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Abstract

Purpose: It has been known that the thermosensitivity of tumour cells can be increased by lowering
intra-cellular pH (pHi) by inhibiting pHi control mechanisms. The pHi is partially controlled by
transport of H from cytoplasm into endocytic and secretary systems in the cells mediated by vacuolar
type HYATPase and also by transport of H' through plasma membrane.

Methods: This study investigated the effects the bafilomycine Al, an inhibitor of the vacuolar type
H"ATPase and the EIPA, an inhibitor of the Na'/H" exchanger in plasma membrane, on
thermosensitivity of AsPC-1 cells, a human pancreatic cancer cell line. It also investigated the effects of
combination of bafilomycine Al and EIPA.

Results: The treatment of cancer cells with bafilomycine Al or EIPA individually slightly lowered pHi
of the cells in virro and increased the thermosensitivity of the cells.

Conclusion: The combination of these two drugs significantly lowered pHi and increased
thermosensitivity of cancer cells in vitro and enhanced the heat-induced the growth delay of AsPC-1
tumours grown s.c in the legs of BALB/cA nude mice.

Keywords: Hyperthermia, intra-cellular pH, thermosensitivity, vacuolar type H' ATPase inhibitor,
pancreatic cancer cell

Introduction

The intra-tumour environment is characterized by insufficient blood perfusion, poor
nutritional supply, hypoxia and accumulation of acidic metabolites. These intra-tumour
conditions, especially the low pH environment, are believed to enhance the response of
tumours to hyperthermic treatment [1-3]. It has been demonstrated that the intra-cellular
acidity (pHi) but not the extra-cellular acidity (pHe) influences the thermosensitivity of
cells [4]. Song et al. [5] previously reported that the thermosensitivity of tumour cells can be
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increased by inhibiting ion-channels at the plasma membrane, thereby lowering the pHi.
For example by inhibitors of the Na™/H" exchange and the Na'-dependent HCO3/Cl1™
exchange through the plasma membrane, major pHi regulatory mechanisms, sensitized cells
to hyperthermia [4, 5].

The vacuolar type H' ATPase transports cytoplasmic H' ions into endocytic and
secretory system such as endoplasmic reticulum and Golgi apparatus [6]. Therefore, the pH
of vacuolar system is maintained lower than that of cytoplasm. It has been reported that the
acidic environment optimize various functions of vacuolar systems including synthesis of
various enzymes such as a member of proteases and collagenases which are the arm for
cancer to infiltrate into surrounding tissues. It may be expected that inhibition of transport
of H" ions from cytoplasm to vacuolar systems by inhibition of Ht ATPase would decrease
pH of the cytoplasm. The present study investigated the effects of bafilomycin Al, an
inhibitor of the vacuolar type H" ATPase, on the thermosensitivity of a human pancreatic
cancer cell line i vitro and in vivo. 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) is an inhibitor
of the Na™/H' exchange which also enhance thermosensitivity by decreasing pHi.
Therefore, this study also investigated the thermosensitizing effect of a combination of
bafilomycin Al and EIPA.

Materials and methods
Cancer cell ime and culture conditions

The AsPC-1 cells, a moderately differentiated human ductal pancreatic adenocarcinoma,
were obtained from the American Type Culture Collection. Ohta et al. [7, 8] previously
reported that the vacuolar type H" ATPases are over-expressed in AsPC-1 cells. The cells
were maintained routinely in RPMI 1640 medium containing L-glutamine, 10% foetal
bovine serum (GIBCO BRL) and antibiotics at 37°C in a 5% CO, incubator.

Chemicals

Bafilomycin Al, 15-membered ring macrolides isolated from Streptomyces griseus, was
purchased from Wako Pure Chemical Industries (Tokyo, Japan). 5-(N-ethyl-N-isopropyl)-
amiloride (EIPA), an analogues of amiloride (a diuretic drug), was obtained from Sigma
Chemical Co. These two inhibitors were dissolved in dimethyl sulphoxide (DMSO) and
then diluted to appropriate concentrations with the culture medium. The final concentration
of DMSO in the medium was 1% or less. The 1% DMSO alone did not significantly inhibit
the proliferation of AsPC-1 cells (date not shown). For i vivo studies, the inhibitors were
dissolved in ethanol and then diluted to appropriate concentrations with PBS. The final
concentration of ethanol in the medium was 1% or less.

