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Abstract

The effects of an acidic environment on the induction of apoptosis by
42Â°Chyperthermia were investigated. An acidic environment (pH 6.6)

enhanced the hyperthermia-induced apoptosis in HL-60 human promy-
elocytic leukemia cells as judged by the DNA fragmentation, flow cyto-
metric analysis of DNA content, and cleavage of poly(ADP-ribose) poh m-
erase. Hyperthermia exerted no effect on the expression of Bcl-2 and Bax,

regardless of the environmental acidity during heating. The time of in
crease in apoptosis after heating coincided with the time of decrease in the
G,-phase cell population. It seemed that the increase in heat-induced
apoptosis in HL-60 cells in an acidic environment was due to a direct
increase in the proteolytic cleavage of poly(ADP-ribose) polymerase by
acidic caspases without the involvement of Bcl-2 and Bax, and that
heat-induced apoptosis occurred during G, phase in HL-60 cells.

Introduction

Hyperthermia has been demonstrated to be effective in killing
cancer cells and also in sensitizing cancer cells to radiotherapy and
many antitumor agents. Indeed, randomized clinical trials completed
during the last 2-3 years have unequivocally demonstrated that ra

diotherapy in combination with hyperthermia is far more effective
than radiotherapy alone for the control of various types of human
tumors (1-3). Although the major mode of hyperthermia-induced cell

death was reported to be necrosis at high temperatures (4, 5), indica
tions are that hyperthermia at relatively mild temperatures kills cells
by apoptosis (6, 7). Gorczyca el al. (8) reported that mild hyperther
mia caused an increase in the apoptotic fraction concomitant with an
early G,-phase reduction in HL-60 human leukemia cells. Zhu et al.

(9) also observed an occurrence of apoptosis as well as a decrease in
G,-phase cells in FM3A cells after exposure to hyperthermia. It is
well-established that acidification of the extracellular environment
enhances hyperthermia-induced cell killing in a variety of cell types
(10-13), and that such an increase in thermosensitivity in an acidic

extracellular environment is due to intracellular acidification (11, 14).
It has been demonstrated that intracellular acidification causes apop
tosis (15, 16), and that the intracellular environment becomes acidic
during apoptosis caused by various means (17). Recent evidence
suggests that intracellular acidification during apoptosis is closely
related to the activation of ICE4-like proteases ( 18, 19). Apoptosis and

cell cycle progression are also closely related (20). In the present
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study, we examined the effects of an acidic environment on heat-
induced apoptosis and the heat-induced changes in cell cycle distri
bution in HL-60 cells. The HL-60 cell line was chosen for this study

because the relationship between intracellular pH and apoptosis in this
cell line has been previously studied (16, 17).

Materials and Methods

Cells. The HL-60 human proinyelocytic leukemia cell line was obtained

from American Type Culture Collection (Rockville. MD). The cells were
grown in suspension in RPMI 1640 (Life Technologies. Inc., Grand Island.
NY) supplemented with 20% fetal bovine serum (Life Technologies. Inc.),
penicillin (50 units/ml), and streptomycin (50 ^ig/ml) at 37Â°Cin a humidified

95% air:5% CO2 atmosphere.
Heat Treatment. Cells in the exponential growth phase were collected and

resuspended at a concentration of 2 X IO5 cells/ml in fresh RPMI 1640

adjusted to pH 7.5 or pH 6.6 with organic buffers 4-morpholinepropanesulfo-
nic acid and 4-morpholineethanesulfonic acid (30 HIM;Ref. 16) in a 50-ml tube
(approximate dimension, 28 mm). The cells were incubated at 37Â°Cfor 30 min
and then heated by submersing the tube in a 42Â°C water bath for I h.

