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Effect of Hyperthermia on TRAIL-Induced
Apoptotic Death in Human Colon Cancer Cells:
Development of a Novel Strategy for Regional Therapy
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Abstract Approximately 25% of patients with colorectal cancer will develop metastatic disease exclusively or
largely confined to the liver, and the vastmajority of these cases are not amenable to surgical resection. These unresectable
cases of livermetastatic disease can be treatedwith isolated hepatic perfusion (IHP),which involves amethodof complete
vascular isolation of the liver to allow treatment of liver tumors with toxic systemic doses of chemotherapeutic agents. To
improve the efficacy of IHP, hyperthermia and biological agents have been applied along with the chemotherapeutic
agents. In this study, we investigated whether hyperthermia in combination with tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) enhances mortality in human colorectal carcinoma CX-1 cells. Cells were treated with various
concentrations of TRAIL (0–200 ng/ml) at various temperatures (40–468C) for 1 h and further incubated at 378C in the
presence of TRAIL. We observed that hyperthermia at 42–438C effectively promoted TRAIL-induced apoptosis, as
indicated by cell death, poly (ADP-ribose) polymerase (PARP) cleavage, and activation of caspase-8, -9, and -3. In
contrast, hyperthermia at 45–468C suppressed TRAIL-induced apoptosis. We also observed that mild hyperthermia, but
not acute hyperthermia, promoted cytochrome c release during treatment with TRAIL. Our data suggest that promotion of
cytochrome c release during mild hyperthermia is responsible for the enhancement of TRAIL cytotoxicity. J. Cell.
Biochem. 101: 619–630, 2007. � 2007 Wiley-Liss, Inc.
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Colorectal cancer in the United States is the
second leading cause of cancer-related mortal-
ity, and death usually results from uncontrolled

metastatic disease. The liver is the most
common site of metastasis for colorectal cancer.
Isolated hepatic perfusion (IHP) involves a
method of complete vascular isolation of the
liver to enable treatment of liver tumors with
high doses of chemotherapeutic agents, biologic
agents, and mild hyperthermia. In this study,
we examined whether tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL/Apo-
2L) in combination with mild hyperthermia
effectively kills colorectal cancer cells.

More than 5,000 years ago, the Egyptians
described the medical use of hyperthermia on a
patient with a tumor in the breast [Overgaard,
1985]. Also, the ancient Greeks used hyperther-
mia to treat many diseases, including cancer
[Hahn, 1982]. The effects of hyperthermia were
observed in the last decades of the 19th century,
when spontaneous tumor regression occurred in
patients with high fever after bacterial infec-
tions [Corey, 1893]. In the past 20 years, the
biological effects of hyperthermia as well as its
use as adjuvant in cancer therapy have been
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extensively investigated. The hyperthermic
temperatures of interest for cancer therapy
are limited to the temperature range of 40–
468C to maximize the damage to tumors while
preserving the surrounding normal tissues.
Besides the cell killing effect of heat alone, it
was found that heat acts synergistically with
ionizing radiation [Dewey et al., 1978; Holahan
et al., 1984; Kampinga and Dikomey, 2001],
with a number of chemotherapeutic agents
[Herman et al., 1982; Haas et al., 1984; Ko
et al., 2006], and with various cytokines [Srini-
vasan et al., 1990; Klostergaard et al., 1992; Lee
et al., 1993].

TRAIL/Apo-2L has been shown to induce
apoptosis in a broad range of cancer cell types
but not in normal cells and tissues [Ashkenazi
and Dixit, 1999; Walczak et al., 1999]. TRAIL
is a type II integral membrane protein belong-
ing to the tumor necrosis factor (TNF) family,
which includes Fas ligand (FasL) and TNF.
The C-terminal extracellular region of TRAIL
(amino acids 114–281) exhibits a homotrimeric
subunit structure [Pitti et al., 1996] and its
function is to induce apoptosis of tumor cells.
The mechanism of TRAIL-induced apoptosis is
initiated by binding to death receptors such as
TRAIL-R1 (DR4) and TRAIL-R2 (DR5) and
induces the apoptotic signal. Both DR4 and
DR5 contain a cytoplasmic death domain, which
is required for TRAIL receptor-induced apopto-
sis. TRAIL also binds to decoy receptors (DcR1
and DcR2), which results in inhibition of TRAIL
signaling [Degli-Esposti et al., 1997a,b; Mar-
sters et al., 1997; Pan et al., 1997a,b; Sheridan
et al., 1997; Walczak et al., 1997]. TRAIL-
induced cytotoxicity can be modulated by
various agents such as chemotherapeutic drugs
[Griffith et al., 1998; Keane et al., 1999; Nagane
et al., 2000], ionizing radiation [Chinnaiyan
et al., 2000], cytokines [Park et al., 2002], and
matrix metalloprotease inhibitors [Nyormoi
et al., 2003].

