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Morphine is recommended as a first-line opioid analgesic in the
pain management of cancer patients. Accumulating evidence
shows that morphine has anti-apoptotic activity, but its impact
on the therapeutic applications of antineoplastic drugs is not well
known. The present study was undertaken to test the hypothesis
that morphine might antagonize the pro-apoptotic activity of DOX
(doxorubicin), acommonly used antitumour drug for the treatment
of neuroblastoma, in cultured SH-SYS5Y cells. In the present
study we demonstrated that morphine suppressed DOX-induced
inhibition of cell proliferation and programmed cell death in
a concentration-dependent, and naloxone as well as pertussis
toxin-irreversible, manner. Further studies showed that morphine
inhibited ROS (reactive oxygen species) generation, and preven-
ted DOX-mediated caspase-3 activation, cytochrome c release and
changes of Bax and Bcl-2 protein expression. The antioxidant

NAC (N-acetylcysteine) also showed the same effects as morphine
on DOX-induced ROS generation, caspase-3 activation and
cytochrome c¢ release and changes in Bax (Bcl-2-associated X
protein) and Bcl-2 protein expression. Additionally, morphine
was found to suppress DOX-induced NF-«B (nuclear factor xB)
transcriptional activation via a reduction of IkBe (inhibitor
of nuclear factor xB) degradation. These present findings
support the hypothesis that morphine can inhibit DOX-induced
neuroblastoma cell apoptosis by the inhibition of ROS generation
and mitochondrial cytochrome c¢ release, as well as by blockade
of NF-«B transcriptional activation, and suggests that morphine
might have an impact on the antitumour efficiency of DOX.

Key words: apoptosis, doxorubicin (DOX), morphine, nuclear
factor « B, reactive oxygen species, SH-SYSY cell.

INTRODUCTION

Pain relief is a fundamental and formidable task in the treatment
of cancer patients because most cancer patients have severe pain.
The great majority of these patients require orally administered
opioid analgesics for appropriate pain control [1]. Morphine has
been shown to be a potent opioid analgesic with the charac-
teristics of being the most widely available in a variety of oral
formulations, has several routes of administration and it avoids
the clinically relevant ceiling effect to analgesic. Therefore it
is recommended as a first-line analgesic in the WHO (World
Health Organization) Cancer Pain Relief Guidelines [2], and is
commonly used for the treatment of pain in patients with cancers.
In addition to the well-recognized analgesic effect, accumulating
evidence demonstrates morphine to have anti-apoptotic activity.
For example, morphine has been shown to delay normal cell
death in the avian ciliary ganglion [3], to protect astrocytes from
apoptosis triggered by apoptosis-promoting agents [4], and to
increase the proliferation of tumour cells [5-7], as well as to pro-
mote breast tumour growth [8]. Moreover, morphine has also
been reported to suppress lymphocyte apoptosis triggered by
actinomycin, a chemotherapeutic agent used for the treatment
of cancers [9]. Despite the widespread use of morphine to treat
pain in patients with cancers, little is known about the impact of
morphine on the therapeutic applications of antineoplastic drugs.

DOX (doxorubicin) is a broad-spectrum antitumour drug that
is widely used for the treatment of various cancers [10,11]. ROS

