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Polyamines: fundamental characters in chemistry and biology
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Abstract Polyamines are small cationic molecules
required for cellular proliferation and are detected at higher
concentrations in most tumour tissues, compared to normal
tissues. Agmatine (AGM), a biogenic amine, is able to
arrest proliferation in cell lines by depleting intracellular
polyamine levels. It enters mammalian cells via the poly-
amine transport system. Agmatine is able to induce oxida-
tive stress in mitochondria at low concentrations (10 or
100 pM), while at higher concentrations (e.g. 1-2 mM) it
does not affect mitochondrial respiration and is ineffective
in inducing any oxidative stress. As this effect is strictly
correlated with the mitochondrial permeability transition
induction and the triggering of the pro-apoptotic pathway,
AGM may be considered as a regulator of this type of cell
death. Furthermore, polyamine transport is positively
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correlated with the rate of cellular proliferation. By
increasing the expression of antizyme, a protein that inhibits
polyamine biosynthesis and transport, AGM also exhibits a
regulatory effect on cell proliferation. Methylglyoxal
bis(guanylhydrazone) (MGBG), a competitive inhibitor of
S-adenosyl-L-methionine decarboxylase, displaying anti-
cancer activity, is a structural analogue of the natural
polyamine spermidine. MGBG has been extensively stud-
ied, preclinically as well as clinically, and its anticancer
activity has been attributed to the inhibition of polyamine
biosynthesis and also to its effect on mitochondrial func-
tion. Numerous findings have suggested that MGBG might
be used as a chemotherapeutic agent against cancer.

Keywords Biogenic polyamines -
Quantum mechanical calculations - Agmatine - MGBG -
Structure—activity relationships - Mitochondria

Abbreviations
ADC Arginine decarboxylase

AGM Agmatine (4-(aminobutyl)guanidine)
AO-Agm N-(3-aminoxy-propyl)-guanidin
BSAO Bovine serum amine oxidase

DFMO (D, L)-2-(difluoromethyl)ornithine
EMT Extraneuronal monoamine transporter
GAPA N-(3-aminopropoxy)guanidine

INS Inelastic neutron scattering

IR Infrared spectroscopy

MDR Multidrug resistant

MGBG Methylglyoxal bis(guanylhydrazone)
MPT Mitochondrial permeability transition
NGPG N-(3-guanidino-propoxy)guanidine
OCT2 Organic cation transporter 2

ODC Ornithine decarboxylase
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PAs Polyamines

RLM Rat liver mitochondria

ROS Reactive oxygen species

SAMDC  S-adenosyl-L-methionine decarboxylase
SAR’s Structure—activity relationships

SSAT Spermidine/spermine N-acetyltransferase
Introduction

The natural polyamines (putrescine, spermidine, spermine
and related structures) are formed from the decarboxylation
products of ornithine and S-adenosyl-methionine in nearly
all eukaryotic cells. The polyamine biosynthetic pathway is
very active during the growth of various cancer cells. In
fact, polyamines are often present at high concentrations in
rapidly dividing tumour cells and growing tissues. Motives
for these increased levels include enhanced putrescine
synthesis from ornithine by ornithine decarboxylase (ODC)
and increased uptake of polyamines (Marton and Pegg
1995). ODC, one of the most highly regulated eukaryotic
enzymes, is a proto-oncogene that is significantly elevated
in animal tumours (Scalabrino and Ferioli 1981, 1982) and
is the first and rate-limiting enzyme of polyamines bio-
synthesis. Polyamines, being essential for eukaryotic cell
growth and differentiation, are known to be implicated in a
bewildering number of cellular roles as well as in main-
taining the native structure of several biological macro-
molecules while affecting the activity of others through
tightly regulated concentration-dependent processes
(Gerner and Meyskens 2004; Bachrach 2005; Seiler and
Raul 2005; Gupta et al. 2005; Nasizadeh et al. 2005; Manni
et al. 2006; Pegg and Feith 2007).

Moreover, several findings suggest that the deregulation
of polyamine metabolism may induce apoptosis (Seiler and
Raul 2005). Apart from being of vital importance for the
propagation and viability of most cells, the natural poly-
amines spermidine and spermine are also the source of
cytotoxic metabolites (Agostinelli et al. 2004, 2006). In
fact, the oxidative deamination of spermine by bovine
serum amine oxidase (BSAO: EC 1.4.3.6) generates
hydrogen peroxide and aldehyde(s), which are able to
induce both apoptotic and non-apoptotic cell death (Fig. 1)
(Agostinelli et al. 2007, 2009).

