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SUMMARY

Cytotoxic products of polyamines generated in situ by an enzyme-cataly-

zed reaction may be useful as a new avenue in combating cancer. This study
demonstrates that multidrug resistant (MDR) cancer cells (colon adenocarcino-
ma and melanoma) are significantly more sensitive than the corresponding wild
type (WT) ones to hydrogen peroxide and aldehydes, the products of bovine se-
rum amine oxidase (BSAO)-catalyzed oxidation of spermine. Transmission ele-
ctron microscopy (TEM) observations showed the major ultrastructural alterati-
ons of the mitochondria. These were more pronounced in MDR than in WT cells.
After treatment with BSAO/spermine a higher mitochondrial membrane depolari-
zation and an increased mitochondrial activity in drug-resistant cells were obser-
ved. The results suggest that enzymatically formed cytotoxic agents activate
stress signal transduction pathways, leading to apoptotic cell death, mainly in
multidrug resistant cell lines.
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INTRODUCTION

The polyamines spermine, spermidine and putre-
scine are ubiquitous cell components. If they accumu-
late excessively within the cells, either due to very high
extracellular amount or to deregulation of the systems
which control polyamine homeostasis, they can induce
toxic effects. These molecules are substrates of a family
of enzymes, the amine oxidases, that includes copper
containing amine oxidases isolated from serum (1). The-
se enzymes are important because they contribute to
the regulation of the levels of mono- and polyamines.
Amine oxidases catalyze the oxidative deamination of
polyamines to generate the reaction products hydrogen
peroxide and aldehyde(s) (1). Such toxic products are
able to induce stress-activated signal transduction path-
ways, leading to cell death, necrosis or apoptosis in se-
veral tumor-cultured cell lines (2-4). The diversity bet-
ween normal and tumor cells is related with polyamines
content and metabolism. Polyamine concentrations are
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high in growing tissues such as tumors, for example,
breast and colon cancer (5).

Cytotoxic products of spermine formed in situ by
an enzyme-catalyzed reaction might be useful for the
destruction of tumors. Therefore, this research explores
the possibility of using purified BSAO in the presence of
exogenous spermine or endogenous polyamines, after
injection of the enzyme into the tumor, to induce cyto-
toxicity (6). BSAO (EC 1.4.3.6) is a copper-containing
glycoprotein weighing 170 KDa, which oxidatively dea-
minates the primary amino groups of polyamines, such
as spermine and spermidine. The reaction involves di-
oxygen and water as substrates (7). The products are
HQOQ, aldehydes and ammonia (8). In the case of sper-

mine, the monoaldehyde, the unstable dialdehyde, and a
further break-down product, likely to be acrolein, may be
formed (9, 10) (Figure 1).

In this study the mechanism of cell death of
drug sensitive and MDR human cancer cells, induced
by the enzymatic toxic products, was investigated.

NH,(CH,);NH(CH,),NH(CH,);NH,+20,+2H,0 ——» CHO(CH,),NH(CH,),NH(CH,),CHO+2NH;+2H,0,

(spermine)

(dialdehyde)

B-elimination

NHz(CH2)4NH2 + 2CH,=CHCHO

(putrescine) (acrolein)

Figure 1. Reaction scheme for spermine oxidation in the presence of BSAO

Role of cytotoxic polyamine
metabolites in inducing cell
death

Our findings showed the possibility of using puri-
fied BSAO in the presence of exogenous spermine or
endogenous polyamines, after injection of the enzyme
into the tumor, to induce cytotoxicity (4, 6, 11). The me-
chanism of cell death induced by BSAO and spermine,
in the extracellular environment, was examined on hu-
man melanoma and colon adenocarcinoma cell lines,
either drug-sensitive or MDR (12, 13) .

