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Abstract The polyamine spermine is transported into the

mitochondrial matrix by an electrophoretic mechanism

having as driving force the negative electrical membrane

potential (DW). The presence of phosphate increases

spermine uptake by reducing DpH and enhancing DW. The

transport system is a specific uniporter constituted by a

protein channel exhibiting two asymmetric energy barriers

with the spermine binding site located in the energy well

between the two barriers. Although spermine transport is

electrophoretic in origin, its accumulation does not follow

the Nernst equation for the presence of an efflux pathway.

Spermine efflux may be induced by different agents, such as

FCCP, antimycin A and mersalyl, able to completely or

partially reduce the DW value and, consequently, suppress

or weaken the force necessary to maintain spermine in the

matrix. However this efflux may also take place in normal

conditions when the electrophoretic accumulation of the

polycationic polyamine induces a sufficient drop in DW able

to trigger the efflux pathway. The release of the polyamine

is most probably electroneutral in origin and can take place

in exchange with protons or in symport with phosphate

anion. The activity of both the uptake and efflux pathways

induces a continuous cycling of spermine across the mito-

chondrial membrane, the rate of which may be prominent in

imposing the concentrations of spermine in the inner and

outer compartment. Thus, this event has a significant role on

mitochondrial permeability transition modulation and con-

sequently on the triggering of intrinsic apoptosis.
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Abbreviations

DW Electrical transmembrane potential

FCCP Carbonyl cyanide-p-trifluoromethoxyphenyl-

hydrazone

MPT Mitochondrial permeability transition

PAO Polyamine oxidase

Pi Phosphate

RLM Rat liver mitochondria

ROS Reactive oxygen species

SMO Spermine oxidase

SPM Spermine

Introduction

Natural polyamines, putrescine, spermidine and spermine,

are ubiquitous metabolites present in prokaryotic and

eukaryotic cells. Structurally they are aliphatic amines
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existing in protonated forms at physiological pH. Table 1

shows the structure of spermine with its pK values. Poly-

amines are known to be required for essential physiological

processes such as cell growth and cell differentiation and

are also involved in neoplastic proliferation (Toninello

et al. 2004; Agostinelli et al. 2010a; Montañez et al. 2007).

However, it has also been demonstrated that spermine is

able to prevent the phenomenon of mitochondrial perme-

ability transition (MPT), an event linked to the triggering

of intrinsic apoptosis, and is also able to restore the mito-

chondrial bioenergetic functions collapsed by the induction

of MPT (Sava et al. 2006). Indeed, in the same paper, it has

been demonstrated that the main mechanism involved in

the protection of MPT is a scavenging effect against the

generation of reactive oxygen species (ROS), responsible

together with Ca2? for MPT (Sava et al. 2006). However,

also the electrostatic interactions between the positive

charges of spermine with the anionic ones present in the

transition pore structures may contribute to the protection.

However, it may be pointed out that spermine, in particular

types of mitochondria, such as those isolated from brain,

does not protect mitochondria by a scavenging effect, as in

brain the MPT is not induced by ROS (Grancara et al.

2012). Thus, in this case the above-mentioned electrostatic

interaction is proposed.

Consistent amounts of polyamines have been detected in

the cytosol as a result of the activity of biosynthetic

enzymes pathway and/or the uptake of polyamines. When

cells are under conditions requiring increased polyamine

levels, it results in the increase of polyamine uptake that

can compensate for insufficient intracellular and subcellu-

lar levels (Alhonen-Hongisto et al. 1980; Pegg 1988; Far-

riol et al. 1999).

For many years there has been a general opinion, also

supported by inadequate experiments, that mitochondria do

not possess a polyamine transporter in their membranes.

However, polyamines were detected in the matrix of the

heart (Tadolini et al. 1985), liver (Mancon et al. 1990) and

brain (Tassani et al. 1995) mitochondria, lacking biosyn-

thetic enzymes, and it may be considered as an evidence of

the existence of the spermine transporter.

