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Tamoxifen (TAM), the widely prescribed drug in the prevention
and therapy of breast cancer, is a well-known modulator of estrogen
receptor (ER) that also inhibits the proliferation of different cell types
that lack the ER. However, the ER-independent action mechanisms
of TAM and its side effects have not been yet clarified. Mitochondria
are essential in supporting the energy-dependent regulation of cell
functions. Changes in mitochondria result in bioenergetic deficits
leading to the loss of vital functions to cell survival. Therefore, this
study describes the effects of TAM on mitochondrial bioenergetics,
contributing to a better understanding of the biochemical mecha-
nisms underlying the multiple antiproliferative and toxic effects of
this drug. TAM at concentrations above 20 nmol/mg protein, prein-
cubated with isolated rat liver mitochondria at 25°C for 3 min,
significantly depresses, in a dose-dependent manner, the phosphory-
lation efficiency of mitochondria as inferred from the decrease in the
respiratory control and ADP/O ratios, the perturbations in mitochon-
drial transmembrane potential (AW), the fluctuations associated with
mitochondrial energization, and the phosphorylative cycle induced
by ADP. Furthermore, TAM at up to 40 nmol/mg protein stimulates
the rate of state 4 respiration and at higher concentrations it strongly
inhibits state 3 and uncouples the mitochondrial respiration. The
stimulation of state 4 respiration parallels the decrease of AW as a
consequence of proton permeability. The TAM-stimulatory action of
ATPase is also observed in intact mitochondria, suggesting that TAM
promotes extensive permeability to protons due to destructive effects
in the structural integrity of the mitochondrial inner membrane.
These multiple effects of TAM on mitochondrial bioenergetic func-
tions, causing changes in the respiration, phosphorylation efficiency,
and membrane structure, may explain the cell death induced by this
drug in different cell types, its anticancer activity in ER-negative
cells, and its side effects. © 2001 Academic Press
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Tamoxifen (TAM) is the most used nonsteroidal antiestro
gen drug for chemotherapy and chemoprevention of bree
cancer (Neven and Vernaeve, 2000; Radmacher and Sim
2000). The antiproliferative effects of TAM in estrogen-depen
dent breast cancer cells are mediated by high-affinity bindir
to the estrogen receptor (ER) (Coezlyal, 1982). However,
TAM inhibits also the growth of ER-negative breast cance
cells and other cell types that lack ER (Couldwetlial, 1993;
Croxtall et al,, 1994; Charlieet al,, 1995). Actually, TAM has
been reported to have several physiological effects that are
independent, including sensitization of resistant tumor cells 1
many chemotherapeutic agents (Alitral, 1999) and several
pleiotropic effects botlin vivo andin vitro (Chenet al,, 1999
and references therein). Moreover, it has been reported tt
TAM induces multiple cellular adverse effects, including he:
molytic action (Suwalsket al, 1998; Cruz Silveet al.,, 2000)
and inhibition of mitochondrial permeability transition (Cus-
tédio et al,, 1998). However, the multiple mechanisms under
lying the TAM-induced cytotoxic effects have not been fully
understood and the identification of such mechanisms is rel
vant to assure a safe and appropriate therapeutic administrat
of this drug.

The effects of TAM on a variety of biological membranes
have been reported to be a consequence of its biophysical
biochemical interactions with biomembranes (Cdsgicet al,
1993, 1996) that are related with its strong partition within the
lipid bilayer (Custdlio et al,, 1991). Such effects include the
stimulation of ATP hydrolysis (Custho et al, 1996; Cheret
al., 1999) and the decrease in the energetic efficiency of tt
Ca" pump of sarcoplasmic reticulum (Cuslfo et al., 1996),
modifications in the morphology and structure of the brea:
tumor cell membranes, potentially responsible for its estrogel
independent antiproliferative activity (Siegt al, 1984), he-
molytic effects (Cruz Silvaet al, 2000), and mitochondrial
swelling (Custdio et al, 1998).