The cytotoxicity induced by BSAO in the presence
of exogenous spermine was evaluated in both colon ade-
nocarcinoma LoVo WT and LoVo DX cell lines as a fun-
ction of spermine concentration as well as of exposure
time, at 37 °C. The plating efficiency assay, a method
which determines the ability of the cells to reproduce
and form macroscopic colonies in culture, was applied
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to determine the cytotoxic effect. Figure 2 shows the
percentage of cell survival as a function of exogenous
spermine concentration up to 15 uM in the presence of
BSAO, after 60 min of incubation. Multidrug-resistant
cells are more affected, by the treatment in the presen-
ce of different spermine concentrations than their sensi-
tive counterparts. For instance, at 6 uM spermine con-
centration, the survival of LoVo WT cells was approx.
45%, while only a very lower percentage approx. 7.5%
in LoVo DX cells maintained their viability. To evaluate
the contribution of H,0, to cytotoxicity with respect to
other enzymatic oxidation products, experiments were ca-
rried out in the presence of catalase. Catalase is a hy-
drogen peroxide-scavenging enzyme which converts H,0,
into water and oxygen. Therefore, a drastic reduction of
the cytotoxic effect approx. 80% occurred in both cell
lines, apparently due to the clearance of H,0, by catala-
se. However, this result demonstrated that H,0, is not
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the exclusive toxic agent and that other species are in-
volved, such as aldehyde(s) including acrolein. To deter-
mine the aldehyde’s contribution in inducing the cytoto-
xicity by BSAO/spermine, both enzymes, catalase and
NAD-dependent ALDH were added to the incubation
mixture. In these experimental conditions, cytotoxicity
was completely inhibited throughout the 60 min of incu-
bation (Figure 3). Also the MDR human melanoma cells
were more sensitive to the treatment at all concentra-
tions of spermine than the corresponding wild type cells.
At the 6 uM spermine concentration, the survival of
M14 WT cells was approx. 37.1%, while only 18.8% of
the M14 ADR cells remained viable (Figure 2). BSAO
alone or spermine alone up to 15 uM were not toxic to
either cell line.

Electron microscopy was used to reveal eventual
cellular targets of the cytotoxic polyamine metabolites.
To gain insight into the mechanisms responsible for the
higher cytotoxic effect in MDR cells than the sensitive
ones, the morphological and ultrastructural changes in-
duced by the treatment with BSAO/spermine were inve-
stigated by scanning (SEM) and transmission electron
microscopy (TEM). Control M14 WT and M14 ADR cells
grown at 37°C, observed by SEM, show elongated or
polygonal shape and their surface is covered by rando-
mly disseminated microvilli. After treatment with BSAO/
spermine (6 uM) at 37°C, the cells of both lines appea-
red less elongated than the untreated controls; some of
them tended to become rounded with humerous blebs
on their surface. These cells had a tendency to detach
from the substrate.

Both M14 WT and M14 ADR control cells grown
at 37°C showed a well-preserved ultrastructure when
observed by TEM. The cytoplasm was characterized by
the presence of numerous mitochondria with parallel cri-
stae in a dense and uniform matrix. After exposure to
BSAO/spermine (6uM) at 37°C, M14 WT cells did not
show any consistent aberration but some mitochondria
display dilated cristae. The alterations of mitochondria
structure were much more evident in MDR cells; in par-
ticular, they showed a highly condensed matrix and va-
cuolised cristae (14).

Similar morphological modifications and ultrastru-
ctural alterations were also observed in both LoVo co-
lon adenocarcinoma cell lines, where MDR cells sho-
wed all the mitochondria visibly damaged.

Since mitochondria appear to play a pivotal role
in determining the differential response between sen-
sitive and drug-resistant cells, a flow cytometric study
was carried out on LoVo cells in order to get informa-
tion on the mitochondrial activity. The results showed a
basal hyperpolarized status of the mitochondria in con-
trol MDR LoVo cells. After the treatment with BSAQO/
spermine, the higher sensitivity to cytotoxic spermine
derivatives observed in adenocarcinoma LoVo DX cells,
compared to their sensitive counterparts, has been
therefore attributed to an earlier and higher mitochon-
drial membrane depolarisation. Moreover, a higher ba-

sal production of ROS in MDR cells than in the drug-
sensitive cells was detected, suggesting an increased
METC activity in MDR cells (3, 15).
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Figure 2. Effect of exogenous spermine concentration
(0-15 uM) on percentage cell survival in the presence of
purified BSAO (6,54 x 10 U/ml) in LoVo WT (open cir-
cles, o), LoVo DX (open squares, o), M14 WT (solid rho-
mbics, ¢) and M14 ADR (solid triangles, A) cells during
60 min at 37 °C. Means and SD are shown for two to six
estimations from four to six experiments. Where not sho-
wn, SD lies within the symbols.

100 4 ——
: =% :

-

<

=

S

m

S

D 104

|

1

i)

o A

R A
1 \ \ \ \ \
0 10 20 30 40 50 60

TIME (min)

Figure 3. Effect of catalase and ALDH on cytotoxicity
induced by BSAO in the presence of spermine. LoVo WT
(circles) and LoVo DX (triangles) cells were incubated at
37°C with purified BSAO (6,5 x 10° U/ml) and exoge-
nous spermine (6 pM) (solid lines, o; A), with catalase
(240 U/ml) (0;4) and with catalase and ALDH (0.4 U/ml)
(dashed lines, o; A). Means and SD are shown for two
to six estimations from four to six experiments. Where
not shown, SD lies within the symbols.