Therefore, the primary role of polyamines in regulating
proliferation and cellular death have led scientists to inves-
tigate the role of these molecules at the level of mitochondria
and multifunctional organelles participating in a range of
cellular processes such as energy production, proliferation,
senescence and death (Goldenthal and Marin-Garcia 2004).
Mitochondria apparently lack a polyamine biosynthetic
pathway, although substantial quantities of spermine and

@ Springer

REACTION SCHEME

NH2(CHz)3NH(CH2)4NH(CH2)3NH2 + 202 + 2H20
(spermine)
Bovine serum amine oxidase

(BSAO)

CHO(CH,), NH(CH,)4 NH(CH,),CHO +2NHj; + 2H,0,
(dialdehyde )

B-elimination

NH,(CH,)s NH, + 2 CH=CHCHO

(putrescine) (acrolein)

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

spermidine have been detected in the mitochondrial matrix
and a specific mitochondrial polyamine transporter has been
detected (Toninello et al. 2004). Moreover, a specific
transport system has also been described for the diamine
agmatine, a molecule belonging to the polyamine family
(Salvi et al. 2006). Arginine decarboxylase (ADC) converts
arginine to agmatine (AGM), which is a dication at physi-
ological pH. Agmatine inhibits proliferation by suppressing
intracellular polyamine levels. The main target of poly-
amines seems to be the mitochondrial permeability transition
(MPT) pore, a structure involved in mitochondria-mediated
cell death, where they exert a protective role by both direct
and indirect mechanisms (Toninello et al. 2004). Polyamines
are also known to regulate the activity of pyruvate dehy-
drogenase in liver mitochondria, suggesting their primary
role in regulating the energy metabolism (Pezzato et al.
2009). Polyamines are also involved in numerous relevant
pathologies, such as cancer and immunological, neurolo-
gical and gastrointestinal diseases.

Guanidino-containing drugs as methylglyoxal bis
(guanylhydrazone) (MGBG) were demonstrated to have
antitumour properties and have therefore been exposed to
intensive preclinical and clinical evaluations (Jinne et al.
1991). Several findings suggest that MGBG uses the
polyamine transport system to enter cells, and depletion of
spermine and spermidine by treatment with (b, L)-2-
(difluoromethyl)ornithine (DFMO) increases the uptake of
MGBG. In fact, in association with DFMO, MGBG
showed synergistic responses in childhood leukaemia and
in P388 leukaemia in mice (Nakaike et al. 1988). This
cytotoxicity is probably due to MGBG’s ability to prevent
mitochondrial spermine flux, since spermine uptake is
determined by the sum of two processes: membrane
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binding and electrophoretic matrix transport (Dalla Via
et al. 1996). These observations strongly suggest a renewed
use of MGBG, with an appropriate schedule, as an anti-
neoplastic drug.

Polyamines as essential biomolecules

Polyamines such as—putrescine (H,N(CH,)4,NH,), sper-
midine (H,N(CH,);NH(CH,),;NH,) and spermine (H,N
(CH,);NH(CH,),NH(CH,);NH,) (Fig. 2)—are ubiquitous
in cells of higher organisms, and result from the decar-
boxylation of ornithine. Under physiological conditions,
these linear amines (PAs) are totally protonated and behave
as natural polycations, capable of interacting with both
DNA and RNA, therefore inducing conformational transi-
tions and affecting nucleic acid function (Ouameur and
Tajmir-Riahi 2004; Ruiz-Chica et al. 2003; N’soukpo-
Kossi et al. 2008; Wallace 2003). Actually, it has been
shown that biogenic polyamines cause DNA condensation
in both isolated DNA (Patel and Anchoroquy 2006) and
chromatin (Todd et al. 2008). However, the exact nature of
the polyamine-DNA interaction is not clearly established
and is the subject of great controversy. Putrescine, sper-
midine and spermine are known to bind through the minor
and major grooves of double strand DNA, while electro-
static attractions between these polycations and the DNA
phosphate backbone also occur (Ouameur and Tajmir-
Riahi 2004).