(reactive oxygen species) generation has been observed in a
variety of tumour cell systems following DOX treatment [12—
15]. ROS have been implicated in cell death regulation [16]. Not
only can apoptosis be induced by exposing cells to exogenous
oxidants [17], but also many chemical and physical agents, such
as anticancer drugs, capable of inducing cell death are known to
generate ROS. Therefore ROS derived from redox activation have
been proposed to be responsible for DOX-induced apoptosis [18].
NF-«B (nuclear factor «B) is a ubiquitous nuclear transcription
factor that plays a major regulatory role in the balance between
cell survival and apoptosis via expression of its target genes [19].
Previously, a growing body of evidence has shown that NF-
kB activation mediates DOX-induced apoptosis in a myriad of
cell systems [11,20-22]. These results demonstrate that NF-« B
activation and I« Be (inhibitor of nuclear factor ¥ B) degradation
are early events activated by DOX, and that NF-xB activation is
essential for the pro-apoptotic role of DOX. It has been reported
that ROS are involved in DOX-induced cytochrome c release and
caspase-3 activation [12—15] and NF-«B translocation [20].
Because cancer patients often need to be treated with morphine
and antineoplastic drugs such as DOX concurrently, it is important
to know whether the anti-apoptotic activity of morphine would be
harmful to the therapeutic efficiency of anticancer drugs against
tumour cells. Based on the evidence that morphine inhibits NF-
kB activation [23,24], and displays anti-apoptotic activity as
mentioned above, we hypothesized that morphine would attenuate
the ability of DOX to induce apoptosis. Therefore the present
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study was undertaken to test the hypothesis using the cultured
neuroblastoma line SH-SYS5Y cells as a model to detect the pos-
sible effects of morphine on DOX-induced apoptosis. In the pre-
sent study we report that morphine inhibited the pro-apoptotic
activity of DOX through partial suppression of DOX-induced
ROS generation, mitochondrial cytochrome c release and NF-«B
transcriptional activation. These findings suggest the need for
further study into the effects of morphine on patients receiving
chemotherapeutic agents such as DOX for the treatment of cancer.

MATERIALS AND METHODS
Reagents

Morphine hydrochloride was purchased from Qinghai Pharma-
ceutical General Factory. SRB (sulforhodamine B), DCFH,-DA
(2,7-dichlorodihydrofluorescein diacetate), HE (hydroethidine),
NAC (N-acetylcysteine), DAPI (4',6-diamidino-2-phenylindole),
DOX, AnnexinV-FITC/PI (propidium iodide) apoptosis detection
kit and an anti-8-actin antibody were purchased from Sigma-—
Aldrich. Anti-Ik B, anti-NF-xB and anti-caspase-3 antibodies
were supplied by Santa Cruz Biotechnology. Anti-Bcl-2, anti-
Bax, anti-(cleaved caspase-3) and anti-(cytochrome c) antibodies
were from Cell Signaling.

Cell culture

Human SH-SY5Y neuroblastoma cells were cultured in
Dulbecco’s modified Eagle’s medium and F-12 medium (1:1,
Gibco) with 10% (v/v) fetal bovine serum, and maintained at
37°C with 95 % humidified air and 5% CO,. All experiments
were performed using logarithmically growing cells.

Cell viability assay

Cell viability was determined using the SRB assay [25]. Briefly,
cells were plated at a density of 1 x 10* cells/well in 96-well
plates and incubated overnight, and were then treated for 48 h
with either vehicle or various concentrations of DOX (1-4 uM)
in the absence or presence of increasing concentrations of
morphine (50-400 M). Morphine was added 1 h before DOX
administration. At the end of treatment, cells were fixed with
10 % (v/v) trichloroacetic acid, stained with 0.4 % SRB solution,
and the plate was read in a microplate reader at 520 nm
(VERSAmax; Molecular Devices). Analysis was performed on
triplicate wells, and the data presented is representative of three
independent experiments.

Apoptosis assay

Apoptotic cells were quantified using an AnnexinV-FITC/PI kit
and FACSCalibur flow cytometry as described previously [26].
Cells were plated at a density of 2 x 10° cells/well in six-well
plates and incubated overnight, and were then treated with either
vehicle or4 1M DOX in the absence or presence of morphine (50—
200 uM). Morphine was added 1 h before DOX administration.
After 48 h of treatment, cells were washed with DPBS, detached,
collected and resuspended in 500 il of binding buffer [10 mM
Hepes (pH 7.5), 2.5 mM CaCl, and 140 mM NacCl], and incubated
with 1 pg/ml Annexin V-FITC and 2 pg/ml PI for 10 min in the
dark, then flow cytometric analysis was performed. A total of
10000 cells were acquired per sample, and data were analysed
using CellQuest software (BD PharMingen). Cells in the early
stages of apoptosis were Annexin V positive; whereas, cells
that were Annexin V and PI positive were in the late stages of
apoptosis.
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H,0; and 0,°~ assay

