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Atractyloside (Atr) binds to the adenine nucleotide
translocator (ANT) and inhibits ANT-mediated ATP/ADP
exchange on the inner mitochondrial membrane. In addi-
tion, Atr can trigger opening of a non-specific ion channel,
within the ANT-containing permeability transition pore
complex (PTPC), which is subject to redox regulation and
inhibited by cyclosporin A (CsA). Here we show that the
cytotoxic effects of Atr, both in vivo and in vitro, are deter-
mined by its capacity to induce PTPC opening and conse-
quent mitochondrial membrane permeabilization (MMP).
Thus, the Atr-induced MMP and death of cultured liver
cells are both inhibited by CsA as well as by glutathione
(GSH) and enhanced by GSH depletion. Similarly, the hep-
atorenal toxicity of Atr, assessed in vivo, was reduced by
treating mice with CsA or a diet rich in sulfur amino acids,
a regime which enhances mitochondrial GSH levels. Atr
injection induced MMP in hepatocytes and proximal re-
nal tubular cells, and MMP was reduced by either CsA or
GSH. Acetaminophen (paracetamol)-induced acute poi-
soning was also attenuated by CsA and GSH, both in vitro
and in vivo. Altogether these data indicate that PTPC-
mediated MMP may determine the hepatorenal toxicity of
xenobiotics in vivo.

Keywords: adenine nucleotide translocator; apoptosis; bax,
cell death; mitochondria.

Introduction

The diterpenoid glycoside atractyloside (Atr) and its
derivative carboxyatractyloside are the principal toxic
compounds contained in several plants, namely Atractylis
gommifera (the most frequent causative agent of acute
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herbal poisening, mainly of children, in Mediterranean
countries), Callipepis laureola (a traditional remedy used
in South Africa),1 and Xanthium strumarium (cocklebur,
a plant grazed by cattle).2 Oral ingestion of Atr causes
fatal renal proximal tubule necrosis and/or centrilobular
hepatic necrosis. The specificity of this Atr effect may be
attributed to the selective capacity of proximal tubular
epithelial cells and hepatocytes to enrich the hydrophylic
(normally plasma membrane impermeable) Atr molecule
via active transport.3,4 Atr specifically interacts with a
mitochondrial protein, the adenine nucleotide transloca-
tor (ANT),5 in a fashion that is modulated by the thiol
oxidation state of ANT.6–8

ANT is a bifunctional protein contained in the inner
mitochondrial membrane.9 On the one hand, ANT is res-
ponsible for the exchange (antiport) of ATP and ADP on
the inner mitochondrial membrane, a function that is es-
sential for fueling ATP generated through oxidative phos-
phorylation to the extramitochondrial compartments.10

On the other hand, ANT forms part of the permeability
transition pore complex (PTPC),11 a multiprotein com-
plex in which ANT interacts with the voltage dependent
anion channel (VDAC, in the outer membrane), cycloph-
ilin D (in the mitochondrial matrix), as well as mem-
bers of the apoptosis-regulatory Bcl-2/Bax family.11–18 In
the context of the PTPC, ANT can form a non-specific
pore9,13,19–21 whose opening results in mitochondrial
membrane permeabilization (MMP), an event that par-
ticipates both in apoptotic and necrotic cell death.17,18,22

Formation of ANT pores is stimulated by Ca2+,19,20

Bax,13,21,23,24 thiol oxidation,8 nitric oxide, reactive oxy-
gen species,25 as well as by some chemotherapeutic
agents.26