The aim of this minireview is to reappraise the

mechanism of spermine transport in mitochondria in the

light of its effects on the MPT induction and as a possible

regulator of this phenomenon. This latter proposal is

supported by the observation that spermine is able to go

out from mitochondria by establishing a bidirectional flux,

or better, a continuous cycling across the membrane. This

cycling depends on the different rates of influx and efflux

and provides the required concentration of the polyamine

in the matrix. Another objective of this review is to

evidence the bioenergetic parameters that can influence

the cycling of spermine and the conditions that can

modulate this.

Spermine transport in the matrix

The existence of spermine and other polyamine transport in

mammalian mitochondria has been demonstrated by sev-

eral papers since 1985. Most of the experiments were

performed on liver (Toninello et al. 1985, 1988a, b, 1991,

1992a, b; Siliprandi et al. 1988; Salvi et al. 2006; Grillo

et al. 2007; Agostinelli et al. 2010a; Martinis et al. 2012),

but this mechanism was also demonstrated in the heart

(Toninello et al. 1990), brain (Tassani et al. 1995; Battaglia

et al. 2010, 2012), and kidney (Arndt et al. 2009). The

polyamine transporter is specific for the natural poly-

amines; agmatine has a different specific transporter, since

all other amines or amino acids do not utilize these sys-

tems. The structure of spermine transporter, at present, has

not yet been identified. However, on the basis of the

Nernst-Plank theory (Anderson 1989) and the method

developed by Gutfreund (1955), it is possible to state that it

is formed by a protein channel, exhibiting two asymmet-

rical energy barriers, with the energy well that is the site of

spermine binding located near the external surface at 1/8 of

the length of the channel. The highest barrier correspond-

ing to the rate-limiting constant is located at 1/4 of the

length of the channel and has an activation energy of 86 kJ/

mol at physiological membrane potential (DW) (Toninello

et al. 2000). Thus, the mechanism of this transport is

energy dependent being electrophoretic in origin, operating

as an uniport requiring high DW values and exhibiting a

non-ohmic flux–voltage relationship (Toninello et al.

1992a).

Table 1 The pKa values of amino groups of spermine (adapted from Frassineti et al. 2003)

Chemical structure pKa values

Spermine

H2N N
H

H
N NH2

pKa1 = 10.98

pKa2 = 10.09

pKa3 = 8.83

pKa4 = 7.94

Net charge of spermine at pH 7.4 is 3.74, as calculated from these pKa values using the Henderson-Hasselbalch equation
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The energization of the membrane being necessary for

spermine transport is provided by the oxidation of NAD?-

or FAD-dependent dehydrogenases which direct electrons

to the respiratory chain. Most of the experiments reported

in literature utilized succinate as an energy substrate in the

presence of rotenone, since rotenone by inhibiting oxal-

acetate formation prevents the inhibition of succinate

dehydrogenase and permits the maximum uptake of

spermine due to the very high imposed DW. In the presence

of NAD?-dependent substrates, DW is lower and the

transport is not so efficient. The results reported in Figs. 1

and 2 show the rate and extent of spermine transport in

RLM and the corresponding DW values obtained under

different experimental conditions (Toninello et al. 1985,

1988a; Agostinelli et al. 2010a).

As shown in Fig. 1 mitochondrial DW imposed by

succinate oxidation plus rotenone has a value of about

160 mV that permits a total uptake of spermine of about

40 nmol/mg protein in 30 min of incubation, after an

instantaneous binding to the membrane of 12–13 nmol/mg

protein (curves a). In the presence of phosphate in the

external medium, DW is raised to 180 mV by the drop in

DpH due to the release of H? subsequent to the entry of

phosphate. The mechanism of this effect is explained in the

following way: phosphate crosses the membrane as

undissociated H3PO4 and its entry in the matrix is

accompanied by dissociation of protons. This leads to a

drop in DpH and consequent increase of DW to about

180 mV due to increased respiration as a physiological

answer of mitochondria for maintaining DlH
? at normal

level.