On account of absolute polyamine requirement for cell
growth, interference with polyamine biosynthesis can be a
rather promising therapeutic approach against neoplastic
diseases (Wallace 2007; Casero and Marton 2007).

Fig. 2 Schematic
representation of the most stable
calculated geometries for some
biogenic polyamines: neutral
and cationic forms of putrescine
(a); totally protonated species of
spermidine (b) and spermine (c)

Polyamine concentrations are high in growing tissues such
as tumours, for example, breast and colon cancer (Heby
and Persson 1990), if compared to normal tissues. In fact,
polyamines have been proposed as biochemical markers of
neoplasia, since high polyamine concentrations are found
in physiological fluids of patients with malignant diseases.

Polyamine analogues (e.g. oligoamines such as
N-alkylated biogenic polyamines, Fig. 3), in particular, have
been shown to deplete cells of their natural polyamines, by
various mechanisms affecting cellular polyamine homeo-
stasis (Carew et al. 2008; Huang et al. 2006). These ana-
logues appear to affect the regulatory pathways associated
to polyamine biosynthesis, catabolism and transport (Pegg
2008; Casero and Marton 2007), thus interfering with
polyamines intracellular concentration. In fact, although
polyamine analogues are recognised by the cell as natural
polyamines, they are unable to substitute for these in their
growth promoting role (Ha et al. 1998). Some of these
compounds have displayed exceptional efficacy, coupled to
surprisingly low toxicity, in animal tumour models (e.g. in
breast and lung cancers), being already in clinical treatment
trials. However, despite the high number of studies on this
subject, the molecular basis of the polyamine analogues’
anti-neoplastic activity is still scarcely identified, as there is
a gap in the knowledge of their structural preferences in
relation to uptake and activity.

Furthermore, amines are known to be suitable chelating
ligands for transition metal ions such as Pt(Il) or Pd(Il),
yielding stable and usually water soluble coordination
compounds, often active as pharmacological agents (e.g.
anticancer drugs) as described above. Linear aliphatic
amines, specifically, are recognised to have a high con-
formational freedom (Batista de Carvalho et al. 1999;
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Fig. 3 Schematic representation of the most stable calculated
geometries for some spermine analogues (totally protonated species):
BES (N1,N12-diethyl spermine tetra-hydrochloride) (a) and DENS-
PM (N1,N11-diethylnorspermine tetrahydrochloride) (b)

Marques and Batista de Carvalho 2000; Marques et al.
2002a, b, 2006, 2007; Marques and Batista de Carvalho
2007; Amorim da Costa et al. 2002, 2003, 2004; Amado
et al. 2004) and may be designed to display high flexibility
and polidenticity, which constitutes an advantage for an
effective interaction with biological receptors. In addition,
the dual hydrophilic—lipophilic character of the polyamine
ligands, comprising cationic amine groups (both primary
and secondary) and variable length hydrophobic alkyl
linkers, will possibly lead to an enhanced cellular uptake.
This hydrophilic-lipophilic balance depends on the rela-
tionship between the length of the carbon bridging chains
and the number of amine moieties. In addition, the pres-
ence of NH groups will favour the molecular recognition of
the polyamines and polyamine-based agents by the poly-
phosphate backbone of DNA and related targets (e.g.
purine bases), due to the formation of (N)H---O hydrogen
bonds (Liu et al. 2006).

Linkage of linear polyamines to previously tested anti-
cancer agents was found to lead to a higher cytotoxic effect
(Fogel-Petrovic et al. 1996, 1997; Ichimura et al. 1998). In
some cases, they can even enhance the efficacy of the long
used first-generation drug cisplatin. Over the last two
decades, several studies on the cytotoxic properties of
transition metal complexes (e.g. Pt(Il) and Pd(II)) with
aliphatic polyamines have been carried out, aiming at
obtaining new anticancer, third-generation drugs, display-
ing tissue specificity and enhanced efficacy relative to the
clinically used compounds. In particular, a group of cis-
platin-like compounds containing polyamine bridging
ligands (putrescine, spermidine or spermine) have proven
to display novel antitumour properties (Qu et al. 2000;
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Marques et al. 2002a, b; Teixeira et al. 2004; Harris et al.
2006; Komeda et al. 2006; Fiuza et al. 2006) due to
the formation of a new type of DNA adducts, through
long-distance intra- and interstrand cross-links or by non-
covalent interactions, not available to the conventional
alkylating agents (e.g. triplatinum BBR3464) (Qu et al.
2000; Pratesi et al. 1999) and Triplatinum NC, (Komeda
et al. 2006; Harris et al. 2005).

