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1 Herein we study the effects of the mitochondrial complex II inhibitor malonate on its primary
target, the mitochondrion.

2 Malonate induces mitochondrial potential collapse, mitochondrial swelling, cytochrome c (Cyt c)
release and depletes glutathione (GSH) and nicotinamide adenine dinucleotide coenzyme (NAD(P)H)
stores in brain-isolated mitochondria.

3 Although, mitochondrial potential collapse was almost immediate after malonate addition,
mitochondrial swelling was not evident before 15min of drug presence. This latter effect was blocked
by cyclosporin A (CSA), Ruthenium Red (RR), magnesium, catalase, GSH and vitamin E.

4 Malonate added to SH-SY5Y cell cultures produced a marked loss of cell viability together with
the release of Cyt c and depletion of GSH and NAD(P)H concentrations. All these effects were not
apparent in SH-SY5Y cells overexpressing Bcl-xL.

5 When GSH concentrations were lowered with buthionine sulphoximine, cytoprotection afforded
by Bcl-xL overexpression was not evident anymore.

6 Taken together, all these data suggest that malonate causes a rapid mitochondrial potential
collapse and reactive oxygen species production that overwhelms mitochondrial antioxidant capacity
and leads to mitochondrial swelling. Further permeability transition pore opening and the subsequent
release of proapoptotic factors such as Cyt c could therefore be, at least in part, responsible for
malonate-induced toxicity.
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Introduction

Mitochondria are involved in a number of important cellular

functions, including essential pathways of intermediate metabo-

lism, amino-acid biosynthesis, fatty acid oxidation and steroid

metabolism. Of key importance is the role of mitochondria in

oxidative phosphorylation and apoptosis. Thus, mitochondria

are considered the headquarters in apoptosis pathways (for a

review, see Susin et al., 1998; Kroemer & Reed, 2000; Jordan

et al., 2003). Many apoptotic stimuli cause either functional or

morphological mitochondrial alterations such as collapse of the

transmembranal potential or swelling. Hallmarks of these

mitochondrial alterations are increased free radical production

and release of cytochrome c (Cyt c) from mitochondria to the

cytosol through the permeability transition pore (PTP) (Kroe-

mer & Reed, 2000; Vila & Przedborski, 2003). The Bcl-2 family

of proteins, which is implicated in the regulation of apoptosis by

modulating PTP aperture, comprises members that have either

antiapoptotic (such as Bcl-2 and Bcl-xL) or proapoptotic (such

as Bax and Bak) effects (Brenner et al., 2000; Gross, 2001). In

this sense, Bcl-2 or Bcl-xL overexpression has been shown to

confer protection to cells exposed to apoptotic stimuli including

staurosporine (Yuste et al., 2002), 6-hydroxydopamine

(6-OHDA) (Galindo et al., 2004), 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyride (MPTP) (Yang et al., 1998) or 3-nitorpropio-

nic acid (3-NP) (Bogdanov et al., 1999).
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There is substantial evidence indicating that oxidative stress

plays a role in the progression of a constellation of

neurological disorders. Mitochondria have been proposed to

be the main source of reactive oxygen species (ROS) in

neuronal cells. Cells contain antioxidant systems to block ROS

overproduction, including glutathione (GSH) and nicotina-

mide adenine dinucleotide coenzyme (NADH/NADþ ) and its

derivatives (NADPH/NADPþ ) (NAD(P)H), which play a

crucial role as part of the primary cellular defence against

oxidative stress. It has been shown that GSH levels in the

cerebrospinal fluid decline during aging (Cudkowicz et al.,

1999). The involvement of GSH in the control of cell death in

neurodegenerative diseases is striking and it has been suggested

that GSH depletion might be an upstream biochemical event in

neurodegeneration (Dexter et al., 1989a, b). We and others

have also observed a GSH depletion after different apoptotic

stimuli including 6-OHDA (Galindo et al., 2004), veratridine

(Jordan et al., 2002), MPTP (Selley, 1998) or malonate

(Ehrhart & Zeevalk, 2003).