Temperature equilibration in the tube occurred in Â«Â»10min. Immediately after

heating, the medium was replaced with fresh pH 7.5 medium, and the cells
were cultured in 25-cm2 plastic culture flasks at 37Â°Cfor 0-24 h in a 95%

air:5% CO, atmosphere. As an unheated control, cells in pH 7.5 or pH 6.6
medium were incubated at 37Â°Cfor I h. and the medium was replaced with

fresh pH 7.5 medium and subsequently cultured in the same manner.
DNA Gel Electrophoresis. Agarose gel electrophoresis was performed as

described previously (15, 16). Briefly, cells were washed twice with ice-cold
PBS, resuspended in lysis buffer [10 mM Tris-HCl (pH 7.4), 10 min NaCl, 10
mM EDTA, 1% SDS, and 0.1 mg/ml proteinase K], and incubated at 48Â°Cfor

14 h. After precipitation with isopropanol, the pellet was resuspended in TE
buffer [ 10 mM Tris-HCl (pH 7.4) and 1 mM EDTA], and the RNA was digested
by adding 0.2 mg/ml DNase-free RNase and incubating at 37Â°Cfor 3 h. Fifteen

/xg of DNA from each sample were subjected to electrophoresis on 1.5%
agarose gel in TBE (89 mM Tris base. 89 mM boric acid, and 2 mM EDTA). and
the DNA was stained with ethidium bromide and visualized under UV light.

Analysis of DNA Content with Flow Cytometry. About 10* cells from

each sample were collected and washed twice with ice-cold PBS. fixed in 70%
ethanol, and stored at 4Â°Cuntil analysis. The cells were stained with propidium

iodide (50 /j.g/ml), treated with DNase-free RNase (10 Â¿ig/ml).and subjected
to DNA content analysis using a Becton Dickinson FACSCalibur flow cytom-

eter with CELLQuest software. A minimum of 10,000 cells were counted for
each sample. The percentage of apoptotic cells was calculated by measuring
the area under the subdiploid (DNA < 2N) peak in the plot of cell number

against cellular DNA content.
Western Blot Analysis. Western blotting was performed as described

previously (21). Briefly, cellular proteins (15 jxg/lane) were separated on a 7.5
or 12.5% SDS-polyacrylamide gel and transferred to a polyvinylidene diflu-

oride membrane (Amersham Life Sciences, Inc., Arlington Heights, IL). The
membranes were blocked with PBS containing 0.05% Tween 20, 3% BSA, and
3% dry milk at 4Â°Covernight. PARP, Bcl-2, and Bax were probed with rabbit

polyclonal anti-PARP antibody (Boehringer Mannheim, Indianapolis. IN),
mouse monoclonal antihuman Bcl-2 antibody (clone 124; DAKO Corp.,

CarpinterÃa. CA), and rabbit polyclonal antihuman Bax antibody (Upstate
Biotechnology, Inc., Lake Placid, NY), respectively, and then treated with
HRP-conjugated secondary antibody. Immunoreactive proteins were visual-
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ized using the ECL Western blotting detection system (Amersham Life Sci

ences, Inc.).

Results

Detection of DNA Fragmentation by Agarose Gel Electrophore-
sis. Fig. 1 shows the electrophoresis of DNA extracted from HL-60
cells that were incubated in pH 7.5 or pH 6.6 medium at 37Â°Cfor l h
or heated at 42Â°Cin pH 7.5 or pH 6.6 medium for l h and then
incubated in pH 7.5 medium for 0-24 h at 37Â°C.There was no

detectable DNA fragmentation in the DNA extracted from the cells
incubated in pH 7.5 or pH 6.6 medium at 37Â°Cfor l h and then
incubated in pH 7.5 medium for 0-24 h at 37Â°C.On the other hand,

significant intranucleosomal cleavage of DNA resulting in a typical
DNA ladder was evident when the cells were heated at 42Â°Cfor l h
in pH 7.5 medium and then incubated at 37Â°Cin pH 7.5 medium for

3 h. The DNA fragmentation 6 h after heating in pH 7.5 medium was
similar to that 3 h after heating, whereas the DNA fragmentation 12 h
after heating was slightly less than that 3-6 h after heating. In the cells

heated in pH 6.6 medium. DNA markedly fragmented at 3 h, further
increased at 6 h, and then slightly declined at 12 h. The degree of
DNA fragmentation 24 h after heating both in pH 7.5 medium and in
pH 6.6 medium was far less than that 12 h after heating.

