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Abstract

Cenistein, 2 naniral isoflavone present in soybeans, is a potent agent in the prophytaxis ané weatment of cancer. Addition of genistein w©
isolated rat liver mitochondria (RLM) induces sweiling, loss of membrane potential and release of accumudated Ca®”. These changes are
Ca” "-dependent znd are prevented by cyclosporin A (CsA) and bongiorskic acid (BKA), two classical inhibitors of the mitochondrial
permeabiiity transition {MPT). [nduction of the MPT by genistein is accompanied by oxidation of thiol groups and pyridne gucleotides. The
reducing agent dithiverythritol and the alkylating agent N-ethybmaleimide (NEM) completely prevent the opening of the ansition pore,
thereby emphasizing that ihe effect of the isoflavone comelates with the mitochendrial redox state. Further analyses showed that genistein
mduces the MPT by the generation of reactive oxygen specics (ROS) due to its interaction with the respirawry chain at the level of

mitochondrial complex I
& 2002 Elsevier Scienes BV, All rights resexved.
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1. Introducton

Genjstem, a natural isoftavene (Fig. 1), cccurs in plants
and, in particular, is a major component of soybeans. It has
been shown to have zmti-tumer, mti-oxidant and anti-
inflammatory effects. Genistein is zlso able to modulate
cell cycling and to prevent cancer m many different organ
systems 1], most likely by atfenuating cytokine-stimulated
proiiferation {2}, Tn addition, it has beneficial effects in
treatraent of chronic disorders such as osteoporosis and
cardiovascular diseases and is also successfully used as an
immunosuppressant [3,4]. Very recently, it has been
reported that gendstein is 2 potest mbibitor of e-~glicosi-

Abbreviations: Ant. A, aofimycin A; BEA, bonghrekic acid; Csa,
cyclosporin A; DTT, dithiothreitol, MPT, mitochondrial permeabiiity
Tansiion porc; NEM, N-cthylmalomide; RLM. @t fvo mitochondria;
ROS. mactive oxygen specics: TMPD, NN N-temamethyl-p-phenyl-
endiamine; AY¥, membranc potental
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dase [5]. This and other ghicosidases are kmown to be
imvolved m a variety of metabolic disorders and ather
diseases such as diabetes {6} and cancer [7] as well as in
viral attachment [8]. It is believed that the consumption of
large quantities of soy in Asian countries contribzes to the
low mcidence of these chronic disorders and that it might
play an impertant role in promotion of human heaith {41,
Many studies have identified“numercus enzyme targets of
its inhibitory action in living cells [3]. For exampie,
genistein is a well-kpown mhibiter of tyrosine kinases
(9], and wany of its effects have been atxibuted o its
alteration of tyrosine kinase-dependent signal transduction
processes. Recently, it has been proposed that genistein
induces apoptosis in RPE-J cells by provoking mitochon-
drial alteratioms characteristic of mitochondrial permeabil-
ity mamsition (MPT) induction {10], 2 key phenomenon in
cell death by apoptosis amd necrosis [11,12]. This hypoth-
¢sis coatrasts with 2 study showing that several flavoneids
are able to inhibit lipid peroxidation and consequently
biock the MPT according to their radical-scavenging action
and/or antioxidant potential [13]. In reaiity, the bchaviour
of flavoneids is complex: they could act as either antox-
idants or prooxidants, dependmg on therr concentration,
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Fig. 1. The structure of gemistem.

free radical source and presence of transition metals [14].
Indeed, some flavonoids can aute-oxidize in soluton with
the production of anion superoxide, hydrogen peroxide and
hydroxy! radicais (ROS) [14-16].

The aim of this study was to elucidate the role of
genisteln 25 a possible inducer of the MPT and to gain
information regarding its mechanism of acton.

2. Materials and methods

2.1, Chemicals

Gemistein was purchased from Calbiochem and dissolved
n DMSO. All other reagents were of the highest purity
commercially available.
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2.2, Mirochondrial preparations

Rat liver mitochondria (RLM) were isolated by conven-
tional differential centrifugation in 2 buffer containing 250
mM sucrose, 5 mM Hepes (pH 7.4} and 1 mM EDTA [17];
EDTA was omitted from the final washing sohution. Protein
contert was measured by the biuret method with bovine
serum albumin as a stapdard [18].

2.3, Standard incubation procedures

Mitochondria (1 myg protein/ml} were incubated in a
water-jacketed cell at 20 °C. The standard medium con-
tained 200 mM spcrose, 10 mM Hepes (pH 7.4), 5 mM
succinate and 125 uM motenone. Variations and/or other
additions are given with the mdividual experiments pre-
sented. The control assays contzined the same volume of
DMSQ as those caxmried out with genistetn; the final DMSO
concemration was ess than 0.2% (v/v) and did not affect the
assayed activities.