Conformational behaviour versus biological activity

The activity of a biologically relevant compound does not
rely solely on its chemical properties, but it is also
dependent on its conformational preferences, that must be
accurately determined for a thorough understanding of its
function and mechanisms of action. The highly sensitive
structure—activity relationships (SAR’s) that underlie and
control polyamine function have been the target of intense
research in the last two decades.

Vibrational spectroscopy—infrared (IR), Raman and
inelastic neutron scattering (INS)—coupled to theoretical
calculations (quantum mechanical methods), is a specially
useful method for achieving this goal, since it yields
valuable structural evidence based on the analysis of the
spectral features associated to each chemical group within
the molecule. Raman spectroscopy, in particular, has
proved to be a reliable technique for the characterisation
and conformational analysis of biochemically active mol-
ecules, since it provides unique fingerprint spectra specific
for each compound (Marques et al. 2007). Actually, due to
its non-invasiveness, high sensitivity and good reproduc-
ibility, this technique, which does not need any special
sample preparation, is becoming a valuable tool in the
fields of Biological and Medicinal Chemistry. INS spec-
troscopy, in turn, is particularly well suited to the study of
hydrogenous compounds such as polyamines, which yields
data complementary to the one obtained by either Raman
or IR spectroscopies.

A complete conformational analysis of a particular
polyamine can, therefore, be attained through its study by
spectroscopic and theoretical approaches, which will yield
the precise conformation of the molecule under study at the
required conditions (for defined values of temperature, pH
and/or ionic strength, e.g. physiological medium). This
interplay between experimental and theoretical data is
essential for a better understanding of the biochemical
function of polyamines and polyamine-based systems at a
molecular level, leading to the establishment of reliable
SAR’s that will hopefully allow to interpret the biological
pathways in which these molecules are involved.

During the last few years, the biogenic tri- and tetram-
ines spermidine and spermine have been investigated as to
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their conformational behaviour, as well as the homologous
series of o,w-diamines H,N(CH,),NH, (n = 2-10,
n = 12) (which comprise putrescine (n = 4)—Fig. 2)
(Batista de Carvalho et al. 1999; Marques and Batista de
Carvalho 2000; Marques et al. 2002a, b, 2006, 2007,
Marques and Batista de Carvalho 2007; Amorim da Costa
et al. 2002, 2003, 2004). The conformational preferences of
these linear alkylamines were found to depend on several
factors, from steric, dipolar and hyperconjugative effects to
the balance between intra- and intermolecular interactions.
This kind of systems are characterised by a high confor-
mational freedom (putrescine, for instance, can adopt six
different stable conformations for its physiological, dicat-
jonic state [H3;N(CH,),NH;]*"), and by an interdepen-
dence of the particular effects due to the electronegativity
and electron lone-pairs of the nitrogen atoms. These lead to
the formation of intra- and intermolecular hydrogen bonds
(e.g. R-HN-H---NH,-R), which determine the solid-state
conformational behaviour of the amines and may give rise
to either infinite chain polymeric forms or to dimeric spe-
cies (e.g. for diaminoethane) (Amado et al. 2004).

Moreover, since biogenic amines are physiological
polycations, the effect of protonation on their conforma-
tional preferences has been investigated, by studying the
corresponding vibrational pattern as a function of pH.
Protonation of all the nitrogen atoms, yielding charged
species (q = 2+, 3+ or 4+ for putrescine, spermidine and
spermine, respectively) hinders the formation of either
(N)H:--:N or (C)H:--:N intramolecular close contacts, and
can even lead to (N)H---H(N) and/or (N)H:--H(C) repulsive
interactions within the molecule, drastically affecting its
conformation. Therefore, the completely protonated,
polycationic polyamines present in physiological media
display a linear, totally extended, geometry (Fig. 2).