On the other hand, it is clear that impairment of

mitochondrial energy metabolism is the key pathogenic factor

in a number of neurodegenerative disorders (see review by

Schon & Manfredi, 2003). Accordingly, toxins that affect

mitochondria are being used as pharmacological tools to

mimic several of these diseases. Among others, 3-NP, MPTP,

rotenone and malonate are well-established mitochondrial

complex inhibitors frequently used to investigate the key

cellular pathways that provoke neurodegeneration in Parkin-

son’s or Huntington’s diseases (Browne & Beal, 2002).

Malonate has been shown to cause dose-dependent neuro-

toxicity both ‘in vivo’ and ‘in vitro’ by inhibition of succinate

dehydrogenase and depletion of striatal ATP (Beal et al., 1993;

Greene & Greenamyre, 1995; Stokes et al., 2001, Van

Westerlaak et al., 2001) resulting in neuronal depolarization

and secondary excitotoxicity (Henshaw et al., 1994; Greene &

Greenamyre, 1996). In a recent study by Schulz et al. (1998), it

was suggested that malonate toxicity involves neurons dying

not only by secondary excitotoxicity but also by delayed

caspase activation and apoptosis (Schulz et al., 1998). Thus,

the exact mechanism by which malonate induces toxicity

remains unclear.

The aim of this study was to analyse the role played by

mitochondria in the mechanisms underlying malonate-induced

cell death. We used isolated mitochondrial preparations to

study the effect of malonate on this organelle. We present

evidence showing that malonate induces mitochondrial poten-

tial collapse and depletion of mitochondrial antioxidant

defence which leads to mitochondrial swelling and release

of proapoptotic proteins including Cyt c. The role of the

antiapoptotic protein Bcl-xL in these processes is also

addressed.

Methods

Mitochondrial isolation

Mitochondria were isolated from the brains of adult Sprague–

Dawley rats. All the procedures followed in the present work

were in compliance with the European Community Council

Directive of 24 November 1986 (86/609/EEC) and were

approved by the Ethical Committee of the University of

Castilla-La Mancha. To exclude that the observed effects were

due to contaminating synaptosomes, we isolated brain

mitochondria using a Percoll gradient as previously described

(Sims, 1990). Rats were killed by decapitation, forebrains were

rapidly removed, chopped and homogenized in ice-cold

isolation buffer (225mM mannitol, 25mM sucrose, 10mM

Hepes, 1mM K2EDTA, pH 7.4 at 41C). The homogenate

was centrifuged at 1330� g for 3min, and the pellet obtained

was resuspended and recentrifuged at 1330� g for 3min. The

pooled supernatants were centrifuged at 21,300� g for 10min.

The pellet was resuspended in 15% Percoll and layered on

preformed gradients (40 and 23%). The Percoll gradients were

then centrifuged at 31,700� g for 10min. The mitochondrial

fraction located at the interface of the lower two layers was

removed, diluted with isolation buffer and centrifuged at

16,700� g for 10min. The mitocondrial pellet was resuspended

in solution III (215mM mannitol, 71mM sucrose, 10mM

succinate and 10mM HEPES, pH 7.4) and kept on ice for

analysis.

Permeability transition pore activity

Permeability transition pore opening was assayed spectro-

photometrically as previously described (Kristal et al., 2000).

Specifically, mitochondria were suspended to reach a protein

concentration of 1mgml�1 in 200ml of solution containing
125mM KCl, 20mM Hepes, 2mM KH2PO4, I mM EGTA, 1mM
MgCl2, 5mM malate and 5mM glutamate with the pH adjusted

to 7.08 with KOH. Changes in absorbance at 540 nm (A540),

indicating mitochondrial swelling due to PTP opening, were

determined, after addition of different compounds, using a

microplate reader (BioRad, Hercules, CA, U.S.A.). Initial A540
values were D0.8, and minor differences in the loading of the
wells were compensated by representing the data as the

fraction of the initial absorbance determination remaining at

a given time. Mitochondrial protein concentrations were

quantified spectrophotometrically (Micro BCA Protein Re-

agent Kit), with bovine serum albumin used as standard.