At 180 mV, spermine transport is increased to about

70 nmol/mg protein after the above-mentioned instanta-

neous binding to the membrane (curves b). When phos-

phate transport is inhibited by mersalyl, DW is not more

increased and spermine transport becomes similar to that of

the control (curve f). On the contrary, further increase in

DW is observed in the presence of nigericin, an antibiotic

inducing an exchange of endogenous K? with exogenous

H? that leads to an almost complete collapse of DpH and a

consequent augmentation of DW to the maximum value of

220 mV. At this DW, the rate of spermine transport was

strongly increased and its content became 100 nmol/mg

protein after 30 min of incubation (curve c). If mitochon-

dria are de-energized by the uncoupler FCCP or the
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Fig. 1 Spermine transport in different experimental conditions. RLM

(1 mg of mitochondrial protein/ml) were incubated at 20 �C in

standard medium [200 mM sucrose, 10 mM Hepes-Cl (pH 7.4),

5 mM succinate, 1. 25 lM rotenone] containing 1 mM [14C]spermine

(50 lCi/mmol). When present, 1 mM Pi, FCCP (0.1 lg/mg prot),

nigericin (0.33 lg/mg prot), valinomycin (0.33 lg/mg prot)

? 10 mM KCl (curves a, b, c, d, e). From: Toninello et al.

(1988a). Curve f from Toninello et al. (1985). [14C]spermine uptake

was determined by centrifugal filtration method described in the

above-mentioned references

Fig. 2 Mitochondrial DW measurements in different experimental

conditions. RLM (1 mg of mitochondrial protein/ml) were incubated

in the experimental conditions as in Fig. 1 in the presence of 1 mM

Pi. The reported results are in part original (curves a, b, c) and in part

experimental reproductions of previously published results (curves d,

e, f) from: Toninello et al. (1985, 1988a). DW was measured by a

tetraphenylphosphonium (TTP?) selective electrode (Kamo et al.

1979) corrected using the equation Dw = Dwelectrode-66.16/0.92

(Jensen et al. 1986). Matrix volume was calculated as 1 ll/mg protein

according to Palmieri and Klingenberg (1979). The incubation

conditions are the same as reported in the above references

Spermine and mitochondria membrane interaction
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respiratory chain inhibitor antimycin A, spermine transport

is strongly inhibited, while membrane binding is yet

observable although at lesser extent (&10 nmol/mg pro-

tein) than that in energized conditions.

In the presence of these compounds, DW has a value of

about 40 mV that most likely explains the very low

spermine uptake (curve d).

A similar result is obtained when mitochondria are incu-

bated in the presence of the antibiotic ionophore valinomycin

and K? (curves c). In this case, DW is collapsed to 40 mV

while DpH is raised to about 3 U, thus giving a DlH
? value of

220 mV. In other words, under these conditions mitochon-

dria are energized but spermine transport is almost com-

pletely blocked. The above described observation clearly

demonstrates the DW dependence of spermine transport;

indeed, the results reported in Fig. 3 also evidence the

opposite changes in the electrical and chemical gradients

consequent to this transport to maintain constant DlH
?. As

depicted in Fig. 3 the electrophoretic matrix accumulation of

the polycationic polyamine induces a significant gradual

drop in DW of about 30 mV. If mitochondria remain intact

during transport, the organelles operating in such a way and

maintaining DlH
? at the maximum level of about 220 mV

have to increase 60DpH value. This is achieved by aug-

menting the oxygen consumption (see inset in Fig. 2). The

electrophoretic uniporter of spermine operates also with

spermidine and putrescine and these polyamines competi-

tively inhibit uptake of each other (Toninello et al. 1992a).

Taking into consideration the electrophoretic nature of

spermine transport and analyzing the experimentally

obtained concentrations of spermine in the matrix, we would

like to focus on some contradictions. According to the Nernst

theory, the distribution of spermine across the mitochondrial

membrane must be described with the equation:

DW ¼ 2:3RT

zF
log

SPMin

SPMout

in which R, T and F are the Nernst parameters, z is the

charge of spermine that is 4.

At 25 �C 2:3RT
zF
¼ 60mV.

