony formation.

10% SCK Tumor

in A/} mice
(A) Control

(B) 43.5°C (60 min,)

(C) 10 mg/kg Amiloride + 43.5°C (60 min.)

(D) 25 mg/kg DIDS + 43°C (60 min.)

(E) 10 mg/kg Amiloride + 25 mg/kg DIDS + 43.5°C (60 min.)
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Fig. 4. Effect of hyperthermia treatment in combination with
10 mg/kg of amiloride and/or 25 mg/kg of DIDS on the number
of clonogenic cells/gram tumor is shown,
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3'P-.NMR measurements of pH; and energy status
3'P_.NMR experiments were performed at 121.4 MHz
on a Spectroscopy Imaging Systems Corporation (SISCO)
NMR system equipped with an 18.3 cm horizontal bore
7.0 Tesla magnet. >'P-NMR spectra were obtained using
an 8 mm single turn surface coil which was also switchable
to the 'H frequency (299.994 MHz) for shimming pur-
poses. Other parameters were: 4K data points per FID,
spectral width of 8000 Hz, repetition time of 2.3 sec, 400
signal averages per spectrum (15 min total acquisition
time), and a pulse length of 14 us. >'P-NMR spectra were
apodized with a 50 Hz exponential line broadening func-
tion prior to Fourier transformation. Spectral baselines
were corrected using a cubic spline method. Quantification
of 3'P resonance areas was accomplished using a spectral
deconvolution routine provided with the SISCO NMR
system. The pHnwmr was calculated from the chemical shift
of P; relative to PCr. When the PCr was absent from the
tumor spectra, the H,O resonance from the proton spec-
trum obtained during shimming procedures was used to
calculate the position of the PCr which then allowed the
chemical shift of P;, and hence pHnymr to be determined,
as previously described (8). The absolute accuracy of pH
measurements with >*P-NMR has been reported to be 0.1
pH units, and pH changes can be measured within 0.05
pH units (3). The tissue pH measured using microelec-
trodes is believed to be predominantly interstitial/extra-
cellular with a small component of intracellular pH due
to cells ruptured by the insertion of the electrode. On the
other hand, the tissue pH measured by *'P-NMR is be-
lieved to be predominantly intracellular as almost all of
the phosphate is intracellular with a small contribution
from extracellular phosphate which may have leaked from
adjacent cells. Consequently, the pH value measured using
NMR in this study will be referred to as pHymr With the
understanding that it is assumed to reflect tumor pHi.

For NMR observation, unanesthetized mice were se-
cured to a plastic jig which restricted the movement of
the tumor-bearing legs. This arrangement allowed posi-
tioning the tumor next to the surface coil probe. Two
types of NMR studies were conducted. The first involved
the continuous measurement of tumor pHxwmg following
drug injections. For each tumor, a pretreatment *'P spec-
tra was acquired, the mouse was taken out of the magnet
and given an i.p. injection of 10 mg/kg amiloride followed
by 25 mg/kg DIDS. The mouse was repositioned in the
magnet, the magnetic field was optimized by shimming
and acquisition of >'P spectra was resumed approximately
10 min following DIDS administration. Spectra were col-
lected at 15 min intervals for up to 120 min following
drug administration and pHywur Was determined at each
of these 15 min timepoints.

In an alternative method of studying the drug effect on
the *'P spectra in vivo, >'P spectra were obtained before
heating and in the same tumor immediately following a
60 min heating in a 42.5°C water bath. To ensure that
the NMR surface coil was repositioned as closely as pos-
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sible to the original measurement site, a dot was marked
on the skin over the tumor as a guide to center the surface
coil over the tumor. Four groups of mice were used. The
first was sham heated in a water bath at 37°C for one hr.
The second group was heated in the water bath at 42.5°C
for one hr. The third group of mice received 25 mg/kg
amiloride ! hr prior to heating, and the fourth group re-
ceived 25 mg/kg amiloride plus 25 mg/kg DIDS prior to
heating. Any tumor which exhibited low PCr and ATP
peaks in the initial spectra was deemed to be in poor con-
dition and was discarded.