For IHP, mild hyperthermia (41–428C) has
been successfully used to enhance the effective-
ness of chemotherapeutic agents. In this study,
we investigated whether hyperthermia can
enhance TRAIL-induced cytotoxicity in human
colorectal cancer cells. We observed that mild
hyperthermia, but not acute hyperthermia
(44–468C), promotes TRAIL-induced cytotoxi-
city by facilitating activation of caspase through
the mitochondria-dependent cytochrome c
release.

MATERIALS AND METHODS

Cell Culture and Survival Assay

Human colorectal carcinoma CX-1 cells were
cultured in RPMI-1640 medium (Gibco BRL)
containing 10% fetal bovine serum (HyClone,
Logan, UT) and 26 mM sodium bicarbonate for
monolayer cell culture. Human prostate adeno-
carcinoma DU-145 and human pancreatic car-
cinoma MIA PaCa-2 cells were cultured in
DMEM medium (Gibco BRL, Gaithersburg,
MD) containing 10% fetal bovine serum. The
dishes containing cells were kept in a 378C
humidified incubator with 5% CO2. One or
2 days prior to the experiment, cells were plated
into 60-mm dishes. For trypan blue exclusion
assay [Burow et al., 1998], trypsinized cells
were pelleted and resuspended in 0.2 ml of
medium, 0.5 ml of 0.4% trypan blue solution,
and 0.3 ml of phosphate-buffered saline solution
(PBS). The samples were mixed thoroughly,
incubated at room temperature for 15 min, and
examined under a light microscope. At least
300 cells were counted for each survival deter-
mination.

Production of Recombinant TRAIL

A human TRAIL cDNA fragment (amino
acids 114–281) obtained by RT-PCR was cloned
into a pET-23d (Novagen, Madison, WI) plas-
mid, and His-tagged TRAIL protein was pur-
ified using the Qiagen express protein
purification system (Qiagen, Valencia, CA).

Hyperthermia Treatment

Cells cultured in 60-mm dishes were sealed
with parafilm and were placed in a circulating
water bath (Heto, Thomas Scientific, Denmark)
which was maintained within �0.028C of the
desired temperature.

Morphological Evaluation

Approximately 5� 105 cells were plated into
60-mm dishes overnight. Cells were treated
with TRAIL and/or hyperthermia and then
analyzed by phase-contrast microscopy for
signs of apoptosis.

TUNEL Assay

For detection of apoptosis by the TUNEL
method, cells were plated in slide chambers.
After treatment, cells were fixed with 4%
paraformaldehyde in PBS. Cells were washed
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once, permeabilized by incubating with 100 ml of
0.1% Triton X-100 and 0.1% sodium citrate, and
then washed twice in PBS. The TUNEL reaction
was carried out with 50 ml of TUNEL reaction
mixture (450 ml of label solution/50 ml of enzyme
solution; AP cell death detection kit, Roche,
Germany). After washing three times with PBS,
50 ml of converter-AP was added on a sample.
Thirty minutes after incubation in a humidified
chamber at 378C, each 100 ml of substrate (NBT/
BCIP, Roche) was added. After 10 min incuba-
tion in the dark, cells were subjected to washing
and were examined under a microscope.

Antibodies

Rabbit polyclonal anti-caspase-3 antibody
was purchased from Santa Cruz (Santa Cruz,
CA). Anti-DR4, anti-DR5, anti-DcR1, and anti-
DcR2 antibodies were from ProSci (Poway, CA).
Anti-cIAP-1 and anti-cIAP-2 antibodies were
from R&D Systems (Minneapolis, MN). Anti-
caspase-8, anti-FLIP (C-term: 447–464), anti-
FLIP g/d, and anti-FLIP-L antibodies were from
Cell Signaling (Beverly, MA). Monoclonal anti-
bodies were purchased from each of the follow-
ing companies: anti-Bcl-2 and anti-Bcl-XL
antibodies from Santa Cruz, anti-caspase-9
antibody from Upstate Biotechnology (Lake
Placid, NY), anti-PARP antibody from Biomol
Research Laboratory (Plymouth Meeting, PA),
anti-cytochrome c from PharMingen (San
Diego, CA), and anti-actin antibody from ICN
(Costa Mesa, CA).

