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Tamoxifen (TAM) is a synthetic, nonsteroidal antiestrogenic agent
that is widely prescribed in the treatment of estrogen-dependent
neoplasias, including breast cancer. The mechanism of action has
yet to be defined, but likely is independent of estrogen receptor
binding. In light of its high lipophilicity and peroxyl radical
scavenging activities, we hypothesized that TAM might be an effec-
tive inhibitor of the mitochondrial permeability transition (MPT),
which is widely implicated in the mechanisms of chemical-induced
tissue injury and apoptosis. The MPT was induced in vitro by in-
cubating freshly isolated rat liver mitochondria in 1 mM Pi with
increasing concentrations of calcium. Induction of the MPT was
characterized by the calcium-dependent depolarization of mitochon-
drial membrane potential, release of matrix calcium, and large am-
plitude swelling. Membrane potential and calcium release were mea-
sured with ion-selective electrodes; mitochondrial swelling was
monitored spectrophotometrically. Preincubation with either cyclo-
sporine A or TAM prevented, in a dose-dependent manner, the
calcium-induced MPT. TAM also inhibited the calcium-induced re-
lease of matrix glutathione. TAM caused a time-dependent reversal
of both the calcium-induced membrane depolarization and calcium
release, suggesting that the effect was on the permeability transition
pore and not due to inhibition of the mitochondrial calcium uniport.
The results suggest that TAM mimics cyclosporine A to inhibit
induction of the MPT and that this activity is not related to the
antioxidant properties of TAM. © 1998 Academic Press
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Tamoxifen (TAM) is a synthetic nonsteroidal anti-
estrogen drug used successfully as a first line chemother
in breast cancer, with the potential for much broader utilit
as a tumor-preventing agent (Jordan, 1990; Nayfetldl.,
1991). However, the mechanisms by which TAM inhibit
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mammary cancer cell proliferation are not yet understood.
is becoming evident, however, that the antiproliferativ
effects are not restricted to the classical estrogen recep
binding model (Kon, 1989).

Biomembranes are important targets of TAM and its mor
active metabolite 4-hydroxytamoxifen, both of which are li
pophilic molecules with high partitioning in membranes, whicl
explains the high tissue-to-serum ratios of these drugs (Cus
dioetal.,1991; Lienet al.,1991). Moreover, the high lipophi-
licity of TAM may explain the membrane-based cytostati
mechanisms. TAM affects the thermotropic behavior of lipi
bilayers and is a strong intramembranous scavenger of pero
radicals (Custodiet al., 1993, 1994). The decreased energeti
efficiency of sarcoplasmic reticulum €aATPase is attrib-
uted to TAM disrupting the structural characteristics of bi
omembranes (Custodiet al., 1996). These same membrane
dependent effects may also be responsible for toxic actions
TAM in vivo.Early reports implicated TAM in the incidence of
certain tumors, but these effects are often contested and
clear description has been offered. (Mani and Kupfer, 199
Fendl and Zimniski, 1992). Studies of the biochemical intel
actions of TAM are essential to a better understanding of tl
molecular mechanisms and cytotoxic effects of this importa
anticancer drug.

At present, data concerning the effects of TAM on mito
chondrial membranes have not been reported. Interference w
mitochondrial bioenergetics is known to participate in th
process of cell injury by assorted agents and by a variety
mechanisms (Imber#t al., 1993; Kas=t al.,1992; Nieminen
et al., 1995; Wallaceet al., 1997). For example, a number of
different chemical inducing agents cause mitochondridi’Ca
overload and induction of the mitochondrial membrane perm

aarb\(lity transition (MPT), which is characterized by the openin

f a cyclosporine A-sensitive permeability transition por
within the inner mitochondrial membrane (Bernaeti al.,

i994; Gunter and Pfeiffer, 1990; Guntetr al., 1994; Zoratti

and Szabo, 1995; Walla&t al.,1997). Experimentally, induc-

fion of the MPT is characterized by an abrupt swelling an
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flux of mitochondrial calcium, GSH, and NAD(P)H (Bernardi,
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1992; Petronilliet al., 1994a; Savaget al.,1991; Weiset al., prepared according to Kamet al. (1979) using a calomel electrode as
1994) all of which are inhibited by the immunosuppressafﬂference. Reactions were carried out in an open vessel with magnetic stirr