Analysis of Apoptosis and Cell Cycle Distribution by Flow
Cytometry. Fig. 2 shows the changes in the percentage of apoptotic
cells as well as in the percentage of cells in different cell cycle phases
as determined by the flow cytometry method after heating for 1 h at
42Â°Cin pH 7.5 or pH 6.6 medium and then incubated in pH 7.5

medium for various lengths of time. Incubating HL-60 cells in pH 6.6
medium for 1 h at 37Â°Ccaused little change in the cellular cycle

parameters (data not shown). Fig. 2A shows that less than 2% of cells
were in apoptosis before heating. When the cells were heated at 42Â°C

for l h in pH 7.5 medium, about 11% of cells were in apoptosis

r*.COinNXCLr*
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M O 24 0 24 0 3 6 12 24 0 3 6 12 24 (hr)

Fig. I. DNA fragmentation in HL-60 cells alter heating under different pH conditions.
Cells (2 x IO5 cells/mil were incubated in pH 7.5 or pH 6.6 medium at 37Â°Cfor 30 min
before healing. Immediately after heating at 42Â°Cfor I h or incubation at 37Â°Cfor I h,
the medium was replaced with fresh pH 7.5 medium, and the cells were incubated at 37Â°C.

At the indicated times after heating. DNA was extracted from the cells and subjected to
agarose gel electrophoresis. M, size marker ( 123-bp DNA ladder). This is a representative
of three independent experiments that produced similar results.

immediately after heating, indicating that apoptosis occurred during
the l-h heating. The apoptotic cell population further increased to

about 15% at 3 h and gradually declined thereafter to about 7% at
24 h. Contrary to the significant increase in apoptosis observed
immediately after heating in pH 7.5 medium, little apoptosis was
detected immediately after heating in pH 6.6 medium at 42Â°Cfor 1 h.

However, apoptosis markedly increased to as much as 32% by 3 h in
the cells heated in pH 6.6 medium, and it remained increased until
24 h after heating.

As indicated in Fig. 2B. the percentage of cells in G, phase in pH
7.5 medium before heating was about 51%. The percentage of cells in
G, phase decreased to about 45% immediately after heating at 42Â°C

in pH 7.5 medium for l h (O h in Fig. 2ÃŸ),and it decreased further to
32% on incubation in pH 7.5 medium at 37Â°Cfor 6 h after heating.

The percentage of G, cells then recovered to the control level by 24 h.
There was no significant change in the percentage of G, cells imme
diately after heating in pH 6.6 medium for 1 h at 42Â°C(0 h in Fig. 2fl).

When incubated in pH 7.5 medium after the l-h heating in pH 6.6

medium, the percentage of G, cells declined to about 22% by 12 h and
recovered to about 35% by 24 h, which was significantly less than that
in the unheated control cells and also less than that in the cells heated
in pH 7.5 medium. The percentage of cells in S phase before heating
was about 30% (Fig. 1C). After heating at 42Â°Cfor l h in pH 7.5

medium, the percentage of S-phase cells remained essentially un

changed for 6 h, decreased to about 19% at 12 h, and then recovered
to the control level by 24 h. The percentage of S-phase cells remained
unchanged during a l-h heating in pH 6.6 medium, but it declined on

subsequent incubation in pH 7.5 medium, decreasing to about 14% by
24 h. The percentage of cells in G,-M phase before heating was about
17%, and it remained unchanged during a l-h heating at 42Â°Cin pH

7.5 or pH 6.6 medium (Fig. 2D). On incubation in pH 7.5 medium
after heating in pH 7.5 medium, the percentage of G2-M-phase cells

rapidly increased to about 37% by 12 h and then recessed to the
control level by 24 h. In contrast, after heating in pH 6.6 medium, the
percentage of G^-M-phase cells slightly decreased during the first 3 h

after heating incubation in pH 7.5 medium and then increased to 24%
by 12 h and remained at the same level until 24 h, the extent of our
observation.