RESULTS

Drug effect on tumor growth control

One hr heating at 42.5°C or 43.5°C delayed tumor
growth by 1.8 and 3.6 days, respectively (Table 1, Figs. 1
and 2). A single injection of 25 mg/kg amiloride resulted
in a growth delay of 1.1 days (Table 1) and an injection
of 10 mg/kg amiloride plus 25 mg/kg DIDS resulted in a
growth delay of 1.7 days (Table 1 and Fig. 3). The com-
bination of heat and amiloride at 1 mg/kg, the lowest
drug dosage used in this study, did not increase the tumor
growth delay beyond that observed with heat alone (Table
1, Figs. 1 and 2). An injection of amiloride at 5, 10 and
25 mg/kg increased the tumor growth delay by about 2.5
days at 42.5°C and by about 2 days at 43.5°C compared
to the tumor growth delay observed with heat alone. There
was no significant difference in drug effect between these
three amiloride dosages. An injection of DIDS alone at
25 mg/kg was effective in increasing the tumor response
to heat as shown by a 1.6 day increase in growth delay
beyond that due to heat alone at 43.5°C (Table 1, Fig. 3).
When 10 mg/kg amiloride and 25 mg/kg DIDS were
combined with 43.5°C, an additional growth delay of 3.9
days beyond that observed with heat alone was achieved
(Table 1, Fig. 3).

As may be expected, the drug effect in enhancing tumor
growth delay was reflected in an increase in animal sur-
vival (Table 1). Untreated animals died 7.6 £ 0.3 days
after the tumors had grown to about 250 mm?>. A single
injection of 25 mg/kg amiloride or an injection of 10 mg/
kg amiloride plus 25 mg/kg DIDS increased the survival
of the tumor-bearing mice by about 1.1 days. Hyperther-
mia treatments alone at 42.5°C and 43.5°C increased
mouse survival by 2.3 and 4.7 days, respectively. The in-
jection of 25 mg/kg amiloride prior to heating the tumors
at 42.5°C or 43.5°C resulted in an increase in animal
survival about 2.0 days longer than that observed with
heat alone at both temperatures. When 10 mg/kg amil-
oride and 25 mg/kg DIDS were injected before hyper-
thermia treatments at 43.5°C, the animal survival was
prolonged by about 2.5 days beyond that resulting from
the same hyperthermia treatment without drugs.

Clonogenic cells within SCK tumors
The clonogenic cell number in the untreated tumors
was about 8.29 X 107 cells/g (Fig. 4). A hyperthermia
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Table 1. Study results

Days for Days
tumor to Days increase Days
increase growth in enhanced
to 4X Total days delay Days survival survival
initial growth due to animal due to post-treatment
Treatment volume delay drug(s) survival treatment due to drug(s)
Drug alone
Control (untreated animals) 4.1+0.2 7.6 0.3
25 mg/kg Amiloride 52204 p<.05 1.1 1.1 8.6 0.7 p=.09, BS 1.1 1.1
10 mg/kg Amiloride + 25
mg/kg DIDS 5.8x£0.5 p < .001 1.7 1.7 85+0.5 p = .06, BS 1.0 1.0
42.5°C 59+0.2 1.8 99+04 2.3
1 mg/kg Amiloride + 42.5°C 5.8+04 NS 1.6 -0.2 88 +0.8 NS 1.2
5 mg/kg Amiloride + 42.5°C 8403 p < .001 4.2 2.4 10.1 £03 NS 2.5 0.2
10 mg/kg Amiloride + 42.5°C 84 +0.5 p < .001 43 32 1.1 £0.5 p=.08,BS 35 1.2
25 mg/kg Amiloride + 42.5°C 8.6 £0.6 p <.001 4.4 3.3 1.7 £ 0.6 p<.05 4.1 1.8
43.5°C 7.7+ 0.4 3.6 123+£04 4.8
1 mg/kg Amiloride + 43.5°C 79 £0.6 NS 3.8 0.2 11.8+1.2 NS 4.2 —0.6
5 mg/kg Amiloride + 43.5°C 9.7+05 p<.001 5.6 2.0 11.8+0.5 NS 4.3 -0.5
10 mg/kg Amiloride + 43.5°C 96 +04 p<.001 5.5 1.9 138 £0.5 p<.05 6.2 1.5
25 mg/kg Amiloride + 43.5°C 9.8 +£0.3 p < .001 5.6 2.0 143 +0.5 p < .001 6.7 2.0
25 mg/kg DIDS +k 43.5°C 93+03 p<.05 5.2 1.6 132 £0.5 NS 5.6 0.9
10 mg/kg Amiloride + 25
mg/kg DIDS + 43.5°C 11.6 £0.6 p<.001 7.5 39 150+£06 p<.001 7.4 2.6