. - h in 2 ml of the standard incubation medium supplemented wittMt TPP*.
cyclosporine A (CyA) (Broekemeiegt al., 1989). Induction of The experiments were started by adding 5 mM succinate to mitochondria

the permeability transition is widely implicated in the mechasyspension at 0.5 mg protein/ml. After a steady-state distribution of TR
nisms by which many chemical compounds interfere witheen reached (ca. 2 min of recording) 2Cavas added and¥ recorded for
mitochondria bioenergetics and cell survival bistlvitro (Ber- 15 additional min. Membrane potential was estimated from the decrease TP
nardi et al., 1994; Gunteret al., 1994; Hirschet al., 1997; concentration in the reaction medium as described elsewhere (Moreno :
. . T . . Madeira, 1991). TAM and CyA were incubated 2 min before succinate or aft
lmbert! etal., 1993; Kas=t al,, ]_'992’ Niemineret al., 1995; mitochondrial I)oading with C?);T as indicated in the figure legends. Calibration
Palmeira and Wallace, 1997; Richter and Kass, 1991; Setemys in the presence of TAM excluded any direct interference with the sign
al., 1996; Zoratti and Szabo, 1995) aimvivo (Saxeneet al., although both TAM and CyA slightly decreasadp.
1995; Solenet al., 1994, 1996). Mitochondrial Ca?* fluxes. Mitochondrial C&* fluxes were measured by
Considerations of the lipophilic and antioxidant properties @fonitoring the changes in &4 concentration in the reaction medium using a
TAM (Custodioet al., 1991; 1993; 1994) in conjunction with Ca"-selective electrode according to previously described procedures (M

the current understanding of the chemical reactivities of induq:e_ira, 1975; Moreno and Madeira, 1991). The reactions were conducted in
en vessel with magnetic stirring in 2 ml of the reaction medium of 0.2 |

Ing agents, _many of which ‘T"re. QXIdantS, raise the pOS_S|bII|§§crose, 10 mM Tris—Mops (pH 7.4), and 1 mM KO, supplemented with
that TAM might be a potent inhibitor of the MPT. The aim of ;,m rotenone and 0.5g oligomycin. Mitochondria (0.5 mg protein/ml) were
the present study was to investigate the effects of TAM on tlegergized with 5 mM succinate after 2 min ofCaddition in the absence and
mitochondrial permeability transition with special attention t@resence of TAM or CyA.

the possible involvement of antioxidant properties in prevent-Simultaneous measurements of GSH release aW. Mitochondria (2.5
ing the permeability transition induced by Taand Pi pur- mg/ml) were suspended in 2.2 ml of the standard incubation medium at 30

. . . . ¥ was monitored continuously for 15 min after adding?Cas described
portedly via the generation of reactive oxygen species (KO\Qbove. The reactions were conducted under a continuous streagt@a@id

altowskiet al., 1996a,b). anaerobisis. Oxygen tension was monitored polarographically throughout |
reaction in order to insure well-oxygenated conditions (Clarke-type, YS<
MATERIALS AND METHODS oxygen electrode).

Intra- and extramitochondrial GSH were determined by the HPLC methc
Chemicals. Cyclosporine A (CyA) was a gift-in-kind from Sandoz phar-described by Fariss and Reed (1987) with slight modifications. Sample aliqu

maceutical Corp. (East Hanover, NJ). Tamoxifen (TAM) was purchased frdrh M), taken after 15 min of Cd addition (150 nmol/mg protein), were

Sigma Chemical Co. (St. Louis, MO). All other reagents were of the highe@@’ered over dibutyl phthalate (0.4 ml) which was layered over 10% perchlor
purity available from commercial vendors. acid (PCA) containing 1 mM bathophenanthrolinedisulfonic acid (0.55 mi;