Protein Extracts and Polyacrylamide Gel
Electrophoresis (PAGE)

Cells were lysed with 1�Laemmli lysis buffer
(2.4 M glycerol, 0.14 M Tris, pH 6.8, 0.21 M
sodium dodecyl sulfate (SDS), 0.3 mM bromo-
phenol blue) and boiled for 10 min. Protein
content was measured with BCA Protein Assay
Reagent (Pierce, Rockford, IL). The samples
were diluted with 1� lysis buffer containing
1.28 M b-mercaptoethanol, and equal amounts
of protein were loaded on 8–12% SDS–poly-
acrylamide gels. SDS–PAGE analysis was
performed according to Laemmli [1970] using
a Hoefer gel apparatus.

Immunoblot Analysis

Proteins were separated by SDS–PAGE and
electrophoretically transferred to nitrocellulose
membrane. The nitrocellulose membrane was
blocked with 5% non-fat dry milk in PBS-

Tween-20 (0.1%, v/v) at 48C overnight. The
membrane was incubated with primary anti-
body (diluted according to the manufacturer’s
instructions) for 2 h. Horseradish peroxidase
conjugated anti-rabbit or anti-mouse IgG was
used as the secondary antibody. Immunoreac-
tive protein was visualized by the chemilumi-
nescence protocol (ECL, Amersham, Arlington
Heights, IL).

In Vitro Caspase Activity Assays

Activities of caspase-8, -9, and -3 were
measured by spectrophotometric detection of
the chromophore p-nitroalanine (pNA) at 405 nm
(Chemicon, Temecula, CA). The assay was per-
formed by manufacturer’s instruction. Briefly,
CX-1 cells, treated or untreated with TRAIL,
were harvested and lysed with 1� caspase lysis
buffer. The cell lysates were chilled in ice for
10 min and the insoluble fraction was removed
by centrifugation of 10,000g, 5 min at 48C.
Supernatants were used for further caspase
assay. Total protein was measured by BCA
protein assay kit (Pierce). To measure caspase
activity, 50 mg of total protein was used for each
assay.

Cytochrome c Release

To measure the release of cytochrome c from
mitochondria, subconfluent cells growing in
100-mm dishes were treated as indicated in
Figure 9. After treatment, cells were scraped,
washed in PBS, washed in buffer H (20 mM
HEPES pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 2
mM dithiothreitol (DTT), 1 mM EDTA, 1 mM
EGTA, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 1 mg/ml leupeptin, 1 mg/ml pepstatin,
10 mg/ml aprotinin), and resuspended in 200 ml
buffer H. After 1 h incubation on ice, cells were
lysed by forcing them through a 27-gauge
needle 15–20 times. The lysate was centrifuged
at 20,000g for 15 min and the supernatant was
collected. Cytochrome c levels in the resulting
supernatant were analyzed by immunoblotting.

Transfection

In order to generate Bcl-2 overexpressing CX-
1 cells, cells were transfected with pcDNA-3-
Bcl-2 or control plasmid pcDNA3-neo using
LipofectAMINE Plus (Gibco-BRL, Grand Island,
NY). Transfected cells were selected with G418.
The clone expressing the highest level of Bcl-2
was used for this study.
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RESULTS

Effect of Hyperthermia on
TRAIL-Induced Cytotoxicity

The technique of IHP employs a single
hyperthermic 1 h treatment via an isolated
vascular recirculating perfusion circuit. To
examine the effect of hyperthermia on TRAIL-
induced cytotoxicity, human colorectal carci-
noma CX-1 cells were treated with 50 ng/ml
TRAIL for 1 h at various temperatures (37–
468C) and then incubated at 378C for 3 h. Data
from morphological analysis in Figure 1A show
that no or minimal morphological alterations
were observed during mild hyperthermia (40–
428C) alone, but severe changes were observed
during acute hyperthermia (43–468C) alone.
During treatment with TRAIL, cells under-
going apoptosis showed cell surface blebbing
and formation of apoptotic bodies (Fig. 1A). An
increase in the number of rounded cells and
detached cells was observed during treatment
with TRAIL in combination with hyperthermia.
However, Figure 1A clearly shows that the
augmentation of TRAIL-induced cytotoxicity
was dependent upon heating temperatures. A
maximal augmentation occurred at 438C and
the augmentative effect markedly disappeared
at higher temperatures. Similar results were
observed with TUNEL staining (Fig. 1B). Data