2.4. Determination of mitochondrial functions

Membrane poteatial was calcuiared on the basis of the
mrovernents of the lipid-sojuble cation tetraphenyipbospho-
afum {TPFT) through the inner membrane, meanured using a
TPP™-specific electrode prepared according to Kame et al.
[19]. Mitochondriai swelling was detzrmined by the change
m the absorhance of mitochondrial suspensions at 540 om
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Fig. 2. Mitochondrial sweiling induced by gemisten in isolated RLM. RIM were incubared, in stendard medinm supplemented with 30 M Ca** under the
conditiens indicated n Matenais sud methods. A downoward deflecion indicates mitochondrial sweiling. Genisten was added at the conecnrrations (omol/mg
prot.} indicated to the rigint of the carves. The inset soows the effieet of CsA {1 M} and BKA (5 M) on the swelling induced by 50 uM genistein The assays

were performed soven times with comparable results.
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using a Kontron Uvikon model 922 spectrophotometer
equipped with thermostatic control. Ca® ™ movements were
followed using a Ca” "-selective clectrode (Radiometer
F2112) and a calomel reference electrode {Radiometer
K401). The redox state of endogenous pyridine nuclectides
was followed flucrometrically in an Aminco-Bowman 4-
8202 spectrofluorormeter with excitation at 354 am and
emussion a 462 nm. In addition, for quantitative measure-
ments and to exclude the possibiiity thar the fluorescence

A

change could be influenced by the parallel decrease in light
scatering, pyridine nucleotde oxidation was also deter-
mined by the methylethylketone method 7201, The protein
sulfhydryl oxidation assay was performed as m Santos et al.
i3}

The production of H202 in mitochondria was measured
fhworometrically according to Matsumoto et al. [21]. In
brief, mitochondria were incubated in the presence of
homseradish peroxidase (9 U/ml) and 0.5 mM homovanillic
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Fig. 3. Collapse of membrane potenrial () aod Ca~ ~ effiux {B) induced by gemistein. RLM were mcubated as in Fig. | with gegistein sdded at the indicated
concenirarions. The inscis show the offect of | uM CsA and 5 pb BKA on AY coilapse {panel A} and Ca®* effiux {pagel B) mdneed by 50 uM gooistein
Af=electrode potential, Five additional experiments extibited the same tend
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acid. At iprervals of time, aliquots of the incubation
mixture were withdrawn and combined with 0.1 M NaQH.
The fluorescence was then evalated using am Aminco
Bowman spectrofluometsr with excitation at 324 nm and
emission at 426 nm. Fluorimetric calibration curves were
prepared under the same experimental conditiens using
serial dilutions of H,O- in the absence or presence of |
mg/mi mitochondria

3. Results

Additien of genistein to a mitochondrial suspension
meubated in the presence of 30 uM Ca®* provokes a
dose-dependent change in the apparent absorbance that is
mdicative of large amplitude swelling (Fig. 2). The max-
imum rate and extent of swelling are obtained with a
concentration of 30 pM genistein. No osmotic alteration is
observable m the control curve cbained in the presence of
30 pM Ca®" alone (dashed line). As observable in Fig. 3,
mitochondrial swelling is accompanied by dose-dependent
membrane depolarization (pane] A) and release of accumu-
lated C2® " (panel B). All these effects induced by 50 uM
genistem are almost completely biocked by 1 pM eyclo-
sporin A (CsA) and 5 pM bongioekic acid (BKA), two
typical whibiters of the MPT (see insets in Figs. 2 and 3),
suggesting that the mitochondrial changes are indicative of
MPT mduction,

The presence of EGTA, a calchum chelator, or ruthemum
red, an inhibitor of mitochondrial Ca* ™ uptaks, prevents the
genmistein-induced abserbance change (Fig. 4), suggesting
that Ca® " is mecessary for imduction of the MPT by
genistern, In the absence of 2dded Ca®”, genistein induces
swelling of low amplitude, which is completely prevented
by EGTA or nuhenivm red (Fig. 4). This observation
suggests that genistein can mduce the MPT, although o a

very reduced extent, by acting together with the contami-
nating Ca®" in the medium {(2-3 uM) and/or witk the
endogenous Ca’” (7 nmol/mg prot) which eycles across
the mner membrane.