Mitochondria are essential to support the energy-depende
regulation of several cell functions. The multifaceted role o
mitochondria in cell homeostasis is rooted in the proton motiv
force (Ap), which supplies the energy required for cell suste
nance. In addition to ATP synthesis, mitochondria are als
critical to the modulation of cell osmotic regulation, redox
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status, pH control, cell signal transduction, andTeomeosta ing to Kamoet al. (1979) to measure the transmembrane distribution of TPP

sis. Disruption of mitochondrial bioenergetics has been recdij- Previously established (Karet al, 1979; Moreno and Madeira, 1991),
Using an Ag/AgCl-saturated electrode as reference (Model MI 402; Microele

nized to participate in the lethal cell injury induced by Xenot_rodes, Inc., Bedford, NH). The reactions were carried out in an open vess

biotics, leading to cellular ATP deple_tion and cell deatlith magnetic stirring at 25°C and performed with 1 mg mitochondrial proteir
(Wallace et al, 1997). Therefore, studies of TAM on thein 2 ml of the standard respiratory medium supplemented wjiiM2rotenone

bioenergetic functions of mitochondria will contribute towar@nd 4uM TPP". TAM was added in ethanolic solutions (up touf) to the
a better understanding of the biochemical mechanisms undgff\ndard respiratory medium after protein addition and incubated for 3 m

. . - . . . . hefore starting the reactions. The experiments were started by adding 5
lying its ER-independent actions and toward predicting its Sl(g_éccinate and, after a steady-state distribution of TRA. 2 min of record

effects. The results clearly demonstrate that TAM affects Mjy) 150 nmol/mg protein ADP was added. Control assays were conducted
tochondrial bioenergetics by disrupting the mitochondriahe presence of an identical volume of ethanol to that used in the experime:
membrane, suggesting that such damage may be responngIeTAM. AV is expressed in mV and was estimated from the decrease
for the demise of the TAM-induced cell. TPP" concentration in the reaction medium, as described elsewhere (More!
and Madeira, 1991). Preliminary calibrations in the presence of TAM reveale
no direct interference with the electrode signal.
MATERIALS AND METHODS Simultaneous measurements of respiration rate addl’. To determine
the TAM effects on mitochondrial function and to discriminate its site of actior
Chemicals. Tamoxifen, bovine serum albumin (BSA), Hepes, EDTAon mitochondria, we adopted the approach commonly used for top-dow
nigericin, and oligomycin were purchased from Sigma Chemical Co. (Shetabolic control analysis (Hafnet al, 1990). In this approach, oxidative
Louis, MO). Carbonyl cyanidg-trifluoromethoxyphenylhydrazone (FCCP), phosphorylation is conceptually divided into three subsystems: the mitocho
EGTA, tetraphenylphosphonium (TP and sucrose were from Merck drial respiratory chain, the phosphorylation system, and the proton leak. T|
(Darmstadt, Germany). All other chemicals were commercial products of thependence of each of these three subsystems on their common intermedi
highest purity grade available. Solutions were prepared in deionized ultraptiie proton motive forceAp is measured in either the presence or the absenc
water. of the compounds in order to determine which of these subsystems is direc
Isolation of rat liver mitochondria. Mitochondria were prepared from affected.
Wistar rats (250—300 g) by differential centrifugation as described elsewherel0 assess the effects of TAM on th&p producing system (i.e., the
(Moreno and Madeira, 1991), with slight modifications. Rats were killed bigspiratory chain complexes and the substrate transporters) mitochond
decapitation and the liver was removed, finely minced, and washed in ice-ceggpiration and\'¥ were measured simultaneously at 25°C in a 1-ml incuba
isolation medium containing 250 mM sucrose, 0.5 mM EGTA, 0.5 mM EDTA(jon chamber fitted with both a Clark-type oxygen electrode and a'TPP
10 mM Hepes—KOH, pH 7.4, and 0.1% (w/v) free fatty acid BSA. Tissugensitive electrode. Mitochondria (1 mg) were suspended in the reacti
fragments were quickly homogenized with a motor-driven Teflon Potter hgedium containing 130 mM sucrose, 50 mM KCI, 5 mM Mg@.1 mM
mogenizer in the presence of ice-cold isolation medium (7 g/50 ml). Liv&GTA, 5 mM KH,PO,, 5 mM Hepes, pH 7.4, supplemented withu3/
homogenate was centrifuged at §30r 10 min (IEC B-20A centrifuge) at 4°C rotenone, 4uM TPP", 1.5 ug oligomycin (to eliminate phosphorylation), and
and mitochondria were recovered from the supernatant by centrifugationS&ng nigericin [nigericin eliminates the pH gradient across the mitochondri:
10,00@ for 10 min. The mitochondrial pellet was resuspended using a paitner membrane (Murphy and Brand, 1987; Hafner and Brand, 1991) ar
brush and centrifuged twice at 10,@06r 10 min before obtaining a final thereforeAW becomes equal tap]. Mitochondria were incubated under these
mitochondrial suspension. EGTA and BSA were omitted from the final washonditions for 3 min in the presence of TAM. Respiration was initiated by th
ing medium, which was adjusted to pH 7.2. Mitochondrial protein content wagldition of 5 mM potassium succinate (pH 7.2). Respiration ANt were
determined by the Biuret method (Gornell al, 1949) using BSA as the titrated by successive additions of FCCP (up to 40 nM). At the end of th
protein standard. incubation, FCCP (0.35.M) was added to allow the TPRelectrode to return