In short, the conformational characteristics of biogenic
polyamines rely on a tight balance between the formation of
stabilising intramolecular hydrogen-like bonds ((N)H:--:N
and/or (C)H---:N) and minimisation of steric and electro-
static repulsive interactions. While the former, intramolec-
ular close contacts, are predominant in the unprotonated
species, the intermolecular effects are the only ones taking
place in the protonated forms. The conformational prefer-
ences of this kind of systems comprising different proton-
ation sites (nitrogen atoms) are then clearly and expectedly
ruled by the environment and pH conditions of the medium
(e.g. type of tissue and nearest biomolecules or receptors).

Structural properties of agmatine and its transport
in cells

The structural preferences of AGM were determined, both
in the solid and in aqueous solution (for AGM’s distinct

protonation states), by Raman spectroscopy combined to
theoretical calculations (Toninello et al. 2006) and the
structural information thus gathered was analysed in order
to explain the biological results simultaneously obtained in
rat liver mitochondria (RLM) (Salvi et al. 2006), and
hepatocytes. The effect of several structural parameters on
the overall stability of the molecule was investigated, with
special emphasis on the orientation of the guanidinium
group relative to the aliphatic chain. As the expected
structural changes due to N-protonation are clearly detec-
ted in the Raman pattern gathered for the aqueous solutions
as a function of pH, the protonation state of AGM can thus
be easily and unequivocally determined through this
spectroscopic technique.

A thorough structural characterisation of the most stable
AGM geometries in aqueous solution, under different pH
conditions, was achieved: the diprotonated (dipositive)
species, at physiological pH; the monoprotonated (mono-
positive) form, at alkaline pH (ca. 7.3-9.0); and the totally
unprotonated (neutral) molecule, in strong alkaline medium
(Fig. 4). The most stable physiological AGM structures
were identified as being two dipositive species with a lower
negative charge in the protonated aliphatic amino terminal
relative to the monopositive or neutral forms of the mole-
cule. Most probably, these are the conformations to be
found in the biological fluids during AGM absorption from
the diet, as well as in the cytosol, in mammalian cells, after
AGM is transported across the plasma membrane. Conse-
quently, these are prone to be the species that interact with
the mitochondrial membrane and have a marked effect on
MPT. The predominant monocationic AGM species, which
may also exist in particular microenvironments, and the
most stable neutral conformations, responsible for inter-
action with hydrophobic sites in vivo, were also deter-
mined. As mentioned above, although a transport system
for AGM in hepatocytes has been individualised, no spe-
cific mechanism, present in the plasma membrane, has
been, to this date, characterised at the molecular level.
However, there are several models reported in the literature
aimed to give information about this process. In particular,
it has been suggested tha AGM may be transported in
human cell lines derived from embryonic kidney by the
monoamine systems extraneuronal monoamine transporter
(EMT) and organic cation transporter 2 (OCT2) (Cabella
et al. 2001). Thus, monoprotonated AGM would be the sole
substrate for the cited transporters. However, in consider-
ing the kinetic characteristics of the transport mechanism,
which is most likely an electroneutral one, AGM should
not be transported in the monoprotonated form, which has a
high dipole moment. Instead, it is proposed that the amine
is taken up in the totally unprotonated, uncharged form. If
the transport across the plasma membrane takes place with
the neutral molecule, the transport across the mitochondrial
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Fig. 4 Schematic
representation of the most stable
calculated structures for
agmatine, in aqueous solution,
in its distinct protonation states
(unprotonated (neutral), mono-
and diprotonated, n = 0, 1 and
2, respectively). (The most
abundant physiological form of
agmatine is the dicationic one.)

membrane exhibits a different behaviour. In this regard, as
above mentioned, there was an alternative between a
channel, in which the amine should be transported as a
diprotonated molecule, or by a single centre-gated pore for
the monoprotonated form (Salvi et al. 2006). The experi-
ments using inhibition polyamine analogues strongly sug-
gested that the latter hypothesis is the most valid one
(Grillo et al. 2007). The structural results obtained for
AGM showed that the diprotonated species has a dipole
moment of about one-half that of the monopositive amine
(Toninello et al. 2006). Thus, if the transport of AGM in
mitochondria requires a high dipole moment, this implies
that this amine is carried as a monovalent molecule, in
agreement with the results gathered for the AGM ana-
logues (Grillo et al. 2007).