Cleavage of PARP after Heating. The cleavage of DNA repair-
associated enzyme PARP to an 85-kDa fragment by ICE-like cysteine

proteases (caspases) has been reported to be a central step in the
apoptotic pathway in many cell types (22-24). Therefore, we inves
tigated the cleavage of PARP in HL-60 cells heated under varying pH
environments. Fig. 3A shows that PARP remained intact during 0-24
h of incubation in pH 7.5 medium after a l-h incubation in pH 7.5 or
pH 6.6 medium at 37Â°C.Fig. 3ÃŸshows the cleavage of PARP during
0-24 h of incubation in pH 7.5 medium at 37Â°Cafter a l-h heating at
42Â°Cin pH 7.5 or pH 6.6 medium. In the cells heated at 42Â°Cfor 1 h

in pH 7.5 medium, a moderate degree of PARP cleavage occurred
0-12 h after heating. Note that the cleavage of PARP was evident at
0 h, i.e., immediately after a l-h heating. The cleavage of PARP

diminished from 12 h after heating in pH 7.5 medium. The cleavage

of PARP immediately after heating (0 h) in pH 6.6 medium for 1 h
was less than that in pH 7.5 medium. However, when the cells heated
in pH 6.6 medium were incubated in pH 7.5 medium, PARP cleaved
markedly in 3 h. The PARP cleavage further increased at 6 h and
diminished slightly 12 h after heating in pH 6.6 medium.

Expression of the Bcl-2 and Bax Proteins. As shown in Fig. 4, A
and B, the level of the antiapoptotic protein Bcl-2 and the level of the

proapoptotic protein Bax did not change after the cells were heated in
either pH 7.5 or pH 6.6 medium.

2505

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/12/2504/2861808/cr0580122504.pdf by guest on 19 M

ay 2023



HEAT-INDUCED APOPTOSIS IN AN ACIDIC ENVIRONMENT

50

Fig. 2. Analysis of cell cycle by quanlitating the DNA content by
flow cylometer. Cells in pH 7.5 (O) or pH 6.6 (â€¢)medium were heated
at 42Â°Cfor 1 h. Immediately after heating, the medium was replaced
with fresh pH 7.5 medium, and the cells were incubated at 37Â°C.At the

indicated times after heating, the relative DNA content was assessed by
fixing the cells with 70% ethanol. staining them with propidium iodide
(50 u.g/ml), and analyzing them by flow cytometer. The percentage of
apoptolic cells was calculated by measuring the area under the subdip-
loid (DNA < 2N) peak in the plot of cell number against cellular DNA
content. Values shown are the means of five separate experiments Â±SE
( 10,000 cells were counted for each sample). The percentage of apop-
totic cells and the percentage of cells in the G, phase, cells in the S
phase, and cells in the G,-M phase are shown in A-D. respectively. D,
values before heating.
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Discussion

In this study, we have demonstrated that an acidic environment
enhances heat-induced apoptosis in HL-60 cells. We have also dem
onstrated that an increase in heat-induced apoptosis in an acidic
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Fig. 3. Detection of PARP cleavage by Western blotting. Cells in pH 7.5 or pH 6.6
medium were treated at 37Â°Cfor I h or at 42"C for 1 h. Immediately after heating, the

culture medium was replaced with fresh pH 7.5 medium, and the cells were incubated at
37Â°Cfor indicated times. Cellular proteins (15 /Â¿g/lane) were resolved on a 7.5%

SDS-polyacrylamide gel. Membranes were probed with anti-PARP primary antibody and
HRP-conjugatcd secondary antibody. Immunoreactive proteins were visualized using the
ECL Western blotting detection system. PARP and its cleaved product in unheated (37Â°C)
and healed (42Â°C)cells arc shown in A and B, respectively. This is a representative of

three independent experiments lhat produced similar results.

environment occurs mainly in the G, phase of the cell cycle, and that
an acidic environment potentiates the heat-induced cleavage of PARP.