Theoretically in these conditions, with DW = 180 mV,

the ratio
½SPMin�
½SPMout� = 1012.

However, this ratio is far higher than the obtained

experimental values. In fact, using an exogenous spermine

concentration of 1 mM, the maximum amount of the

polyamine accumulated in the matrix is about 100 nmol/

mg protein, that is, by considering a matrix volume of 1 ll

it corresponds to the concentration of 100 mM. The ratio
½SPMin�
½SPMout� = 102.

In conclusion, spermine is transported in mitochondria

by an electrophoretic mechanism having Dw as the driving

force. In fact, phosphate and nigericin by different mech-

anisms induce an increase in the electrical potential,

strongly augmenting spermine uptake. Instead, all the

compounds that induce an almost complete or partial drop

in Dw significantly prevent the transport.

Spermine efflux

The experimentally determined ratio of [SPMin]/

[SPMout] = 102 and the observation that the electropho-

retic accumulation of spermine, instead of completely

collapsing DW, lower it only slightly, strongly supporting

the hypothesis that the polyamine may go out from the

organelle after the uptake. Therefore, spermine may

resemble somehow the important mitochondria bidirec-

tional transport of Ca2?. This cation is accumulated by an

electrophoretic uniport mechanism and is released by an

antiport exchange with Na? or H? that is an electroneutral

mechanism. Thus, Ca2? cycles across the mitochondrial

membrane with dissipation of energy. On the basis of these

Fig. 3 Changes in DW and 60DpH during spermine (SPM) transport.

RLM (1 mg of mitochondrial protein/ml) were incubated in the

experimental conditions as in Fig. 1 in the presence of 1 mM Pi.

1 mM spermine was added. DW was measured as in Fig. 2. DpH was

detected by using DMO distribution across the membrane (Rottenberg

1979) at the times indicated by the experimental points. DlH? was

calculated by the equation DlH?=60DpH ? DW by extrapolating the

ordinate axis and the Dw values were obtained with the TPP?

electrode at the same times as for 60DpH determinations. In this

regard the Dw scale has been linearized. In the inset, oxygen uptake

was determined by the Clark electrode

S. Grancara et al.
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considerations, further experiments on polyamine transport

were performed to demonstrate the presence of an efflux

pathway for spermine.

There are several papers showing that spermine may be

released from mitochondria, after its accumulation, when

the organelles are treated with particular effectors (Toni-

nello et al. 1985, 1988a, b, 1990, 1991; Siliprandi et al.

1988; Tassani et al. 1995; Salvi and Toninello 2003).

However, no report analyzes in an in-depth way the

mechanism of this process. The results presented in Fig. 4

summarize previous observations together with new

unpublished experiments. As depicted, spermine is released

after addition of FCCP, antimycin A (Ant A), valinomycin

plus K? (Val ? K?) and mersalyl (Mers). FCCP is a

protonophore that rapidly transports H? into the matrix by

inducing an uncoupling effect between oxygen consump-

tion, which is enhanced at a maximum level, and oxidative

phosphorylation, which is completely inhibited. Antimycin

A blocks electron flux along the respiratory chain at the

level of bc1 complex at the Qn site (Trumpower 1990), and

in this case the synthesis of ATP is also completely ham-

pered. On the basis of these characteristics both the com-

pounds induce a complete collapse of DlH
? with a strong

reduction in DW (a residual fixed charge remains) and

reverse DpH (acidic inside). Valinomycin induces an

electrophoretic transport of K? against the concentration

gradient (K? concentration in the matrix is about

150 mM). On the basis of this effect, DW is almost com-

pletely collapsed with a strong increase in DpH, while DlH
?

remains at normal level. Mersalyl inhibits phosphate

transport preventing both the ingress of H? and the

increase in DW induced by the anion. This results in a

partial drop of DW with a corresponding increase in DpH.

The values of the electrochemical gradient and its com-

ponents under the above-mentioned conditions extrapo-

lated from the results reported in different papers

(Toninello et al. 1985, 1992a) are presented in Table 2.