Measurement of oxygen consumption.Mitochondrial oxygen consump- to its basel!ne.
tion (respiration rate) was monitored polarographically at 25°C using a Clark- 1€ Préevious protocol was followed to assess the effects of TAM on proto
type oxygen electrode (YSI Model 5331, Yellow Spring Instruments) corgak (i.e., the passive permegblllty of t'he mltochondrlgl inner membrane |
nected to a suitable recorder in a 1-ml thermostated, water-jacketed, Seﬂgﬁons,‘ and agy cation cycling reactions), but the titration was done &
glass chamber with constant magnetic stirring, as described elsewhere (GY§cessive additions of malonate (up to 1.5 mM). B )
todio et al, 1994: Ferreirat al, 1997). Mitochondria at a concentration of 1 1 1rations with TAM were conducted under the same conditions but in th
mg of protein/ml were suspended in a standard respiratory medium containﬂﬂf‘ence of FCCP or malonate.
130 mM sucrose, 50 mM KCI, 5 mM Mggl0.1 mM EGTA, 5 mM KHPO,, ATPase activity of intact mitochondria. ATPase activity was estimated by
5 mM Hepes’ pH 7.4, and ZLM rotenone when succinate was used agﬂonitoring the Changes in pH of the medium associated with ATP hydronS|
substrate. State 4 respiration was initiated upon addition of 5 mM succinate dtdeiraet al, 1974). The experiments were carried out at 25°C in 2 ml of the
ADP was added to establish state 3 respiration momentarily (@D or standard respiratory medium lightly buffered with 0.5 mM Hepes, which wa
permanently (1.5 mM). Respiratory control ratios (RGRstate 3/state 4), adjusted to pH 7.2 and supplemented with rotenone. The reactions were
respiratory states, and ADP/O ratios were determined according to Chance B@dormed in 1 mg mitochondrial protein and initiated with 2 mM Mg—-ATP as
Williams (1956). TAM was added in ethanolic solutions (up t@p to the described elsewhere (Ferreiea al, 1997). TAM was incubated with mito-
reaction medium with mitochondria and allowed to incubate for 3 min befofdondria for 3 min before starting the reactions. The addition gig2mg
starting the reactions. This incubation period was carried out to ensure gfgtein oligomycin completely abolished the pH changes.
complete internalization of the compound on the membrane due to its li-The results shown represent typical recordings from experiments of at lex
pophilic characteristic (Custio et al, 1991). Care was taken to ensure a finafhree different mitochondrial preparations.
assay volume of 1 ml after the additions. The scale of oxygen uptake was
calibrated according to the oxygen consumed by submitochondrial particles RESULTS
after addition of titrated solutions of NADH.