Determination of pHi

The pHi of AsPC-1 cells 2 vitro was determined with the BCECF fluorescence spectroscopy
method as previously described [4, 9, 10]. Cultured AsPC-1 cells in exponential growth
phase were dispersed to single cells with trypsin treatment, washed with Hank’s solution and
suspended in culture medium. Cell concentration was adjusted to 2 x 10° cellsml ™, 100 ul
of the cell suspension were plated to each well in a 96-well flat-bottomed micro-titer
plate (Coster, Cambridge, MA, USA) and incubated for 72h at 37°C in a humidified
5% CO, atmosphere. The cells were labelled with BCECF by adding 1l of 2°,7’-bis-
(2-carboxyethyl)-5-(and 6)-carboxyfluorescein, acetoxymethyl ester (BCECF-AM) in
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1 mgml~' solution in DMSO and incubating at 37°C for 60 min. The cells were washed
with Hank’s solution to remove extra-cellular BCECF-AM and suspended in 100 pl of pH
7.4 or pH 6.8 HEPES-buffered RPMI 1640 medium containing 1 pum bafilomycin Al or
10 um EIPA. The plates were capped tightly and immersed in a 37°C water bath for 60 min.
The fluorescence intensity of the cells was read at an excitation wavelength of 485 nm and an
emission wavelength of 530 nm using the Fluoroskan Ascent scanner. The ratios of the
fluorescence intensities in the two wavelengths were converted to pHi using the calibration
curve obtained in a separate study. The calibration curve was made from the date obtained
from 24 measurements. The date was approved in every experiment.

Thermosensitizing effects

The thermosensitizing effect of bafilomycin Al and EIPA on AsPC-1 cells was quantified
using a MTT colorimetric assay [11, 12]. In brief, AsPC-1 cells in exponential growth phase
were dispersed to single cells with trypsin treatment, washed with Hank’s solution and
resuspended in culture medium. Cell concentration was adjusted to 1 x 10°cellsml™?,
100 pl of the cell suspension was added to each well of a 96-well flat-bottomed micro-titer
plate and the plate was incubated for 72 h at 37°C in a humidified 5% CO, atmosphere. The
culture medium was then removed and 100 ul of pH 6.8 or 7.4 HEPES-buffered RPMI
1640 medium containing 1 um bafilomycin Al and/or 10 um EIPA were added to each well.
The plates were capped tightly and immersed in a 37°C or 44°C water bath for varying
lengths of time. After incubation for the pre-determined time, the plates were removed from
the water bath and 100 pl of the culture medium was added to each well. The plates were
then incubated for 48h under a 5% CO, atmosphere at 37°C. After incubation, 10 ul of
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) in working
solution (5mgml™"'; Doujin chemical Industries) was added and incubated for 4h. The
solution was removed and 100 pl of DMSO was added to each well. The plates were shaken
for 15 min to allow formazan dissolution and the absorbance was measured on an automatic
micro-plate reader (Spectra Max 250) at 540 nm. Cell viability was calculated by the formula
as follows:

Cell viability (% of control)

_[(absorbance of experimental wells) — (absorbance of cell free wells) 100
(absorbance of control wells) — (absorbance of cell free wells)

