
Abstract. Polyamines such as spermine, spermidine and
putrescine are necessary for cell proliferation and are detected
at higher concentrations in most tumor tissues, compared to
normal tissues. The amine oxidase enzymes can generate
cytotoxic products such as hydrogen peroxide and aldehydes
from these polyamines. This study investigates the mechanisms
of cell death in B16-F0 mouse melanoma tumor cells exposed
to bovine serum amine oxidase and exogenous spermine. The
bovine serum amine oxidase/spermine enzymatic system
induced inhibition of cell proliferation in B16-F0 melanoma
cells and cell death by both apoptotic and necrotic processes.
Bovine serum amine oxidase or spermine, alone, did not
induce cytotoxicity or cell death by apoptosis, indicating that
the enzymatic reaction products were responsible. Catalase
and NAD-dependent aldehyde dehydrogenase, inhibitors of
hydrogen peroxide and aldehydes, respectively, decreased cell
death by apoptosis and necrosis. This further confirms that
the cytotoxic products are responsible for causing cell death.
Use of inhibitors of different caspases showed that melanoma
cells were sensitive to processes involving caspase-3 and -9,
but were insensitive to caspase-6. Bovine serum amine oxidase
in the presence of spermine could be useful as a promising
new tool for anticancer treatment by the selective generation
of toxic compounds from polyamines in tumors. 

Introduction

The polyamines spermine, spermidine and putrescine are
ubiquitous cell components, which are essential for cell pro-
liferation and differentiation (1). If they accumulate excessively
within cells, either due to very high extracellular amounts or
deregulation of the systems that control polyamine homeostasis,
they can induce toxic effects (2). These molecules are substrates
of a family of enzymes, the amine oxidases, that includes
copper containing amine oxidases isolated from serum (3).
These enzymes are important because they contribute to
regulating the levels of monoamines and polyamines (4).
Amine oxidases catalyze the oxidative deamination of poly-
amines to generate the reaction products hydrogen peroxide
and aldehyde(s) (3). Such toxic products are able to induce
stress-activated signal transduction pathways, leading to cell
death, necrosis or apoptosis, in several cultured tumor cell
lines (5-7). The diversity between normal and tumor cells is
related to polyamine content and metabolism. Polyamine
concentrations are high in growing tissues such as tumors of,
for example, the breast and colon (8), compared to normal
tissues. These increased levels can be explained by enhanced
putrescine synthesis by ornithine decarboxylase (ODC) and
increased uptake of polyamines (9). It was reported that
depletion of polyamines led to the inhibition of tumor growth
(4). 

During the past decades, considerable research has been
devoted to the discovery of new and more effective agents for
clinical antitumor therapy, involving the polyamine pathway
(4,10-14). This research explores the possibility of using
purified bovine serum amine oxidase (BSAO), in the presence
of exogenous spermine or endogenous polyamines, to induce
cytotoxicity, after injection of the enzyme into the tumor
(15). BSAO (EC 1.4.3.6) is a copper-containing glycoprotein
weighing 170 kDa, which oxidatively deaminates the primary
amino groups of polyamines, such as spermine and spermidine.
The reaction involves dioxygen and water as substrates (16).
The products are H2O2, aldehydes and ammonia (16,17). In the
case of spermine, the monoaldehyde, the unstable dialdehyde
intermediate [N,N'-bis(3-propionaldehyde)-1,4-butanediamine],
and a further breakdown product, likely to be acrolein, may
be formed (18,19). Taking into account the higher levels of
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polyamines in tumor tissues (9,16), BSAO could be delivered
to tumors and used to generate cytotoxic molecules from
spermine and spermidine in situ, leading to a promising new
treatment for the destruction of tumors by enzymotherapy.

It was previously reported that purified BSAO and
spermine, in causing cytotoxicity, can induce inhibition of
cell proliferation and severe glutathione depletion in Chinese
hamster ovary (CHO) cells (20,21). The cytotoxic effect
induced by spermine and BSAO appeared to be mediated
by the oxidation products, H2O2 and aminodialdehyde or
acrolein. In our experimental conditions, H2O2 was the main
factor causing cytotoxicity in cells, since the addition of
catalase provided almost complete protection against cell
killing. The residual cytotoxicity was attributed to the other
reaction product, aminodialdehyde or acrolein. We previously
demonstrated that the simultaneous presence of exogenous
enzymes, catalase and NAD-dependent aldehyde dehydro-
genase (ALDH), completely inhibited cytotoxicity (6,22).

The development of multidrug-resistant (MDR) tumor cells,
following exposure to cytotoxic drugs, is a major obstacle of
conventional anticancer chemotherapy. Considering previous
observations in P-glycoprotein overexpressing MDR CHO
cells (23) and human cancer cells (6,7,24,25), our results
demonstrate that MDR cells are significantly more sensitive
than the corresponding wild-type (WT) cells to H2O2 and
aldehyde(s), the products of BSAO-catalyzed oxidation of
spermine, suggesting a possible new strategy against MDR
tumors. However, the mechanisms by which BSAO causes cell
death in the presence of spermine are not entirely understood.