Cells were seeded in six-well plates at 2 x 10° cells/well and
incubated overnight, and were then either treated with 4 uM DOX
for arange of times from 1-48 h, or treated with 4 M DOX in the
presence of 200 uM morphine or 5 mM NAC for 24 h, or treated
with vehicle (used as a control). Accumulation of intracellular
0, and H,0, was determined with the probes HE and DCFH,-
DA respectively, as described previously [27,28]. At the end of
treatment, cells were incubated with 5 uM HE or 10 uM DCFH,-
DA for 20 min at 37°C in a humidified atmosphere with 5 %
CO,. The fluorescence intensity (HE, FL-2 channel; DCFH,-DA,
FL-1 channel) was measured by flow cytometry, and the data were
analysed using CellQuest software.

Western blot analysis

Cells were seeded in 100-mm diameter dishes at 8 x 10° cells/dish
and incubated overnight, and were then either treated with vehicle,
200 uM morphine, 5 mM NAC or 4 uM DOX alone, or treated
with 200 ©M morphine, 5 mM NAC in the presence of 4 uM DOX
for 12 or 48 h. After treatment, cells were washed twice with cold
PBS and solubilized in lysis buffer [SO mM Tris/HCI (pH 8.0),
150 mM NaCl, 0.1 % SDS, 0.5 % sodium deoxycholate, 0.02 %
Na;N, 1% Nonidet P40, 1 mM PMSF and 2 pug/ml aprotinin).
Protein concentrations were determined by the Lowry method
[28a]. Protein samples (30 ng) were separated by SDS/PAGE
(12% gels) and transferred on to a nitrocellulose membrane
(Amersham Biosciences). The membrane was incubated with
anti-caspase-3, anti-(cleaved caspase-3), anti-Bcl-2, anti-Bax,
anti-Ik Bae or anti-f-actin as primary antibodies diluted in 5 %
non-fat milk in PBS with 0.1 % Tween 20, followed by incubation
with horseradish peroxidase-conjugated IgG (Calbiochem) as the
secondary antibody. Visualization was carried out using an ECL®
(enhanced chemiluminescence) kit (Amersham Biosciences).

Analysis of cytosolic cytochrome ¢

Cells were seeded in 100-mm diameter dishes at 8 x 10° cells/dish
and incubated overnight, and were either treated with 4 uM
DOX alone or treated with 4 uM DOX in combination with
200 uM morphine or 5 mM NAC for 48 h. Cytochrome c release
from mitochondria into the cytosol was measured by Western
blot analysis, as described previously [14]. Briefly, cells were
harvested by centrifugation at 1000 g for 10 min at 4°C. The cell
pellets were washed twice with ice-cold PBS and resuspended
with 5 vol of lysis buffer [20 mM Hepes-KOH (pH 7.5), 10 mM
KCl, 1.5 mM MgCl,, 1.0 mM sodium EDTA, 1.0 mM sodium
EGTA, 250 mM sucrose and 500 pg/ml digitonin), supplemented
with 0.1 mM PMSF and 10 mg/ml aprotinin. After incubation
on ice for 5 min, the cells were homogenized and centrifuged at
1000 g for 10 min at 4°C. The supernatants were centrifuged
at 12000 g for 15 min at 4°C. The supernatant was collected
and added to an equal volume of 2 x SDS sample buffer
[100 mM Tris/HCl (pH 6.8), 4% SDS, 20 % glycerol, 0.2 %
Bromophenol Blue and 200 mM dithiothreitol]. The cytosolic
extract was separated by SDS/PAGE (12 % gels), transferred on to
a nitrocellulose membrane, and incubated with antibodies against
cytochrome c.