NS = Non-significant (p > .1); BS = Barely significant (.{ < p > .05).

treatment 0f 43.5°C for 60 min reduced this value to about
9.03 % 10, which was 10.9% of the control value. When
10 mg/kg amiloride was given 1 hr prior to the hyper-
thermia treatment, the number of clonogenic cells de-
clined further to 2.99 X 10, which was 3.6% of the control
value. When 25 mg/kg DIDS was injected prior to heating,
3.05 X 10° clonogenic cells were obtained, which was 3.7%
of that in the untreated tumors. Finally, when both amil-
oride and DIDS were administered prior to the hyper-
thermia treatment, the number of clonogenic cells was
only 1.58 X 105, 1.9% of the number in control tumors.

Drug effect under hypoxic conditions in vitro

Amiloride has been reported to increase thermal killing
of cells in vitro under acidic conditions (4, 7, 9, 14),
whereas DIDS did not sensitize SCK cells to heat in vitro
under either alkaline or acidic conditions (7). However,
the present study shows that both amiloride and DIDS
enhanced the heat-induced growth delay of tumors ix vivo.
This result suggested that the response of the tumor cells
to the drug may have been modified by some condition
in vivo that is not present under in vitro conditions.
Therefore, the effect of the drug was examined under both
oxygenated and hypoxic conditions.

Figure 5 illustrates the effect of amiloride alone or
combined with DIDS on the heat sensitivity of SCK cells
in vitro under oxygenated or hypoxic conditions. There
was only a slight difference in the cell survival after heating
at 43°C for 90 min under aerated and hypoxic conditions
when drugs were not present. However, in the presence
of 0.5 mM amiloride, the reduction of cell survival by

heat was much greater under hypoxic conditions than
under oxygenated conditions. Specifically, when the cells
with 0.5 mM amiloride under aerated and hypoxic con-
ditions were heated at 43°C for 90 min, the cell survival
decreased to 45% and 10%, respectively, to that observed
without the drug under aerated and hypoxic conditions.
DIDS at 0.1 mM had almost no effect on thermosensitivity
in the presence of oxygen, but under hypoxic conditions,
DIDS reduced the cell survival to 50% of that observed
after applying hyperthermia alone. Finally, when amilo-
ride and DIDS were combined, the thermosensitizing ef-
fect of the drugs was profoundly greater under hypoxic
conditions than in the presence of oxygen.

43° C, 90 min

‘°°'_7{_'L 77 pH 6.6
4 1

[0 Oxygenated

ym——
S W
E % Hypoxic
= (A) Control
v 11 (B) 0.5 mM Amiloride
R (C) 0.1 mM DIDS
% (D) 0.5 mM Amiloride + 0.1 mM DIDS

T o) © (©)
Fig. 5. Effect of amiloride and/or DIDS combined with hyper-
thermia at 43°C for 90 min on SCK cells in vitro under oxy-
genated and hypoxic conditions is illustrated. All cell survival
data was normalized using the cell survival under oxygenated
or hypoxic conditions without drugs as 100%.
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Drug effect in vivo as measured by 3' P-NMR
spectroscopy