Atr is known to have two effects on ANT. On the one
hand, Atr can inhibit the ATP/ADP antiporter function of
ANT,27 and this property of Atr has been taken advantage
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Figure 2. Atr-induced ��m dissipation in liver cells. (A) Atr-
induced shift in the JC-1 emission spectrum. Liver cells were ex-
posed to 600 µM Atr for 2 h (preceded by pre-incubation with CsA
as in Figure 1A) and cells were stained with the ��m-sensitive
dye JC-1. Note the red-green shift in JC-1 fluorescence induced
by Atr. CsA largely prevented this shift. The orange and red cells
were considered as ��

high
m , while cells exhibiting a diffuse green

fluorescence were scored as �� low
m . (B) Cells were first treated

with cyclophilin D ligands (CsA, m-CsA), GSH precursors (NAC,
CSH ethyl ester), or GSH-depleting agents (DEM, BSO) and then
cultured for 2 hours in the absence (control) or presence of Atr
(400 µM), followed by JC-1 staining as in A. Asterisks denote sig-
nificant (p < 0.01) differences as compared to Atr-only treated
cells.
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Figure 1. Atr-mediated hepatotoxicity in vitro. (A) Atr-induced apoptosis and necrosis. Human liver cells were cultured in the absence
(control) or presence of Atr (600 µM, 2 h), followed by vital staining with propidium iodine (PI, red fluorescence) plus Hoechst 33342
(blue fluorescence) and fluorescence microscopic inspection. Cells incorporating PI without chromatin condensation were scored as
“necrotic” and cells showing chromatin condensation were scored as “apoptotic” (arrows). Pretreatment with CsA (10 µM, 30 min)
resulted in a significant inhibition of cell death. (B) Quantitative assessment of Atr toxicity and its modulation by cyclophilin D ligands and
GSH. Cells were cultured with the indicated doses of Atr for 2 hours, preceded by a treatment with cyclophilin D ligands (CsA, m-CsA),
GSH precursors (NAC, GSH ethyl ester), or GSH-depleting agents (DEM, BSO) and the frequency of necrotic and apoptotic cells was
scored as in A. Results are means of four experiments ± SEM. Asterisks denote significant (p < 0.01, paired Student t test) differences
with respect to Atr-only treated cells.

of to study the contribution of ANT to the control of ox-
idative phosphorylation. In addition, when added to pu-
rified mitochondria in vitro, Atr induces the permeability
transition (PT),28,29 that is the partial permeabilization
of the inner mitochondrial membrane (to solutes up to
1500 Da), coupled to the complete permeabilization of
the outer membrane, resulting in the release of soluble
intermembrane proteins including the caspase activator
cytochrome c,30,31 mitochondrial pro-caspases,31,32 and
the caspase-independent death effector apoptosis induc-
ing factor (AIF).33 The Atr-induced PT (but not the in-
hibition of ANT-mediated antiport) is counteracted by
cyclosporin A (CsA),28 presumably through the inhibi-
tion of the interaction between ANT and cyclophilin D
(the mitochondrial CsA target) which favors the assembly
of the PTPC.7,14,15,17

Most studies on the cytotoxic effects of Atr have been
performed in cell-free systems30–32,34,35 or in a rather ar-
tificial setting, for instance by microinjection of Atr into
cell lines,13 or by adding Atr to precision-cut rat kidney
and liver slices.4 Here, we studied the cytotoxic effect of
Atr on human hepatoma cell lines, in vitro. Having found
that glutathione GSH and CsA potently inhibit cytotoxic
Atr effects in vitro we evaluated the effects of dietary cys-
teine (one of the rate-limiting precursors of GSH) and CsA
in vivo, in a mouse model of Atr toxicity. Our data reveal
that the toxic effects of Atr can be attributed to its capacity
to trigger MMP in vivo, in liver and proximal renal tubular
cells. CsA and a diet rich in sulfur amino acids (SAA) coun-
teract the Atr effect in vivo, in the living organism. Stim-
ulated by this precedent, we also show that the acute hep-
atocellular toxicity of acetaminophen is strongly reduced
by CsA medication, suggesting that MMP-induction may
be indeed a novel principle of in vivo toxicity.