The redox swte of mitochondrial thicls and pyridine
mucleotides is a parameter strictly evolved m MPT induc-
tion, etther through an amplifying or triggering effect. The
tesults reported in Fig. 5A show that the percemtage of
reduced mitochondrial thiols in the control condition
(measured after 20 min of incubation), about 93% of the
totai, decreases to a value of 65% in the presence of 50
uM genistein, demonstratiug 2 30% increase in the oxida-
tion of towal thiols. Under the same conditions, pyridine
nucleotides are also miensively oxidized (Fig. 5B). These
oxidation phenomena are not observed n the presence of
CsA or BKA, indicating that they are strictly correlared
with induction of the MPT. However, as reported m Fig. 6,
it must be emphasized that dithiothreitol (DTT) and M-
ethyimaleimide (NEM) are also able o completely prevent
mitochondrial swelling, thus confirming that a shift in the
mitochondrial redox state towards a more oxidized level is
implicared in the opening of the transition pore by genis-
tein. These observations pomt out that genistein is able to
directly or indirectly generate reactive oxXygen species
{ROS). In this regard, It is woteworthy that catalase
exhibits only a very siight inhibhory effect, as shown ia
Fig. 6.

Due to their generation of mcompletely reduced oxygen
inmtermediates, e.g. supercxide radicals (O:7), bydrogen
peroxide {H,O.), or hydroxyl redicals (OH') {6], mitochon-
dria represent the main source of ROS production in the cell
under physiological conditions. Therefore, we next nves-
tigated whether the nteraction of genistein with the mito-
chondrial respiratory chain might result in increased ROS
production. Fig. 7 shows that the addition of genistein 10 a
mitochondrial suspenmsion induces an increase im HoOo

genmastern + EGTA or RR
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Fig. 4. Effect of EGTA and mthenivm rod on swelling inducedt by genistefn. Assays were camried out in stasdard medinmm i the absenes { — Ca® ) or prosence
of 30 uM Ca®~, Gemstein (50 pM), EGTA (1 mM) and ruthenium red (RR, 05 uM) were added as indicaicd. The assays were parformed Sve times with

comparaile results.
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Fig. 5. Oxidation of mitochondrial thiols (A) and pyridine nucleotides (B} induced by genistein. RLM were incabated as iz Fig. [, with 50 pM genixicin, 1 mM
EGTA. ! oM CsA or 5.uM BKA added 2s indicated. Pmtsin sulfiydryl oxidation was meamired after 20 min of incubeticn. The mesn vabwes for thiol
oxidation + §.D. fom six experiments are reported (A). Six additional axerys for pyridine nnciendde axidation exhibited the same trend in fvoreseones change
{B). The inser repotts a parailel quantitative determination. of pynidine nuclcotide oxidation perfirmed by the methyletrylketone mahod [20]. The mean valves

fom thres cxperirents + S.D. are moported.

formation up to 0.8 nmol/0.5 mg prot., thus supporting this
hypothesis. In this regard, it must be pointed out that the
addition of catalase has virtually no effect on the MPT (Fig.
6). These observations weuld indicate that H,(, is not the
ROS mainly involved in the MPT induced by genistein. Fig.
7 also shows that the merease m H,O, formation by
genistein is partially inhibited by CsA or BKA. This result

is explainable by taking into account the observation of Fig.
4 in which genistein is able o mduce the MPT, albeit to 2
very low extent, by utilizing comaminating Ca”* in the
medium and/or the cvcling of endogenous Ca®*. The
amount of HpO, produced in the presemce of CsaA or
BKA should be ascribable to the imteraction of genistemn
with the respiretory cham. This amount would account for
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genistein + DTT

control
genistein + NEM

Fig. 6. Effect of DTT, NEM and cataiasc on matochondrial swelling induced by genisiem. RIM wert incubmated ag in Fig. 1 with 50 pM gemstem, | mM DTT,
10 pM NEM, 1000 Ufmg prot catalasc added as indicated. Shown is a typical experimens; Sve addinonal experiments yielded comparabic msults.

the low level of MPT induction. In this regard, it has besn
reported that the transition pore may have a number of
imermediate conformations betwesn fully closed and open
(227 that are responsible for gradual changes in permesbility
of the inper membrage [23]. The production of H.O» by
genistein is not increased in the preseucs of 30 pM Ca®™
(resuits not reported), suggesting that the generation of other
ROS is favoured due to the emhancsd activity of the
respiratory chaip in this condition. This proposal is strongly
supported by the negligible effect of catalase on the MPT
observed in Fig. 6.