This kind of structure—activity studies is essential for the
understanding of AGM’s diverse biological roles, such as
its effect on MPT and its specific transport mechanisms, as
well as for the development of new AGM-based thera-
peutic strategies (e.g. against drug addiction, pain-killing or
tumour suppressing).

The role of agmatine as a regulator of mitochondrial
function

Agmatine (4-(aminobutyl)guanidine), AGM, (Figs. 4, 5a)
is a polyamine produced by decarboxylation of L-arginine,
which displays a wide range of physiological functions
(Grillo and Colombatto 2004), form neurotransmitter or
neuromodulator (Li et al. 1994; Raasch et al. 2001) to
stimulator of insulin release and tumour suppressor agent
(Satriano et al. 1998,1999; Dudkowska et al. 2003; Higashi
et al. 2004; Gardini et al. 2001). Similar to the other bio-
genic polyamines, the activity of AGM as a biological
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effector and its specific transport mechanisms across
plasma and mitochondrial membranes are strongly depen-
dent on its structural preferences (Fig. 6). AGM is taken up
in hepatocytes by both a high-affinity transport system and
a low-affinity mechanism. The high-affinity system also
transports putrescine, but not spermidine, spermine or
cationic amino acids. The rate of AGM uptake is increased
in cells deprived of polyamines by the effect of the ODC
inhibitor, DFMO (Cabella et al. 2001). In fact, DFMO is
presently undergoing clinical evaluations as a chemopre-
vention agent (Gerner et al. 2007).

It is to consider that the transport of AGM in hepato-
cytes is followed by its transport in isolated liver mito-
chondria. In fact, AGM is transported in these
mitochondria by an energy-dependent mechanism driven
by the electrical membrane potential (AWY). Although this
process exhibits a strict electrophoretic behaviour, quali-
tatively similar to those of polyamines, AGM is most
probably taken up by a specific transporter as divalent
polyamines and cationic amino acids are completely inef-
fective in inhibiting AGM transport. Flux-voltage analysis
and the determination of activation enthalpy are consistent
with the hypothesis that the mitochondrial AGM trans-
porter is a channel or a single-binding centre-gated pore.
As discussed below, the theoretical studies on AGM
structure in biological environments have permitted to
clarify this point. As AGM is transported in liver mito-
chondria in a dose-dependent manner (Salvi et al. 2006),
the effects of different amounts of amine have been eval-
uated at the level of the MPT induction. In this regard, it
should be emphasised that low concentrations of AGM
(10-100 pM) are able to amplify the Ca*"-induced MPT,
by means of an oxidative stress pathway. This process is
triggered by the reaction products of AGM oxidation
catalysed by a mitochondrial amino oxidase recently
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Fig. 5 Schematic representation of the most stable calculated
structures, at physiological conditions, for agmatine (a) and MGBG
(b). The (N)H---O(H) interactions with the solvent molecules (water)
are shown for diprotonated MGBG

‘Jc @0 @~ JH‘

Fig. 6 Schematic representation of the possible interaction between
acidic aminoacid terminals (e.g. from a transport protein) and the
most stable structure of agmatine at physiological conditions (dicat-
ionic species)

discovered (Cardillo et al. 2009). Alternatively, by inter-
acting with an iron sulphur centre of the respiratory chain,
AGM can produce an imino radical and subsequently the
superoxide anion, hydrogen peroxide and the hydroxyl
radical (Battaglia et al. 2007). The importance of these
AGM effects are related to the bioenergetic collapse and
the triggering of the pro-apoptotic pathway, which follow
them. However, it is also to stress that if AGM is present at
higher concentrations (e.g. 1-2 mM), the picture of its
action strongly changes. In fact, at these concentrations,
AGM does not affect mitochondrial respiration and is
ineffective in inducing oxidative stress and, consequently,
the MPT. Moreover, it maintains the normal level of ATP
synthesis and prevents the MPT induction by Ca*" in the
presence of phosphate. The inefficacy exhibited by AGM
in inducing oxidative effects may be due to the antioxidant
property that it exhibits at high concentrations, as was also
demonstrated for polyamines. In these conditions, the