Mitochondrial membrane potential. Mitochondrial membrane potential 10 €lucidate TAM effects on rat liver mitochondrial ener-

(AW) was estimated with an ion-selective electrode of TRRepared accord getic metabolism, we studied the respiration parameters as w
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7 2 of the respiratory rate on ADP; it indicates the ratio betwee

p i the oxygen consumption rate in the presence of added AL

L (state 3) and the rate obtained after the completion of pho

5 15 phorylation pulse (state 4). The efficiency of mitochondria

o [ g oxidative phosphorylation is defined by the ADP/O ratio, i.e.
& 4 [, E the ratio between the nanomoles of added ADP and the nar
&, : < grams of oxygen atoms consumed during the phosphorylati
- pulse. The ADP/O ratios were measured up to 40 nmq

2 Los TAM/mg mitochondrial protein; for higher proportions of the

1 [ drug, RCR approaches 1.0, meaning that ADP does not indu

i stimulation of respiratory rate. The depressive effect of TAN

Oty 10 on the phosphorylation capacity of mitochondria was furthe

0 10 20 30 40 50 60

nmol TAM/mg Protein confirmed by following theAW fluctuations associated with

mitochondrial respiration and with the phosphorylation cycle
FIG. 1. Effects of TAM on mitochondrial RCR3) and ADP/O @) ratios.  induced by ADP (Fig. 2). When succinate was added, mitc

Mitochondria (1 mg) in 1 ml of the standard respiratory medium supplement P : v )
with 2 uM rotenone were incubated with TAM for 3 min prior addition of(Eﬁi'ondnsl Immedlately develope of about 220 mv (neg

succinate (state 4). After 2 min of energization, mitochondria were suppl@'-[i\{e i_nSide)- Upon' ADP addition (150 nmol/mg Pmtein)'
mented with ADP (150 nmol/mg protein) to induce a state 3 conditiowhich induces transition to state 3, th&’ suffered an imme-

Mitochondrial respiration rates were determined byddnsumption using a dijate fall to 180 mV, since ATP-synthase makes usA¥fto
(_Zlark—type electrode. Both indexes were calculated as described under M?fﬁbsphorylate the added ADP, and, after a short |ag phase, 1
rials and Methods. . . . .
mitochondrial membrane was repolarized close to its initic
value (state 4). However, when TAM was present, mitochor
as theAW of energized mitochondria. As shown in Fig. 1, a€lria developed a consistently lowat, although it was not
increasing concentrations, using succinate as respiratory sv@ry noticeable at up to 20 nmol TAM/mg protein. Further-
strate, TAM progressively depressed the RCR and the ph#3ere, the depolarization following the addition of ADP and the
phorylative index (ADP/O ratio) of liver mitochondria. Theseate of repolarization on recovery from state 3 were progre:
results suggest a depressive effect on the phosphorylatgively lower at increasing concentrations of TAM. These ef
capacity of mitochondria. RCR is a measure of the dependerieets became very significant at 40 nmol TAM/mg protein. Th

ADP ADP
225 1 { X ADP
/\ 1L
ol /
R
s
E
B~ -200
<
2 min
————
ADP
-150 |
Control 10 20 40 50
A Succ AN Succ x Succ A Succ AN Succ