Isolation of rat liver mitochondria. Mitochondria were isolated from the Samples were centrifuged at 50Gr 2 min in a Eppendorf table-top

liver of fasted adult male Sprague—Dawley rats (200—300 g) by differenti‘éﬁggﬁgn%r;rl]esscfr'::?ar?:'tgﬁgoggtr;]az:;iggzg v;izlsiz:r?;?d(zfrsoﬁ éhe:;t[
centrifugation as described elsewhere (Moreno and Madeira, 1991; Palmeli P Y y

ira . L . -
and Wallace, 1997). The homogenate was prepared in 210 mM mannitol,? oWing derlvat.lzat.lon. Brleﬂy,. 0.5 ml each of t.he supgrnatgnt and aci
mM sucrose, 5 mM HEPES (pH 7.4), and 1 mM EGTA. The EGTA Wagx ract were derivatized by adding 50 of 100 mM iodoacetic acid and 0.5

’ PR 7-2), : ml of 2 M KOH-2.4 M KHCO,. The samples were allowed to incubate in the

omitted from the final washing medium, which was adjusted to pH 7.2. Th ark at room temperature for 1 h. After addition of 0.45 ml of 1.5% 1-flouro

final mitochondrial pellet was washed twice and immediately used for SWEIlirp4-dinitrobenzene samples were stored at 4°C overnight and then centrifu

- " .
and mgmbrang potential measurements;"Cfixes, and GSH release: Mito .at 1,40@ for 2 min. GSH was quantified using an HPLC system equipped wit
chondrial protein was measured by the method of Bradford (1976) with bovine, f . . .

. - a Spherisorb S5 amino column (Deeside Ind. Est., UK) and a UV/Vis spe
serum albumin as protein standard.

) - ) , trophotometric detector. The detection wavelength was 365 nm and the mol
~ Standard incubation procedure. The experiments were conducted at 30°Gypase, delivered at 1.5 mi/min, was a binary gradient of sodium acetate ¢
in a standard reaction medium containing 200 mM sucrose, 10 mM Tris-MOopR:thanol as described by Fariss and Reed (1987). During each run, an isoc
(pH 7.4), 1 mM KHPQ, and 10pM EGTA, supplemented with ZtM  gjytion o 1 M sodium acetate in 67% methanol for 15 min was followed by
rotenone and 0.qug oligomycin/ml. Typically, and unless noted otherwise, 10 min linear gradientot5 M sodium acetate. GSH concentrations were

TAM was added in ethanolic solutions (up topd) to the reaction medium  ¢5jcyjated by comparing the integrated peak to commercial standards.
after protein addition and incubated for 2 min before starting the reactions.

Other additions were as indicated in the figure legends. The results shown
represent typical recordings from experiments of at least three different mito- RESULTS
chondrial preparations.

Measurement of mitochondrial swelling. Mitochondrial osmotic volume At trati b 40 I/ itochondrial tei
changes were followed by monitoring the decrease in absorbance (light- concentrations above nmol/mg mitochondnial prote

scattering) at 540 nm with a Beckman DU-7 spectrophotometer as previoutfa- ZO_MM)a TAM CaUS.Ed a dlose-depe_nd.ent decrea_se in ”9_
described (Palmeira and Wallace, 1997). The reactions were performed witdattering by unenergized mitochondria in suspension, whi
mg mitochondrial protein in 2 ml of the standard incubation medium anglas independent of calcium (Fig. 1). At 100 nmol TAM/mg
started with 5 mM succinate. €& (150 nmol/img protein) was added 2 min protein, the mitochondrial light scattering decreased almc
after energization of mitochondria with succinate. Where indicated, CyA In tant | d let ithin 3 min. The fact th
ethanol was added before starting the reactions unless noted otherwise. m_s an aneous_y ".’m was co_mp ete wi !n - mln' elac
Measurements of mitochondrial membrane potentialThe mitochondrial t[hIS decrease in light sca_ttemg was not mhllbIIEd by cyclospc
membrane potential\¥) was monitored by evaluating transmembrane distrit€ A .(data not shown) indicates t_hat this is not t_he reSU|t_‘
bution of tetraphenylphosphonium (TPPwith an ion-selective electrode induction of the MPT. Rather, this apparent mitochondric
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FIG. 1. Effect of high concentrations of TAM on mitochondrial swelling.  F1G. 3. Time-dependent inhibition of mitochondrial swelling by TAM.
TAM was added to rat liver mitochondria (0.5 mg/ml) suspended in 2 ml @xperimental conditions were identical to those described for Fig. 2, exce
medium containing 200 mM sucrose, 10 mM Tris-Mops (pH 7.4), 1 Mthat TAM (40 nmol/mg protein) was added 5 (trace 1), 10 (trace 2), 14 (tra
KH,PO,, and 10uM EGTA, supplemented with 1M rotenone and 0...g  3), or 15 min (trace 4) after adding €ato the succinate-energized mitochon-
oligomycin/mg protein. Succinate and Tawere not added. The traces weregria. The control trace refers to €a+ Pi alone. Where indicated, 0.§8M
obtained by following the amount of light scattering at 540 nm. TAM wagyA was added to mitochondria before the addition of succinate.
added at the concentrations (0—100 nmol/mg protein) indicated in the figure
and the traces are typical of 3 separate experiments. . . . .