Thermosensitivity of tumours in vivo

BALB/cA nude mice (Jcl-nu), ~4 weeks old on arrival, were purchased from CLEA Japan,
Tokyo and maintained under pathogen limited conditions in the animal experiments centre
of Medical School, University of Fukui. AsPC-1 cells in exponential growth phase in culture
were harvested with trypsin, washed and suspended in RPMI 1640 medium. About
4 x 10° cells in 0.05ml of the medium without calf serum were injected s.c. into the right
thigh of 6 week-old male mice. When tumours grew to ~150mm?, they were divided
randomly into eight experimental groups: a control group, a bafilomycin Al (1.0mgkg™")
treated group, a EIPA (3.0mgkg™ ') treated group, a bafilomycin Al (1.0mgkg ') and
EIPA (3.0mgkg™') treated group, a heated-only group, a heated group treated with
bafilomycin Al (1.0mgkg™"), a heated group treated with EIPA (3.0mgkg™ '), a heated
group treated with bafilomycin Al (1.0mgkg™ ') and EIPA (3.0mgkg ). The non-heated
groups received i.p. injections of 1.0mgkg ™" of bafilomycin Al and/or 3.0mgkg ™" of EIPA
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or PBS. The heated groups were injected IP with the drugs and tumours were heated
beginning 60 min. For the tumour heating, the mice were anaesthetized with 10%
pentobarbital sodium 1.3mlper 100g BW injected IP and mounted on plastic jigs and
secured with adhesive tape. The tumour-bearing legs were gently extended along the leg
holders attached to the jigs and one toe of the leg was secured with surgical silk to the leg
holder. The jigs were placed on plastic supports over a water bath and the tumour-bearing
legs were submerged into 43°C water. After heating the tumours for 60 min, the mice were
freed from the jigs and returned to their cages. The growth of tumours was determined by
measuring the tumour diameters with a caliper. The tumour volume was calculated with the
formula V=a?b/2, where a and b are the short and long diameters of the tumours,
respectively [13].

Statistical analysis

Data are expressed as mean + SE. Statistical analysis of the pHi data was performed using
the Bartlett’s analysis and because the dispersion was unequal, the comparison between
several groups was performed using 1-factor ANOVA. Statistical analysis of the tumour
growth was performed using repeated measure ANOVA. The comparison between several
groups was performed using Scheffe’s F-test as a post-hoc test. A p-value less than 0.05 was
considered to be significant.

Results
Changes in pHi

The results of the pHi study are shown in Figure 1. When the AsPC-1 cells were exposed to
the fresh pHe 7.4 medium for 60 min, the pHi was 6.70 + 0.07. The pHi of the cells exposed
to pHe 6.8 medium for 60 min was 6.6 0 4 0.04 and exposure of cells to 10 um EIPA alone
and 1uM bafilomycin Al alone in pHe 6.8 medium caused a small decrease in pHi.
However, the pHi of the cells exposed to the combination of 1 um bafilomycin Al and 10 um
EIPA in pHe 6.6 medium decreased to 6.50 &+ 0.04, which was significantly lower than the
pHi of other groups (p <0.05).

The thermosensitizing effect of bafilomycin A1 or EIPA in vitro

The effects of 10 um EIPA or 1 um bafilomycin A1l alone or in combination on the viability of
AsPC-1 cells heated/non-heated for varying length of time in pHe 7.4 medium are shown in
Figure 2. An incubation of cells with bafilomycin Al and EIPA individually or in
combination at 37°C did not significantly affect cell survival (Figure 2(a)). When heated at
44°C for 1h without drug at pHe 7.4, the survival decreased significantly to 80% of the
control value. When heated at pHe 7.4 in the presence of bafilomycin Al and EIPA
individually or in combination for 1h, the survival decreased to ~60% (Figure 2(b)).

The effects of 10 um EIPA or 1 um bafilomycin Al alone or in combination on the viability
of AsPC-1 cells heated/non-heated for varying length of time in pHe 6.8 medium are shown
in Figure 3. Figure 3(a) shows the effect of bafilomycin Al and/or EIPA on the viability of
cells at 37°C at pHe 6.8 and Figure 3(b) shows the drug effect on the viability of cells treated
at 44°C at pHe 6.8. The viability of cells decreased to 89.4% and 62.4% when heated in pHe
6.8 medium without the drugs for 1 and 2 h, respectively. The viability of cells heated with
EIPA in pHe 6.8 medium decreased to 67.2% by 1 h and 38.5% by 2 h. The viability of cells
heated with bafilomycin Al in pHe 6.8 medium decreased to 61.4% by 1h and 40.3% by



Effects of bafilomycin A1, a vacuolar type H+ ATPase inhibitor 279

pHe6.8

6.6

1 I I I [
6.4

control BA+EI 3%

pHi

2% p<0.05 vs control

Figure 1. The pHi of AsPC-1 cells incubated with bafilomycin Al and/or EIPA at 37°C, 60 min.
Shows the pHi in pHe 6.8 medium. Each data point is the mean+ 1 SE from 10 measurement. The
pHi in the combination of the two drugs and in the pHe 6.8 medium was lower than any other
experimental value and it was statistically significant (C; control, EI; 10pum EIPA, BA; 1um
bafilomycin Al, BA+ EI; 1 um bafilomycin Al+4 10 um EIPA).