from TUNEL assays show that apoptotic death
occurred during treatment with TRAIL, and
hyperthermia at 428C, but not at 468C, increas-
ed TRAIL-induced apoptotic death. Similar
results were observed with biochemical analy-
sis (Fig. 2A). Data from Figure 2A show that the
combination of hyperthermia (40–438C) and
TRAIL treatment enhances poly (ADP-ribose)
polymerase (PARP) cleavage, the hallmark
feature of apoptosis. PARP (116 kDa) was
cleaved yielding a characteristic 85 kDa frag-
ment in the presence of 50 ng/ml TRAIL. This
cleavage was enhanced by hyperthermia, in
particular heating at 42–438C. However, the
cleavage of PARP was reduced and even sup-
pressed at 45–468C (Fig. 2A). It is well known
that TRAIL-induced apoptosis is mediated
through a caspase cascade. To examine whether
hyperthermia alters TRAIL-induced apoptosis
through activation/inhibition of caspases, sev-
eral caspases known to be involved in TRAIL-
induced apoptosis were examined. Figure 2A
shows that hyperthermia at 40–438C enhanced
TRAIL-induced caspase-8 activation. Western
blot analysis shows that procaspase-8 (55/
54 kDa) cleavage to intermediate (43/41 kDa)
forms was enhanced with increasing tempera-
ture in the presence of TRAIL. Hyperthermia at
40–438C enhanced the proteolytic processing
of procaspase-9 (48 kDa) into its active form

Fig. 1. Effect of hyperthermia (40–468C) onTRAIL-inducedapoptosis in humancolorectal carcinomaCX-1
cells.A: Cells were exposed to hyperthermia (40–468C) or normothermia in the presence of 50 ng/ml TRAIL
for 1 h and then incubated for 3h at 378C in thepresenceof 50ng/mlTRAIL. Themorphological featureswere
analyzed with a phase-contrast microscope. B: Cells were exposed to hyperthermia (428C or 468C) or
normothermia in the presence of 50 ng/ml TRAIL for 1 h and then incubated at 378C for 3 h. After treatment,
apoptosis was detected by the TUNEL assay.
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(37 kDa). Hyperthermia at 40–438C also
increased TRAIL-induced caspase-3 activation.
Western blot analysis shows that procaspase-3
(32 kDa), the precursor form of caspase-3, was
cleaved to active form (20 and 17 kDa) in the
presence of TRAIL. The combined treatment
with TRAIL and hyperthermia increased the
level of active form, in particular 17 kDa.
However, unlike hyperthermia at 40–438C,
hyperthermia at 45–468C suppressed TRAIL-
induced activation of caspases. These results
clearly revealed that hyperthermia-enhanced
TRAIL cytotoxicity was dependent upon heat-
ing temperatures. To examine whether our
observations are unique to CX-1 cells, human
prostate adenocarcinoma DU-145 and human
pancreatic carcinoma MIA PaCa-2 cells were
also employed. Figure 2B,C shows that the
combined treatment of TRAIL and hyperther-
mia at 42–448C, but not at 45–468C, resulted in
an increase in cell death and PARP cleavage in
these tumor cells. These results were similar to
the observations in CX-1 cells.

We extended our studies to investigate the
dose response of apoptotic death during treat-
ment with various concentrations of TRAIL
(10–50 ng/ml) in combination with hyperther-
mia (40–438C). Figure 3A,B shows that cyto-
toxicity gradually increased when the dose was
increased. Similar results were observed with
biochemical analysis (Fig. 3C). Data from
Figure 3C show that the combination of

hyperthermia (40–438C) and TRAIL treatment
enhances PARP cleavage as well as activation of
caspases. The augmentation of TRAIL-induced
apoptosis was dependent upon heating tem-
peratures and TRAIL doses.

We also investigated the effect of pretreat-
ment with TRAIL in combination with
hyperthermia (428C) for 1 h on the time course
of apoptotic death which occurred subsequently
during various periods of incubation at 378C.
Figure 4 shows that apoptotic death gradually
increased when the incubation time was
increased. Combined pretreatment with TRAIL
and hyperthermia (428C) for 1 h facilitated
apoptotic death.