tion of mitochondrial swelling by TAM occurred regardless o
whether TAM was added before or after energization wit
swelling likely reflects the direct membrane active, detergerguccinate and loading with calcium is evidence against TAl
like properties of TAM (Custodiet al., 1993, 1996). causing membrane depolarization or interfering with calciut

Lower concentrations of TAM, however, caused a doseptake across the uniport via some other mechanism.
dependent inhibition of mitochondrial swelling induced by the Inhibition of Ca/Pi-induced mitochondrial swelling by TAM
combination of 75uM calcium plus 1 mM KHPQO, (Figs. 2A was a function of elapsed time, the longer the delay in addir
and 2B). As reported by Kowaltowslet al. (1996a, 1996b), TAM the less pronounced was the inhibition of swelling (Fig
incubation of succinate-energized mitochondria with calciuB). In fact, the data of Fig. 3 demonstrate that TAM (and Cy;
in the presence of Pi causes a delayed but large-amplitiide that matter) is effective at preventing, but not reversing
decrease in light scattering, which is indicative of mitochonnduction of the MPT by calcium plus phosphate. It can b
drial swelling. The fact that it is inhibited by CyA is strongconcluded from these data that TAM arrests the progressi
evidence implicating induction of the MPT pore, which thewelling of isolated mitochondria in suspension.
authors attribute to the Ca/Pi-induced stimulation of hydrogenThe inhibitory effect of both TAM and CyA on induction of
peroxide generation. The fact that the dose-dependent inhithie MPT by Ca/Pi is further demonstrated by the fact that bo
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FIG. 2. Inhibitory effect of TAM on C&*-dependent permeability transition pore opening. Mitochondria were incubated at 0.5 mg protein/ml under sta
conditions as described in Materials and Methods. Different TAM concentrations (0—50 nmol TAM/mg protein) were incubated with mitochondria for
before adding succinate (A) or 5 min after mitochondriaf Gébading (B). C&" (150 nmol/mg protein) was added 2 min after energizing the mitochondria wi

5 mM succinate.
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Control

repolarization of membrane potential even if added late in tt
reaction.

Further evidence that TAM resembles CyA in inhibiting the
calcium-induced MPT is provided by the demonstration th:
both agents prevent the calcium-induced release of mitochc
drial calcium (Fig. 6). This protection was evident regardless
whether TAM was added before or after loading of energize
mitochondria with calcium. Furthermore, adding TAM during
the course of the MPT reversed the calcium-induced calciu
release (Fig. 7) in much the same manner as was observed
the calcium-induced membrane depolarization (Fig. 5). Agai
there occurred a point in time late in the reaction beyond whic
TAM did not reverse the calcium-induced calcium releas
CyA reversed this process even when added after essentially
of the accumulated calcium had been released from the mi
chondria.