The pre-treatment pHaur for all SCK tumors ranged
from 6.61 to 7.08 with a mean value of 6.86 + 0.02 (SE),
0.12 (SD), with a total sample size of 33 tumors. When
the pHnMmr Was continuously monitored at ambient tem-
perature following the i.p. injection of 10 mg/kg amiloride
and 25 mg/kg DIDS, the baseline tumor pHnyr was es-
sentially unchanged during the 120 min period that the
tumors were monitored (Fig. 6). Hyperthermia alone at
42.5°C for 60 min reduced tumor pHyumgr from 6.85 +
0.04 t0 6.65 = 0.06, a drop of 0.2 pH units (Fig. 7). When
25 mg/kg amiloride was injected prior to heating, the
pHnmr dropped from 6.80 + 0.06 to 6.45 + 0.09, a decline
of 0.35 pH units. When both amiloride and DIDS were
injected prior to the heat treatment, the pHxmr dropped
from 6.81 = 0.04 to 6.20 = 0.16, a drop of 0.6 pH units.

Amiloride was also found to significantly affect the heat-
induced changes in cellular energy status when injected
before the hyperthermia treatment. Hyperthermia treat-
ments were found to reduce tumor energy status as defined
by the 38-ATP/Pi and PCr/Pi ratios. The tumor 3-ATP/
Pi ratios were reduced to 35% of the pre-treatment values
by the 42.5°C heating for 60 min (Fig. 8). The tumors in
mice which had received an amiloride injection prior to
hyperthermia treatment exhibited more marked reduc-
tions in ATP levels, which were visually apparent in the
majority of the spectra obtained. The 3-ATP/Pi and PCr/
Pi ratios following hyperthermia with 25 mg/kg amiloride
injected prior to heating were 12% of the pre-treatment
values. When 25 mg/kg of DIDS was injected into the
mice in addition to 25 mg/kg of amiloride prior to the
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hyperthermia treatments, the changes in PCr/Pi and 3-
ATP/Pi ratios were indistinguishable from those observed
in animals which had received only amiloride prior to the
hyperthermia treatment (data not shown in Fig. 8). That
is, DIDS did not add to the degree of high energy phos-
phate depletion observed with amiloride in combination
with hyperthermia. Reduction of tumor ATP and PCr
levels following amiloride and DIDS injections was not
observed during the continuous study of pHwywmr per-
formed at room temperature.

DISCUSSION

We observed in the present study that the thermal
damage in SCK tumors of A/J mice, as measured using
the tumor grow delay method and in vivo-in vitro excision
assay, could be enhanced by amiloride or DIDS which
interfere with the cellular regulation of pH;. A combi-
nation of amiloride and DIDS was more potent than either
drug alone in enhancing the thermal damage in the tumors
in vivo. A comparison of NMR spectra of the tumors
before and after heating showed that the heat-induced
reductions in the pH; and ATP content in the tumor were
enhanced when the drugs were given to the host mice
prior to heating the tumors. It thus appeared that the ther-
mosensitization by the drugs was at least in part mediated
by the decline in the pHi and reduction in the energy
status in the tumors.

It has been reported that the interstitial pH (pH.) in
the SCK tumor was 7.05 + 0.14 (SD) (6) or 6.96 + 0.19
(SD) (11), and that the pH, in these tumors decreased by
about 0.2 pH units when the tumors were heated at 43.5°C

SCK Tumor
’'P NMR

6.80 I

6.75

—

6.70 ) A " . -
-10 0 10 20 30 40

50 60 70 80 90 100 110 120

Minutes

Fig. 6. The pHnur of SCK tumors following i.p. injection of 10 mg/kg amiloride and 25 mg/kg DIDS as measured
continuously for 120 min using 3'P-NMR spectroscopy. Results shown are the mean values from five tumors.