By evaluating the effects of these agents on the above

parameters, it is possible to state that the efflux of spermine

may be mediated both in energizing and de-energizing

conditions, that is with high or completely collapsed DlH
?.

In de-energizing conditions (presence of FCCP or anti-

mycin A), there is a very rapid uptake of H?, DpH is

reversed (acidic inside) and spermine is maintained com-

pletely protonated. Under these conditions spermine is not

retained in the matrix by the very low DW (40 or 50 mV),

but goes out driven by its concentration gradient in

exchange with H? (external pH becomes basic). All the

other conditions evidence that the efflux of spermine is

related to a drop in DW and an increase in DpH. The drop

in DW is very strong with valinomycin plus K? as that

induced by FCCP and antimycin A, while in the case of

mersalyl it is much smaller. The drop in DW is paralleled

by an opposite increase in DpH, to maintain at the maxi-

mum level DlH
? as the energy transducing membranes.

All the above observations of spermine efflux have been

obtained in non-physiological conditions—the properties

of the inner membrane have been changed by particular

effectors. However, the question is: ‘‘Is there an experi-

mental evidence demonstrating that spermine may be

released from the matrix in conditions near the physio-

logical ones?’’

The experimental results presented in Fig. 5 were aimed

to answer this question. RLM, incubated in the presence of

phosphate and energized by the oxidation of succinate with

rotenone in the medium, accumulate [14C]spermine for

about 30 nmol in 25 min of incubation (Fig. 5). At that

time, the incubation medium containing labeled spermine

was substituted with a new one containing cold spermine

and phosphate. The incubation was continued for another

Fig. 4 Spermine efflux induced by drop in DW value. RLM (1 mg of

mitochondrial protein/ml) were incubated in the experimental condi-

tions as in Fig. 1 in the presence of 1 mM Pi. When added: FCCP

(0.1 lg/mg prot), antimycin A (1 lg/mg prot), 50 lM mersalyl.

These results are modified experimental reproductions from Toninello

et al. (1985). When added valinomycin (0.33 lg/mg prot) ? 10 mM

KCl. From: Toninello et al. (1988a). [14C]spermine uptake was

determined by the centrifugal filtration method described in the

above-mentioned references

Table 2 Electrochemical transmembrane potential, DlH
? and its

components, DW and DpH, in energized or de-energized conditions

Control FCCP Ant. A VAL ? K? MERS

DlH
? (mV) 220 0 0 220 220

DW (mV) 180 40 50 60 150

DpH ?0.6 -1 -0.83 ?2.65 ?1.15

60 DpH (mV) 40 -40 -50 160 70

The sign - indicates acidic pH in the matrix. The meaning of 60 DpH

is explained in the text

Spermine and mitochondria membrane interaction
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25 min and the amount of [14C]spermine present in the

mitochondria and also the amount of [14C]spermine

released in the medium were measured. The amount of

labeled spermine in mitochondria diminished first very

rapidly and subsequently more slowly. Simultaneously, the

amount of labeled spermine present in the medium exhib-

ited a slow, but continuous increase.

The rapid loss of radioactivity in the pellet may be

explained by the de-energizing condition induced during

the centrifugation of mitochondrial suspension for adding

the new medium and also for the release of spermine bound

to the membranes. On the contrary, the slower loss of

radioactivity after the resuspension of mitochondria in

fresh medium containing ‘‘cold’’ spermine is attributed to

the release of the labeled spermine out of the matrix.

Besides, slow but continuous increase of radioactivity in

the supernatant, after the resuspension of mitochondria in

the fresh medium, confirms that there is a release of the

labeled polyamine during the uptake of ‘‘cold’’ spermine.