NF-«B translocation assay

NF-«B translocation was visualized using laser scanning confocal
microscopy [29]. Briefly, SH-SYSY cells grown on glass
coverslips were pretreated with 200 M morphine or 5 mM NAC
for 1h, and then treated with 4 uM DOX for 16 h. Thereafter,
cells were fixed at room temperature (25°C) with 4% (w/v)
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Figure 1 Morphine protectes SH-SY5Y cells from DOX-induced cell death

() Cells were treated with various concentrations of DOX for 48 h in the absence or presence
of an increasing concentration of morphine (Mor), and cell viability was determined using the
SRB assay as described in the Materials and methods section. (B) Cells were treated with 4 M
DOX in the presence of increasing concentrations of morphine (Mor) for 48 h, and the apoptotic
cells were detected by flow cytometry as described in the Materials and methods section.
Values are expressed as a percentage of the untreated control cell samples and represented as
means + S.E.M. for at least three independent experiments performed in triplicate. *P < 0.05
and **P < 0.01 compared with DOX respectively.

paraformaldehyde/PBS for 20 min, then permeabilized at room
temperature by 0.2 % (v/v) Triton X-100/PBS for 10 min and
blocked with 1 % BSA/PBS for 1 h. The cells were then incubated
at 37°C with a mouse anti-NF-«B p65 monoclonal antibody for
1 h. After washing slides with 0.1 % Tween 20-PBS, the cells
were incubated with an Alexa Fluor® 488 conjugated anti-mouse
secondary antibody (Molecular Probes) for 1 h at 37 °C. The cells
were then co-stained with DAPI in the dark. Scanning images were
recorded with a laser confocal microscope (Leica Microsystems).

Statistical analysis

Data are presented as the means = S.E.M. Statistical differences
were determined by ANOVA followed by post-hoc analysis for
multiple comparisons or the Student’s ¢ test.

RESULTS
Morphine inhibits DOX-induced cytotoxicity and apoptosis

To determine the possible effect of morphine on the pro-apoptotic
activity of DOX, SH-SYSY cells were treated with DOX in the
absence or presence of morphine. Cell viability was detected using
the SRB assay. As shown in Figure 1(A), DOX alone substantially
affected cell survival, whereas in the presence of morphine, cell
viability was significantly enhanced in a concentration-dependent
manner, indicating that morphine was able to inhibit cell death
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Figure 2 Morphine antagonizes DOX-mediated enhancement of intercel-
lular 0,°~ and H,0, levels in SH-SY5Y cells

(A) Cells were treated with 4 .M DOX for the indicated time periods, and the intracellular O,
and H,0, levels were detected by flow cytometry using 5 «M HE and 10 «M DCFH,-DA
as fluorescent probes as described in the Materials and methods section. The Figure is
representative of four independent experiments yielding similar results. (B and C) Cells were
treated with either 4 .«M DOX alone or with 4 ..M DOX in combination with 200 .M morphine
(Mor) for 24 h, and then the intracellular 0,*~ and H, 0, levels were detected. (B) Representative
image of five independent experiments yielding similar results. (C) Quantification of 0*~
and H,0, generation. Values are means + S.E.M. for at least three independent experiments
performed in triplicate (* P < 0.01 compared with control; *P < 0.05and **P < 0.01 compared
with DOX alone).

induced by DOX. Moreover, inhibition of the pro-apoptotic acti-
vity of DOX by morphine was further examined by an Annexin
V/PI double staining assay. As shown in Figure 1(B), morphine
was able to inhibit DOX-induced apoptosis in a concentration-
dependent manner, with 50, 100 and 200 ©M morphine inhibiting
apoptosis by 26 %, 39 % and 53 % respectively, which confirms
the results obtained using the SRB assay.