Assay for NAD(P)H levels

Levels of NAD(P)H were determined using autofluorescence

as previously described (Rover Jr et al., 1998). The chemical

stability of nicotinamide adenine dinucleotide coenzyme

(NADH/NADþ ) and its derivatives (NADPH/NADPþ ) were

investigated by using changes in the UV-visible absorption

spectra of these compounds. We therefore refer to NAD(P)H,

indicating the signal derived from either NADH or NADPH,

or both. NAD(P)H fluorescence in intact mitochondria

(1mgml�1 at 251C) was measured fluorimetrically using

excitation and emission wavelengths set at 340 nm (slit 3 nm)

and 460 nm (slit 5 nm), respectively, in a Perkin–Elmer LS50B

luminescence-spectrophotometer using a quartz cell with a

1 cm optical path as previously described (Rover Jr et al.,

1998). On the day of the experiment, culture medium was

removed, cells were washed three times with 1ml of ice-cold

phosphate-buffered saline (PBS), scraped into 500 ml 0.2%
Triton X-100, centrifuged (800� g, 41C, 5min). Fluorescence

was determined in 300 ml of the cell extract.
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Measurement of GSH

Levels of GSH were determined by using monochlorobimane

(mBCl) fluorescence. GSH is specifically conjugated with

mBCl to form a fluorescent bimane-GSH adduct, in a reaction

catalysed by glutathione S-transferases (Shrieve et al., 1988).

The concentration of the bimane-GSH adduct increases during

the initial 10–12min period of this reaction with first-order

kinetics, before levelling off (Young et al., 1994). Fluorescence

levels at 15min were used as an indication of intracellular GSH

content, as it has been described previously (Shrieve et al.,

1988). Culture medium was removed and cells were washed

three times with 1ml PBS (371C) and incubated for 30min at

371C in 1ml fresh PBS containing 80 mM mBCl. After

incubation, cells were washed twice with ice-cold PBS and

scraped in PBS, centrifuged and 300 ml of the extract was used
for GSH determination. Fluorescence was measured at an

excitation wavelength of 340 nm and emission wavelength of

460 nm. Protein content was determined by the bicinchoninic

acid method.

Measurement of cell viability

SH-SY5Y cultures were grown in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 2mM L-glutamine,

penicillin (20Uml�1), streptomycin (5 mgml�1), and 15%

(vol vol�1) heat-inactivated fetal calf serum (GIBCO, Gaithers-

burg, MD, U.S.A.) as reported previously by Galindo et al.

(2004). Cells were grown in a humidified cell incubator at 371C

under a 5% CO2 atmosphere. For viability experiments, cells

were plated at a density of 4� 104 cells cm�2 and allowed to

attach overnight. Cell viability after malonate additions was

assessed by measurement of lactate dehydrogenase activity

according to the protocol provided by the manufacturer

(Promega). Briefly, the reaction mixture was added to

conditioned media and removed from 24-well plate after

centrifugation at 250� g for 10min. Absorbance of samples at

490 nm was measured in a microplate reader (BioRad,

Hercules, CA, U.S.A.) after 30min of incubation at room

temperature.