Materials and methods

Animals and in vivo treatments

Male adult CR1:CD1-ICR BR Swiss mice (30 to 32 g body
weight) were obtained from Charles River (Saint-Aubin-
Les-Elbeufs, France). Mice were allowed water and food
ad libitum and were fed either on a standard diet (A04-
biscuits) or on a sulfur amino acid deficient (SAA− ) or
sulfur amino acid-enriched (SAA+) diet for 4 and 2 weeks,

respectively, as described.36 This diet enhances or reduces
the concentration of mitochondrial GSH in liver cells by
34 and 58%, respectively, when GSH levels were deter-
mined in isolated mitochondria.37 Mice were injected in-
traperitoneally (i.p.) with Atr sodium salt (Atr, 300 mg/kg
in 100 µl PBS, Sigma, St. Louis, MO) or acetaminophen
(600 mg/kg in 50 µl 50% ethanol, Sigma). Where in-
dicated, mice were pretreated with cyclosporin A (CsA,
Sigma), administered either vy intraperitoneal injection
(100 mg/kg, in 50 µl 50% ethanol 1 hour before Atr) or by
means of an osmotic pump (Alzet model 1003D, Durect
Co, Cupertino, CA) loaded with 100 mg CsA in 100 µl
25% ethanol, implanted subcutaneously (20 hours before
acetaminophen; release of 1 mg CsA per hour). Histolog-
ical (hematoxylin/eosin) and ultrastructural (uranyl ac-
etate/lead citrate) analyses were performed as described.38

Cell lines and apoptosis induction

The human hepatic cell line WRL-68 was cultured in
EMEM (Sigma) supplemented with 2 mM glutamine, 1%
non-essential amino acids and 10% fetal bovine serum
at 37◦C under 5% CO2. To induce death, cells (2 ×
105/ml) were cultured in the presence of Atr (200, 400,
or 600 µM), or acetaminophen (20 mM), for 2 hours. For
cell death modulation, cyclosporin A (CsA, 10 µM), N-
methyl-4-Val-CsA (mCsA, 1 µM, SDZ 220-384; kindly
provided by Dr. Roland Wenger, Novartis, Basel,
Switzerland), NAC (50 µM, Sigma), GSH ethyl ester
(10 mM), BSO (0.2 mM) or DEM (0.25 mM) were added
30 minutes (for each modulator except BSO) or 20 hours
(for BSO) before adding Atr, or acetaminophen.

Assessment of apoptosis-associated parameters

Cells cultured on a cover slip were stained with 5,5′ ,6,6′-
tetrachloro-1,1′ , 3,3′-tetraethylbenzimidazolylcarbocy-
anine iodide (JC-1, 3 µM, Molecular Probes) and Hoechst
33342 (2 µM, Sigma), or propidium iodine (1 µM) and
Hoechst 33342, followed by fluorescence microscopic
assessment of apoptotic parameters, as described.39,40

Paraffin-embedded tissue sections were deparaffinized and
stained for the detection of cytochrome c (mouse mono-
clonal antibody 556432 from Pharmingen, detected by
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an anti-mouse IgG conjugated with phycoerythrine, PE),
cytochrome c oxidase (anti-COX subunit IV 20E8-C12
mouse monoclonal from Molecular Probes, detected by
a goat anti-mouse IgG conjugated with FITC), AIF
(anti-AIF rabbit polyclonal antibody,33 detected by a goat
anti-rabbit IgG conjugated with FITC), or heat shock pro-
tein Hsp 60 (mouse anti-Hsp 60 IgG1 antibody H4149
from Sigma, detected by an anti-mouse IgG1 conjugated
with PE).39,40