Effect of Hyperthermia on TRAIL Protein

Figure 1 clearly demonstrated that hyper-
thermia at 40–438C, but not at 45–468C,
promotes TRAIL-induced PARP cleavage. We
hypothesized that these differential effects
were due to inactivation of TRAIL protein
during hyperthermic treatment at 45–468C.
To examine this possibility, TRAIL protein was
heated at various temperatures (40–458C) for
1 h prior to treatment of CX-1 cells with TRAIL.
Figure 5 shows that there was no significant
difference in TRAIL-induced cytotoxicity result-
ing from different prior heating temperatures.
These results suggest that TRAIL protein is not
altered during hyperthermic treatment.

Fig. 2. Effect of hyperthermia (40–468C) on TRAIL-induced
proteolytic cleavage of PARP and activation of caspases in CX-1
(A), DU-145 (B), or MIA PaCa-2 (C) cells. Cells were exposed to
hyperthermia (40–468C) or normothermia in the presence of
50 ng/ml TRAIL for 1 h and then incubated for 3 h at 378C in the
presence of 50 ng/ml TRAIL. Cell lysates were subjected to
immunoblotting for caspase-8, -9, -3, or PARP. Antibody against
caspase-8 detects inactive form (55/54 kDa) and cleaved

intermediates (41, 43 kDa). Anti-caspase-9 antibody detects
both inactive form (48 kDa) and cleaved intermediate (37 kDa).
Anti-caspase-3 antibody detects inactive form (32 kDa) and
cleaved active form (17 kDa). Immunoblots of PARP show the
116 kDa PARP and the 85 kDa apoptosis-related cleavage
fragment. Actinwas used to confirm the equal amount of proteins
loaded in each lane.
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Effect of Post-Hyperthermic Treatment on
TRAIL-Induced Apoptosis

We examined whether hyperthermia modu-
lates the initiation or the process of TRAIL-
induced apoptosis. CX-1 cells were treated with

50 ng/ml TRAIL for 1 h and heated or unheated
for 1 h. Cells were then further incubated at
378C for 3 h. Results from Figure 6A show
that hyperthermia at 428C promoted TRAIL-
induced PARP cleavage as well as activation of
caspases. In contrast, hyperthermia at 468C

Fig. 3. Effect of hyperthermia (40–438C) on various concentra-
tionsof TRAIL-inducedapoptosis inhumancolorectal carcinoma
CX-1 cells. A: Cells were treated with various concentrations of
TRAIL (10–50 ng/ml) for 1 h at 378C or 428C and then incubated
for 3 h at 378C in the presence of TRAIL. The morphological
features were analyzed with a phase-contrast microscope.
B: Cells were exposed to hyperthermia (40–438C) or normother-
mia in the presence of various concentrations of TRAIL (10–

50 ng/ml) for 1 h and then treatedwith TRAIL for 3 h at 378C. Cell
survivalwas determinedby the trypan blue exclusion assay. Error
bars represent standard error of the mean (SEM) from three
separate experiments. C: Cells were harvested from (B) and cell
lysateswere subjected to immunoblotting for caspase-8, -9, -3, or
PARP as described in Figure 2. Actin was used to confirm the
amount of proteins loaded in each lane.

Fig. 4. Time course of apoptosis after treatment with TRAIL in the conditions of normothermia and
hyperthermia. CX-1 cells were treated with 50 ng/ml TRAIL at 428C or 378C for 1 h and then incubated for
various times (1–4 h) at 378C in the presence of TRAIL. The time course of PARP cleavage was assayed by
Western blot analyses as described in Figure 2.

624 Yoo and Lee



suppressed TRAIL-induced PARP cleavage and
activation of caspases. These results are similar
to Figures 1 and 2, in which TRAIL treatment
and heat were applied simultaneously. Inter-
estingly, when cells were washed after TRAIL
application but prior to hyperthermia, hyper-
thermia at 428C, but not at 468C, still augmen-
ted TRAIL-induced PARP cleavage (Fig. 6B).
These results suggest that hyperthermia mod-
ulates the process of TRAIL-induced apoptosis.