It is well known that acute extracellular acidification acidifies the
intracellular environment, thereby increasing hyperthermic cell killing
(10-14). We may then conclude that the increase in heat-induced

apoptosis in an acidic medium, as observed in the present study,
results from intracellular acidification. However, this conclusion is in
conflict with a recent study by Gores et al. (25), who reported that
intracellular acidosis may protect against stress-induced apoptosis in

cultured hepatocytes (25). The cause of this variance is unclear.
Although the difference between the extent of apoptosis in the cells

heated in pH 7.5 medium and that in the cells heated in pH 6.6
medium could be noticed from the DNA fragmentation (Fig. 1), the
difference was more marked and quantitative when analyzed with
flow cytometry (Fig. 2). The results of the flow cytometry study (Fig.
2) demonstrated that the magnitude of heat-induced apoptosis during
3-24-h incubations after a 1-h heating at 42Â°Cin pH 6.6 medium was

two to three times greater than that in pH 7.5 medium. Furthermore,
whereas apoptosis in cells heated in pH 7.5 medium began to decline
after peaking at 3 h, apoptosis in cells heated in pH 6.6 medium
continuously increased until 12 h after heating. Our results on the
effect of heating on cell cycle distribution in a neutral pH environ
ment, i.e., pH 7.5, are in good agreement with the results reported by
other investigators (8, 9, 26, 27). As shown in Fig. 2, the magnitude
and kinetics of change in the cell cycle distribution after heating in pH
6.6 medium differed significantly from the change in pH 7.5 medium.
Fig. 2B demonstrates that the decline in the percentage of G, cells
after heating at 42Â°Cfor l h in pH 6.6 medium was more pronounced

and long-lasting than the decline in G, cells in pH 7.5 medium. An

important observation is that the reduction and recovery of the per
centage of G, cells (Fig. 2B) occurred concomitantly with the increase
and subsequent decrease in apoptosis (Fig. 2A) after heating. Further
more, the heat-induced increase in apoptosis was greater in pH 6.6
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Fig. 4. Expression of the Bcl-2 and Bax proteins. Cells in pH 7.5 or pH 6.6 medium
were healed at 42Â°Cfor I h. Immediately after heating, the culture medium was replaced
with fresh pH 7.5 medium, and the cells were incubated at 37Â°Cfor indicated times. As
a control, cells in pH 7.5 medium were incubated at 37Â°Cfor I h. the medium was

exchanged with fresh pH 7.5 medium, and the cells were harvested. Cellular proteins ( 15
Hg/lane) were resolved on a 12.5% SDS-polyacrylamide gel. Membranes were probed
with (A) antihuman Bcl-2 antibody and (B) antihuman Bax antibody, respectively, and
then treated with HRP-conjugated secondary antibody. Immunoreactive proteins were
visualized using the ECL Western blotting detection system. This is a representative of
two independent experiments that produced similar results.

medium than it was in pH 7.5 medium, and the heat-induced decrease
in the percentage of G, cells was also greater in pH 6.6 medium than
it was in pH 7.5 medium. It was also observed that both the increase
in apoptosis and the decrease in the percentage of G, cells in pH 6.6
medium were less than those in pH 7.5 medium immediately after
heating. Gorczyca et al. (8) reported that apoptosis and reduction of
G .-phase cells in HL-60 cells occurred 6 h after hyperthermia at 43Â°C

for 30 min. Zolzer et al. (27) also reported that the percentage of G,
cells in human melanoma cells decreased during 48 h after heating at
43Â°Cfor 1h. Based on these results, we may conclude that cells in the

G| phase undergo apoptosis after heating, and that an acidic environ
ment potentiates heat-induced apoptosis in the G, phase. The signif
icant increase in apoptosis and reduction of the percentage of G, cells
immediately after heating for l h in pH 7.5 medium demonstrated that
apoptosis in G, cells began even during the 1-h heating at 42Â°Cin
HL-60 cells. Harmon et al. (6) and Takano et al. (7) also observed an
occurrence of apoptosis in mastocytoma P-815 cells immediately after
heating. The decline in the percentage of S-phase cells after heating,
particularly in pH 6.6 medium, may be attributed to the apoptosis of
G, cells, resulting in a decline in the cell population moving into S
phase. The recovery of the percentage of S-phase cells 24 h after
heating in pH 7.5 medium (Fig. 1C) coincided with the recovery of the
percentage of cells in the G, phase (Fig. 2ÃŸ).The marked increase in
the cells in G2-M phases after heating is consistent with previous
reports by other investigators (27, 28). However, in general, cell cycle
progression delay after heating is more prominent in G, than in G-,
(26). The heat-induced G,-M-phase delay observed in our study may
be due to the lack of p53 in HL-60 cells. It is known that G-, arrest
occurs when cells carrying mutated p53 or lacking wild-type p53