Physiologically, apoptosis is an integral part of embryonic
development and the regulation of organ homeostasis. There
are two main processes by which cells die: apoptosis or
necrosis (26). Apoptosis is a highly regulated process involving
numerous genes and proteins. Apoptotic mechanisms are also
exploited for tumour therapy (2). An early morphological
event in apoptosis is the loss of plasma membrane asymmetry,
resulting in exposure of phosphatidylserine (PS) at the outer
membrane leaflet (27). Caspases are proteolytic enzymes,
which play an important role during apoptosis. They are divided
into initiator (caspase-2, -8 and -9) and effector (caspase-3, -6
and -7) groups (28). The effector caspases cleave various
protein substrates in the cell, leading to morphological and
biochemical features characteristic of apoptosis. During later
stages of apoptosis, internucleosomal degradation of DNA
occurs, blebs appear on the cell membrane and the cell
subsequently breaks down into apoptotic bodies, which are
engulfed by phagocytic cells, thus avoiding inflammatory
damage to surrounding tissues. However, severe changes of
the mitochondrial structure, such as dilatation of the cristae
and disruption of membranes with characteristic morphological
changes, are common features of necrosis. Necrosis involves
cellular swelling and leakage of cell contents into surrounding
tissues, provoking inflammation and tissue damage.

Given that polyamine concentrations are high in growing
tissues such as tumors (9,16), this research explores the
possibility of using purified BSAO to produce toxic products,
which are able to induce a cytotoxic effect in mouse melanoma
B16-F0 cells, human hepatocellular carcinoma HepG2 cells and
human cervical carcinoma HeLa cells. This study investigates
the mechanism(s) of cell death induced by spermine in the

presence of purified BSAO in vitro. The objective is to
determine whether, in our experimental conditions, mouse
melanoma tumor cells die by apoptosis and/or necrosis, when
exposed to H2O2 and aldehyde(s) formed by the BSAO/
spermine enzymatic system. We also examined whether
inhibitors of the cytotoxic reaction products, catalase and/or
ALDH, can inhibit cell death. Moreover, the involvement
of different caspases in cell death caused by spermine and
BSAO was evaluated using inhibitors of different caspases. 

Materials and methods

Tissue culture. B16-F0 cells (ATCC #CRL-6322) were grown
in Dulbecco's modified Eagle's medium (Invitrogen Canada,
Burlington, ON) containing 10% fetal bovine serum (FBS)
(Invitrogen Canada), 4 mM L-glutamine, 4.5 g/l glucose,
1.0 mM sodium pyruvate and 1% penicillin (50 U/ml)-
streptomycin (50 μg/ml), supplemented with hydrocortisone
(1.4 μM), insulin (10 μg/ml), apo-transferrin (10 μg/ml) and
epidermal growth factor (10 ng/ml) (Sigma Chemical Co,
St. Louis, MO) (15). HepG2 cells (ATCC #HB-8065) were
cultured in minimum essential medium (Invitrogen Canada)
with Earle's salts, 2 mM L-glutamine, 1 mM sodium pyruvate,
0.1 mM non-essential amino acids and 10% FBS. HeLa
cells (ATCC #CCL-2) were cultured in Dulbecco's modified
Eagle's medium, 10% FBS, non-essential amino acids (0.1 mM)
and antibiotics. Tumor cells were grown to near confluence
in a humidified atmosphere of 5% CO2 in a water-jacketed
incubator at 37˚C and were then incubated for 24 h with fresh
culture medium (15). Confluent cells were harvested using
0.25% (w/v) trypsin-0.02% (w/v) EDTA solution, centrifuged
(1000 x g, 3 min) and resuspended in PBS containing 1%
BSA and 10 mM glucose for experimental studies. 

Purification of BSAO. Bovine blood was withdrawn at a
slaughterhouse and mixed with 3.8% sodium citrate solution
(an anticoagulant) and then treated according to Turini et al
(29) to purify the enzyme amine oxidase. The following
modifications were made to the method: a) a CM-Cellulose
column, equilibrated with phosphate buffer (0.01 M) at pH 5.8,
to remove haemoglobin, followed by b) an AE-Agarose
column, in phosphate buffer (0.01 M) at pH 7.2 to eliminate
ceruloplasmin. Finally, two ionic exchange chromatographies
were performed using a Q-Sepharose column, in phosphate
buffer (0.025 M) at pH 6.8 and a Q-Sepharose column, in
phosphate buffer (0.02 M) at pH 8.0, according to Janes et al
(30). The enzyme was eluted and highly purified with an
NaCl gradient. All purification steps were carried out in a
cold room, at 4˚C.

Cytotoxicity assay. The colony survival assay measures the
ability of cells to proliferate and form macroscopic colonies
following exposure to cytotoxic treatments (31). Freshly
harvested B16 and HepG2 cells (105/ml) were incubated with
BSAO (6.0 mU/ml) and spermine (0-50 μM), either with or
without catalase (300 U/ml), for 1 h at 37˚C. The cells were
then washed three times by centrifugation (1000 x g, 3 min),
and then diluted and plated in tissue culture dishes, which
were incubated at 37˚C in an atmosphere of 5% CO2 for 12
days. Macroscopic colonies (>50 cells) were stained with
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methylene blue. Percent cell survival was expressed as the
mean number of colonies obtained relative to the mean number
of colonies formed in the untreated control (31). 