2h. The viability of cells heated with the combination of two drugs in pHe 6.8 medium
decreased t0 46.6% by 1 h and 29.7% by 2 h. The viability of cells heated within the presence
of both drugs in pHe 6.8 medium was lowest and was significantly different from others
(p<0.05).

The thermosensitizing effect of bafilomycin A1 or EIPA on tumour growth in vivo

The effects of the drugs alone on the growth of AsPC-1 tumours are shown in Figure 4(a).
There were no significant differences between the growth rates of tumour treated with
different drugs. The effect of heating at 43°C for 60 min on the growth of AsPC-1 tumours
with or without prior injection of the drugs into the tumour-bearing mice are shown in
Figure 4(b). In 8 days, the control tumour volumes increased from ~150mm’ to
407.6 +£21.2mm’. During the same 8 days period, the volume of the tumour heated
increased to 325.2452.8mm’ while the tumour volume increased to 328.7 4 34.0 mm>
when heated after an injection of EIPA, to 300.5 + 40.4 mm° when heated after an injection
of bafilomycin Al and to 217.2 4 28.9 mm? when heated after an injection of both EIPA and
bafilomycin Al. The tumour volumes after heating alone or heating after an injection of
EIPA or heating after an injection of bafilomycin Al did not differ significantly from the
control. However, heating after an injection of both bafilomycin Al and EIPA inhibited the
tumour growth significantly (p =0.0071).
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Figure 2. Effect of bafilomycin Al and/or EIPA on the thermosensitivity of AsPC-1 cells at pHe 7.4.
(a) The bafilomycin Al and/or EIPA effect at 37°C and (b) the drug effect after heating at 44°C. The
data shown are mean from 15 measurements. The viability with/without the drugs or the heating in
pHe 7.4 medium did not differ significantly from the control (C; control, EI; 10 um EIPA, BA; 1 uMm
bafilomycin Al, BA+ EI; 1 um bafilomycin A1+ 10 um EIPA).
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Effect of bafilomycin Al and/or EIPA on the thermosensitivity of AsPC-1 cells at pHe 6.8.

(a) The bafilomycin Al and/or EIPA effect after incubation at 37°C and (b) the drug effect after
heating at 44°C. The data shown are mean from 15 measurements. The viability of heated cells in the
combination of the two drugs was lower than any other viability (p < 0.05) (C; control, EI; 10 um EIPA,
BA; 1 um bafilomycin Al, BA+ EI; 1 pMm bafilomycin A1+ 10 um EIPA).
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Figure 4. Effect of bafilomycin Al and/or EIPA on the growth of AsPC-1 tumours. (a) The mean
tumour volume of the non-heated group and (b) the mean tumour volume of the heated group. The
mean value of eight tumours/groups are shown. Only heating after an injection of both bafilomycin Al
and EIPA 4 1 SE inhibited the tumour growth significantly, compared with controls (» =0.0071) (C;
control, EI; 3.0mgkg~! EIPA, BA; 1.0mgkg ! bafilomycin Al, BA+ EI; 1.0mgkg ! bafilomycin
Al+4 3.0mgkg ! EIPA).
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Discussion