Figure 8 illustrates the effect of TAM on calcium-inducec
depolarization of mitochondrial membranes in reactions mo|
itored concurrently with the measurement of mitochondri
GSH (Fig. 9). Adding high calcium (ca. 150 nmol/mg protein
in the presence of Pi caused the delayed depolarization
membrane potential (Fig. 8, trace 1) accompanied by the |
lease of more than two-thirds of the mitochondrial GSH (Fic

FIG. 4. Inhibition of C&*-induced depolarization of succinate-energized

mitochondria by TAM and CyA. Mitochondria (1 mg) in 2 ml of the standard
reaction medium supplemented withudl TPP* were energized with 5 mM
succinate after incubation for 2 min at 30°C.2C4150 nmol/mg protein) was
added after a steady-state distribution of THR the absence or presence of
either 40 nmol TAM/mg protein or 0.86M CyA. Both TAM and CyA were
preincubated with mitochondria for 2 min before starting the reactions with
succinate. The membrane potentiAN() was estimated as described in Ma-
terials and Methods. Note that both TAM and CyA depress the total developed
AY¥ and the depolarization induced by a

agents prevented the calcium-induced depolarization of mita:
chondrial membrane potential (Fig. 4). Adding a high concen€E
tration of calcium (150 nmol/mg protein) caused a transie
depolarization, membrane potential returning to near 200 mV
within 1.5 min. This was followed by a dramatic and irrevers-
ible depolarization of membrane potential over the course of
the next 5-10 min. Adding either CyA or TAM at the begin-
ning of the reaction prior to adding succinate and calcium
afforded complete protection against the calcium-induced irre-
versible depolarization of mitochondrial membrane potential
(Fig. 4). Under these conditions, calcium still caused a tran-
sient depolarization of membrane potential, the extent of which
was the same as controls.

-220
c$2+

-200 T (3) TAM
(2) TAM
(1) TAM
CyA

-180

-150 1
(4) TAM

120 1 Control

4 min
——‘* | I |
Succinate

,Slmllar to what was observed for mlto_Chond”al swelllng FIG. 5. TAM causes the time-dependent repolarization of mitochondri
(Fig. 3), the effect of TAM to prevent calcium-induced deposfter exposure to Ga concentrations sufficient to induce pore opening
larization of membrane potential was dependent on the tinieo. The experimental conditions were the same as those described in
elapsed since adding calcium (Fig. 5). However, rather thiggend to Fig. 4, except that, where indicated by arrows, TAM (40 nmol/mr

arresting the continuance of mitochondrial swelling, TA
actually reversed the calcium-induced membrane depolar

M)rotein) was added at different times after?Caaddition. The control trace
.corresponds to Ga + Pi without either TAM or CyA. Traces 1—4 correspond

increasing delays in time preceding the addition of TAM. Where indicate

tion if added before the membranes were completely depolgigs ,m cya was added after G4-induced membrane depolarization at the
ized (point 4 of Fig. 5). CyA, on the other hand, causegbint indicated by the fourth (4) arrow.
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9). The loss of matrix GSH is attributed to its release to th
% — o medium since no GSSG was detected in any of the reactic
and since the sum total GSH (intramitochondrial plus extran
itochondrial) did not change. Adding either TAM or CyA early
TAM in the reaction prevented both the calcium-induced membra
depolarization (Fig. 8, traces 2 and 3, respectively) and tl
release of mitochondrial GSH (Fig. 9). Both agents afforde
complete protection against both of these parameters of cal
um-induced MPT.

DISCUSSION

Ca2* Accumulation

Induction of the mitochondrial permeability transition is
implicated in the mechanism of toxic tissue injury caused by
number of compounds, the majority of which are oxidant

Gontrel (Bernardiet al.,1994; Gunter and Pfeiffer, 1990; Guntral.,
ca?* 4 min 1994; Imbertiet al., 1993; Kasset al., 1992; Niemineret al.,

v _ 1995; Palmeira and Wallace, 1997; Richter and Kass, 19¢
. sl‘ctinate Solemet al., 1996; Wallaceet al., 1997; Zoratti and Szabo,
or 1995). This is significant in that the MPT pore is under th
CyA regulatory influence of the redox status of both mitochondri