Morphological analysis of apoptosis and necrosis. Near
confluent B16 cells were exposed to BSAO (6.0 mU/ml) and
spermine (0-200 μM), either alone, or with either ALDH
(0.4 U/ml) (Roche Diagnostics GmbH Mannheim, Germany),
or catalase (300 U/ml) (Sigma), catalase and ALDH together,
or polyethylene glycol-catalase (PEG-catalase) (300 U/ml)
(Sigma), in culture dishes for 3 h at 37˚C in a water-jacketed
incubator. Where appropriate, cells were pretreated for 1 h
with different caspase inhibitors (8 μM) (Calbiochem, San
Diego, CA), washed to remove inhibitors and then incubated
with BSAO (6.0 mU/ml) and spermine (50 μM) for 3 h.
Dishes were then washed twice with PBS and Hoechst 33258
(60 μg/ml) was added for 15 min to stain apoptotic cells.
Cells were washed and propidium iodide (PI) (50 μg/ml) was
added to stain necrotic cells. Images obtained by fluorescence
microscopy (Carl Zeiss Canada Ltd, Montreal, QC) were
analysed by Northern Eclipse software and pictures were
taken by digital camera (camera 3CCD, Sony DXC-950P,
Empix Imaging Inc, Mississauga, ON) (32). Cells were
classified using the following criteria: a) live cells, normal
nuclei, pale blue chromatin with organized structure; b)
membrane-intact apoptotic cells, bright blue condensed or
fragmented chromatin; and c) necrotic cells, red, enlarged
nuclei with smooth normal structure (33). The fractions of
apoptotic and necrotic cells were determined relative to total
cells (obtained using bright field illumination). A minimum
of 200 cells were counted per dish. 

Analysis of apoptosis by annexin V-FITC staining. Externalized
phosphatidylserine (PS) on the outer surface of the cyto-
plasmic membrane becomes labelled by fluorescein (FITC)-
labelled annexin V, which has a high affinity for PS-containing
phospholipid bilayers (27). To analyze apoptotic cell death
by flow cytometry, B16 melanoma cells (1x106/ml) were
incubated for 1 h with acrolein (50 μM) or with H2O2 (50 μM),
or for 2 h with BSAO (6.0 mU/ml) and spermine (50 μM),

either alone or together. Where appropriate, catalase (300 U/ml)
and ALDH (0.4 U/ml) were added to the cells, before exposure
to BSAO and spermine. Cells were then washed twice with
PBS and resuspended in 1 ml of binding buffer (10 mM
Hepes/NaOH, pH 7.5, 140 mM NaCl, and 2.5 mM CaCl2). A
volume of 500 μl of cell suspension was incubated with 5 μl
of annexin V-FITC (BD Biosciences Canada, Mississauga,
ON) and 5 μl of PI for 10 min at room temperature in the
dark. Cells were then analysed by flow cytometry using a
FACScan equipped with an argon laser emitting at 488 nm
and analyzed using Lysis II software (Becton Dickinson,
Oxford, UK) (15). Annexin V-FITC and PI fluorescence
were detected on FL-1 and FL-3 detectors, respectively. Four
populations of cells were analysed: live control cells in the
lower-left quadrant (annexin V-/PI-); early-stage apoptotic
cells in the lower-right quadrant (annexin V+/PI-); late-stage
apoptotic cells in the upper-right quadrant (annexin V+/PI+);
and necrotic cells in the upper-left quadrant (annexin V-/PI+).
The results are reported as the fraction of total apoptotic cells
(early- and late-stage apoptosis). 

Caspase activity. The activity of caspases was measured
according to Hampton and Orrenius (34), with minor modifi-
cations (32). Briefly, 3x105 cells/ml were incubated with
BSAO (6.0 mU/ml) and spermine (0-100 μM) at 37˚C, or
with H2O2 (0-75 μM) or acrolein (0-50 μM). Cells were then
washed twice by centrifugation (1000 x g, 3min) in cold
PBS and resuspended in reaction buffer [20 mM piperazine-
N-N-bis-(2-ethanesulfonic acid), 100 mM NaCl, 10 mM
dithiothreitol, 1 mM EDTA, 0.1% 3-(3-cholamidopropyl-
dimethylammonio)-2-hydroxy-1-propane sulfonic acid and
10% sucrose, pH 7.2]. Cells were lysed at -20˚C for 12 min.
The kinetic reaction was started after addition of the appropriate
caspase substrate (final concentration of 50 μM) at 37˚C
using a Spectra Max Gemini spectrofluorometer (Molecular
Devices, Sunnyvale, CA). For caspase-3, the peptide substrate
DEVD-AMC (Ac-Asp-Glu-Val-Asp-AMC) was added to cell

INTERNATIONAL JOURNAL OF ONCOLOGY  32:  79-88,  2008 81

Figure 1. BSAO and spermine induced cytotoxicity in B16 melanoma and
HepG2 liver cells: inhibition by catalase. (•) B16 and (ƒ) HepG2 cells
(105/ml) were treated with BSAO (6.0 mU/ml) and different concentrations
of spermine for 1 h at 37˚C. (‡) B16 and (∫) HepG2 cells were exposed to
BSAO and spermine for 1 h with catalase (300 U/ml). Means and SEM are
from 3 separate experiments. 