Error bars indicate S.E.
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Fig. 7. The pHxumg of SCK tumors before and after hyperthermia
treatments with or without amiloride and DIDS. Results shown
are the mean values of 6 to 8 tumors. Error bars indicate S.E.

for 30-60 min (6, 11). The mean pHyumgr in untreated
SCK tumors obtained in the present study was 6.86 =
0.12 (SD). Because the measurement of pH. using the
microelectrode method and the measurement of pH; with
the NMR method could not be done for the same tumors,
it was not possible to make an exact comparison between
pH; and pH. in this tumor line. Nevertheless, based on
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Fig. 8. Effect of hyperthermia treatments on tumor energy status
as indicated by PCr/Pi and 8-ATP/Pi ratios. Sham-heated ani-
mals were treated the same as the animals that were heated with-
out drug injections except the water bath temperature was 37°C.
Group A are the results from three mice, Group B are the results
from 13 mice, and Group C are the results from 15 mice.
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the aforementioned data, it would be reasonable to assume
that the resting pH; is approximately equal to the pH, in
the untreated SCK tumor. The lack of change in the
pHnwumr after injection of 10 mg/kg of amiloride plus 25
mg/kg of DIDS in unheated tumors in the present study
(Fig. 7), may then be attributed to the state of equilibrium
having been reached between the pH; and pH, before the
drug treatment. It is likely that under these conditions,
both Na*/H™ antiport and C1"/HCO3 exchange may be
operating at very low levels of activity. Consequently, the
effect of amiloride and DIDS would be negligible.

Hyperthermia at 42.5°C for | hr reduced the pHyur
of SCK tumors about 0.2 pH units (Fig. 7), which was in
general agreement with previous NMR studies of heated
tumors (5, 15, 21) and our previous observations that
heating reduced the pH; in SCK tumor cells in vitro (4,
7). The mechanisms for such heat-induced declines in
pH; in cultured cells are unknown, but they have been
attributed to hydrolysis of ATP and increased production
of acidic metabolites such as lactic acid (16, 20). Our find-
ing that amiloride and DIDS did not lower the pHymg of
unheated SCK tumors but did reduce the pHnmr 1n heated
tumors may be partially due to the fact that the declining
pH. in heated tumors exerts a downward influence on
the tumor cell pH;. It would then be reasonable to expect
that under conditions of heat stress, the activity of regu-
latory mechanisms for pH;, such Na*/H" antiport and
CI"/HCOj3 exchange are of greater importance in main-
taining neutral pH;. Therefore, any reduction in the pH;
regulating capacity by the drugs may contribute to more
marked pH; decreases. The reduction of pH; or prevention
of recovery of pH; by these drugs then would enhance the
cytocidal effects of heat to tumor cells in vivo.

In agreement with previous reports (5, 15, 21), we ob-
served a significant reduction in high energy phosphate
levels in the SCK tumors (Fig. 8) after heating. An injec-
tion of 25 mg/kg of amiloride to the tumor-bearing mice
prior to heating the tumors resulted in a further reduction
of ATP and PCr levels compared with that detected after
heating alone (Fig. 8). It is unclear whether heating en-
hanced the effect of amiloride to reduce the ATP content
or conversely, amiloride potentiated the effect of heat to
reduce ATP content in the tumor cells. It is also not known
whether the increased depletion of ATP observed is the
result of direct drug interaction within the cell or whether
it may just be a reflection of the greater degree of cell
damage and death in the heated tumor in the presence of
the drug.

In agreement with the observation that amiloride and/
or DIDS enhanced the heat-induced tumor growth delay,
these drugs also enhanced the effect of hyperthermia
treatments to reduce the number of clonogenic cells in
the tumors (Fig. 4). It has been reported that additional
cell death occurs in SCK tumors after heating due to the
heat-induced noxious environment (12, 17). The data
presented in Figure 4 shows the drug effect on the clono-
genic cell number in heated SCK tumors measured im-
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mediately after heating. Whether the drugs would increase
the additional cell death that occurs after heating remains
to be determined.