amine can generate reactive oxygen species (ROS), as
proposed above, but the amount of its still unreacted
molecules may act as a scavenger, thus exhibiting self-
protection against the effects of ROS produced by both the
amine and Ca>" (Battaglia et al. 2007). This mechanism is
similar to that previously proposed for spermine (Sava
et al. 2006; Ha et al. 1998) and it is applicable when the
targeted ROS is the hydroxyl radical. According to this
model, unprotonated AGM reacts with OH" to form dihy-
droxyaminobutyl-guanidine and, subsequently, guani-
dobutyric aldehyde is formed by spontaneous dehydration
and hydrolysis (Sava et al. 2006). As previously suggested
(Salvi et al. 2006), AGM transport in liver mitochondria
could be mediated by a channel or a single-binding centre-
gated pore, both displaying electrophoretic behaviour. The
transport is non-competitively inhibited by the propargyl-
amines while, in general, natural polyamines are ineffec-
tive as well as basic amino acids (Salvi et al. 2006). In
order to gain further information on the origin of the AGM
transporter, as well as on the reactive structure of AGM
involved in the above mentioned processes, charge defi-
cient AGM analogues, N-(3-aminoxy-propyl)-guanidine
(AO-Agm), N-(3-aminopropoxy)guanidine (GAPA) and
N-(3-guanidino-propoxy)guanidine (NGPG) (Simonian et al.
2005) were investigated, evidencing an inhibition efficacy
following the sequence NGPG > AO-Agm > GAPA.
Since the positive charge of the analogues in this sequence,
is approximately 1.5, 1 and 1.5, respectively, their efficacy
is not directly related to their charge (Grillo et al. 2007).
Considering the mechanism proposed for the AGM trans-
port (Salvi et al. 2006), these observations reflect the
significant importance exhibited by the non-modified
guanidine group for the transport inhibition, if compared
with the charge-dependence, thus demonstrating that the
transporter is a single-binding centre-gated pore rather than
a channel.

Biological function of anticancer methylglyoxal
bis(guanylhydrazone)

Methylglyoxal bis(guanylhydrazone) (Fig. 5b) is a poly-
cation (at physiological conditions) containing two guan-
idinium groups, which acts as a competitive inhibitor of
S-adenosyl-L-methionine decarboxylase (SAMDC), there-
fore, being involved in the biosynthesis of the biogenic
polyamines spermidine and spermine. During the 1960s, it
attracted a considerable interest for its antineoplastic and
strong cytotoxic effects, but it was discarded from thera-
peutical use due to its severe toxicity. However, subsequent
clinical investigations have shown that particular admin-
istration conditions strongly reduce MGBG’s toxicity while
preserving its antitumoural action (Von Hoff 1994). In

@ Springer



400

E. Agostinelli et al.

order to establish the relationship between MGBG’s
structural preferences and its biological action—in partic-
ular, its transport mechanism(s), binding to macromolecu-
lar structures and MPT prevention—a conformational
analysis in aqueous solution, as a function of pH, was
carried out through theoretical methods (Marques et al.
2008). A complete geometry optimisation was carried out,
considering the molecule’s different protonation states,
with particular emphasis on the diprotonated form, which is
the major species under physiological conditions (pK
(MGBG) = 7.5 and 9.2).

The most stable fully protonated MGBG geometry,
largely predominant at 25°C (95.7%), displays a coplanar
structure and a trans orientation of the two (C=)NH groups
relative to the NH;" moieties (Fig. 5b). Similarly, to the
reported results on AGM (Toninello et al. 2006), which
contains one NH;t terminal and a guanidinium moiety
(Fig. 5), a trans location of the two imino NH’s relative to
the NH;™ groups of the MGBG molecule is preferred over
a cis orientation. Along with this predominant diprotonated
species (4 = 1.3 D), the MGBG monocationic form is also
expected to exist at physiological conditions (Fig. 7), its
relative populations (ca. 60%: 40%) being determined by
the amine pK values of the molecule. Moreover, the very
high dipole moment of this monoprotonated conformer
(u = 17.2 D) can favour its in vivo occurrence (polar
medium). Consequently, these are proposed to be the main
MGBG species present in biological fluids and inner cell
compartments, responsible for the interaction with different
macromolecular structures in vivo, leading to the known
MGBG antitumoural effect.