Figure 2. Lack of toxicity of BSAO and spermine in HeLa cells. HeLa cells
were exposed to 1 and 2 h (data not shown) of treatment with BSAO (6 mU/
ml) + spermine (100 μM) together, BSAO alone, or spermine alone, relative to
untreated controls. Cells were analysed for apoptosis (A) using Hoechst 33258,
and necrosis with PI (B). Means and SEM are from 3 separate experiments. 
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lysates and followed by kinetics for 30 min with excitation
wavelength (λ Ex) at 380 nm and emission wavelength (λ Em)
at 460 nm. For caspase-6, the substrate was VEID-AMC (Ac-
Val-Glu-IIe-Asp-AMC), for caspase-7, the substrate was
MCA-VDQVDGWK(DNP)-NH2 [MCA-Val-Asp-Gln-Val-
Gly-Trp-Lys-(DNP)-NH2] (λ Ex, 325 nm; λ Em, 392 nm) and
for caspase-9, the substrate was LEHD-AFC (Ac-Leu-Glu-
His-Asp-AFC) (λ Ex, 415 nm; λ Em, 490 nm) (Calbiochem).

Results

Cytotoxicity of spermine and BSAO. Purified BSAO (6 mU/ml)
and exogenous spermine (5-50 μM) caused cytotoxicity (loss
of cell proliferation) in mouse melanoma B16 cells and in

human hepatocellular carcinoma HepG2 cells during 1 h at
37˚C (Fig. 1). Human HepG2 cells were more sensitive to
cytotoxicity of spermine and BSAO than mouse melanoma
cells. BSAO and spermine (50 μM) decreased the percentage
of cell survival to 0.2% in HepG2 cells, relative to only 6% in
melanoma cells. As individual agents, BSAO (4.1-12.2 mU/ml)
and spermine (0-500 μM) did not cause cytotoxicity in B16 and
HepG2 cells (data not shown). Catalase partially inhibited
cytotoxicity induced by spermine and BSAO in both cell types.
The toxicity of BSAO and spermine was also investigated in
human HeLa cells. However, there was no induction of cell
death by either necrosis or apoptosis (Fig. 2A and B) following
1-h or 2-h exposures to BSAO (6 mU/ml) and spermine
(100 μM), compared to untreated controls.
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Figure 3. Inhibitors of H2O2 and aldehydes decreased apoptosis and necrosis induced by spermine and BSAO in B16 melanoma cells. B16 cells were treated
with spermine (150 μM) and BSAO (6.0 mU/ml) for 3 h (B), relative to untreated control cells (A). Apoptotic cells (chromatin condensation) were stained
with Hoechst 33258 and necrotic cells with PI. Magnification: x320. B16 cells were treated with spermine (0-200 μM) and BSAO (6.0 mU/ml) for 3 h, either
with (C) no inhibitor, or with the inhibitors (D) catalase (300 U/ml), (E) PEG-catalase (300 U/ml) (pretreatment for 4 h), (F) ALDH (0.4 U/ml), or (G) both
catalase and ALDH. The fractions of (ƒ) apoptotic and (∫) necrotic cells are given relative to total cells. Means and SEM are from 3 separate experiments. 

79-88  10/12/07  15:12  Page 82



Morphological analysis of apoptosis and necrosis in B16
melanoma cells treated with spermine and BSAO: protective
effects of catalase and aldehyde dehydrogenase. The type of
cell death induced by BSAO and spermine was subsequently
investigated in B16 melanoma cells. Induction of apoptosis
was confirmed morphologically by the appearance of cells
with condensation of nuclear chromatin (fragmented nuclei,
blue fluorescence) (Fig. 3B). This is a well-characterized
nuclear event which occurs at later stages in the apoptotic
cascade. There was also a large induction of cellular necrosis
(red fluorescence) (Fig. 3B). There were very few dead cells
in untreated controls (Fig. 3A). Spermine alone and BSAO
alone did not cause chromatin condensation or necrosis in our
experimental conditions (data not shown), indicating that cell
death was caused by the products of the enzymatic reaction.
The numbers of apoptotic and necrotic cells in BSAO and
spermine-treated melanoma cells were quantified from the
microscope images (Fig. 3C). Both necrosis and apoptosis
increased as the spermine concentration increased from 50 to
150 μM (Fig. 3C). At higher concentrations of spermine
(100-200 μM), necrosis rather than apoptosis was the major
cause of cell death, due to the larger amount of cytotoxic
products formed in the presence of BSAO. 