FIG.6. Inhibitory effect of TAM on mitochondria C release associated pyridine nucleotides and sulfhydryl groups (Chernyak an
with permeability transition pore opening. Mitochondria were preincubated f@ernardi, 1996; Costantiret al., 1996; Fagiaret al., 1990;
2 min at 30°C in the absence or presence of either 40 nmol TAM/mg prote,lqla|estrapet al., 1997; Petronilliet al., 1994a). Accordingly

or 0.85uM CyA prior to adding 200 nmol C&/mg protein. The uptake of .. .
C&™" and release of sequestered®Cay mitochondria were monitored as one would suspect that antioxidants would be effective .

described in Materials and Methods. The trace is typical of several expeﬂ[evenﬁng indl.JCtion of the permeability transition, thereb
ments. protecting the tissue from such damage.

To date, there are a limited number of inhibitors of th
mitochondrial permeability transition that have been identifie
The most specific is cyclosporine A, an immunosuppresse

220 A
/ ca?*
3 fa v
®) ca?* yala ©
CyA 2 o
- 200 ] o
k] Ca
K
E =
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§ € 180 A
& 3
&
©
o
-150 1
4 min.
120 1 L P —
Control oj o. P
- fop
4 min S S S
_ TAM CyA

FIG. 8. Effect of TAM on mitochondrial membrane depolarization asso
ciated with GSH release. The experimental conditions were identical to that 1

FIG.7. TAM induces C&* reuptake by mitochondria after transition poreFig. 4 with succinate (S) as substrate, except that all reagents were adde
opening induced by Ga. The reactions were carried out as described for Figoroportion to the mitochondrial protein concentration (2.5 mg/ml) in 2.2 ml o
6, except than TAM (40 nmol/mg protein) was added at different times afténal volume and the reactions carried out under a steady stream, asO
mitochondria C&" loading (traces 1-5). The control trace corresponds 6 Ca described in Materials and Methods. The traces represent typical recordir
+ Pi, and trace labeled CyA represents the effect of WBBCyA added late from experiments with three different preparations of mitochondria incubate
during the pore transition as indicated by the correspondingly labeled arrawthe absence (trace 1) or presence of either 40 nmol TAM/mg protein (tra
All traces are representative of several separate experiments. 2) or 0.85uM CyA (trace 3).

Ca?* succinate
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6 mitochondria incubated with 1@M calcium plus 1 mM phos-
[ Media phate. The fact that this was associated with induction of t
5 I wmito mitochondrial permeability transition, which was inhibited by

both catalase and dithiothreitol, implicated thgG3-depen-
dent oxidation of critical mitochondrial thiols. The authors
propose that induction of the MPT by the combination ©

calcium plus phosphate results from theQd-dependent de-
pletion of mitochondrial glutathione and the oxidation of crit
ical mitochondrial protein thiols. However, we measured n
change in the oxidation state of mitochondrial glutathion
during the course of calcium plus phosphate-induced MP
The depletion of GSH was due solely to the efflux from thi
permeabilized mitochondria, which was prevented by inhibi
— ing the MPT with cyclosporine A or TAM. We conclude that
Control TAM CalPi CalPi CAIPi unlike oxidants, oxidation of mitochondrial GSH and protei

+TAM +CyA . . . . .

thiols is not a requirement for induction of the MPT by the
FIG. 9. Inhibitory effect of TAM on C&"-induced mitochondrial GSH combination of calcium plus phosphate. This is in accordan

release. Mitochondria (2.5 mg protein/ml) were incubated as described in {ieth observations by Savage al. (Savageet al.,1991; Savage

legend to Fig. 8. At precisely 15 min after theZaaddition, samples (1 ml) . : - .
of the respective reaction medium were taken and analyzed for intra- a%gd Reed, 1994) using higher concentrations of both calcit