Morphine inhibits DOX-induced ROS generation

ROS generation has been demonstrated to be responsible for
DOX-induced apoptosis [13,30,31]. To determine whether ROS
is the mediator for DOX-induced apoptosis in SH-SYSY cells, the
cells were treated with 4 uM DOX for various times, as indicated
in Figure 2. Intracellular O,*~ and H,0O, levels were assessed by
staining cells with HE and DCFH,-DA respectively, as described
previously [28]. As shown in Figure 2(A), treatment of cells with
DOX stimulated a significant increase in O,*~ and H,O, levels.
An increase in ROS was detected as early as 3 h after DOX
incubation, and the maximal enhancement was detected within
24 h and 36 h for O,*~ and H,O, respectively. Next, the effect
of morphine on DOX-induced ROS generation was examined.
When 200 M morphine was present in conjunction with 4 uM
DOX for 24 h, the generation of O,*~ and H,0, was significantly
decreased by 24 % and 35 % respectively, compared with DOX
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Figure 3 Morphine inhibites DOX-induced caspase-3 activation, cyto-
chrome c release and changes in Bax and Bcl-2 protein levels in SH-SY5Y
cells

Cells were treated with either 4 ..M DOX alone or with 4 ..M DOX in combination with 200 ..M
morphine (Mor) for 48 h. Extracts from cells were subjected to SDS/PAGE (12 % gels) and
immunoblotted with (A) anti-procaspase-3 or anti-(cleaved caspase-3); (B) anti-cytochrome
¢ and (C) anti-Bax or anti-Bcl-2 antibodies. Cytochrome ¢ was isolated from the cytosol and
measured by Western blotting as described in the Materials and methods section. Anti-actin
antibodies were used as a control for equal loading.

alone (Figures 2B and 2C), indicating that morphine attenuated
DOX-induced ROS generation.

Morphine inhibits DOX-induced caspase-3 activation, cytochrome ¢
release and changes in the protein levels of Bax and Bcl-2

Mitochondria are a major source of the generation of ROS and
also serve as the target of ROS during the apoptotic process [32].
To examine the molecular mechanism of morphine against DOX-
mediated apoptosis, the effects of morphine on DOX-induced
caspase-3 activation, cytochrome c release and the changes in
the protein levels of Bax and Bcl-2 were determined using
Western blot analysis. First, to confirm activation of caspase-3,
the cleavage of procaspase-3 to its subunits was assessed. As
shown in Figure 3(A), treatment of the cells with 4 uM DOX for
48 h induced the cleavage of procaspase-3 (32 kDa) to its 17- and
19-kDa subunits in these cells. However, cleavage of procaspase-3
to its subunits could be dramatically inhibited in cells treated with
DOX in the presence of morphine, indicating that DOX-activated
caspase-3 and that this activation could be prevented by morphine.

The release of cytochrome ¢ from mitochondria to the cytosol
is essential for caspase-3 activation [33]. Next, the effect of DOX
treatment on cytochrome c release was examined. The cytosolic
fractions from cells were isolated, and the presence of cytochrome
¢ was detected using an anti-cytochrome c¢ antibody. Treatment
of cells with DOX for 48 h led to large amounts of cytochrome ¢
release into the cytosol compared with control cells. However, in
the presence of morphine DOX was unable to induce significant
cytochrome c release (Figure 3B).