Effect of Hyperthermia and TRAIL on
Anti-Apoptotic Proteins and the

TRAIL Receptor Family

It is well known that the reduction of
intracellular anti-apoptotic molecules such as
FLIP, IAP-1, IAP-2, Bcl-2, and Bcl-XL sensitizes
TRAIL-resistant cancer cells to TRAIL. Thus,
we examined whether changes in the amounts
of anti-apoptotic proteins are associated with

Fig. 5. Heated TRAIL protein-induced apoptosis in CX-1 cells. TRAIL was heated for 1 h at various
temperatures (40–458C). Cells were treated with heated TRAIL (50 ng/ml) for 4 h and then cell lysates were
subjected to immunoblotting for PARP as described in Figure 2. Actin was used to confirm the amount of
proteins loaded in each lane.

Fig. 6. Effect of post-hyperthermic treatment on TRAIL-induced
apoptosis in CX-1 cells. A: Cells were treated with or without
TRAIL at 378C for 1 h and heated at 428C or 468C for 1 h and then
incubated at 378C for 3 h. Cell lysates were subjected to
immunoblotting for caspase-8, -9, -3, or PARP as described in

Figure2.Actinwasused to confirm theamountof proteins loaded
in each lane. B: Experiments were repeated (lanes 1–6) except
that cells were washed prior to hyperthermic or normothermic
treatment (lanes 7–9). PARP cleavage was detected as described
in Figure 2.
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the promotion by hyperthermia of apoptosis by
TRAIL. Data from Western blot analysis reveal
that the combined treatment did not signifi-
cantly alter the levels of FLIPL, FLIPS, IAP-1,
IAP-2, and Bcl-XL (Fig. 7A). Interestingly, there
is no detectable level of Bcl-2 in CX-1 cells.

It is also well known that TRAIL-induced
apoptotic signals are triggered by interaction
with two death receptors (DR4 and DR5). Such
signals may be blocked by antagonistic decoy
receptors (DcR1 and DcR2). Previous studies
also demonstrate that increased DR5 levels
induced by genotoxic agents are responsible
for increasing TRAIL cytotoxicity. Thus, we
examined whether treatment with TRAIL in
combination with hyperthermia affects the
level of TRAIL receptors. Data from Western
blot analysis revealed that the combined treat-

ment did not significantly alter the total cellular
levels of death receptors DR4 and DR5 as well as
decoy receptors DcR1 and DcR2 (Fig. 7B).

Effect of Hyperthermia on Caspase Activity

TRAIL-induced cell death is mediated
through caspase cascades. So we hypothesized
that promotion of caspase enzyme activities by
hyperthermia is responsible for enhancement of
TRAIL-induced apoptotic death. To test this
possibility, CX-1 cells were treated with TRAIL,
cell lysates were harvested, and then caspase
activity was measured during hyperthermia
(428C or 468C). Data from in vitro enzyme
kinetics assay demonstrated that hyperthermia
at both temperatures significantly promoted
caspase enzyme activity (Fig. 8A–C). These
results from in vitro enzyme kinetics assay

Fig. 7. Effect of hyperthermia on intracellular levels of anti-apoptotic proteins (A) or TRAIL receptors
(B) during treatmentwith TRAIL. CX-1 cellswere exposed to hyperthermia (40–468C) or normothermia in the
presenceof 50ng/mlTRAIL for 1h and then incubated for 3h at 378C in thepresenceof 50ng/mlTRAIL. Equal
amounts of protein (20 mg) were separated and immunoblotted as described inMaterials andMethods. Actin
was shown as an internal standard.
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somewhat contradicted our previous observa-
tions from cells that hyperthermia at 468C
inhibits rather than promotes TRAIL-induced
apoptosis (Figs. 1 and 2). These results suggest
that even though caspase enzyme activity is
thermodynamically enhanced during hyper-
thermia, biological responses are more compli-
cated than biochemical reactions.

Differential Effect of Hyperthermia on
TRAIL-Induced Apoptosis Is Mediated

Through Mitochondria

Previous studies demonstrated that apoptotic
signaling via a mitochondria-dependent path-
way plays an important role in TRAIL-induced
activation of caspases. We hypothesized that
the differential effect of hyperthermia is due to
differences in cytochrome c release from mito-
chondria. It is also well known that the
cytochrome c release from mitochondria acti-
vates various caspases during apoptosis (31–
33). Figure 9A shows that hyperthermia at 428C
promoted cytochrome c release. In contrast,
hyperthermia at 468C inhibited cytochrome c
release. We examined whether overexpression
of Bcl-2 inhibits cytochrome c release. This is
based on findings that overexpression of the

Bcl-2 gene inhibits mitochondria-dependent
apoptosis pathways and that overexpression of
the Bcl-2 gene also inhibits the enhancing effect
of hyperthermia, PARP cleavage, and caspase
activation [Li et al., 1997; Yang et al., 1997;
Pastorino et al., 1998]. Overexpression of Bcl-2
inhibited the promotive effect of hyperther-
mia on TRAIL-induced cytochrome c release
(Fig. 9B). These results suggest that hyperther-
mia promotes TRAIL-induced cytochrome c
release from mitochondria and the inclusion of
the involvement of the mitochondria-dependent
pathway may elucidate the enhancement of
TRAIL-induced cytotoxicity by hyperthermia.