The results reported m Fig. 8 show the effects of
different respiratory chain electton donors (3-hydroxybu-
tyrate, suceinate and ascorbate plus NV N NV -tetramethyi-
pphenylendiamine (TMPD)} and mhibitors (rotenone and
atimycin A) on the MPT induced by genistein, These
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Fig. 7. Mitochondrial hydrogm peroxide production in the presence of
zoaistein. RLM were incubated in stendard medium in the presence of 0.9
mM homovanillic actd and 9 U/ml horscradiah peroxidase with or without
50 uM penistom 1 b CsAoor 5 pM BKA was added as indicated. The
mean values Tom four experiments = 5.0, are repored.

analyses pemmitted us to detercume the effect of the
mespiratory chaln components’ redox state on the phenom-
enon and to identify the complex hvoived m the mier-
acdon with genistein.

We observed thet genistein is able to inducs the MPT in
witochondria energized by succinate plus rotenone in the
presence of 3-hydroxyburyrate, which under these condi-
tions songly reduces the components of Complex I The
e and extent of swelling {curve a, panel A) and the {rend
in A¥Y collapse {curve 2, panel B) are identical to those
observed m the absencs of 3-hydroxybutyrate {cwrve b in
panels A and B; also see Figs. 2, 4, and 6). :

Additior of antimyciz A to the 3-hydroxybutyrate-
treated mitochondria blecks genistein-induced swelling
(curve ¢, panel A). It is to be underiined that, by blocking
elecron flow through Complex 1T (cyt bc, compiex),
aptimycim A desnergizes mitochondria {curve c, panel B)
and shifts the respiratory chain components lying upstean
of its interaction site towards a completely teduced state.

Re-epergization of these-mitochondria by ascorbate plus
TMPD {curve ¢, panel B) is meffective in re-inducing the
swelling phenorenon (curve ¢, pagel A).

A different picture is observed when mitochondria are
energized only by ascorbate plus TMPD instead of succi-
nate plus rotenone. In this case, genistein is able o wigger
the MPT both in the absence and presence of 3-hydrox-
vbutyrate phus rotenone (see curves d and 2, respectively,
m both panels). The different time-course of MPT induc-
tion observed in these conditions compared with those of
curves a and b is likely ascribabie o differences In the
Ca” ™ threshold required to induce the pienomenon when
mitochondria are energized with different respiratory sub-
strates [24].

These results point our that MPT induction by genistein
is compietely prevented when Complex ] and Complex I
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Fig. 8. Effects of different redox states of the mspiratory chein compiexes and of different membrene enargiziog substrates an mmitochondrial swelling (A) snd
AY¥ (B) indoced by genistzin, Contimuous s refer 1o RLM incubated i stindand medivm in the presence of 30 pM Co™ ™ (energizmtion by succipate plus
roiencne). Dashed lines refer to RLM incubsied i semdand medium deprived of succinate aud rotmone and supplemented with ascorbate phas TMED m the
fresence of 30 uM Ca* * (coergization by ascorbate pluy TMPD). Fifty-micromolar genistein (gen), 5 mM 3-hydroxybutyzts (3Hb), 10 mM ascocbate (Asc.)
phus 100 uM TMPD, | pM antinmycm A {Aar A) snd 125 ¢M rotenone (Rot) were sdded as indicated. Controls mfer o0 RIM coargized with either succinate
pius Totenooe or sscorbate plas TMPD pias 30 xM Ca® " and withous any other additions. The assavs were performed five times with comperable resuits.

(upstreem of the imhibitory site of antimycin A) of the
respiratory chain are in & reduced staie,

4. Discussion

The results presented in this study show that reatment of
RLM with a physiologically achievable concenmation of
genistein (S0 pM, see Ref [25]) results in dose-dependent
matrix swelling, AY¥ collapse, release of pre-accumuiated
calcium and oxidation of thiol groups and pyridine nucleo-
tides (see Figs. 2-6). All these events are inhibited by the
endecapeptide immunosuppressant CsA, a Hgand of mito-
chondrial cyclophilin {26}, and by BKA, an inhibitor of the
adenine aucleotide mausiocase [27] {Figs. 2 and 3); both

compounds are typical inhibitors of MPT mducton [28].
Furthermore, EGTA. and nithenium red aiso =xhibit a strong
inhibitory effect on genistein-induced sweiling, mdicative of
a strict Ca® * dependence of the phenomenon (Fig. 44}, All
the above-described experimental observations lead to the
conclusion that genistein bebaves as a typical MPT mducer.

The oxidation of mitochondrial thiols and pyridine
puclectides reported i Fig. 5A B is consistemt with the
involvemsnt of oxidative stress m the phenomenon mduced
by genistem.