Cyt c determinations

Immunoblot analysis was performed on extramitochondrial

extracts and cytosolic proteins. Briefly, isolated mitochon-

drial suspensions were treated with resuspension (control),

malonate 1 and 10mM) for 30min and then centrifuged at

15,000 r.p.m. for 15min. The supernatants, extramitochon-

drial fractions, were precipitated by trichloroacetic acid

(TCA) (10%, 41C overnight) and centrifuged (15,000� g;

15min). Pellets were resuspended in 40ml of loading buffer
and boiled for 15min. For culture experiments, cytosolic

extracts from control and malonate-treated cultures were

obtained as previously described (Maestre et al., 2003). Cells

were washed once with PBS and collected by centrifugation

(2000� g; 5min). The cell pellet was resuspended in 200 ml
of extraction buffer containing (mM): sucrose 250, Tris–HCl

50, EGTA 1, EDTA 1, DTT 1, PMSF 0.1, pH 7.4. Cells were

homogenized in a Teflon-glass homogenizer (five strokes)

and, after 15min on ice, the suspension was centrifuged

(15,000� g; 15min). Supernatants, that is, cytosolic fractions,

were removed and stored at �801C until analysed by gel

electrophoresis. TCA-samples or 15 mg of cytosolic proteins
from control and treated conditions were loaded onto the

same 15% SDS–polyacrylamide gel, separated and trans-

ferred to a PVDF membrane, that was incubated with anti-

Cyt c (1 : 1000 dilution of rabbit polyclonal IgG, Santa Cruz

Biotechnology Inc.). The signal was detected using an

enhanced chemiluminescence detection kit (Amersham ECL

RPN 2106 Kit). Analysis of cytosolic Cyt c from SH-SY5Y-

Neo versus Bcl-xL overexpressing cells were performed on the

same gel and lot for comparative purposes. cytochrome

c oxidase subunit IV (COX-IV) protein levels were used

as mitochondrial protein loading controls by using with

antiCOX-IV (BD Biosciences).

Analysis of DNA fragmentation

The nuclear morphology of cells was studied by using the cell-

permeable DNA dye Hoechst 33342. SH-SY5Y cells were

cultured on poly-D-lysine-coated glass coverslips. Cells treated

with malonate (100mM, 24 h) were washed twice with PBS,

stained with 5mgml�1 Hoechst 33342 for 5min, and rinsed
once with PBS. Cells were observed under an UV illumination

microscope (excitation/emission 350/460 nm). Cells with

homogeneously stained nuclei were considered to be viable,

whereas the presence of chromatin condensation and/or

fragmentation was indicative of apoptosis. Living and

apoptotical cells were counted on adjacent fields of each

coverslips totalling B300–450 cells. The percentage of

apoptotical cells was determined on three or four coverslips

for each condition and normalized to parallel controls. Each

independent coverslip was treated as a single observation, and

at least three coverslips were used in each experiment. The

average relative percent apoptotical from at least three

separate cultures was determined.

Statistical analysis

Statistically significant differences between groups were

determined by ANOVA followed by a Newman–Keuls post

hoc analysis. The level of statistical significance was set at

Po0.05.

Materials

Most chemicals, including malonic acid, cyclosporin A (CsA),

vitamin E, catalase, trichloroacetic acid and ruthenium red

(RR) were obtained from Sigma (St Louis, MO, U.S.A.).

Monochlorobimane, tetramethylrhodamine ethyl ester

(TMRE) and Hoechst 33342 were purchased from Molecular

Probes, Inc., (Eugene, OR, U.S.A.). The Micro BCA Protein

Reagent Kit and Lactate dehydrogenase activity kit came

from Pierce (Rockford, IL, U.S.A.) and from Promega

(Madison, WI, U.S.A.) respectively. Monoclonal anti-Cyt

c was purchased from R&D system (Minneapolis, MN,

U.S.A.) and anti-COX-IV from BD Biosciences (Heidelberg,

Germany).
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Results

Malonate induces a delayed mitochondrial swelling
and Cyt c release

Mitochondria are key players in triggering apoptosis signalling

pathways that lead to cell death (Susin et al., 1998). In the first

set of experiments, we investigated whether malonate would

induce mitochondrial swelling in isolated mitochondria by

monitoring 540 nm absorbance (A540) decrease, and its effect

was compared to that produced by a control stimuli, CaCl2. As

shown in Figure 1 (top panel), malonate induced mitochon-

drial swelling. The mitochondria suspension did not respond

to malonate as quickly as it did after CaCl2 additions. While

mitochondria started to swell right after Ca2þ addition,

malonate did not significantly modify mitochondrial suspen-

sion absorbance at times earlier than 20min. By 10min,

mitochondrial suspension absorbance dropped around 5%

of control values in malonate-treated mitochondria (P40.05,
n¼ 6), while Ca2þ -induced decrease was around 20% at this