Subsequently, we determined whether the cytotoxic
reaction products, H2O2 and aldehyde(s), were responsible
for causing cell death. The ability of inhibitors of the cytotoxic
products to decrease the level of apoptosis and necrosis
generated by the enzymatic reaction of spermine and BSAO
was evaluated (Fig. 3D-G). The inhibitors used were catalase
(CAT) and PEG-catalase, which are both inhibitors of H2O2

(35) and ALDH, which inhibits aldehydes (including acrolein).
Exogenously added catalase remains outside cells, whereas
PEG-catalase allows the enzyme to enter cells (36) and to
increase intracellular catalase activity (35). Exogenous catalase
inhibited both necrosis and apoptosis caused by spermine and
BSAO in melanoma cells (Fig. 3D). PEG-catalase (Fig. 3E)
was a more effective inhibitor than exogenous catalase. This
suggests that H2O2 exerts toxicity at both the intracellular and
extracellular levels. However, BSAO remains outside cells
and generates H2O2 and aldehyde(s) at the extracellular level.
This indicates that H2O2 formed outside the cells is able to cross
the membrane and to enter cells (6). ALDH also decreased
both necrosis and apoptosis (Fig. 3F). Catalase had a greater
inhibitory effect than ALDH. H2O2 was previously shown to
be more cytotoxic to CHO cells at lower concentrations than
aldehyde(s) (22). Also, aldehyde(s) became cytotoxic at later
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Figure 4. BSAO and spermine caused externalisation of PS (apoptosis) in
B16 cells: protection by catalase and ALDH. Cells (20,000) were analysed
for apoptosis by flow cytometry with annexin V-FITC (FL-1 channel, x-axis)
and PI (FL-3 channel, y-axis). B16 melanoma cells (106/ml) were either (A
and F) left untreated, or treated with (B) BSAO (6.0 mU/ml) alone, (C)
spermine (50 μM) alone, or (D and G) BSAO and spermine together, for 2 h.
B16 cells were incubated with BSAO and spermine in the presence of both
catalase (300 U/ml) and ALDH (0.4 U/ml) (H). Representative FACScan
diagrams are shown. Panels E and I represent means and SEM for percentage
of annexin V+ apoptotic cells from 2 series of 3 separate experiments. 
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times during the reaction than H2O2. However, catalase and
ALDH together (Fig. 3G) provided more effective inhibition
of apoptosis and necrosis than either catalase or ALDH
alone. These findings suggest that both toxic products [H2O2

and aldehyde(s)] contribute to the induction of apoptosis and
necrosis by BSAO and spermine in melanoma cells.

Analysis of apoptosis by annexin V binding to PS in B16 cells
treated with spermine and BSAO: inhibition by catalase and
aldehyde dehydrogenase. Apoptosis is characterized by a
variety of morphological features. Changes in the plasma
membrane are one of the earliest of these features. In apoptotic
cells, the membrane phospholipid PS is translocated from the
inner to the outer leaflet of the plasma membrane, thereby
exposing PS to the external cellular environment (27).
Annexin V, a phospholipid-binding protein with high affinity
for PS, binds to apoptotic cells with externalized PS. Fig. 4
shows typical FACScan diagrams of annexin V-FITC/PI
fluorescence obtained after treatment of B16 cells with BSAO
(6 mU/ml) and spermine (50 μM). When B16 cells were
treated with both BSAO and spermine for 2 h, there was a
60% increase in apoptotic cells (annexin V+) (Fig. 4D and E),
compared to untreated controls (annexin V-/PI-) (Fig. 4A).
BSAO (Fig. 4B) or spermine alone (Fig. 4C) did not cause
apoptosis under these experimental conditions (Fig. 4E). 

To confirm the role of the cytotoxic reaction products in
causing externalisation of PS in the presence of spermine and
BSAO, the ability of their inhibitors to decrease apoptosis was
evaluated (Fig. 4F-I). The induction of annexin V membrane
binding in spermine- and BSAO-treated B16 cells (Fig. 4G)
was markedly inhibited in the presence of both catalase
and ALDH (Fig. 4H and I), and returned to the control level
(Fig. 4F and I). Subsequently, we evaluated whether H2O2

and the aldehyde acrolein, two of the enzymatic oxidation
products of spermine oxidation, could induce PS externalisation
in melanoma cells (Fig. 5). Effectively, acrolein (50 μM)
(Fig. 5B and D) and H2O2 (50 μM) (Fig. 5C and D) were both
able to increase annexin V binding to the plasma membrane,
relative to untreated controls (Fig. 5A). Together, these findings
further confirm that toxic products, such as aldehydes (e.g.
acrolein) and H2O2, contribute to the induction of apoptosis
by BSAO and spermine.

Role of caspase activation in the induction of apoptosis by
BSAO and spermine. The ability of purified BSAO and
spermine to activate caspases has received little attention.
Figs. 6 and 7 show the activities of caspase-9, -3, -6 and -7 in
B16 melanoma cells exposed to BSAO (6.0 mU/ml) and
spermine, or to their reaction products H2O2 and acrolein.
The initiator caspase-9 was activated by BSAO and spermine
(10-50 μM) in B16 cells after 30 min (Fig. 6A). Caspase-9
activity declined at higher concentrations of the polyamine
(Fig. 6A). The toxic reaction products H2O2 (Fig. 6C) and
acrolein (Fig. 6D) also activated caspase-9. BSAO (6.0 mU/
ml) alone and spermine (5-200 μM) alone did not activate
caspase-9 (Fig. 6B). This indicates that the reaction products
generated by BSAO and spermine were responsible for
activation of caspase-9. 