Interestingly, an i.p. injection of 25 mg/kg of DIDS
increased the thermal damage to tumor cells in vivo (Table
1, Figs. 3 and 4), whereas DIDS failed to thermosensitize
tumor cells in vitro (7). The cause for this discrepancy
between the effects of DIDS in vitro and in vivo is obscure.
It is generally believed that the relative role of Na*/H™
antiport in pH; regulation in most cells is greater than
that of CI"/HCOj; exchange. It is conceivable that the role
of C1I"/HCOs; exchange in regulating pH; depends on var-
ious conditions and that its role in SCK tumors in vivo,
particularly after heating, may be more important than
under the optimal culture conditions in vitro. The en-
hancement of thermal damage by the injection of amil-
oride plus DIDS was greater than that by either drug alone
(Figs. 3 and 4). This result is in agreement with our pre-
vious observation with the SCK tumor cells in vitro (7)
and may be attributed to a greater reduction in pH; by
the combination of these two drugs than by amiloride
alone (Fig. 7).

Our observation that the thermosensitization by amil-
oride alone or combined with DIDS was greater under
hypoxic conditions than in the presence of oxygen is of
great interest (Fig. 5). It has been well known that tumors
tend to be hypoxic compared to normal tissues and that
hyperthermia at 43°-44°C reduces blood flow and creates
extremely hypoxic conditions in rodent tumors. There-
fore, the observation that amiloride and DIDS exerted a
more pronounced thermosensitizing effect in vitro under
hypoxic conditions is relevant to the in vivo situation. In
a previous study (7), amiloride under aerated and alkaline
culture conditions in vitro exhibited a very modest sen-
sitizing ability on SCK cells as shown by the reduction of
Do from 32.6 to 30.2 min, a Drug Enhancement Ratio
(D.E.R.) of only 1.08. However, under conditions of acid-
ity (pH 6.6) and hypoxia in the present study, 0.5 mM
amiloride reduced the Do from 20.5 min to 12.5 min
(data not shown), a D.E.R. of 1.64. These results suggest
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amiloride should have significant thermosensitizing ability
under acidic and hypoxic tumor conditions and would
not significantly affect heat sensitivities of oxygenated,
and alkaline normal tissues. The reason for the increased
effect of amiloride and DIDS observed under hypoxic
conditions is not known. However, a likely and possible
explanation is the increased intracellular lactic acid level
due to the high rates of anaerobic glycolysis under hypoxic
conditions. Decreased cellular energy levels under hypoxic
conditions may also be involved. The antiport proteins
do not require ATP directly for their operation, but their
function may be diminished under conditions of energy
deprivation. The thermosensitization of tumors in vivo
by amiloride and DIDS, in particular by a combination
of these two drugs, may then be attributed to several
mechanisms, namely reduction in pHi, reduction in ATP
content and the effect of heat-induced hypoxia in the tu-
mors.

It has been reported that an injection of 1 mg/kg or 5
mg/kg of amiloride every 8 hr could inhibit growth of the
DMA adenocarcinoma and H6 hepatoma (18). In the
present study, our finding that amiloride alone could
modestly delay tumor growth is in basic agreement with
the above mentioned study. Amiloride is used clinically
as a diuretic drug. The commonly used dosage of this
drug in humans is 5-20 mg/day. The LDs, of amiloride
for A/J mice was found to be 50 mg/kg. The dose of
amiloride which could increase the thermoresponse of
SCK tumors in A/J mice in the present study was 5 mg/
kg. The dose of amiloride needed to increase the ther-
moresponse of human tumors remains to be determined.
There are a number of amiloride analogues which are
much more potent than amiloride in inhibiting the Na*/
H* antiport. The potential usefulness of these analogues
as thermosensitizers is being investigated in our labora-
tory. To our knowledge, DIDS has never been tested for
animal or human use. We observed that the L.Ds, of this
drug for A/J mice is about 150 mg/kg. Clinical usefulness
of this drug as a thermosensitizer also remains to be in-
vestigated.
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