The proposed mechanism is that genmistein acts as a
prooxidant [14-18] producing ROS, most likely hydroxyl
radicals, through its direct reaction with the tramsition metals
of the respiratory chain and O,. In this regard, Caec er al.
[14] have proposed a reaction sequence for ROS production
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by flavonoids whose first step requires the oxidized state of
the mvolved transition metal, which is reduced by reacting
with the flavonoid in reduced form.

Two compiexes of the respiratory chain were shown 1o
be responsible for much of the ROS generated by mito-
chondria in physiological conditions [29-31] or in the
presencs of drugs [32-35): Cormplex I, the NADH ubiq-
vinone oxidoreductase, and Complex III, the ubiguinol-
cytocarome ¢ oxidoreductase.

The generation of hydrogen peroxide can be accounted
for by the following reaction sequences [i4}:

2Fe’ + GEN — OH — 2Fe”” +GEN = QO + H™ -
2Fe®* 4 O+ FeO?™
FeO™ + Feo™ + 2H* — 2Fe™ + H,0,

where GEN-OH is the reducad form of genistein, GEN=0
is the oxidized form and Fe®*?* is an Fe—S belonging to the
involved respiratory compiex. It is possible that genistein,
after its oxidation by the respiratory chain, is reduced by
diaphorase, a phenomenon previously demonstrated for
menadione [36].

The results reponted in Fig. 8 show that geniswein is able
to mduce the MPT when mitochondria are energized with
etther succinate plus rotenone or with ascorbate plus TMPD,

In both these conditions, the presence of 3-hydroxybu-
tyrate (plus rotenope when RLM are energized with ascor-
bate plus TMPD), which strongly reduces the components
of Compiex I, does not alter the effects of gemistein. By
taking into account the above-mentioned proposal that the
first step of the genisiein prooxidant mechanism involves
the transition metal in the oxidized state [14], these results
Indicate that the Fe—Ss of Complex I are not involved m the
interaction. Fig. 8 also shows that the addition of antimycin
A to 3-hydroxybutyrate-treated, succimate-plus-rotenone
energized RLM completely prevents MPT induction by
genistein.

This observation is explained by taking into account the
effect of the inhibitor on the respiratory chain. Antimyein A,
blocks electon flow between the by heme and, altematively,
the ubiquinone or ubisesuquinone anion at the Q. (also
called ;) site (ses the Q cycle [377), resulting m deenerg-
ization (Fig. 8B) and prevention of the MPT, It moust be kept
in mind that both the b and by hemes are reduced under
these conditions. While subsequent addition of ascorbate
plus TMPD to this assay reenergizes the RLM (Fig. 8B), the
MPT does not occur. This result demonstrates that the
components belonging to the b, compiex downstream of
the site of antimycin A inhibiton, ie., Rieske protein and
cyt ¢, which have their tramsition metais in an oxidized
state, arz ot involved in the phenomenon. Therefore, the
target site must lie upstream of the site of antimycin A

inhibition in the segment comprising the &, and by hemes.
This proposal 15 further confirmed by the resuits obtained
with RLM energized only by ascorbate plus TMPD. Under
this conditions, the presence of 3-hydroxybutyrate plus
rotenone, which reduces the four iron—sulfur clusters of
Complex I but leaves the cyt ¢, complex oxidized, does not
affect the ability of genistein to promote the MPT.

All these observations demonstrate tha! genistein acts
either on the Fe’ ™ of by or on the by heme of the cyt be,
complex. Given the standard redox potemtials of by and by
{ — 100 and + 50 mV, respectively), and considering that the
redox potential of flavonoids is in the ramge of — 30 to +60
mV {16}, we can hypothesize that the targer of genistem is
the Fe’ ™ of the by heme.

Previous papers reported that flavonoids can exhibit
either antioxidant or prooxidant effecss, depending on the
presence of a sowrce of ROS together with 2 tramsition
metal. In this regard, genistein would appear to be peculiar
in exhibiting only the prooxidant effect, as the swelling of
RLM imcubated in the presence of Ca®* plus serr-burylhy-
droperpxide remaing unaffected in the presence of genistein
{resuits not reported).

The hydroxyl group of genistein involved in the ROS-
producmg reaction s most likely that in the 4’ positon (ses
Fig. 1}, as the S and 7 hydroxyls [ie in reciprocal unreacting
meta positons.