The effector caspase-3 was also activated during 2-h
exposures to BSAO and spermine (10-20 μM) (Fig. 7A), and
H2O2 (Fig. 7C). However, caspase-3 activity was inhibited by
acrolein in melanoma cells (Fig. 7D). BSAO (6.0 mU/ml)
alone or spermine (5-200 μM) alone had no effect on caspase-3
activity (Fig. 7B). However, the activities of the other effector
caspases, caspase-6 (Fig. 7E) and caspase-7 (Fig. 7F) were
inhibited by BSAO and spermine (5-100 μM). These findings

AVERILL-BATES et al:  SPERMINE OXIDATION BY AMINE OXIDASE INDUCES APOPTOSIS84

Figure 5. Acrolein and hydrogen peroxide cause annexin V binding (apoptosis)
in melanoma cells. B16 cells (106/ml) were either (A) left untreated or
treated with (B) 50 μM acrolein or (C) 50 μM H2O2 for 1 h. Cells (20,000)
were then stained with annexin V-FITC (FL-1 channel, x-axis) and PI (FL-3
channel, y-axis) and analysed by flow cytometry. Representative FACScan
diagrams are shown. (D) Means ± SEM are given for percentage of annexin
V+ apoptotic cells from 3 independent experiments.

79-88  10/12/07  15:12  Page 84



indicate that the cytotoxic products of the enzymatic reaction
of BSAO and spermine induce apoptosis in B16 cells via
activation of caspase-9 and -3. 

The role of different caspases in the induction of apoptosis
in B16 cells by BSAO and spermine was further confirmed
by using specific caspase inhibitors (Fig. 8) (37). Inhibitors
of caspase-3 and -9 and a general caspase inhibitor decreased
the induction of chromatin condensation by spermine and
BSAO in B16 cells (Fig. 8). An inhibitor of caspase-6 did not
inhibit chromatin condensation, which is consistent with the
lack of activation of caspase-6 by BSAO and spermine. A
specific inhibitor of caspase-7 is not commercially available. 

Given that BSAO and spermine did not cause toxicity in
HeLa cells, we investigated their effect on activity of caspases
(Fig. 9). Interestingly, when HeLa cells were treated with
BSAO (6.0 mU/ml) and spermine (100 μM), there was a
decrease in activity of caspase-3 (Fig. 9A), -6 (Fig. 9B) and
-9 (Fig. 9D), relative to untreated controls. There was no clear
effect on caspase-7 activity (Fig. 9C). The lack of caspase
activation is consistent with the lack of induction of apoptosis
by BSAO and spermine in HeLa cells (Fig. 2A).
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Figure 6. Activation of caspase-9 by spermine and BSAO in B16 cells.
Melanoma cells were treated with (A) BSAO (6.0 mU/ml) and different
concentrations of spermine (0-100 μM), (B) spermine alone (5-200 μM) or
BSAO (6.0 mU/ml) alone, or (C) H2O2 (0-75 μM), or (D) acrolein (0-50 μM),
for 30 min. Caspase-9 activity in treated cells was expressed relative to the
untreated control (cells alone), designated as 1.0. Means and SEM are from
4-6 separate experiments. 

Figure 7. Activity of effector caspase-3, -6 and -7 in B16 cells exposed to
BSAO and spermine. B16 cells were treated with (A) BSAO (6.0 mU/ml)
and spermine (0-50 μM), (B) spermine alone (0-200 μM) or BSAO (6.0 mU/
ml) alone, (C) H2O2 (0-75 μM), or (D) acrolein (0-50 μM), for 2 h. Caspase-3
activity in treated cells was expressed relative to the control (cells alone),
designated as 1.0. Cells were treated with BSAO (6.0 mU/ml) and spermine
(0-100 μM) for 2 h. (E) Caspase-6 and (F) caspase-7 activity was expressed
relative to untreated controls. Means and SEM are from 4-6 separate experi-
ments.

Figure 8. Inhibition of caspases decreases chromatin condensation induced
by BSAO and spermine in melanoma cells. B16 cells were pretreated with
specific inhibitors of caspase-3, -6 and -9 and a general caspase inhibitor
(indicated as 3, 6, 9 and All) and then incubated with spermine (50 μM) and
BSAO (6.0 mU/ml) for 3 h. The fraction of apoptotic cells in the presence of
caspase inhibitors is expressed relative to the fraction of apoptotic cells
following exposure to BSAO and spermine, without inhibitors, designated
as 100%. Means and SEM are from 3 separate experiments.