Purification of ANT and its reconstitution
into liposomes

Rat heart mitochondria were isolated for ANT purifi-
cation. After mechanical shearing, mitochondria were
suspended in 220 mM mannitol, 70 mM sucrose, 10 mM
HEPES, 200 µM EDTA, 100 mM DTT, 0.5 mg/ml sub-
tilisin (Sigma), pH 7.4, kept 8 min on ice and sedimented
twice by differential centrifugations (5 min, 500 × g
and 10 min, 10,000 × g). Mitochondrial proteins were
solubilized by 6% [v:v] Triton X-100 (Boehring
Manheim) in 40 mM K2HPO4, 40 mM KCl, 2 mM
EDTA, pH 6.0, for 6 min at RT and solubilized proteins
were recovered by ultracentrifugation (30 min, 24,000 ×
g, 4◦C). Then, the Triton X-100 extract was applied
to a column filled with 1 g of hydroxyapatite (BioGel
HTP, BioRad), eluted with the previous buffer and diluted
[v:v] with 20 mM MES (2-[N-morpholino]ethanesulfonic
acid), 200 µM EDTA, 0.5% Triton X-100, pH 6.0. Sub-
sequently, the sample was separated on a Hitrap SP col-
umn using a FPLC system (Pharmacia) and a linear NaCl
gradient (0–1 M).8,13 Purified ANT was reconstituted
in phosphatidylcholine/cardiolipin liposomes. For lipo-
some preparation, 90 mg phosphatidylcholine and 2 mg
cardiolipin were mixed in 1 ml chloroform, and the sol-
vent was evaporated under nitrogen. Dry lipids were re-
suspended in 1 ml liposomes buffer (125 mM sucrose,
10 mM HEPES) containing 0.3% n-octyl-ß-D-pyranoside
and mixed by continuous vortexing for 40 min at RT.
ANT (0.1 mg/ml) was then mixed with liposomes [v:v]
and incubated for 15 min at RT. ANT proteoliposomes
were finally dialyzed overnight at 4◦C. Plain liposomes
were produced for control tests.9

Quantification of liposomal permeabilization

Plain liposomes and ANT proteoliposomes were soni-
cated in the presence of 4-umbelliferylphosphate (4-MUP,
1 mM, Sigma) and 10 mM KCl (50 W, 22 sec, Bran-
son sonifier 250) on ice and washed on Sephadex G-25
columns (PD-10, Pharmacia). 25 µl-aliquots of liposomes
were mixed [v:v] with Atr sodium salt at 100 µM, and
incubated for 1 h at RT and diluted to 200 µl in lipo-
some buffer. In some experiments, liposomes were pre-

treated with CsA (10 µM), ATP (1 mM), GSH (500 µM,
20 min before Atr) and/or GSH S-transferase (GST, EC
2.5.1-18, from bovine liver; Sigma, 0.6 U/ml, 10 min
before Atr). After addition of 10 µl alkaline phosphatase
(5 U/ml, Boehringer Manheim) diluted in liposome buffer
+0.5 mM MgCl2, samples were incubated for 15 min at
37◦C and the enzymatic conversion of 4-MUP to 4-MU
(4-methylumbelliferone) was stopped by addition of 50 µl
stop buffer (10 mM HEPES-NaOH, 200 mM EDTA, pH
10.0). Fluorescence was subsequently determined using
a Perkin Elmer spectrofluorimeter (excitation 365 nm,
emission 450 ± 5 nm).25

Results and discussion

In vitro Atr toxicity is modulated by CsA and GSH

Human hepatic cells cultured in the presence of Atr man-
ifest a rapid cell death (2 hours) either by necrosis (defined
by the uptake of the vital dye propidium iodine without
manifest chromatin condensation detectable by Hoechst
33324) or by apoptosis (defined by chromatin condensa-
tion with or without loss of viability) (Figure 1A). This
cytotoxic effect is strongly inhibited by CsA (Figure 1A
and B) as well as by N-methyl-4-Val-CsA (m-CsA), a
non-immunosuppressive CsA derivative which does not
inhibit the calcineurin pathway, yet continues to bind
to mitochondrial cyclophilin D and to inhibit MMP41

(Figure 1B). Pre-incubation of cells with the thiol ox-
idizing agent diethylenemaleimide (DEM) or the GSH
synthase inhibitor butylsulfoximide (BSO) enhanced the
cytotoxic effect of Atr. Conversely, the GSH precursor
N-acetylcysteine (NAC) and cell-permeable GSH ethyl
ester reduced Atr toxicity. In conclusion, CsA and GSH
counteract the cytotoxic action of Atr.