time point (Po0.01, n¼ 6) (Figure 1a). However, once
malonate initiated mitochondrial swelling, mitochondrial

suspension absorbance started to drop resulting in similar

values to those achieved after Ca2þ additions at the end of the

experiments (Figure 1b). Consistent with the well-established

consequence of mitochondrial swelling, release of Cyt c was

evident by 30min after malonate addition (1 and 10mM)

(Figure 1c).

Next, we were interested in gaining insight into the

mechanisms underlying malonate-induced mitochondrial

swelling. To address this question, we performed a series of

experiments using malonate (1mM) in combination with drugs

known to act through different mechanisms of action. The

presence of CsA (10 mM) blocked malonate-induced changes in
absorbance, suggesting the involvement of the PTP (Figure 2).

As PTP opening is regulated by the external inhibitory Mg2þ -

binding site (Bernardi et al., 1993), we added Mg2þ at a final

concentration of 2mM. As expected, Mg2þ also abolished

malonate-induced swelling, confirming the role of PTP. As

shown in Figure 2, blockade of Ca2þ influx, in the presence of

the mitochondrial Ca2þ uptake blocker RR, also inhibited

malonate-induced mitochondrial swelling. Finally, the role of

ROS in malonate-induced mitochondrial swelling was assessed

by using the broad lipophylic antioxidant vitamin E, the

scavenger enzyme catalase (10UmL�1) or GSH (2.5mM).

Pretreatment with these antioxidant agents for 1 h caused a
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Figure 1 Malonate induces a delayed mitochondrial swelling.
Mitochondrial swelling was followed by measuring changes in A540
in mitochondria suspensions. Malonate mediates a loss in absor-
bance in isolated mitochondria suspension. Different amounts of
malonate, in a final volume of 25 ml, were added at 5min as noted by
the arrow. Final malonate concentrations are expressed at the end of
traces. Trace control represents no added drug, and 25 ml of buffer
were added to control for dilution effects. Dashed line represent
CaCl2 (75 mM) addition. Data represent mean values obtained from
one experiment performed in triplicate. Histograms represent
means7s.e.m. of changes in absorbance at 600 (a) and 2400 s (b)
after drug additions from five experiment performed by triplicate.
*Po0.05; ***Po0.001. (c) Malonate induces Cyt c release.
Mitochondria were incubated during 30min with resuspension
(control) or malonate (1,10mM) and then centrifuged for 15min at
15,000 r.p.m. at 41C. Protein precipitated overnight with 10% TCA
is shown. Pellets were subjected to polyacrylamide gel electrophor-
esis and immunoblot analysis using an antibody that recognizes
Cyt c.
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slight but significant blockade of malonate-induced swelling

(Figure 2).

Malonate induces mitochondrial potential collapse

In some apoptotic models, changes in mitochondrial potential

(DCm) take place. To address the plausible effect of malonate

on DCm, we monitored the release of TMRE, a cationic

membrane-permeant fluorescent probe, from preloaded mito-

chondria. Under these conditions, total fluorescence of

mitochondrial suspension will increase if the organelles

depolarise. Mitochondria responded to malonate releasing

TMRE in a concentration-dependent manner, indicating that

malonate additions result in DCm collapse. As shown in

Figure 3, the time required for malonate to induce DCm

collapse was shorter than that required to induce mitochon-

drial swelling.