FIG. 2. Effect of TAM on the mitochondrial transmembrane potentis¥). Mitochondria (1 mg) suspended in 1 ml of the standard respiratory mediu
supplemented with 4M TPP* and 2uM rotenone were energized with 5 mM succinate (succ) after incubation at 25°C for 3 min in the absence (control
in the presence of different TAM concentrations (nmol TAM/mg protein) as indicated by the numbers adjacent to the traces. ADP (150 nmol/mg prote
added after a steady-state distribution of TR& induce state 3 respiratioAW was determined using a TPRensitive electrode as described under Material
and Methods.
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2404 — 30 nents. This hypothesis can be conveniently checked out |

] I studying the effect of the drug on the uncoupled respiratiol

220 I Under these conditions, variations in membrane permeabili

1 L2s £ do not interfere with the inhibition of the respiratory chain,

1 r g because the permeability is always maximum. Therefore,

o 200+ « Clarify the effects of TAM on mitochondria, we also studied

g ] L2 £ the effects of TAM under either the state 3 conditions (in th
Es 180.] I E,. presence of 1.5 mM ADP) or the uncoupled conditions (in th
] ©  presence of .uM FCCP) (Fig. 4). Both the ADP-stimulated

2 [ s 'g respiration and the FCCP (uncoupled) respiration were inhil

160 - = ited by TAM. The effect of TAM on FCCP-induced respiration

) reflects its interaction with the mitochondrial redox chain an

140.] N " 1o confirms the impairment in the electron transfer along th

0O 10 20 30 40 S0 60 70 respiratory chain. Additionally, the state 3 respiration is mor
sensitive to inhibition by TAM than the uncoupled respiration
In agreement with the stimulatory effect of TAM on state 4
FIG. 3. Effects of sequential additions of TAM oAV (@) and state 4 respiration, indicative of an increase in the proton leak throug
respiration Q) of‘ nonphosphorylating mitoghondria. Mitochondria 1 mg)the mitochondrial inner membrane, TAM consistently in-
B e - g s, S oot mosang . t8ased the ATPase actiiy of tighly coupled ntact mitochor
were energized with 5 mM succinate. Mitochondrial respiration ratgsa(d dria (Fig. 5). This effect reinforces the action mechanism c
AV (®) were evaluated simultaneously with a Clark-typeelectrode and a TAM as uncoupler, taking into account that its stimulatory
TPP selective electrode, respectively, placed in the same closed react@etivity is typical of an uncoupler or uncoupling substance, a
chamber. After a st(_eady—state Qistribut_ign of TPEhe mitpchondria suspen gpserved for FCCP (Fig. 5). Itis noteworthy that high concen
_srlzr’\\/llvr\;agspt:ggﬁ](-j with sequential additions, at 2-min intervals, of 10 ”m?lle_ltions_of TAM (=50 nmol _TAM/mg protein) induced a
stimulation of the ATPase activity greater than that promote
by FCCP, possibly due to some kind of putative disruptiol
lower steady state oAW resulting from ADP additions is effects on mitochondrial inner membrane. Moreover, while th
caused by the phosphorylation process (Kamal, 1979). stimulation of ATPase activity promoted by FCCP is abolishe
The time length of this lower steady state is in fact related toy oligomycin, the same induced by TAM is slightly depresse
the amount of added ADP and th&¥ restoration to the
original values is dependent on the coupling conditions of the
system. Actually, the curves in Fig. 2 indicate that TAM has an 2004
uncoupling action, in agreement with the significant induced
decrease in the RCR and ADP/O ratios, as shown in Fig. 1. 1

At the concentration of 50 nmol TAM/mg protein (M), 150
the drug induced a drastic depolarizatiom¥ and mitochon- 1
dria were unable to phosphorylate the added ADP (i.e., RCR
1, see Fig. 1). The TAM/protein ratio that induced this effect is
in the narrow range of 50—60 nmol TAM/mg protein, depend-
ing on the mitochondrial preparation.