Bcl-2 family proteins play an important role in regulating
cytochrome ¢ release and caspase-3 activation. Bcl-2, an anti-
apoptotic protein, prevents the release of cytochrome ¢ from
mitochondria, whereas Bax, a pro-apoptotic protein, promotes
the release of cytochrome ¢ from mitochondria. Therefore the
effects of treatment with DOX on the protein levels of Bcl-2 and
Bax were further assessed. As shown in Figure 3(C), treatment of
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Figure 4 Morphine inhibites DOX-mediated degradation of lxBa in SH-
SY5Y cells

(A) Cells were treated with 4 ..M DOX for increasing time periods as indicated. Total cell lysates
were resolved by SDS/PAGE (12 % gels) and then immunoblotted to detect lxBe. (B) SH-SY5Y
cells were treated with 4 .M DOX for 12 h in the absence or presence of 200 «M morphine
(Mor), and then harvested for Western blot analysis. The image is a representative immunoblot
for Ik Bee from three independent experiments yielding similar results. Anti-actin antibodies were
used as a control for equal loading.

cells with DOX induced a marked decrease in the protein level
of Bcl-2 and a robust increase in the protein level of Bax. When
morphine was co-administered with DOX, it was able to inhibit
the DOX-induced reduction of Bcl-2 protein and enhancement
of Bax protein. Morphine itself had no significant impact on
caspase-3 activation, cytochrome c release and the changes in the
levels of Bcl-2 and Bax proteins.

Morphine inhibits DOX-induced l«Bo degradation and NF-«B
translocation

Previous studies have demonstrated that NF-«B plays a pro-
apoptotic role in DOX-induced apoptosis in tumour and endo-
thelial cells [11,20,21]. To study whether the inhibitory effects
of morphine on DOX-induced apoptosis could be related to
the inhibition of NF-xB activation, the effects of morphine on
DOX-induced I«Ba degradation and NF-«B translocation were
examined. IxBa degradation plays a key role in mediating acti-
vation of the transcription factor NF-«B [34]. First, Ik B degrad-
ation was determined following treatment with DOX for various
times. As shown in Figure 4(A), treatment of SH-SYS5Y cells
with 4 uM DOX yielded a significant decrease in IkBa levels
after 6 h, with a maximal reduction at 48 h. Next, the effect of
morphine on Ik Ba degradation induced by DOX was examined.
As shown in Figure 4(B), treatment of the cells with4 M DOX in
the presence of 200 M morphine over 12 h markedly decreased
DOX-induced IxBa degradation.

To examine the effect of morphine on DOX-induced trans-
location of NF-«B to the nucleus, the immunofluorescence of p65
protein was observed by confocal microscopy, which provides a
visual detection of the location of NF-«B in SH-SY5Y cells. In
the cells not treated by DOX, NF-« B resides predominantly in the
cytoplasm (Figure 5, panel labelled ‘Con’). After a 16 h treatment
with 4 uM DOX, the translocation of NF-«B from the cytoplasm
to nuclei was apparent, which was monitored by tracking a strong
white fluorescence in the nuclei. However, the translocation of
NF-«B into nuclei was inhibited in the presence of morphine
(Figure 5).

NAC inhibits DOX-mediated ROS generation, caspase-3 activation
and cytochrome c release, but does not affect l«xBo: degradation
and NF-«B translocation induced by DOX

Antioxidants such as NAC and glutathione have been reported
to inhibit anticancer drugs such as anthracyclines (daunorubicin)
or DOX-induced tumour cell apoptosis [35,36]. To confirm the
protective mechanism of morphine on DOX-induced apoptosis,
the effects of NAC on DOX-mediated ROS generation, caspase-3
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Figure 5 Morphine inhibites DOX-induced NF-«B p65 translocation in SH-
SY5Y cells

SH-SY5Y cells grown on glass coverslips were pretreated with 200 .M marphine (Mor) for
1h, and then treated with 4 ..M DOX for 16 h. After treatment, cells were immunostained and
visualized as described in the Materials and methods section. The images are representative of
three independent experiments yielding similar results. Green, NF-« B p65; dark blue, nucleus;
white, NF-«B p65 in the nucleus. Values are means + S.E.M. for three independent experiments
(**P < 0.01 compared with control; **P < 0.01 compared with DOX).

activation and cytochrome c release were determined. Similar to
the effect of morphine administration, addition of exogenous NAC
also greatly decreased DOX-stimulated intracellular generation
of O,*~ and H,0, (Figure 6A), and dramatically blocked DOX-
induced caspase-3 activation and cytochrome c release from mito-
chondria (Figures 6B and 6C). These results support the notion
that the protective effects of morphine might be related to its
inhibitory effects on ROS generation.