Malonate disrupts mitochondrial redox state

GSH and NAD(P)H belong to the antioxidant systems used by

cells to prevent ROS damage. In the next set of experiments,

we analysed whether malonate could compromise these two

ROS scavenger systems. To address this issue, we treated

mitochondrial suspensions with different concentrations of

malonate (1–100mM) and 15min later, GSH and NAD(P)H

levels were determined. Our results show that malonate

depletes these two antioxidant agents in a concentration-

dependent manner (Figure 4), suggesting that it causes enough

ROS to overwhelm mitochondrial antioxidant capacity.

Bcl-xL overexpression blocks malonate-induced cell death

Bcl-xL is an antiapototic protein located in the mitochondria

that has been shown to block cell death under several

paradigms, including those mediated by ROS (Vander Heiden

et al., 1997). In the next set of experiments, we used the

neuroblastoma cell line SH-SY5Y to investigate the role of this

antiapoptotic protein in malonate-induced toxicity. Cell

cultures were either stably transfected with DNA containing

the open reading frame of Bcl-xL subcloned into pcDNA3

(SH-SY5Y/Bcl-xL) or with empty/pcDNA3 (SH-SY5Y/Neo)

(Yuste et al., 2002). We used the lactate dehydrogenase (LDH)

cell viability assay method to analyse the effects of malonate

(0.1–100mM) on SH-SY5Y cell viability. The lower concentra-

tions of malonate tested, up to 10mM, did not compromise cell

viability, while higher concentrations (50–100mM) resulted in

gross morphological changes (data not shown). Staining of

these cells with the DNA-binding dye, Hoechst 33342, showed

chromatin condensation and fragmentation as compared

to control cells (100mM, about 40%, Figure 5b). The

overexpression of Bcl-xL protein protected SH-SY5Y cells
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Figure 2 Role of calcium and ROS in malonate-induced mito-
chondrial swelling. Malonate addition (1mM/500 mg protein; arrow)
induces mitochondrial swelling in isolated mitochondria in an PTP-
sensitive manner. Mitochondrial suspensions were incubated during
15min with Cyclosporin A (CsA, 10 mM), Magnesium (Mg, 2mM),
Ruthenium Red (RR, 5 mM) or 1 h with Vitamin E (Vit E, 50 mM),
Catalase (Cat, 10UmL�1) and Glutathione (GSH, 2.5mM) prior to
addition of malonate. Control nontreated mitochondria are also
shown. Lines represent mean values of one experiment performed in
triplicate. Histogram panels represent mean values7s.e.m. of
normalised A540 at 2200 s from at least five different mitochondrial
preparations. *Po0.05; ***Po0.001 Students unpaired t-test.
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Figure 3 Malonate induces mitochondrial potential collapse. Mi-
tochondrial membrane potential was measured by using TMRE.
Addition of mitochondria (Mit, 500 protein mg) caused a decrease in
fluorescence intensity due to TMRE uptake. Malonate (1–100mM)
was added at 240 s. Final malonate concentrations are expressed at
the end of traces. Data are expressed as mean values obtained from
one experiment performed in triplicate. Similar data were found in
at least four different experiments.
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against 100mM malonate-induced toxicity (about 9%,

Figure 5c).