The depolarization oAW induced by TAM was further 1
provided by the sequential addition of TAM to mitochondria 50
(Fig. 3). At concentrations up to 40 nmol TAM/mg protein, the
titration of mitochondria with TAM caused a progressive de-

nmol TAM/mg Protein

1004

Consumption
(% of Control)

2

(o)

crease inPAW in parallel with an increase in the state 4 respi- o-....,....,....,....,....,..........
ration. At higher concentrations of TAM, the initial stimulating 0 6 20 3 40 5 60 70
effect was followed by a progressive decrease in the respiratory nmol TAM/mg Protein

rate stimulation, while mitochondriadW sharply decreased. FiG.4. Effects of TAM on state 4®), state 3Q), and FCCP(uncoupled)-
This biphasic behavior indicates the existence of at least twpiration [J). Mitochondria (1 mg) were incubated with TAM in 1 ml of the
effects or a pleiotropic action of the drug. The stimulation gfspiratory standard medium at 25°C/3 min prior energization with 5 mh
state 4 respiration suggests that TAM increases the proton |é5_<k:|.nate. The ADP- and FCCP-stimulated respiration Were |n|t|§ted by tt
. L addition of 1.5 mM ADP ©) and 1.5uM FCCP (), respectively, 2 min after
th_rOUQh_the mItOChond“a! inner membran_e and the de?reas |é.'energization of mitochondria. Mitochondrial respiration rates were dete
stimulation observed at higher concentrations of TAM is probsined by Q consumption using a Clark-type electrode and expressed :

ably caused by the inhibition of the respiratory chain comp@ercentage of control (mitochondria in the absence of TAM).
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curve occurs downward and to the right that, according t
previous reports (Brand, 1990; Fial,, 1992; Lionettiet al.,
1998), suggests an increase in the proton leak through t
mitochondrial inner membrane induced by this drug.
.-=--~FCCP Figure 7 shows the titration of nonphosphorylating mito:
- chondria with an uncoupler (FCCP) to increase the rate
respiration and to decreadal. In this case, the obtained plot

Oligom.

110 nmol H* 30 is a description of the kinetic response of the producers to
their product,Ap. Consequently, when a compound inhibits
20 any component of thAp producing system, the curve will be

.08 10 displaced downward and to the left, e.g., at a given valugof

the respiration rate will decrease. In Fig. 7, the presence |
TAM displaces the titration oAV against respiration rate
downward and to the left. Therefore, TAM inhibits one or more
components of the\p generating system (i.e., the electror
transport system and the substrate transporters).

TAM ATP

"o

FIG. 5. Effects of TAM (—) and FCCP (-—-) on ATPase activity of
intact mitochondria. The ATPase activity was evaluated at 25°C in 2 ml of DISCUSSION
medium containing 130 mM sucrose, 50 mM KCI, 2.5 mM Mg@ mM

KH.PQ,, 0.5 mM Hepes, 0.1 mM EGTA, pH 7.2, and supplemented with 2 This work demonstrates that TAM has various effects o

uM rotenone. After incubation of 1 mg mitochondria for 3 min with dif‘ferent”\/er mitochondria. TAM preincubated (Fig 2) or added se
concentrations of TAM (nmol/mg protein), as indicated by the numbers adja- ) ’

cent to the traces, the reactions were started by adding 2 mM Mg-ATP al Henn?‘"y to mitochondria (Flg' 3) cau_seg depglarlzatlon C
monitored by following the production of protons with a pH electrode. OliAY, stimulates the rate of state 4 respiration (Figs. 3 and 4

gomycin (2ug/mg protein) was added 2 min after Mg-ATP addition. and inhibits the rate of state 3 respiration stimulated by AD
(Figs. 1 and 4), demonstrating that TAM is an uncoupler o

and the ATPase of submitochondrial particles is not signiffxidative phosphorylation in rat liver mitochondria. Neverthe

cantly affected by TAM (results not shown), suggesting di¢ess, at high concentrations-40 nmol TAM/mg protein), it