Prevention of in vitro Atr toxicity involves
MMP inhibition

Control hepatoma cells stained with the ��m-sensitive
dye JC-1 contain mitochondria with a high ��m, as
indicated by the cytoplasmic red fluorescence. In con-
trast, Atr-treated cells exhibited a red-green fluorescence
shift indicative of a ��m loss. This ��m loss was at-
tenuated (orange fluorescence) in CsA-treated cells
(Figure 2A). Similarly, m-CsA, NAC, and GSH ethyl
ester counteracted the ��m loss, while DEM and BSO
enhanced the Atr-induced ��m dissipation (Figure 2B).
Similar results were obtained when cells were fixed and
permeabilized, followed by immunofluorescence detec-
tion of Cyt c or AIF. Atr caused the release of Cyt c and
AIF from mitochondria, while CsA, m-CsA, NAC, and
GSH ethyl ester largely prevented the translocation of
Cyt c and AIF to an extramitochondrial localization (not
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Figure 3. Modulation of Atr-induced permeabilization of ANT proteoliposomes. (A) Effect of cyclophilin D ligands. 4-MUP-loaded plain
liposomes or ANT proteoliposomes were pre-incubated in the absence of presence of CsA or the physiological ANT ligand ATP, followed
by exposure to Atr and determination of 4-MUP release, as detailed in materials and methods. (B) Effect of GSH and GST. 4-MUP-
loaded plain liposomes or ANT proteoliposomes were pretreated with GSH and/or GST, followed by exposure to Atr and determination
of liposomal membrane permeabilization. Results are representative of four different experiments.

shown). CsA must prevent Atr-induced MMP in an in-
direct fashion. Thus, it failed to prevent the Atr-induced
permeabilization of ANT proteoliposomes induced in vitro
(Figure 3A), presumably because such a system lacks the
CsA target cyclophilin D.7,14,15,17 In contrast, the com-
bination of GSH and GSH S-transferase (but neither of
the two compounds alone) did inhibit the Atr-mediated
permeabilization of ANT proteoliposomes (Figure 3B),
in accord with the previously reported finding that thiol
derivatization of ANT can counteract MMP.8 In con-
clusion, both CsA and GSH prevent Atr-induced MMP
through indirect and direct effects on the ANT,
respectively.

Atr lethality is reduced by CsA and GSH in vivo

Injection of Atr into mice (300 mg/kg i.p.) is lethal within
a few hours. Atr lethality is significantly postponed by a
diet deficient in sulfur amino acids (SAA− ) or enriched
in such amino acids (SAA+), a regime which reduces or
enhances the mitochondrial GSH content, respectively.36

SAA− mice died more rapidly than control mice, whereas
SAA+ died later (Figure 4). Similarly, CsA administra-
tion significantly reduced the lethal effect of Atr in vivo
(Figure 4). These observations could be correlated with
the histopathological appearance of hepatic lobules and
the renal cortex. Animals treated with Atr exhibited a
cytoplasmic vacuolization, both in hepatocytes, whatever
their exact localization in the hepatic lobule, and in prox-
imal (but not distal) renal tubular cells (Figures 5 and
6). These changes were drammatically reduced by CsA
treatment (Figures 5 and 6). The accumulation of cellu-
lar debris in the lumen of renal tubuli induced by Atr
was also inhibited by CsA and SAA-rich diet (Figure 6).

As a result, it appears that CsA and GSH can reduce Atr
toxicity in vivo.

CsA and GSH counteract Atr-induced MMP
and cell death in vivo

Ultrastructural examination of hepatocytes or proximal
tubuli from Atr treated mice did not reveal any apparent
alteration in mitochondrial morphology (Figure 6), at dif-
ference of mice that have been treated with anti-CD95/Fas
antibody.38 Nonetheless, Atr triggered MMP in vivo, as
shown by immunofluorescence staining with antibodies
specific for AIF or cytochrome c (red fluorescence) and