Pancreatic cancer is a devastating disease with a poor prognosis. In some clinical trials,
hyperthermia was demonstrated to be an effective treatment for pancreatic cancer. It has also
been reported that a number of different drugs could enhance thermosensitivity of the
tumour cells [5, 9, 14, 15]. Song et al. [5, 9, 14] reported that the thermosensitivity of SCK
mammary adenocarcinoma cells of A/] mice could be markedly enhanced when the pHi
was lowered by simultaneously blocking the Na™/H" exchange and the Na't-dependent
HCO5/Cl™ exchange with amiloride and DIDS, respectively. The authors have observed
that an acidic environment Kkills tumour cells by apoptosis or necrosis depending on the
degree of acidity. The present study investigated the effect of vacuolar type Ht ATPase on
the thermosensitivity of human pancreatic cancer cells. It has been reported that the vacuolar
type HT ATPase, identified in organelles belonging to the central vacuolar system, is the
most probable candidate for maintaining the intra-vacuolar system more acidic relative to
the acidity of cytoplasm for optimal synthesis of various proteases and collagenase within the
vacuolar system [6]. Therefore, inhibitor of Ht ATPases is expected to retard the transfer of
H ion to vacuolar system, thereby acidifying the cytoplasm. Ohta et al. [16] reported that
the vacuolar type HTATPase is expressed in almost all human pancreatic ductal cancer
tissues and many human pancreatic cancer cell lines. It has been known that intra-cellular
acidity is maintained near neutral even in acidic environment by virtue of the presence of
strong pHi control mechanisms [17]. However, in the Aspc-1cells, the pHi was 6.6 when the
cells were exposed to pHe 6.8 medium (Figure 1). It is conceivable that the pHi control
mechanism in Aspc-1 cells is unusual so that pHi is decreased to values lower than pHe
when cells are exposed to an acidic environment.

The present study investigated the efficacy of bafilomycin Al, a vacuolar type H™ ATPase
inhibitor, in lowering the pHi and sensitizing a pancreatic cancer cell line to hyperthermia.
In addition, it investigated the effect of a combination of bafilomycin Al and EIPA, an
inhibitor of the Na*/H" exchange through cell membrane. As shown in Figure 1, pHi
decreased in the presence of one of those drugs and decreased most significantly in the
presence of both drugs at pHe 6.8 but not at pHe 7.4. It has been reported that acidic
environment causes apoptosis in cells [17]. However, in this study, as shown in Figures 2(a)
and 3(a), little change occured in the viability of AsPC-1 cell when exposed to pH 7.4 and
pH 6.8 medium for 2h.

As shown in Figure 1, bafilomycin Al alone or EIPA alone was not effective enough
to decrease the pHi of AsPC-1 cells in the pHe 6.8 i vitro. However, the decline in pHi
by the combination of the two drugs at pHe 6.8 was statistically significant. These findings
suggest that pHi was lowered most when the compensatory pHi regulatory mechanisms
was lost by the inhibition of those two ion-channels, the Na'/H' exchange in the
plasma membrane and the vacuolar type H™ ATPase in organelles belonging to the central
vacuolar system.

As shown in Figures 2(b) and 3(b), cell viability, as determined with MTT colourimetric
method, was significantly lower after heating with EIPA or bafilomycin Al or with the
combination of two drugs than that after heating without the drugs. The decline in cell
viability after heating in the combination of the two drugs was most pronounced in an acidic
environment (Figure 3(b)). These results were interpreted to mean that the significant
decrease in pHi by inhibiting the Na'/H" exchange through the cell membrane and
inhibiting the H import to vacuolar system sensitized the cells to hyperthermia treatment.

The in vivo study also demonstrated that an administration of EIPA alone or bafilomycin
Al alone had little effect on the response of tumour to hyperthermia. However, the
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combination of bafilomycin Al and EIPA enhanced the heat-induced suppression of tumour
growth (Figure 4(b)). Rhee et al. [18] and Jayasundar et al. [19] reported the change in pHe
of tumour tissue by hyperthermia. Arakawa [20] reported that chronic treatment with
bafilomycin Al at 1 mgkg ' per day did not affect the growth of nude mice for up to 28 days
and that no abnormality was histologically observed in liver, pancreas or kidney of the
bafilomycin Al-treated mice.

In conclusion, the thermosensitivity of AsPC-1 cells @ vitro could be increased by
decreasing the intra-cellular pH with combination of two drugs, bafilomycin Al, the
inhibitor of the vacuolar type H" ATPase and EIPA, inhibitor of the Na™/H™ exchange. The
combination of the two drugs markedly enhanced the effect of heating to suppress growth
of AsPC-1 tumour zenografts in nude mice.
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