The increase m H,O. production m the presence of
genisiein reported i Fig. 7, while modest, is also compat-
iivle with: the low or high amplitude swelling observed m the
absencs or presence of added 30 uM Ca” ", respectively (see
Fig. 4. In this regard, other observations have demonsmated
that similar small amounts of H,O, are able to induce the
MPT [38,39]. The scarce protective effect exhibited by
catalase on MPT inducton (Fig. 6) raises some doubt about
likelihood for direct intervention of H.Oa. Cne possibie
expianation is that H,(O,, which is gemerated in the prox-
imity of the Q, cepter pear the mternal side of the mem-
brane, does not rapidly diffuse towards the outer site and
capnot mieract with catalase. Apother possibiiity is that
genistem favours the mpid formation of the highly reactive
hydroxyl radical as aiso previously reported [i4] and that
this ROS 15 the main molecule responsible for the observed
effects. The involvement of this radical has also been
propesed for other inducers 40} Although oxidative stress
has long been known to be involved-in MPT induction and/
or ‘moduietion, its precise mechanism is not vet clear.
Previous results suggested that the MPT occurs due 1o the
direct oxidation of critical membrane thicl groups mmduced
by respiratory chain-generated ROS [41-43] in the presence
of Ca *. It has been proposed that two sites are the targets of
oxidants and reductants [44]. The first site, named the “37
site, is 2 drthiol, whie the second site, named the “P” site, is
chemically imdefined. The oxidation of these sites by smail
amounts of ROS produced by gemistein would open De
mamsition pore, while their reduction by DTE or NEM
would favour its closure. The opening of the transition pore
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results in substantiai ROS production with consequent
oxidation of the pyridine nucleotide pool and mitochoudrial
thiols {45]. This sequence of events explains the proiective
effects of DTE and NEM (Fig. 6).

Alternatively, ROS produced by genisteln could induce
an acceleration of Ca®" cycling followed by the oxidation
of pyridine nucieotides [46]. In this regard, it has been
demonstrated that oxidized pyridine nucleotides are hydro-
lyzed by an NAD-hydrolase and the reaction product,
ADP-ribose, ovens a new specific pathway for Ca® ™ efflux
which enhances Ca’" cycling. This phenomenon would
forther increase mitochondrial ROS formation [45) with
catastrophic effects on the msulating properties of the
ianer membrane that would affect its bioenergetics

capacity [45].

Acknowledgements

The authors are grateful to Mr Mario Mancon for his
skilled technical assistance.

References

[17 G. Peremon, Evaluaton of the biochemicsl targets of poistein n
mmor ceils, J Nure 125 {1995) S784- 5789,

{2] MJ. Mesma, V. Persiiy, KD. Sexchell, 5. Bames, Soy. [Diaks amd
cancer risks a review of the in vite and in vivo data, Mutr Cancer 2]
{1954} 113-131.

F] K Polkowsii, AP Mazwek, Biological propertics of gomistcm. A
eview of m virro mnd m vive effecs, Acts Pol. Pharm 57 (20000
135155,

[4] S Goldwyn, A Lagmsiy, H. Wic, Promoton of heaith by soy iso-
Gavones: sfhicacy, benefit and coneems, Drug Metab. Drug Imtezac,
17 (2000) 251289,

{51 L Dong Sum, L. Sang Hen Genistem, 2 soy isoflavone, is 2 potent
a-ghiosidase nhibitor, FEBS Latt. 501 (2001} 84— 86,

[6] D, Jenkins, RH. Tavier, D.V. Goff H. Ficden, JJ. Misiewicz,
DL, Sarson, SR Bloom, K.G. Alberti, Scope and specificity of
acarbose m slowing crholrydats absorption i men, Diabetes 30
{1981} 951-954.

{71 J.W. Dexnis, §. Laferte, C. Waghome, M.L. Bretoum, RS, Kerbel,
Beta | —6 branching of Asn-linked oligosaccherides iz directly asso-
dated with metastesis, Science 238 (1987) 582-535.

[8] R.A. Graters, TJ. Neces, M. Tersmette, R E.Y. de Goods, A. Tulp,
LG, Husman F Misdemn HI. Ploegh Imterferenes with HIV-
mduced syncytium formation and viral mitctivity by inhibitors of
rimming plucosidase, Nange 330 (1987) 7477,

%1 A Constantmaou, E. Huberman, Gentsrein as an ndueer of tumonr cell
differcnigaton: possiblc mechanisms of action, Proc. Sec. Exp. Biol,
Med. 208 (1995} 108-115.

{10} H.S. Yoon, 5.C. Moon, N.D. Kim, B.S. Park, M. Jeong, Y.H. Yoo,
Geaistein mduees apoptosts of RPE-T celis by opening mirochondriat
PTP, Biochem. Biophys. Res. Commum. 276 (2000) 151-156.