Figure 4. Effects of CsA and GSH on Atr toxicity in vivo. Mice
(20 animals per group), kept under a standard diet (Co.), a diet
supplemented in SAA (SAA+) or an SAA-deficient diet (SAA− )
were injected with Atr (300 mg per kg body weight), and survival
was monitored each 6 to 12 hours. Alternatively, mice were pre-
treated by intraperitoneal injection of CsA. CsA and the SAA+ diet
both significantly (p < 0.001) prolonged survival, as compared to
Atr-only treated control mice.
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Figure 5. Histopathology of the liver (A–D) and the kidney (E–H) from mice injected with Atr alone (A, E) or mice pretreated with an
SAA+ diet (B, F), an SAA− diet (C, G), or CsA (D, H). In A, Atr induced in most hepatocytes, irrespective of their distribution in the hepatic
lobule, cytoplasmic vacuolization, yet failed to induce apoptosis or necrosis at this time point (2 h after Atr injection as in Figure 4). While
the number of vacuoles per cell seemed unaffected by SAA (B, C), CsA (D) reduced vacuolization, except for a few cells in the periportal
area. Numerous vacuoles are also visible in many proximal tubular cells from mice receiving Atr alone (E), without that this parameter
would be influenced by diet (F, G). Note that the tubular lumen is occupied by cell debris and that no apoptosis or necrosis is visible in
tubular cells. Upon CsA pretreatment, most proximal tubules were left normal (fig. J). Original magnification 1 × 200.

400 Apoptosis · Vol 7 · No 5 · 2002



Atractyloside toxicity

Figure 6. Ultrastructure of hepatocytes (A, B, C) and kidney tubular cells (D, E, F) from mice receiving Atr alone (A, D) or Atr in
combination with CsA (B, E) or Atr plus SAA (C, F) (doses and treatment as in Figures 4 and 5). In A, voluminous vacuoles (V) are visible
in the hepatocyte cytoplasm. The endoplasmic reticulum (ER) is disorganized and dilated while mitochondria (m) appear normal. In B,
the appearance of the hepatocyte is almost normal with a minor disorganization of the ER. In C, vacuoles (V) and ER changes are still
present but less marked than in A. Mitochondria (m) are also normal. In D, numerous small vesicles (v) are observed in the cytoplasm of
tubular cells while mitochondria (m) appear normal. Note that microvilli (arrowheads) are altered and cell debris (asterisks) are visible in
the tubular lumen. In E, this tubular cell is almost normal. In F, vacuoles (V) are visible in the cytoplasm of some tubular cells. N: Nucleus;
L: Lumen. Original magnifications: A: ×7400, B: ×9000, C: ×7400, D: ×2900, E: ×4900, F: ×3400.
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Figure 7. Apoptosis-associated release of AIF from mitochondria. Liver sections from mice receiving the indicated treatment were stained
with antibodies specific for AIF (red fluorescence) and Hsp60 (green fluorescence) or were stained for Cyt c (red) and COX (green),
and were analyzed by confocal microscopy. The fluorescence fusion image reflecting the dominant (>90%) phenotype of subcellular
AIF distribution are shown for each treatment. The graphs (inserts) represent the fluorescence distribution of one representative section
(orientation indicated by α and ω. Note the colocalization (yellow color) of AIF and Hsp60 or Cyt c and COX in liver cells from untreated
mice (Co.), which contrasts with the relative loss of AIF and Cyt c staining intensity (yellow → green shift) in Atr-treated mice, as well as
the differential distribution of the red and the geen fluorescence (inserts). CsA and SAA supplementation reduced this Atr effect. Results
are representative of >50 confocal sections from two different livers each.

counterstaining for sessile mitochondrial markers such as
Hsp60 or COX (green fluorescence). Atr treatment did
not affect the intensity and the subcellular distribution
of Hsp60 and COX, yet caused an overall decrease in
the AIF- or Cyt c-specific fluorescence (note the yellow-
green shift), with a spatial separation of the red and the
green fluorescence (see inserts) observable by confocal mi-
croscopy (Figure 7). This indicates that Atr triggered the
mitochondrial release of AIF and Cyt c, thus confirming
the finding reported by others42,43 that MMP can oc-
cur without changes in mitochondrial ultrastructure. The
Atr-induced changes in the subcellular distribution of AIF
and Cyt c were attenuated by either CsA or an SAA+ diet,
the CsA effect being stronger than that of SAA supple-
mentation. Similar results were obtained for hepatocytes
(Figure 7) and renal cells (not shown). In conclusion, Atr
induces MMP in vivo, and MMP interaction is reduced by
CsA and GSH.