DISCUSSION

IHP therapy as a treatment for liver meta-
static disease from colon cancer has been
developed since 1970 when the totally implan-
table hepatic artery pump became available.
Isolated perfusion delivering high doses of
chemotherapeutic agents, biological agents,
and hyperthermia via an isolated vascular
recirculating perfusion circuit effectively con-
trols local disease. In this study, we demon-
strate that TRAIL in combination with mild

Fig. 8. Effects of hyperthermia on caspase activity. CX-1 cells were treated with or without 200 ng/ml of
TRAIL for 2 h, and the cell lysates were prepared for caspase activity measurement. In order to measure the
activity of caspase-8 (A), caspase-9 (B), and caspase-3 (C), cell lysates were subjected to reaction at 378C,
428C, or 468C for 2 h. U, untreated cell lysates; T, TRAIL-treated cell lysates. Error bars represent the
mean� SE from three separate experiments.
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hyperthermia, which is clinically applicable,
effectively kills human colorectal carcinoma
CX-1 cells.

Previous studies reveal the synergistic effect
of hyperthermia on TNF- and/or interferon-g-
induced cytotoxicity [Srinivasan et al., 1990;
Klostergaard et al., 1992]. However, our stud-
ies have demonstrated differential effects of
hyperthermia on TRAIL-induced apoptosis.
Hyperthermia at 41–448C promotes TRAIL-
induced apoptosis by facilitating caspase activ-
ity; in contrast, hyperthermia at 45–468C
inhibits TRAIL-induced apoptosis (Fig. 2). The
latter observation is similar to a previous report
that heat shock protects cells from TRAIL-
induced apoptosis [Ozoren and El-Deiry,
2002]. However, in that case, cells were heated
prior to TRAIL treatment, so the resistance
to TRAIL may be due to the synthesis of anti-
apoptotic molecules such as HSP70 and HSP90.
It is well known that HSP70 and HSP90 interact
with Apaf-1, preventing efficient assembly of
the apoptosome [Beere et al., 2000; Pandey

et al., 2000; Saleh et al., 2000; Ran et al., 2004],
or antagonize the caspase-independent death
effector apoptosis inducing factor (AIF) [Ravag-
nan et al., 2001]. However, since heat shock at
45–468C inhibits protein synthesis for several
hours [Lee and Dewey, 1987], HSP70 and
HSP90 are not likely to be involved in inhibiting
TRAIL-induced apoptosis.

Data from Figure 9 show that hyperthermia
at 428C, but not at 468C, enhances TRAIL-
induced apoptotic death through a mitochon-
dria-dependent pathway. A fundamental ques-
tion is how hyperthermia has a dual effect
on TRAIL-induced apoptosis. Previous studies
suggest that, during the process leading to
cytochrome c release and consequent apoptosis,
truncated Bid is associated with Bax and
subsequently induces oligomerization of Bax.
The oligomerized Bax translocates from the
cytosol to the mitochondria and then integrates
into the outer mitochondrial membrane, where
it triggers cytochrome c release [Eskes et al.,
2000]. Hashimoto et al. [2003] reported that an
increase in intracellular Ca2þ is the important
initiating factor in hyperthermia-induced apop-
tosis. The generation of reactive oxygen species
and an increase in intracellular Ca2þ may lead
to an elevation of Bax level and produce Bax-
mediated mitochondrial apoptosis [Salah-Eldin
et al., 2003]. Hyperthermia also induces gra-
dual Bax translocation from the cytoplasm to
the nucleus [Zhao et al., 2006]. It is possible that
hyperthermia promotes or inhibits cytochrome
c release, dependent upon heating tempera-
tures, by differentially altering intracellular
Ca2þ concentrations and the translocation of
Bax. We believe that this model provides a
framework for future studies.
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