Bovine serum amine oxidase in
cancer therapy: Perspectives

On the basis of the above described findings, the
use of amine oxidase in cancer therapy deserves to be
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considered (4). In the previous studies, H,0, and alde-
hydes were produced outside the cells and subsequently
they entered the cells, inducing cytotoxic effects. Cata-
Iytically liberated cytotoxic agents have the advantage to
require only a few enzymatic units of the protein for to-
xin formation, and that the cytotoxic reaction products
are continuously formed over an extended period of time
(12).

Since endogenous polyamines are present at
high concentrations in tumour cells and growing tissues,
it is expected that by delivering BSAO into cancer cells,
toxic enzymatic oxidation products could be produced
intracellularly for selective in situ killing of the same ce-
lls. Therefore, strategies could be developed to find out
how the enzyme could be delivered in vivo, for possible
clinical application. In fact, in cultured normal chick fi-
broblasts or in fibroblasts transformed by Rous sarcoma
viruses, Bachrach et al. (16) observed an inhibition of
the synthesis of proteins and nucleic acids when the ce-
lls were enriched with amine oxidase by microinjection.
Transformed cells were more sensitive than normal con-
trols, presumably due to higher polyamine content. Mo-
reover, attempts were made to incorporate the enzyme
into liposomal vesicles (17) and to prepare amine oxida-
se-gold complexes that are bound and incorporated by
hepatocytes (18). Thus, endogenous polyamines could
be targeted and oxidized by the enzyme.

In this context, our attention was particularly fo-
cused on another strategy, currently under further inve-
stigation, to produce an immobilized BSAO with the
aim to increase its plasmatic half-life and therapeutic
efficacy and to decrease drug toxicity. The enzyme was
conjugated to a bio-compatible non-immunogenic poly-
mer, polyethylene glycol (PEG), and then immobilized
into a hydrogel-type matrix (19). The immobilized BSAO
exhibited considerable advantages over the free enzyme.
Both native and immobilized BSAO were then compared
in vivo, in terms of their respective abilities to induce
melanoma regression in mice by either apoptosis or ne-
crosis. In fact, the growth of a mouse melanoma (B16-
FO) was reduced by 70% after a single injection of the
immobilized enzyme, in comparison with 32% inhibition
after injection of the same amount of native BSAO. Whi-
le the immobilized enzyme induced a high level (70%) of
apoptosis, non-apoptotic cell death prevailed in the ca-
se of the native enzyme (6). The difference of cell death
ratio was attributed to the slow, gradual release of sper-
mine enzymatic oxidation products from the hydrogel, i.
e. the long-term exposure of the tumour to ROS and al-
dehydes, as compared with the shorter, though more
rapid release of toxic metabolites by the native enzyme.

CONCLUSIONS

Numerous studies have demonstrated that H,0,,
as other ROS, are able to affect cell cycle progression,
inducing inhibition of cell proliferation and a block in G,
S or G, phases of the cell cycle (20). The growth arrest
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can be transient or permanent and, in the latter case,
the process may end in cell death by apoptosis or ne-
crosis, depending on the entity of the oxidative stress,
time of treatment and cell type.

Biogenic amines in cell redox balance may beha-
ve directly as scavengers against specific types of ROS,
or may indirectly cause an increase in ROS production,
via H,0, generation, mediated by their oxidative deami-
nation by amine oxidases. These enzymes are important
because they contribute to regulate the levels of polya-
mines.

However, therapeutic applications of radical ge-
nerating systems are still at the beginning,. It is our hope
that, if the results of further studies of these approaches
will be up to expectations, the handling of amine oxida-
se activity, in the presence of biogenic amines, will undo-
ubtedly turn out to be a powerful tool in the development
of new anticancer treatments (6).

The new approach shows a higher sensitivity to
the cytotoxic spermine metabolites H,0, and aldehydes,
of MDR human adenocarcinoma and melanoma cells,
as compared with their wild type counterparts. This find-
ing has been previously attributed to an earlier and high-
er mitochondrial membrane depolarization, and a higher
basal production of ROS (15). In fact, H,0, could direc-
tly interact with some iron of Fe/S centres located in the
respiratory chain, raising the highly reactive hydroxyl rad-
ical (HO") by means of Fenton reaction, which induces so-
me thiol (SH) groups, proteins and lipids oxidation (14).

In conclusion, the use of BSAO/polyamine meta-
bolites in therapeutic applications is of great interest sin-
ce it might represent a promising strategy to overcome
MDR of cancer cells.