protein are exposed to ionizing radiation or other cytotoxic agents (15,
29). It is believed that the damaged genome is repaired during the G2
arrest before cell division occurs. It is conceivable that the pronounced
G2-M-phase arrest is one of the causes for the depression of the G,
cell population (Fig. 2ÃŸ)in addition to apoptosis in the G, phase. The
heat-induced G2-M-phase accumulation was less pronounced and
slower in pH 6.6 medium than it was in pH 7.5 medium. We previ
ously reported a similar tendency in irradiated mouse tumor cells (15).

(hr) Whetherthe activity of cyclins and kinases responsible for the pro
gression of cells through the G2-M-phase checkpoint is altered in an

Bcl-2 acidic environmentremains to be investigated.
A number of proto-oncogenes are known to be involved in the

induction and pathway of apoptosis (30-32). It has been demonstrated
that bcl-2 and box genes and their family members are intimately
involved in the regulation of apoptosis induced by various stimuli
(33-35). In the present study, the expression of the Bcl-2 and Bax
proteins were unchanged after heating in either a neutral or an acidic
environment (Fig. 4), suggesting that Bcl-2 as well as Bax may not be
involved in the regulation of apoptosis induced by mild hyperthermia
under either pH condition. One of the reported functions of the Bcl-2
protein is inhibition of the activation of ICE-like cysteine proteases
such as CPP32 (caspase 3) responsible for PARP cleavage (24).
Furlong et al. (19) have demonstrated that intracellular acidification
triggers apoptosis by directly or indirectly activating ICE-like pro
teases, and that Bcl-2 overexpression both delays intracellular acidi
fication and inhibits ICE-like protease activation. Despite the lack of
change in the expression of the Bcl-2 and Bax proteins by heating,
cleavage of PARP did occur in HL-60 cells after heating, particularly
in those cells heated in pH 6.6 medium (Fig. 3). The optimal pH for
PARP cleavage by CPP32 is pH 6.5-7.0 (36). It is therefore probable
that heating HL-60 cells in a pH 6.6 environment directly increased
the proteolytic cleavage of PARP mediated by caspases without the
involvement of upstream factors, i.e., Bcl-2 and Bax, and triggered the
downstream reaction, e.g., fragmentation of DNA. Cleavage of PARP
may lead to activation of the endonuclease (37) responsible for DNA
fragmentation in apoptosis. It is also probable that the acidic environ
ment activates the endonuclease itself (16). Recently, Pena et al. (38)
suggested that environmental stresses such as ionizing radiation. UV
radiation, H2O2,and heat shock act directly on membrane and activate
acid pH-dependent sphingomyelinase, generating ceramide and initi
ating signaling through the stress-activated protein kinase/c-y'i<n-NH2-

kinase pathway leading to the activation of ICE/CED-3 proteases. The
increase in heat-induced PARP cleavage in the pH 6.6 environment in
the present study (Fig. 3) may then be attributed to a synergistic effect
of acidic stress and heat shock to activate acid pH-dependent sphin
gomyelinase, thereby activating ICE/CED-3 proteases. The temporal
relationship between protein phosphatase, ICE/CED-3 proteases, in
tracellular acidification, and DNA fragmentation in apoptosis has
been proposed (18, 39). Further elucidation of the molecular mecha
nisms responsible for the enhancement of heat-induced apoptotic cell
death in an acidic environment may provide a rational basis for the
effective use of hyperthermia in cancer therapy.
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