Figure 9. Spermine and BSAO do not activate caspases in HeLa cells. HeLa
cells were exposed to 1 and 2 h (data not shown) of treatment with BSAO
(6 mU/ml) + spermine (100 μM), BSAO alone and spermine alone, relative
to untreated controls. Cells were then analysed for activity of caspase-3 (A),
-6 (B), -7 (C) and -9 (D). Means and SEM are from 3 separate experiments. 
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Discussion

Inhibition of tumor cell proliferation by enzymatic oxidation
products of polyamines. The present findings show that BSAO
and spermine caused cytotoxicity (loss of cell proliferation)
in B16 melanoma and HepG2 liver carcinoma cells. The
enzymatic reaction products, H2O2 and aldehyde(s), were both
responsible for cytotoxicity, since catalase did not afford
complete protection. Cytotoxicity induced by purified BSAO
and spermine in CHO, human melanoma M14 and LoVo
colon adenocarcinoma cells was also induced by both of the
oxidation products, although it was mainly due to H2O2

(6,7,22). However, spermine caused cytotoxicity in mouse
mammary carcinoma FM3A cells, L1210 leukemia cells and
NIH3T3 cells, in the presence of fetal calf serum (FCS) (19).
In these studies, cytotoxicity was evaluated using the trypan
blue exclusion assay, which is an indicator of damage to
the membrane that corresponds to necrotic cell death. The
cytotoxic effect of spermine was dependent on the presence
of amino oxidase, which is known to be present in FCS. In
these cell types, cell death was inhibited by ALDH, but not
by catalase, and was mainly attributed to acrolein.

Induction of apoptosis by enzymatic oxidation products of
polyamines. The first study to link polyamine oxidation to
programmed cell death was reported during blastocyte develop-
ment in murine embryos (38). Our findings show that purified
BSAO and spermine induced cell death by apoptosis in B16
melanoma cells. The induction of apoptosis was revealed
by condensation of nuclear chromatin, externalization of
PS, activation of caspase-3 and -9 and inhibition of apoptosis
by caspase inhibitors. Induction of apoptosis was attributed
to the toxic reaction products since catalase and ALDH,
which are inhibitors of H2O2 and aldehydes, respectively,
inhibited chromatin condensation and PS externalization
induced by exposure to BSAO and spermine. Activation of
caspase-9 appeared to be mediated by both toxic reaction
products. Caspase-3 activation by BSAO and spermine,
however, appeared to be mediated by H2O2, but not by acrolein.
Inhibition of caspase-3 activity by acrolein is consistent with
another study in Chinese hamster ovary cells (32). 

Our findings show that purified BSAO and spermine
induced cell death in B16 melanoma cells by both apoptosis
and necrosis, as well as cytotoxicity (loss of cell proliferation).
Necrosis was confirmed by uptake of PI, which is an indicator
of damage to the cell membrane. Apoptosis and necrosis
constitute a two-stage continuum, where the same toxin or
stimulus can induce, in a dose-related manner, either apoptosis
or necrosis (39). For example, the toxic aldehyde acrolein was
shown to induce cell death by both apoptosis and necrosis,
with apoptosis occurring at lower doses and shorter exposure
times, compared to necrosis (32). 

However, studies in human colon adenocarcinoma WT and
MDR LoVo cells did not reveal ultrastructural characteristics
of apoptosis in the presence of BSAO and spermine (6 μM),
during 60 min of incubation, by transmission electron micro-
scopy (6). In L1210 leukemia cells, none of the characteristic
morphological features of apoptotic cell death [chromatin
condensation, nuclear fragmentation, internucleosomal DNA
cleavage, and poly(ADP-ribose) polymerase cleavage] were

observed during cell death attributed to spermine oxidation
mediated by serum containing a high level of amine oxidase
(40). However, cell death was attributed to necrosis, which
was preceded by a loss of phospholipid asymmetry, although
this latter phenomenon is usually a feature of cell death by
apoptosis. Moreover, inhibition of a wide spectrum of caspases
did not prevent spermine and serum amine oxidase-dependent
cell death in L1210 cells. Overall, it appears that the mode of
cell death caused by oxidation products of spermine and
BSAO appears to be cell type dependent. 

Induction of apoptosis directly by polyamines. Polyamines
are important regulators of cell growth and proliferation.
They are involved in the progression of cells through the cell
cycle (41,42). Polyamine levels are altered during the cell
cycle and can regulate important checkpoints of the cell
cycle. As a consequence, depletion of polyamines results in
growth arrest, mainly at the G1 phase (43). Polyamines are
also involved in the Ras/mitogen-activated protein kinase
(MAPK) signal transduction pathway, which is involved in
cell proliferation, as well as stimulating the expression of the
oncogenes c-myc, c-fos and c-jun (44,45).

More recently, polyamines have also been implicated in
events inherent to genetically programmed cell death (46,47).
However, the link between polyamines and apoptosis is
complex and results are somewhat contradictory. Both up-
regulation and down-regulation of polyamine levels and
ODC activity, a key step in polyamine biosynthesis, have
been reported during apoptosis. Furthermore, depletion of
polyamines can either protect or sensitize cells to apoptosis,
depending on the cell type and the death-inducing signal (45).
Elevation of polyamine concentrations may lead to apoptosis,
independent of polyamine oxidase (48,49), or to malignant
transformation (46).