Abbreviations: MDR, multidrug resistance; WT,
wild type; BSAO, bovine serum amine oxidase; SEM sca-
nning electron microscopy; TEM, transmission electron
microscopy; P-gp, P-glycoprotein; ALDH, aldehyde dehy-
drogenase; ROS, reactive oxygen species; PEG, poly (et-
hylene glycol).

Acknowledgements

This work was partially supported by the Italian
MIUR (Ministero dell’lstruzione, dell’Universita e della Ri-
cerca), by Istituto Superiore di Sanita “Project Italy-USA”,
by Istituto Pasteur-Fondazione Cenci Bolognetti and by
funds MIUR-PRIN (Cofin). Thanks are due to Fondazione
‘Enrico ed Enrica Sovena’ for the scholarships given for
supporting Ph.D. students involving in the project.



Enzo Agostinelli

10.

11.

References

. Mondovi B, Riccio P, Agostinelli E, Marcozzi G. Oxida-

tion of diamines and polyamines. In: Bachrach U, He-
imer YM (eds) The physiology of polyamines (Vol. 1),
CRC Press, Boca Raton, FL,1989, pp 177-201.
Lindsay GS, Wallace HM (1999) Changes in polyami-
ne catabolism in HL-60 human promyelogenous leu-
kaemic cells in response to etoposide-induced apop-
tosis. Biochem J 337: 83-7.
http://dx.doi.org/10.1042/0264-6021:3370083
PMid:9854028 PMCid:1219939

Calcabrini A, Arancia G, Marra M, Crateri P, Befani O,
Martone A, Agostinelli E. Enzymatic oxidation products
of spermine induce greater cytotoxic effects on hu-man
multidrug- resistant colon carcinoma cells (LoVo) than
on their wild type counterparts. Int J Cancer 2002; 99:
43-52.

http://dx.doi.org/10.1002/ijc.10310

PMid:11948490

Agostinelli E, Arancia G, Dalla Vedova L, Belli F, Marra
M, Salvi M, Toninello A. The biological functions of po-
lyamine oxidation products by amine oxidases: Perspe-
ctives of clinical applications. Amino Acids 2004; 27:
347-58.
http://dx.doi.org/10.1007/s00726-004-0114-4
PMid:15592759

Heby O, Persson L. Molecular genetics of polyamine
synthesis in eukaryotic cells. Trends Biochem Sci 1990;
15:153-8.
http://dx.doi.org/10.1016/0968-0004(90)90216-X
Averill-Bates DA, Cherif A, Agostinelli E, Tanel A, Fortier
G. Anti-tumoral effect of native and immobilized bovine
serum amine oxidase in a mouse melanoma model.
Biochem Pharmacol 2005; 69: 1693-704.
http://dx.doi.org/10.1016/j.bcp.2005.02.025
PMid:15935145

Tabor CW, Tabor H. Polyamines. Annu Rev Biochem
1984; 53:749-90.
http://dx.doi.org/10.1146/annurev.bi.53.070184.003533
PMid:6206782

Tabor CW, Tabor H, Bachrach U. Identification of the
aminoaldehydes produced by the oxidation of spermine
and spermidine with purified plasma amine oxidase. J
Biol Chem 1964;239:2194-203.

PMid:14209948

Alarcon RA. Acrolein. IV. Evidence for the formation of
the cytotoxic aldehyde acrolein from enzymatically oxi-
dized spermine or spermidine. Arch Biochem Biophys
1970; 137:365-72.
http://dx.doi.org/10.1016/0003-9861(70)90450-9
Sharmin S, Sakata K, Kashiwagi K, Ueda S, lwasaki S,
Shirahata A, Igarashi K. Polyamine cytotoxicity in the
presence of bovine serum amine oxidase. Biochem Bio-
phys Res Comm 2001; 282:228-35.
http://dx.doi.org/10.1006/bbrc.2001.4569
PMid:11263996

Agostinelli E, Seiler N. Non-irradiation-derived reactive
oxygen species (ROS) and cancer: therapeutic implica-
tions. Amino Acids 2006¢; 31:341-55.
http://dx.doi.org/10.1007/s00726-005-0271-8

12.

13.

14.

15.

16.

17.

18.

19.

20.

PMid: 16680401

Agostinelli E, Belli F, Molinari A, Condello M, Palmi-
giani P, Dalla Vedova L, Marra M, Seiler N, Arancia G.
Toxicity of enzymatic oxidation products of spermine
to human melanoma cells (M14): sensitisation by he-
at and MDL 72527. Biochim Biophys Acta 2006a3;
1763:1040-50.