The above experiment evidences that the electrophoretic

uptake of spermine, in normal energized conditions, is

parallel with efflux mechanism, which is most likely elec-

troneutral in origin. The release of spermine takes place

after the accumulation of the polyamine has induced a DW
drop overcoming a critical threshold. As observed in Fig. 5,

after 25 min of incubation spermine is also released from

mitochondria during its uptake. However, after 20 min

there is not any efflux (result not reported). By considering

that after 25 or 20 min Dw has the values of 145 or 150 mV,

respectively, as assessable in Fig. 3, it is to suggested that

spermine efflux begins at Dw between these values. Thus,

when the accumulation of spermine is sufficient to lower

DW under this critical threshold value, the mechanism of

spermine efflux is triggered by establishing a cycling of the

polyamine across the inner membrane. As the mechanism

of spermine uptake has been clearly demonstrated to be of

electrophoretic origin, the mechanism of spermine efflux is

more difficult to explain. One of the common features of the

above experiments is that spermine is released when DW is

completely or partially collapsed, i.e., when the driving

force for the uptake lacks or is weakened. These are the

conditions, as mentioned above, obtained by the complete

DW collapse by H? re-entry (FCCP, antimycin) or by K?

uptake (valinomycin) that suggest an electroneutral

exchange H?/spermine or K?/spermine, respectively.

The effect of mersalyl as mentioned above has to be

considered in the light of its effect on phosphate transport.

Phosphate is transported bidirectionally by an electroneu-

tral mechanism utilizing DpH as the driving force. High

matrix pH favors phosphate uptake; high external pH

favors phosphate efflux. Phosphate uptake, in turn, lowers

DpH by favoring DW increase and, consequently, a parallel

spermine uptake (Fig. 6). The addition of mersalyl blocks

phosphate uptake enhances DpH (increase of alkaline pH in

matrix) and lowers DW (Table 1). In this condition,

spermine goes out accompanied by phosphate (see Fig. 6).

If nigericin is added during the parallel efflux of spermine

and phosphate, the polyamine is re-accumulated as nige-

ricin induces the highest DW value. Instead, phosphate

continues to be released as nigericin also induces a com-

plete drop in DpH. This is a very surprising observation,

since in the presence of mersalyl the movements of phos-

phate should be blocked. However, as previously demon-

strated (Toninello et al. 1986), the presence of spermine

strongly removes the block by mersalyl and permits the

efflux of phosphate either together with spermine or alone,

most likely utilizing the transporter (mechanism) different

from that involved in uptake. Then the question is: ‘‘In

what forms do spermine and phosphate exit from mito-

chondria?’’ In the presence of the inhibitor matrix, pH is

increased and this diminishes the total positive charge of

spermine (this together with the induced drop in DW of

about 15 mV (Fig. 2) weakens the force retaining the

polyamine in the matrix), thus permitting the efflux of

partially deprotonated spermine. Under these conditions

phosphate is present in the matrix in the anionic form and

cannot electroneutrally go out using its known transporter

because of the presence of mersalyl. However, due to the

presence of spermine, the mersalyl inhibition is removed

and phosphate may exit in the anionic form, using a dif-

ferent transporter and an electrophoretic mechanism.

Fig. 5 Spermine cycling across the mitochondrial membrane. Mito-

chondria were incubated in a standard medium containing 1 mM

[14C]spermine (50 lCi/mmol) and 1 mM Pi (dashed lines with filled

triangles). After 25 min of incubation, mitochondrial suspension was

centrifuged at 3 �C for 2 min at 173,0009g. The supernatants were

discarded, and the pellets were washed three times with cold standard

medium and resuspended at 25 �C in standard medium and incubated

for another 20 min (Toninello et al. 1988a). In addition, after the

resuspension, the amount of [14C]spermine was also detected in the

medium (dashed lines with filled circles)

S. Grancara et al.
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A concluding remark on spermine efflux is that the

utilization of the de-energizing agents and the other ones

that induce this event evidence by a non-physiological

mechanism the existence of an efflux pathway for sperm-

ine. However, the release of spermine may take place also

in conditions near those physiological, during its electro-

phoretic uptake, when Dw is lowered to a critical value.

This contemporaneous bidirectional flux of spermine

establishes a continuous cycling across the mitochondrial

membrane.