{117 M. Zorem, . Szabé, The mitochondrial pexrocebility ensition, Bio-
chim. Biophve. Acta 1241 (1995) 139176,

[1Z] V.P. Skulacev, Mitochondsial physiology and pathoiogy; concepts of
programmed death of organciles. cells and organismis, Mol. Aspects
Med 20 (1999 139184

[13) A.C. Sautos. 3.A Uyemmra, JL.C. Lopes, JM. Bazon, FE Mini-
gattn, O, Cumi, E8ecr of naturnlly ocenmmg (favenoids on Hpid

peroxicadon and reembrane permeability ansidon i mitochonéria,
Froe Radic. Biod. Med 24 (1598) [455-1461.

[14] G. Can, E. Sofic. R_L. Prior, Ansoxidant 2nd prooxidant beavien:s of
flavonoids: struchure~activity roiationships, Froe Radic, Biol Med
22 (1987) 140750,

(15} W.F. Hodrick, F.5. Kamg, W.I. Roettger, C.W. Bokmort, R_S. Pandini,
[nhibiten of matechondrial respiraton and production of toxic oxygen
radicais by favemoids. A stucmue-actvity swmdy, Biochem. Phar-
macol. 35 [1986) 23452357,

-116] WE. Hodgick, E.B. Milosavijevic, J.IL. Nelson, R.S. Pardiri, Elec-

wochermistry of Javonoids. Relationships between redox potentials,
mhibiticn of mitochondrial respiraton., and production of oxygen
radicals by davonoids, Biochem. Phacmacol. 37 (1988) 2607-2611.

[i7T} W.C. Schnoder, G.H. Hopeboom. Intraceiludar distribution of sm-
zymes: V. Fusther studies on the distmbuton of cytockromes € in mt
liver homogenats, I, Biol. Chem. 183 (1950} 123128

{18} A.G. Gornali, C_J. Bardawilll M M David, Detcrminaton of semm
proteins by means of the biurct method, I. Biol Chem 177 {1949)
751=766. .

{191 N. Kamo, M. Mumtsgu, R Hoogob, Y. Kobamke Membrme po-
icnnial of mitochondrra measured with an clectrode sepsttive o e
phaylphosphonium and relationsiip betwesn proton clectrochermmcal
poteptial and phosphorylation potental o steady state, . Meombr
Biok. 49 (1979} 105-i21.

[20] M.M. Ciotti, N.O. Kapian, Procedurs for determination of pyridine
mucicondes, Methods Enrymioi. 3 {1957) 391 —899.

[21] T. Matsumote, T, Fuarta, Y. Nimura, Q. Suzuki Incressed sensidvity
of the fuoromerric method of Sayder md Heandley for axidasc assays,
Biochem: Pharmacol 31 {1983 22071209,

{22} S.A. Novgerodov, T.L Gudz, Y M. Milgrom, G-P. Bricrdey, The per-
meability TEmsiton in hearl mitochondria s regulated synetpisteally
by ADP mnd cyclesporm A, I Biod. Thern 267 (1992) 1627416282,

[23] MY, Baiakirev, (. Zimmer, Grednzl changes in permeability of inner
mitochondtial membrans precade the mitochondrial permeability tan-
sitiom, Arch. Biochan Biophys. 356 (1998) 4654,

{241 S. Monamaite V.V Teplova. N.I. Sars, Mechamism of difydroii-
poate stmulation of the mitochondniai permeabibily Tamsition: offsc:
of diffrent respiratory subsmates, TUBMB Life 49 (2000) 211~216.

[25] BT Zava, G. Duwe, Estogenic and antiproliferagve properties of |
genistern and other flavoroids i human breast cancer csils m vitro,
Murr, Capesr 27 (1997 31-40.

267 C.T. Walsh, L.D. Zydowskd, F.D. McKcon, Cyelosporin A, the cycio-
philin class of peptidylprolyl isomerases, md blockade of T ol signal
transducdon, J. Biol Chem 267 (1992} 1311513113,

{277 N. Brustovetsiky, A Becker, M. Klingenberg, £. Bamberg, Electricai
currents associaied with pucleotide wvanspart by the recoosututed
mutochondral ADPATY camier, Proc. Natl Acad Sc 93 (1996}
G64—568.

[28] M. Crompton, The mitochondriel permeabifity trensition pore and its
role in cel} dearh, Biochem. J. 236 (341) (1999) 233—249.

[29] A. Boveriz, B. Chance, Mitochondrial production of supcroxids ad-
ical and hydrogen perondde. i M. Redwvich, R, Coburp., 5. Lahir, B.
Change(Eds.), Tissue Sypoxiz and Ischemin, Plomum, New York, 1977,
pp- 67-82 '

{301 R. Beyer, An malysis of the role of coemzym: (} in free madical
generation and as an anb-oxidagt, Biechem. Cell. Biol 70 (1991)
343-390.