extramitochondrial GSH by HPLC as described in Materials and Methods. Thé0 #M) and phosphate (3 mM). Accordingly, although TAM
experiments (Ca/Pi), (Ca/Pi TAM) and (Ca/Pi+ CyA) correspond, respec- iS lipophilic and has been shown to scavenge peroxy! radic:
tively, to traces 1, 2, and 3 from Fig. 8. Values, expressed as nanomoles G@LJstodioet al., 1993, 1994), inhibition of the induction of the
pgr milligram _protein, represent the meanSD of three different mitochon- MPT is due to some factor other than the antioxidant properti'
drial preparations. of TAM. Instead, TAM may be more global in its effectivenes:
against inhibiting induction of the MPT by assorted classes |
that competitively prevents cyclophilin from interacting withchemical-inducing agents. Since TAM did not alter State
specific cyclophilin-dependent binding domains of the pomespiration (data not shown), the protection against inducti
(Broekemeieket al.,1989; Cromptoret al.,1988; Nicollietal., of the MPT is not likely the result of a direct effect on the
1996). Other classes of inhibitors of the MPT are far lesdectron transport chain. Although we have no direct evidenc
specific and consist of ligands for the adenine nucleotide trartise decrease in probability of pore opening caused by TA
porter (Halestrap and Davidson, 1990; Zoratti and Szalbmay reflect yet one more membrane-dependent biological
1995), inhibitors of phospholipase,Aactivity (Broekemeier tivity of this important cytostatic agent. For example, with
and Pfeiffer, 1995), and antioxidants (Castikioal., 1996). pKa ~8.5, TAM exists as the protonated quaternary ammg
Implication of the thiol redox status in the regulation of th@ium cation at physiological pH. Since amphipathic organi
MPT pore is owed to the identification of oxidants as importagations are known to be potent inhibitors of the MPT (Broeke
inducers of the transition and by the potent inhibition byneier and Pfeiffer, 1995), it is possible that this inhibitory
sulfhydryl reagents (Gunteat al., 1994). It is proposed that a activity of TAM reflects the fact that it increases the membrar
critical factor regulating induction of the MPT is the oxidatiorsurface potential of the mitochondria, thereby affecting tt
state of cysteine residues in the immediate vicinity of theoltage-dependent regulation of the MPT. Many addition:
voltage-sensing element of the pore (Petromtlial., 1994a). experiments are required to test this possibility.
Oxidation to form disulfides increases the voltage gating po- Induction of the MPT is reversible and protection by suc
tential and, thus, the probability of pore opening. Converselggents as EGTA and cyclosporine A is transient (Broekemei
thiol-reducing agents or monofunctional alkylating agents stat al., 1989; Crompton and Costi, 1988; Hunttr al., 1976;
bilize the pore in the closed state. Oxidants, including hyetronilliet al., 1994b; Savaget al.,1991). Adding either of
droperoxides and variously substituted naphthoquinones, catisse agents soon after induction of the MPT causes a “rese
the accumulation of both glutathione and mixed protein disuhkg” of the permeabilized mitochondria. However, Casti#to
fides within the mitochondria (Castilhet al., 1996; Fagiaret al. (1996) report a time-limited ability of EGTA to reverse
al., 1990; Olafsdottir and Reed, 1988; Palmeira and Walladeduction of the MPT by oxidants: the more time that elapse
1997; Petronilliet al., 1994a), which is prevented by thiol-after adding the oxidarih vitro, the less complete restoration
reducing agents and other antioxidants that are also knownofomitochondrial volume and membrane potential by EGTA
prevent induction of the MPT. These authors invoke the progressive oxidation and accun
Induction of the MPT requires, at a minimum, calcium pluation of critical membrane protein disulfides as determinin
phosphate (Petronilkt al., 1993). Kowaltowskiet al. (1996a) the finite capacity to reverse induction of the MPT. We den
demonstrated a stimulation of B8, generation by hepatic onstrate a comparable time-restricted capacity of TAM t

GSH (nmol/mg protein)
w




16 CUSTODIO, MORENO, AND WALLACE

reverse induction of the MPT by calcium plus phosphate.prooxidants is determined by the extent of membrane protein thiol cros

However, since we observed no oxidation of mitochondriallinking. J. Bioenerg. Biomembgs, 523-529.