Agostinelli E, Dalla Vedova L, Belli F, Condello M, Ara-
ncia G, Seiler N. Sensitization of human colon adeno-
carcinoma cells (LoVo) to reactive oxygen species by
a lysosomotropic compound. Int J Oncol 2006b; 29:
947-55.

PMid:16964390

Agostinelli E, Tempera G, Molinari A, Salvi M, Batta-
glia V, Toninello A, Arancia G. The phisiological role of
biogenic amines redox reactions in mitochondria. New
perspective in cancer therapy. Amino Acids 2007; 33:
175-87.
http://dx.doi.org/10.1007/s00726-007-0510-7
PMid:17390098

Arancia G, Calcabrini A, Marra M, Crateri P, Artico M,
Martone A, Martelli F, Agostinelli E (2004) Mitochon-
drial alterations induced by serum amine oxidase and
spermine on human multidrug resistant tumor cells.
Amino Acids 26: 273-82.
http://dx.doi.org/10.1007/s00726-003-0055-3
PMid:15221508

Bachrach U, Ash |, Abu-Elheiga L, Hershkovitz M, Loy-
ter A. Fusion-mediated microinjection of active amine
and diamine oxidases into cultured cells: effect on
protein and DNA synthesis in chick embryo fibroblasts
and in glioma cells. J Cell Physiol 1987; 131:92-8.
http://dx.doi.org/10.1002/jcp.1041310114
PMid:3032996

Agostinelli E, Riccio B, Mucigrosso J, Befani O, Mon-
dovi B. On the handling of amine oxidase activity as a
biochemical tool: perspectives. In: Perin A, Scalabrino
G, Sessa A, Ferioli ME (eds) Perspectives in polyami-
ne research. Milan, Italy, Wichtig Ed. 1988; pp 17-9.
Dini L, Agostinelli E, Mondovi B. Cultured hepatocytes
bind and internalize bovine serum amine oxidase-gold
complex. Biochem Biophys Res Commun 1991; 179:
1169-74.
http://dx.doi.org/10.1016/0006-291X(91)91694-8
Demers N, Agostinelli E, Averill-Bates DA, Fortier G.
Immobilization of native and polyethyleneglycol-trea-
ted (“PEGylated”) bovine serum amine oxidase into a
biocompatible hydrogel. Biotechnol Appl Biochem 2001;
33:201-7.

http://dx.doi.org/10.1042/BA20010009
PMid:11389674

Boonstra J, Post JA. Molecular events associated with
reactive oxygen species and cell cycle progression in
mammalian cells. Gene 2004; 337: 1-13.
http://dx.doi.org/10.1016/j.gene.2004.04.032
PMid:15276197

115



ACTA FACULTATIS MEDICAE NAISSENSIS, 2012, Vol 29, No 3

PRODUKTI OKSIDACIE SPERMINA IZAZIVAJU PROMENE NA MITOHONDRIJAMA
KOD TUMORSKIH CELUJA

Enzo Agostinelli

Institut Pasteur Fondazione Cenci Bolognetti, Departman za biohemijske nauke, “A. Rossi Fanelli”, Univerzitet u
Rimu “La Sapienza” i CNR, Institut za biologiju i molekularnu patologiju, Piazzale Aldo Moro 5, Rome, Italy

Sazetak

Citotoksicni produkti poliamina stvorenih in situ u toku reakcija katalisanih enzimima mogu biti od
koristi u pronalazenju novih naé¢ina borbe protiv kancera. Ova studija pokazuje da su éelije kancera sa
multiplom rezistencijom na lekove (MDR) (adenokarcinom kolona i melanom), u poredenju sa divljim tipom
(WT) ¢elija, znacajno osetljivije na hidrogen peroksid i aldehide, i na produkte oksidacije spermina katali-
sane amino oksidazom govedeg seruma (BSAO). Transmisiona elektronska mikroskopija (TEM) je ukazala
na velike ultrastrukturalne promene na mitohondrijama. One su bile izrazenije kod MDR nego kod WT c¢eli-
ja. Nakon tretmana BSAO/sperminom, kod celija rezistentnih na lekove primeéena je veéa depolarizacija
membrane mitohondrija kao i pojacana aktivnost mitohondrija. Rezultati ukazuju da citotoksicni agensi,
nastali pomocu enzima, aktiviraju puteve signalne transdukcije stresa, Sto dovodi do apoptoze celija,
prvenstveno kod éelijskih linija sa multiplom rezistencijom na lekove.

Kljucéne reci: poliamini, multipla rezistencija na lekove (MDR), amino oksidaza govedeg seruma
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