Polyamines appear to be involved at both the mitochondrial
and post-mitochondrial levels of apoptosis. Spermine was
shown to induce release of cytochrome c from mitochondria
and to activate caspase-3 (48,49). On the other hand, polyamine
depletion triggered the mitochondrial pathway of apoptosis
by causing disruption of mitochondrial membrane potential
leading to activation of caspase-3 (50).

Relevance of amine oxidase-mediated polyamine oxidation to
anticancer treatment. Melanoma is an aggressive form of
skin cancer, whose incidence is increasing steadily (51).
Melanoma cells frequently exhibit inherent resistance to
commonly used chemotherapeutic drugs. Despite a variety of
anticancer strategies, there is a high level of treatment failure
and the average patient survival rate is only 6 to 10 months.
The present study shows that melanoma cells are sensitive to
the toxic effects of oxidation products of BSAO and spermine.
These findings are in agreement with recent results showing
cytotoxic effects of spermine metabolites in human melanoma
M14 cells (M14 WT) and their doxorubicin-resistant variant
line (M14 ADR) (7). Therefore, a potential therapeutic strategy
using BSAO and polyamines could be envisaged as a new
targeted treatment in earlier stages of malignant melanoma,
thus avoiding surgery. 

The antitumor potential of BSAO was therefore evaluated
in vivo, using a B16 mouse melanoma model in C57BL mice.
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BSAO, when directly injected into the solid tumors, was able
to induce tumoricidal activity by converting endogenous
polyamines to toxic products in situ (15). The enzyme was
administered in its native form and also immobilized in a
biocompatible polymer composed of bovine serum albumin
and polyethylene glycol (PEG). The immobilized enzyme
showed higher operational stability and functional activities,
relative to its native form (52). When immobilized BSAO
was injected into the tumor, there was a marked decrease
(70%) in tumor growth, compared to a lower decrease of
32% of tumor size when native BSAO was administered. The
mechanisms of cell death were determined in vivo (15). When
tumors were treated with immobilized BSAO, there was a
high level of apoptotic cell death (~70%), compared to <10%
with the native enzyme. Native BSAO, probably due to a
burst of cytotoxic products, induced a high level of necrosis
(~40%), compared to <10% with immobilized BSAO. The
advantage is that immobilized BSAO can act by allowing the
slow release of cytotoxic products, which induces tumor
cell death by apoptosis rather than necrosis, thus decreasing
inflammatory damage to surrounding tissues.

From a therapeutic point of view, the improvement of the
efficacy of in situ formation of cytotoxic polyamine metabolites
is essential. This may be achieved by combinations of the
treatment with cytotoxic drugs, or by heat. It was previously
demonstrated that hyperthermia (42˚C) potentiates the
cytotoxic effects of the oxidation products of spermine and
BSAO in CHO, LoVo colon carcinoma cells and M14 human
melanoma cells and in their MDR counterparts (6,7,25,53).
Hyperthermia is making considerable progress in the cancer
clinic (54). Hyperthermia in combination with cytotoxic drugs,
preferentially those with enhanced cytotoxicity at an elevated
temperature (55), and the administration of drug combinations
are clinically accepted methods. In 2002, it was reported that
the combination of hyperthermia with either radiotherapy
and/or chemotherapy led to improved clinical outcome in
18 randomized studies (reviewed in ref. 54). This was
demonstrated for melanoma and cancers of the head and
neck, breast, brain, rectum, cervix, oesophagus, lung and
vulva/vagina. There have been many more promising results
from clinical studies since then. Regional hyperthermia has
the potential to increase cytotoxic effects of radiation or
chemotherapeutic agents within the tumor mass, without
increasing normal tissue toxicity. Hyperthermia is applied in
cancer patients in the clinic by either localized heating of the
tumor at temperatures such as 42-43˚C for 1-2 h, or by milder
heating at 39.5-41˚C for longer times (6-24 h). The latter, whole
body hyperthermia is often used to treat carcinomas with
distant metastases. In this kind of cancer, the cytotoxic effect
of aldehydes could be effective. In fact, patients with inoperable
carcinomas in terminal stages were treated with benzaldehyde
with satisfactory results (56).

Currently, we are studying drug combinations with the aim
of improving the induction of cell death by toxic polyamine
metabolites. When combined with BSAO, pretreatment with
the lysosomotropic drug, N1,N4-bis(2,3-butadienyl)-1,4-
butanediamine dihydrochloride (MDL 72527), sensitized
M14 melanoma cells to toxic spermine metabolites (7). MDL
72527 is an inactivator of FAD-dependent polyamine oxidase.
It has cytotoxic properties, which are, however, unrelated to

its ability to inactivate polyamine oxidase (57). Since MDL
72527 has a different mechanism of toxicity, it could be useful
by amplifying cell death induced by H2O2 and aldehydes (58).

In conclusion, the toxic enzymatic oxidation products
generated by BSAO and polyamines could be useful as a
combined treatment approach with hyperthermia (39.5-42˚C)
or with other drugs, such as lysosomotropic compounds, with
the hope of discovering new avenues for eliminating several
types of solid tumours, including melanomas and carcinomas,
particularly those with MDR phenotypes, in earlier and later
stages of disease. 
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