{31] K Takeshigs, S. Minakami, NADH and NADPH depondent formmtion
of superoxide mions by bovinc heart submitochondrial particies and
NADH-ubiguinone rednctase prepamuon, Biochem S 180 (1979)
126135,

32] KJA. Davics. LH. Dormsiow. P Hochstem. Mitochondrial NADH
dehydrogenese~camlyzed oxvegen radical production by adriamycir,
and the relative imecuvity of S-iminodzunorsicacin. FERS Lett
153 ¢1983) 227230,

(331 1H. Doroshow, K 1A, Devies, Comparatve camtiac oxygen radical
membolism by antbrecycline agtibiones. mitoxapuone. bisagoene, 4-



196 M. Salvi et al / Binchimice et Siophysice Acta 1556 (2002) 187-196

{S-acndigylamino Fmethaeslfon-m-anisidide, end neccarzinostatin,
Biochem Pharmacol. 32 (1983) 2935-2939.

[341 KJ.A Davies, T Dorsow, Redox cycling of anthracychines by
cardiac attochondria L Aathracyclme radieat formation by NADE
delrydrogenase, 1. Biol Chem. 261 (1986) 3060-3067.

[35] LI Doroshow, K I A. Davies, Redox cycling of anthracyclines by
cardiac poitochendria: IL Formation of superexide anion, hvdrogen
peroxide, and hydroxyi radical, J. Biol. Chem 261 (1986) 3068 —3074.

[36] B. Fret, K. IL Winterhalter, C. Riciter, Menadionc<{2-methyl-1,4-
nephthoquinone-) dependent sazyroate redox cycling and calcinm
release Dy mmtochondriz, Blochemistry 25 (1986) 4438-4443,

{37] B.L. Truxmowe, The protonmotive Q cycle-snorpy wansduction by
coupiing of proton tansiocation o cleetron tramsfer by the cyto-
chrome 5e; comaplex, L Biol. Chem. 265 (1950) 1140911412,

[38] Al Kowaltowskd, R.E. Castilho, A E. Vercesi, Ca’*-mduced mito-
chondrz!l embranc permesbifization: role of cocnzyme @ redox
staic, Am_ J, Physiol 269.{1993) C141-C147.

{39] Al Kowaltowsld, L.E.S. Nemo, A.E. Vercesi, The thioi-specific
antoxidant cwyme prevaars mitochondrial permeabiiity temsition,
J. Biol. Chem. 273 (1998) 1276612765

[40] A Tonmello, G. Clari, M. Mancon, G. Tognon, P, Zatta, Alrmiram as
an indiez of the mitochondrial poymcability transition, J. Biok Inorg.
Chem. 5 {2000} 612-623.

[41] AJ. Kowaltowski R F. Cagtitho. A F. Voorsi, Opening of the mito-
chondrial permeability transidon pore by uncoupling or inorganic
phospisie in the presence of Ca® ™ is dependent on mitochondrial-
gencreted reactive oxyge species, FEBS Latt 378 (1996) 150-152.

[42] AL Kowaltowsk, R.F. Castilbo, M.T. Grjalba, EJH. Bechara, 4 E.
Vercest, Effcet of inorganic phosphate coneentration on the nature of
toner mitochondrial membrane zlterations mediated by C2°” iops. A
proposed mode! for phosphate-stirmibated limd peroxidation, J. Siol
Chem. 277 {1996) 29292934,

[43] RF. Casdlbo, AT, Kowaltowskd, AR Meinicks, E.LE. Bechara,
AL, Vexest, Permesbilization of the imer mitochondrial membrane
by Ca® ™ jons is stimuiated by r-butyi hydroparoxide and medizted by
reactve 0Xygen specics panerated by mitochondria, Free Radic. Biol,
Med. 18 (1995) 479—486.

[44] B.V. Chermyak, P. Benardi, The mitochondrial permcability transition
pore is modulated by oxidative agents tarongh both pyridine mucleo-
tdes and glutafiooe at two separate sites, Eur . Blochem. 238
(1996) 623—630.- '

[45] AJ. Kowaltowskt, B_F. Castifho, AE. Vercesi, Mitochondrial perme-
abiiity trensiton and oxidative sitress, FEBS Lett 495 (2001} 12-15.

[46] C. Richier, J. Scitlegel, Mitochondsial caleium rolcase induced by
proaxidants, Teedeol Lett. 67 {1993) 116127,