Acetaminophen lethality is reduced by CsA
and GSH in vitro and vivo

Although Atr is an interesting compound, based on its
specificiy for ANT, its relevance to human medicine is
reduced, with as little as one hundred annual fatalities,
mostly in North Africa.3 We wondered whether a similar
principle of lethal action might apply to a less specific
hepatotoxic and renotoxic compound such as the anal-
gesic acetaminophen (paracetamol).44–46 Acetaminophen

added to human liver cells caused rapid (2 hours) cell
death, and this effect was inhibited by CsA, m-CsA,
N-acetylcysteine, and GSH ethyl ester. In contrast, two
regimes of GSH depletion (DEM and BSO) enhanced the
cytotoxic effect of acetaminophen (Figure 8A). Similar
results were obtained in vivo, in a mouse model of ac-
etaminophen toxicity. The lethal effect of acetaminophen
injection was exacerbated by the SAA− diet and reduced,
either by the SAA+ diet or by continuous administration
of CsA with an osmotic pump (Figure 8B). Thus, the mi-
tochondrioprotective action of CsA and GSH can reduce
the hepatorenal toxicity of acetaminophen.

Concluding remarks

As discussed in the introduction, Atr has two major ef-
fects on ANT, namely inhibition of the ATP/ADP antiport
(which, on theoretical grounds should lead to a cytosolic
depletion of ATP generated by oxidative phosphorylation)
and induction of PT with consequent MMP. The data
shown here indicate that the MMP-inducing effect of Atr
is determining its toxicity, given that CsA, which inhibits
Atr-induced MMP (yet does not affect its antiporter func-
tion) can counteract the lethal effect of Atr. Moreover,
although Atr has also been reported to cause the release of
cathepsin B from lysosomes47 and to inhibit the ryanodine
receptor Ca2+ channel in the sarcoplasmic reticulum,48

such extramitochondrial effects apparently are not rate-
limiting for its in vitro and in vivo toxicity. Indeed, it
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Figure 8. CsA and GSH antagonize acute aminoacetophen toxic-
ity in vitro and in vivo. (A) Cell death induction by aminoacetophen
and its modulation in cultured liver cells. Cells were left untreated
(Co.) or pretreated with CsA, m-CsA, or different GSH-modulating
agents, which themselves do not affect cell viability or ��m

(Figures 1 and 2), followed by addition of aminoacetophen and de-
termination of the percentage of cells with an apoptotic, necrotic
or ��m low phenotype. (B) Acute lethality of aminoacetophen
in vivo and its modulation by CsA and SAA supplementation. Con-
trol mice, mice pretreated with an osmotic pumb releasing CsA, or
mice on SAA− or SAA+ diet received an intraperitoneal injection
of aminoacetophen, and survival was assessed. Similar results
were obtained in two independent experiments.

appears that Atr has a direct membrane permeabilizing
effect, either on purified mitochondria in vitro,34 or on
ANT proteoliposomes.13,26

Pharmacological evidence that ANT is critical for cell
death induction is based on the fact that bongkrekic acid,
an ANT ligand which inhibits both ANT functions (that
is ATP/ADP antiport and pore formation),10 can prevent
cell death induced by a heterogeneous collection of stimuli
including glucocorticoids,49 pro-apoptotic members of
the Bcl-2 family,13,50,51 nitric oxide,52 tumor necrosis
factor-α,53 B cell receptor cross linking,54 neurotoxins,55

glutathione depletion,56 bile acid,57 staurosporin,58 or
hypoxia.59 However, due to its intrinsic toxicity, bongkre-
kic acid cannot be administered in a systemic fashion
and surrogate drugs indirectly impinging on the ANT-
dependent MMP must be actively searched for. As shown
here, CsA (and its non-immunosuppressive derivatives
specifically targeted to cyclophilin D) provide a tool to ev-
aluate the contribution of MMP to cytotoxic events in vivo

and, may perhaps, advance to a therapeutic agent of choice,
whenever MMP mediates the toxicity of xenobiotics.
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