Because ROS have been viewed previously as general mes-
sengers for signal-induced NF-«B activation [20,37], we further
studied whether DOX-induced NF-«B activation and transloca-

tion was associated with ROS generation. Surprisingly, concurrent
treatment of cells with NAC and DOX for 12 h had no effect
on the DOX-induced decrease in I« Ba protein expression levels
(Figure 6D). Moreover, NAC also did not block the DOX-
induced translocation of NF-«B from the cytoplasm to nuclei
after 16 h incubation (Figure 6E). These data indicate that ROS
were probably not involved in DOX-mediated NF-« B activation
and suggest that inhibition of the IxBa degradation and NF-
kB translocation by morphine might not be associated with its
inhibitory effect on ROS generation.

DISCUSSION

In the present study, we demonstrated that morphine was able
to inhibit DOX-mediated cytotoxicity and apoptosis in a dose-
dependent manner. The underlying mechanisms are associated
with the reduction of DOX-induced apoptosis by the inhibition
of ROS generation and mitochondrial cytochrome c release, and
blockade of NF-«B transcriptional activation. This occurred at
concentrations that could be achieved as a result of orally ad-
ministered morphine for pain control by cancer patients [1,2].

ROS generation is viewed as one of the main mechanisms
of anthracycline cytotoxicity [18]. It has been demonstrated that
daunorubicin- and DOX-induced apoptosis can be blocked by
antioxidants, such as curcumin, NAC and glutathione [15,35,36].
To evaluate possible mechanisms responsible for morphine
inhibition of apoptosis, we first studied ROS generation and found
a significant increase in O,*~ and H,0, levels in cells treated
for various times with DOX. Morphine effectively suppressed
ROS accumulation in the DOX-treated SH-SYSY cells. We
further demonstrated that morphine suppressed DOX-induced
caspase-3 activation, cytochrome c¢ release and changes in Bax
and Bcl-2 protein expression. The inhibition of ROS generation
by morphine was correlated with its inhibitory effects on DOX-
induced alterations of caspase-3 activation, cytochrome c release
and changes in Bax and Bcl-2 protein expression levels, indicating
that ROS might be a mediator for DOX-induced apoptosis, and de-
creases in ROS production might lead to inhibition of DOX-
induced apoptosis in SH-SYSY cells. The role of ROS as a
mediator for DOX-induced apoptosis was further confirmed
by treatment of cells with NAC, an exogenous thiol antioxidant.
Pretreatment of cells with NAC also significantly attenuated
DOX-induced ROS production, caspase-3 activation and cyto-
chrome c¢ release. Many reports have demonstrated that
cytochrome c-dependent caspase-3 activation is an important
mechanism responsible for ROS-induced apoptosis in vivo and
in vitro [38]. The findings of the present study support the
hypothesis that morphine suppresses DOX-induced apoptosis by,
at least in part, blocking DOX-induced ROS formation, thereby
leading to a decrease in cytochrome c release and attenuation of
caspase-3 activation.