glutathione, we must invoke some mechanism other than thémyak, B. V., and Bernardi, P. (1996). The mitochondrial permeabili

accumulation of protein disulfides. In view of the potent mem_transmon pore is modulated by oxidative agents through both pyridir
L . .. nucleotides and glutathione at two separate sis. J. Biochem238,

brane-dependent activities of this agent, it is reasonable t@,3 g3

S_UQgeSt that TAM In.ﬂ.uences the regl'”atlon of the tr?‘nSforméastantini, P. C., Chernyak, B. V., Petronilli, V., and Bernardi, P. (1996

tion of the permeability pore by some as yet undefined allo-modulation of the mitochondrial permeability transition pore by pyridine

steric process. The time-dependent irreversibility of the per-ucleotides and dithiol oxidation at two separate silesiol. Chem271,

meability transition pore might reflect a “fixing” of the 6746-6751.

transformed complex such that it is no longer subject to allGsompton, M., and Costi, A. (1988). Kinetic evidence for a heart mitochor

steric influences imposed by membrane-active compoundg”a' pore activated by G&, inorganic phosphate and oxidative stresst.

7 ) : . Biochem178,489-501.
such as TAM. Regardless, in view of the growing evidence” Blochem 8_‘ 89-50 , - ,
implicating the MPT in assorted chemical-induced injuries arfd®mPton, M-, Eliinger, H., and Costi, A. (1988). Inhibition by cyclosporin A

. . . . of a C&*-dependent pore in heart mitochondria activated by inorgan
ischemia-related tissue damage, and as an important apOoPtBrosphate and oxidative stre@iochem. J255, 357—360.

genic event, it has become important to idemify Strategies égstodio, J. B. A,, Almeida, L. M., and Madeira, V. M. C. (1991). A reliable
circumvent induction of the MP1h vivo (Bernardiet al.,1994; and rapid procedure to estimate drug partitioning in biomembraBies.
Gunter and Pfeiffer, 1990; Guntet al., 1994; Zoratti and  chem. Biophys. Res. Commui76,1079-1085.
Szabo, 1995; Wallacet al.,1997). Cyclosporine A, although Custodio, J. B. A., Almeida, L. M., and Madeira, V. M. C. (1993). The
extremely usefulin vitro, has yie|ded less than satisfying anticancer drug tamoxifen induces changes in the physical properties
resultsin vivo. This newly discovered activity of TAM may model and native membrand3iochim. Biophys. Actd150,123-129.
provide this long-sought and important opportunity to intef<ustodio, J. B. A., Dinis, T. C. P., Almeida, L. M., and Madeira, V. M. C.
vene in the clinical management of such disorders. Therapeutig®34): Tamoxifen and hydroxytamoxifen as intramembraneous inhibito
. . . of lipid peroxidation. Evidence for peroxyl radical scavenging activity
concentrations of tamoxifen are approximately 120 ng/ml (ap-gjochem. Pharmacok7, 19891998,
proximately 0.3uM). In our incubations, effective concentra-c siodio. J. B. A., Aimeida, L. M., and Madeira, V. M. C. (1996). The effec
tions of tamoxifen were between 10 and 50 nmol/mg mito- of the anticancer drug tamoxifen and hydroxytamoxifen on the calciut
chondrial protein. At 0.5 mg protein/ml, this translates to 5—25pump of isolated sarcoplasmic reticulum vesicl&sxicol. In Vitro 10,
wM. However, one must consider the fact tamoxifen is a very523-531.
hydrophobic molecule and that in rats and humans the steafiggian, M. M., Pereira-da-Silva, L., Martins, I. S., and Vercesi, A. E. (1990
state concentration in liver is 60—70 times higher than in Serun{\/lembrgne pro_tein thiol pross—linking associated with thg permeab_ilizatic
(Lien et al., 1991). Thus, it is highly probable that at thera- of the inner mitochondrial membrane by Taplus prooxidantsJ. Biol.

Chem.265,19955-19960.

peutic plasma concentrations, the concentration of tamoxﬁggriss’ M. C.. and Reed, D. J. (1987). High-performance chromatography

in the tissues is well within the range found to inhibit induction thiols and disulfides: Dinitrophenol derivativeslethods Enzymol143,
of the MPT. 101-109.

Fendl, K. C., and Zimniski, S. J. (1992). Role of tamoxifen in the induction ¢
hormone-independent rat mammary tumdancer Res52, 235—-237.
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