It has been proposed that Bcl-xL might prevent the increase

in mitochondrial membrane permeability which results in the

release of mitochondrial apoptogenic factors such as Cyt c

(Jordan et al., 2004). Consistent with the above data we found

an increase in Cyt c levels into the cytoplasmic fraction

obtained from SH-SY5Y/Neo cultures exposed to 50mM
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Figure 4 Malonate induces mitochondrial antioxidant stores de-
pletion. Mitochondrial levels of NAD(P)H (a) or GSH (b) were
determined after different malonate concentration additions 15min
after treatments. The values were expressed as a percentage of the
autofluorescence (NAD(P)H) or mBCl fluorescence (GSH) from
control conditions. Data represent means7s.e.m. of at least 5
experiments performed in quadruplicate. (*Po0.05; ***Po 0.001).
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Figure 5 Effects of malonate on chromatin and Cyt c release in
SH-SY5Y cultures. (a) Untreated SH-SY5Y/Neo cells were stained
with the dye Hoechst 33342 as indicated in Methods. Normal nuclei
without signs of chromatin fragmentation can be observed. (b, c)
Cells exposed to malonate (100mM) and stained with Hoechst 24 h
later. Chromatin fragmentation is evident in SH-SY5Y/Neo cells
cultures (b, arrows), but not in SH-SY5Y/Bcl-xL cells (c). (d)
Malonate induces translocation of Cyt c that is blocked by Bcl-xL
overexpression. Cytosolic extracts from SH-SY5Y/Neo and SH-
SY5Y/Bcl-xL cells treated with 50mM malonate for 12 h and
assayed for Cyt c by Western blot technique. COX-IV protein levels
were used as index of mitochondrial marker. The figure shows a
representative experiment that was repeated three times with similar
results.
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malonate for 12 h. The overexpression of Bcl-xL blocked this

release (Figure 5d).

In order to investigate whether cellular antioxidant systems

were depleted in this model, NAD(P)H and GSH levels were

evaluated. SH-SY5Y cell cultures were treated with different

concentrations of malonate (0.1–100mM), and the antioxidant

levels were determined 24 h later. Consistent with the role of

ROS in malonate-induced cell death, we found a large decrease

in both antioxidant concentrations (Figure 6b and c). More-

over, Bcl-xL overexpression prevented cellular NAD(P)H

and GSH from being oxidized (Figure 6b and c). To analyse

whether Bcl-xL could be mediating cell protection by

preventing antioxidant depletion, we pretreated SH-SY5Y/

Bcl-xL cell cultures for 12 h with 100mM buthionine sulphox-
imine (BSO) in order to decrease GSH levels to around 50% of

the basal levels (Galindo et al., 2004). Under such experimental

conditions, Bcl-xL-mediated cytoprotection was not evident

anymore (Figure 6d).

Discussion

Consistent with the well-known inhibitory effect on mitochon-

drial complex II, the results reported here demonstrate that

malonate induces cell death through a mechanism that

involves a direct participation of the mitochondrion. Malonate

induces a rapid depolarization of the mitochondrial electric

potential and a delayed swelling of the organelle. Malonate

increased the rate of ROS formation in mitochondria resulting

in the depletion of ROS scavenger systems including GSH and

NAD(P)H lelvels. On the other hand, the overexpression of the

antiapoptotic mitochondrial located protein, Bcl-xL, blocked

malonate-induced antioxidant systems depletion and cell death

in SH-SY5Y cell cultures.

Malonate induces DCm collapse and mitochondrial swelling,

pivotal events that have been described in several cellular

apoptotic pathways (Fiskum, 2000; Gorman et al., 2000;

Jordan et al., 2003). The kinetics of these effects seem to be

different since the effect of malonate on DCm was almost

immediate, while the drug was required to be present for at

least 15min before in order to start inducing mitochondrial

swelling.
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Figure 6 Bcl-xL-overexpression blocked malonate-induced cell
death by preventing cellullar antioxidant stores depletion. (a)
Malonate induced cell viability drop in SH-SY5Y cells cultures that
was blocked by the overepression of Bcl-XL. Cell viability was
assayed 24 h after malonate treatment. Culture media were collected
and analysed for LDH release as an indicator of cell death. Data are
presented as mean7s.e.m. of percentage of untreated SH-SY5Y
cells of four different experiments (***Po0.01). (b, c) Bcl-xL
overexpression blocks malonate-mediated depletion of cellular
antioxidant stores. Levels of NAD(P)H (b) and GSH (c) in SY-
SY5Y cells cultures were determined 24 h after treatments. Values
are expressed as a percentage of the autofluorescence (NAD(P)H) or
mBCl fluorescence (GSH) from untreated conditions. Data repre-
sent means7s.e.m. of at least five experiments performed in
quadruplicate. (***Po0.001). (d) Effect of GSH depletion on SH-
SY5Y cell survival. BSO (100 mM) were present 12 h before 100mM
malonate and maintained during the experiment. LDH release was
measured 24 h later. Data represent mean7s.e.m. of five different
experiments. ***Po0.001 as compared with cells in the absence of
BSO.
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The precise mechanism by which malonate induced PTP