Role of spermine cycling

The observation that spermine can cycle across the inner

membrane of energized mitochondria in conditions

approximately near to the physiological ones raises the

interest of the biological role of this cycling. Until now,

discussions regarding the role of polyamines in mito-

chondria were mainly addressed to discover the effect of

their accumulation in the matrix without considering the

possible existence of an efflux pathway. As it has been

previously reported the uptake of spermine by mitochon-

dria is related to a large numbers of physiological effects.

Spermine is able to stabilize mitochondrial membranes; it

controls cation fluxes across the membranes, augments the

respiratory control ratio and regulates the mitochondrial

volume homeostasis (Saris et al. 1969; Chaffee et al. 1977,

1978, 1979; Byczkowski et al. 1982). In this regard, the

polyamine modulates Ca2? transport (Nicchitta and Wil-

liamson 1984; Salvi and Toninello 2004) with significant

effects at the level of the Ca2?-dependent Krebs cycle

intermediates (Wan et al. 1989). In particular, spermine is

also able to modulate pyruvate dehydrogenase activity by a

mechanism not requiring the presence of Ca2?, but

involving the phosphorylation of the subunit E1a of pyru-

vate dehydrogenase (Pezzato et al. 2009). Furthermore,

spermine, as mentioned above, favors the transport of

phosphate into the matrix and releases the block on this

transport caused by mersalyl (Toninello et al. 1986). Again,

spermine is able to induce the mitochondrial uptake of

several enzymes such as hexokinase (Goncharova et al.

1994), phosphatidate phosphohydrolase (Martin-Sanz et al.

1985), precursor of ornithine carbamoyl transferase (Gon-

zález-Bosch et al. 1991) and in particular CKII and CKI

(Bordin et al. 1994; Clari et al. 1994), thus raising the

interest to the role of these enzymes in mitochondrial

functions. However, a very important effect exhibited by

spermine transport in isolated mitochondria is the preven-

tion of Ca2?-dependent induction of the mitochondrial

permeability transition (MPT), a phenomenon related to

cell death by intrinsic apoptosis. In evaluating the protec-

tion of spermine on MPT, it is necessary to consider that

in vivo spermine may be oxidized by polyamine oxidase

(APAO), spermine oxidase (SMO) and other amine oxi-

dases with the production of aminoaldehydes and hydrogen

peroxide (for a review on polyamine oxidation see

Agostinelli et al. 2010b). Indeed, preliminary results have

shown the presence of SMO in the matrix of liver mito-

chondria (unpublished results). Thus, the production of

reactive oxygen species (ROS) due to the amino oxidases

activity makes spermine both a possible inducer of MPT

and a protective agent.

All above is regulated by the concentration of spermine

present inside and outside mitochondria that can be oxi-

dized. In this regard it is important to take into consideration

Fig. 6 Effect of nigericin on

the parallel spermine and

phosphate efflux induced by

mersalyl. The figure shows an

original experiment to improve

the study of another one

previously published.

Experimental conditions and

methods are as in Toninello

et al. (1985). 1 mM spermine,

1 mM phosphate, 50 lM

mersalyl and 0.33 lg/mg prot

nigericin were present

(Toninello et al. 1985)
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that spermine is also a potent ROS scavenger (Ha et al.

1998; Sava et al. 2006). So, concentration of spermine

present in the cytosol and in the mitochondrial matrix has a

pivotal role in addressing mitochondria toward MPT

induction or protection and, consequently, to induce death

or life of the cell.

In this regard the rate between influx and efflux of

spermine, i.e., the rate of spermine cycling, assumes a

pivotal role in imposing both internal and external con-

centration of polyamine. Thus, spermine functions may be

determined by its concentration, i.e., it can be either a

source or a scavenger of ROS. Spermine may also act as

inducer or inhibitor of MPT. Therefore, the conditions that

influence spermine cycling are important for addressing

mitochondria toward the above-mentioned opposite effects.

In conclusion, considering that intrinsic apoptosis,

depending on the cell type in which it is induced, may have

pathological or physiological significance, one may assume

that the induction or protection of the MPT by spermine

transport, as well as the modulation of this phenomenon by

the rate of spermine cycling, may be significant for cancer,

neurodegeneration and other diseases and aging.
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