Besides causing apoptosis by ROS generation, DOX can in-
duce apoptosis via several other mechanisms including the
formation of ceramide [36], up-regulation of p53 function [39] and
activation of NF-«B [11,20-22]. NF-«B is a ubiquitous nuclear
transcription factor that plays a major regulatory role in apoptosis
and inflammation. It resides in an inactive state in the cytoplasm
as a heterotrimer consisting of p50, p65 and the inhibitory subunit
of NF-«B (I« Ba) [40]. Upon exposure of cells to cytotoxic agents
including ligands of the cell surface death receptors such as
tumour necrosis factor and Fas, and to genotoxic agents as well
as chemotherapeutic drugs, I« Ba subsequently undergoes phos-
phorylation, ubiquitination and degradation, causing the release
and translocation of the NF-xB complex into the nucleus [41].
Activated NF-«B then binds to specific DNA sequences in
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Figure 6 Effects of NAC on DOX-triggered cell death signalling
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Cells were treated with 4 .«M DOX in the absence or presence of 5 mM NAC for different time periods (24 h for ROS, 48 h for cytochrome ¢, 12 h for IxBa and 16 h for NF-«B p65 respectively) and
then the amount of intracellular ROS, caspase-3, cytochrome ¢, leBa and NF-«B p65 were determined as described in the Materials and methods section. (A) NAC inhibited DOX-mediate ROS
generation. Values are means + S.E.M. for three independent experiments (* P < 0.01 compared with control; **P < 0.01 compared with DOX alone). (B) NAC inhibited DOX-mediated caspase-3
cleavage. (C) NAC inhibited DOX-mediated enhancement of cytosolic cytochrome ¢ levels. (D) NAC failed to inhibit DOX-mediated l«Ber degradation. (E) NAC was unable to inhibit DOX-mediated
NF-«B p65 translocation. The images are representative of three independent experiments yielding similar results. Green, NF-«B p65; dark blue, nucleus; white, NF-«B p65 in the nucleus.

promoters and thus regulates the expression of a number of genes
which mediate the inflammatory response, apoptosis and carcino-
genesis. Although a body of studies has documented NF-«xB as
an anti-apoptotic molecule [42,43], it has been also demonstrated
to play a key role in mediating DOX-induced apoptosis in various
cancer cells [11,20-22]. Since ROS serve as an upstream mediator
for activation of NF-«B [20,37], and morphine inhibits NF-
kB [23,24], we further studied whether inhibition of NF-«B
activation and translocation is also implicated in the mechanism
of morphine antagonism of DOX-induced apoptosis. Indeed, the
present data demonstrated that DOX induced IxBo degradation
and NF-«B transcriptional activation prior to cell death, as has
been reported previously [11]. Morphine significantly inhibited
IxBo degradation and NF-«B translocation into nuclei induced
by DOX in SH-SYS5Y cells. Distinct from the observations in other
cell systems that ROS generation leads to the activation of NF-
kB [20,44], we found that NAC, an antioxidant, has no significant
effect on DOX-mediated I« B degradation and NF-«B activation
and translocation, suggesting that ROS formation might not be
responsible for DOX-induced NF-«B activation in SH-SY5Y
cells. The tumour suppressor p53 has been reported to cause
NF-«B activation in cells that express wild-type p53 [45]. SH-
SYS5Y cells contain wild-type p53, and DOX has also been shown
to increase p53 levels in SH-SYSY cells [46]. Activation of p53,
which in turn promotes apoptosis by activation of NF-«B, has
been found in other tumour cells treated with DOX [20]. Efforts
are underway in our laboratory to determine whether p53- and
ceramide-dependent mechanisms are implicated in DOX-induced
NF-«B activation in SH-SYS5Y cells.

In addition, this inhibitory effect of morphine was not anta-
gonized by the opioid antagonist naloxone across a range of
concentrations from 1 to 100 M, and by the G-protein inhibitor
pertussis toxin at the concentrations of 10 and 100 ng/ml (results

© The Authors Journal compilation © 2007 Biochemical Society

not shown). It is generally believed that at concentrations of
naloxone and pertussis toxin as employed in the present study, a
classical morphine response mediated by opioid receptors would
be suitably blocked. The results suggest that the typical opioid
receptor-coupled signalling cascade is not involved.

Taken together, the present study provides the first evidence
that morphine significantly suppresses DOX-induced apoptosis
through inhibition of ROS accumulation and mitochondrial cyto-
chrome c release, and blockade of NF-«B transcriptional acti-
vation in SH-SY5Y cells.
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