ruption effects on mitochondrial inner membrane, as inferred

from the depolarization oAV (Fig. 2) and from the perme-

abilization to protons induced by TAM (Figs. 3 and 4). 2407
To confirm our results, additional experiments were carried 220_3
out in order to directly investigate the TAM action sites re- ]
sponsible for the observed effects AW and respiratory rates. 200.]
We adopted the approach developed by Brand (1990) that is _ .
ideally suited to analyze compounds with pleiotropic effects on E 1801
oxidative phosphorylation and has been used to investigate the ~ 1
mechanism of thyroid hormones (Hafnet al., 1988, 1989, E2 160
1990), glucagon (Braneit al,, 1990), butylated hydroxyanisole 1
(Fusiet al, 1992), and DDE (Ferreiret al., 1997) and to study 1401
functional variations in the liver mitochondria compartment in 1
25- and 60-day-old rats (Lionetdt al, 1998). The putative 120
proton leaks induced by TAM through the mitochondrial inner 1
membrane were investigated in nonphosphorylating mitochon- 100 &
dria titrated with malonate, a respiratory inhibitor, an® 0 10 20 30 40 50 60
(AW equalsAp in the used experimental conditions) was plot- Respiration rate (nmol O, /min/mg)

ted against the respiration rate (Fig. 6). In the steady state, the _ _ ,

. 1G. 6. Effect of TAM on proton leak in nonphosphorylating mitochon-
prOtO_n ?fﬂux must be equal to the proton leak, assuming thﬁi . Nonphosphorylating mitochondria (1 mg) suspended in 1 ml of th
no slip in the proton pumps occurs (Murphy, 1989). In addigandard respiratory medium supplemented with 50 ng/ml nigericinyd/!
tion, any secondary effect on the leak due to alterations in thigomycin, 2 uM rotenone, and 4«M TPP" were incubated in the absence
Ap value is eliminated. Therefore, if a given compound irf©) and in the presence of 2@] and 45 &) nmol TAM/mg protein at 25°C/3

creases the proton leak across the mitochondrial inner merﬁjlrl before starting the reactions with 5 mM succinate. Mitochondrial respi
ration andAW were measured simultaneously with a TPfensitive electrode

brane, the curve WI”_be (_jlsplaced dowr_]ward and to the ”gQ\ d a Clark-type Qelectrode, respectively, placed in the same closed reactic
As we can observe in Fig. 6, at any given valueA¥F, the chamber. After a steady-state distribution of TPRialonate was added to the
respiration is greater in the presence of TAM and a shift in thisitochondria suspension, followed by five further additions.
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230 that TAM could act as a proton shuttle or by disrupting the
structure of the mitochondrial membrane (Murphy, 1989). Th

220 high hydrophobic character and strong partition in biomerr
] branes (Custio et al, 1991) make it possible for TAM to act
210 as a proton shuttle, since its amine group may bind and trar
] locate protons across the mitochondrial inner membrane. Tl
2003