Conclusions
When polyamines accumulate excessively within the cells,

either due to very high extracellular amount or to deregu-
lation of the systems controlling polyamine homeostasis,

dc O~ -H

Fig. 7 Schematic representation of the most stable monoprotonated
species of MGBG
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they can induce toxic effects. High intracellular levels of
spermine, for instance, can cause an increase of its oxida-
tive products inducing DNA damage and cell death for
either necrosis or apoptosis. Therefore, the increase of in
situ and in vivo formation of cytotoxic spermine metabo-
lites can be important in inducing anti-tumoural effects
(Agostinelli et al. 2004; Averill-Bates et al. 2005). Our
findings show that purified BSAO and spermine may
induce cell death in wild type and multidrug resistant
(MDR) human M14 melanoma, B16 melanoma and ade-
nocarcinoma LoVo cells, by both apoptosis and necrosis, as
well as cytotoxicity (loss of cell proliferation) (Agostinelli
et al. 2006, 2009; Averill-Bates et al. 2008). More recently,
polyamines have also been implicated in events inherent to
genetically programmed cell death (Seiler and Raul 2005;
Schipper et al. 2000).

Arginine decarboxylase is responsible for the conver-
sion of arginine to AGM. Intracellular concentrations of
AGM are different among organs, with high levels of
synthesis and expression in kidney, liver, brain and adre-
nals, which keep up the levels of ADC activity (Lortie et al.
1996). However, AGM has been detected in several organs
that do not exhibit ADC activity at concentrations several
orders of magnitude higher than those found in the kidney,
liver or brain (Lortie et al. 1996), suggesting that circu-
lating AGM could have both paracrine and endocrine
effects. AGM can bring about both the production of NO as
well as the intracellular concentrations of polyamines.
Investigations on the effects of AGM on NO generation
yielded contradictory results, while AGM is demonstrated
to inhibit proliferation by suppressing intracellular poly-
amine levels (Babal et al. 2001; Dudkowska et al. 2003;
Vargiu et al. 1999), by induction of antizyme (Satriano
et al. 1998). It also induces spermidine/spermine N-ace-
tyltransferase (SSAT) activity (Vargiu et al. 1999) in some
cells types, which would promote the back-conversion of
higher order (more highly charged) to lower order poly-
amines (Vargiu et al. 1999). These and other processes
reduce intracellular polyamine pool and suppress growth.
In agreement with these studies, it was found that AGM
administration suppresses ODC activity in numerous cell
lines and is also able to reduce intracellular polyamines by
upregulation of SSAT (Vargiu et al. 1999).

Natural occurring polyamine metabolism is one of the
main targets of MGBG, which reduces the intracellular
polyamine content through induction of SSAT, involved in
polyamine catabolism, (Regenass et al. 1992) and inhibi-
tion of SAMDC, and therefore, important for polyamine
synthesis (Williams-Ashman and Schenone 1972). Treat-
ment of cells with MGBG results in inhibition of cell
growth, an effect that can be reversed by exogenous sper-
midine. Regarding its length, MGBG is similar in structure
to spermidine and thus being able to interfere with
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polyamine production. Although it is supposed to bind to
DNA, since it is not completely protonated at physiological
pH this binding is likely to be weaker as compared to the
biogenic polyamines. However, several investigations
evidence a clear MGBG anti-tumour activity, probably due
to the low induced intracellular polyamine pool (Von Hoff
1994). Although the mechanisms underlying these anti-
proliferative and cytotoxic effects, they are still not well
clarified. They might be linked to the formation of ROS
upon MGBG oxidation, or to interaction with polyamine
metabolism and mitochondrial function. In fact, various
studies showed that MGBG induces evident damage to
mitochondria with ultrastructural alterations, such as loss
of cristae and matrix components as well as metabolic
impairment, that are indicative of failure of mitochondrial
integrity (Pleshkewych et al. 1980).

In conclusion, numerous studies on the MGBG transport
across the plasma membrane of several cell lines report that
this compound shares the same transporter with biogenic
polyamines. Attending to the dicationic nature of AGM
(comprising a guanidinium group) at physiological pH,
similarly to MGBG, this hypothesis should not be disre-
garded. Moreover, MGBG could also be transported in the
unprotonated, uncharged form, since those transporters
show an electroneutral behaviour (Grundemann et al.
2003).
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