charged protonated form of tamoxifen may be membrane pe
meable, thus determining the increase in proton leak induct
by this drug and acting like a classic protonophore. Thi
mechanism has been proposed to explain the ability of son
amine local anesthetics to uncouple respiration (Garlid ar
Nakashima, 1983) and it is probable that, at hiyp, the
stimulation of state 4 respiration induced by low concentratior
160 of TAM could also be explained by this mechanism. Howevel
o e 1 40 e 0 w0 TAM_aIso (_jetermlr)e_s strong alterations in the membrane stru
ture integrity (Custdio et al, 1996, 1998; Cheset al., 1999;
Cruz Silvaet al, 2000) that may increase the proton conduc
FIG. 7. Effect of TAM on the kinetic response afp generators taw. tance of the mitochondrial inner membrane, leading to th
Mitochondria were incubated in the absencg énd in the presence of 2@), increase in the proton leak by a disrupting rather than by
o e o o o i FeCE.Shuting mechanism, n agreement with he observations |
e " Chenet al. (1999). Therefore, the observed stimulation of the
respiration rate (Figs. 3 and 4) occurs to compensate tl
causes a clear reversion in the stimulation of state 4 respiratidepolarization ofAW, as shown by malonate titration of state
which parallels the rapid collapse of mitochonddaV. Addi- 4 respiration (Fig. 6), and both effects are a consequence of t
tionally, the approach developed by Brand (1990) corroboratesreased proton leak through the mitochondrial inner men
the depressive effect of TAM on FCCP-stimulated respiratidstane due to its disruption induced by TAM. Moreover, the
and stresses the fact that only high concentrations of TAMhibition of respiration induced by TAM concentrations above
(=40 nmol TAM/mg protein) impair the electron transfedlO uM may be partly due to the disruption of the mitochondria
along the respiratory chain (Fig. 7). inner membrane and not to an interaction of TAM with the
The phosphorylation efficiency of mitochondria in the preslectron transport chain. Furthermore, the decrease in respi
ence of TAM is clearly affected as inferred from either théon caused by TAM may reflect other membrane-depende
decrease in the RCR and ADP/O ratios (Fig. 1) or from tH@ological activities of this drug, since TAM, with a pka8.5,
fluctuations associated with the phosphorylative cycle induceda protonated quaternary ammonium cation at the used ¢
by ADP (Fig. 2) and the inhibition of state 3 respiration (Figperimental pH that partitions strongly in biomembranes (Cuzs
4). It is noteworthy that the oxidative phosphorylation is sertédio et al, 1991) and decreases its fluidity (Cudimet al,
ously compromised at concentrations of TAM below thosE993). As reported for a few lipophilic compounds possessir
affecting the electron transfer along the respiratory chaibase- and acid-dissociative groups, with characteristics a
Therefore, in addition to the redox chain, this antiestrogezifects very similar to those of TAM and also known as
could affect the rate of ATP synthesis essentially as a consgcouplers [e.g., AU-1421 (Nagamuatal,, 1993), phloretin
quence of theAW depolarization due to an increase in théJongeet al,, 1983), amiodarone (Fromengy al, 1990), local
proton leak through the mitochondrial inner membrane, sine@esthetics (Garlid and Nakashima, 1983), and several nc
the import of ADP by the adenine nucleotide translocaggnotoxic carcinogens (Kelleet al, 1992)], the ionizable
(ANT) for the phosphorylation and the phosphorylative systegroup of TAM could change the membrane surface potentic
useAW. Moreover, although we have no direct evidence, thbereby changing the interactions between the components
decrease in the phosphorylation efficiency caused by TAMNhe respiratory chain. Additionally, this drug may decrease tf
which induces stimulation of ATPase (Fig. 5), may reflect alsdiffusional mobility of membrane proteins, according to its
a specific inhibition of either the ANT or the phosphate carrierigidifying effects in biomembranes (Custio et al., 1993),
Therefore, additional experiments currently in progress atteereby decreasing the rate of electron transfer along the rec
required to test these possibilities and to evaluate alterationssystem of mitochondria.
cellular energetic charge induced by TAM. In order to verify the proton leak relationship with mem-
In isolated mitochondria, the state 4 respiration rate iskbamane disruption induced by TAM, the ATPase activity of
consequence of the proton permeability of the mitochondriatact mitochondria was measured in the presence of TAM ar
inner membrane. Therefore, the observed stimulation of state@CP, followed by the addition of oligomycin (Fig. 5). As
by TAM suggests an increase in the proton leak, pointing odéscribed by Chert al. (1999) for the ATPase activity in
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yeast, we demonstrate that TAM induces ATPase activity ffrther questions about the specificity of TAM on breast cance

intact mitochondria isolated from rat liver, as also observed ftrerapy.
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