formation remains difficult to understand. It is well established

that either Ca2þ or ROS are able to induce PTP opening

(Atlante et al., 2000). It is known that the inhibition of the

respiratory chain alters electron transport and the proton

motive force, which affects the synthesis of ATP and the

transport of ions like Ca2þ (Crompton, 2000). Thus, it has

been proposed that Ca2þ modulates PTP formation in

conditions where intracellular [Ca2þ ] is found to be high in a

maintained manner (Galindo et al., 2003). Under such

conditions, mitochondria are not able to increase mitochon-

drial [Ca2þ ] indefinitely, and eventually release their Ca2þ by

increasing the inner mitochondria membrane permeability

through the PTP formation (Bernardi et al., 1998; Bernardi,

1999). On the other hand, ROS induce PTP formation by

oxidation of thiol residues and, in some cases, by acting on the

adenine nucleotide translocator eliminating its specificity or

enhancing its sensibility to Ca2þ (Costantini et al., 2000).

This latter hypothesis takes relevance in our conditions where

ROS, GSH and NAD(P)H measurements show that malonate

required minutes to disrupt mitochondrial redox status,

likewise the time necessary for mitochondria to swell.

According to our data, it appears that ROS may decline

mitochondrial Ca2þ buffer capacity, making Ca2þ the main

factor responsible for malonate-induced mitochondrial swel-

ling. Supporting this hypothesis our data show that the

blockade of Ca2þ influx by the presence of the mitochondrial

Ca2þ uptake blocker, RR or magnesium completely blocked

this event, while the presence of the broad antioxidant

scavenger, vitamin E, or the peroxide scavenger enzyme

catalase only inhibited mitochondrial swelling partially. Thus,

it is possible that malonate, by inducing DCm collapse and

subsequent ROS production, could make mitochondria more

sensitive to possible changes in cytoplasmic [Ca2þ ]. This latter

hypothesis would explain why different NMDA antagonists,

such as MK-801, protect against malonate toxicity but do not

block the generation of hydroxyl radicals (Ferger et al., 2003),

showing that oxidative stress during energy impairment caused

by malonate is independent of glutamate receptor over-

stimulation and occurs at time points that precede secondary

excitotoxicity (Zeevalk et al., 1998; 2000).

We also found that malonate depletes both of the main

antioxidant systems used by cells to block ROS overproduc-

tion, GSH and NAD(P)H. Altered GSH/GSSG ratios have

been shown in different neurodegenerative diseases (Cecchi

et al., 1999; Bharath et al., 2002) and might be an upstream

biochemical event leading to neurodegeneration (Dexter et al.,

1989a, b). It has been recently reported that caspase inhibition

protects neurons from malonate-induced striatal injury in rats

(Toulmond et al., 2004), suggesting a crucial role for apoptosis

in the mechanisms leading to cell death. Our data support this

contention as the overexpression of the antiapoptotic Bcl-xL

protein prevented malonate-induced toxicity in SH-SY5Y

cells. Furthermore, Bcl-xL overexpression also prevented Cyt

c release and depletion of both cellular antioxidant agents,

GSH and NAD(P)H, caused by malonate. Since GSH

depletion occurs after different apoptotic stimuli including

6-OHDA (Galindo et al., 2004) or veratridine (Jordan et al.,

2002), we went further to study the relationship between GSH,

Bcl-xL and cell death induced by malonate. For this reason, we

pretreated Bcl-xL-overexpressing cells for 12 h with the GSH

synthesis inhibitor, L-BSO and found that GSH depletion

completely abolishes Bcl-xL antiapoptotic capacity, which

attest to the prominent role of GSH as a first line of defence

against ROS-induced cell death. Not surprisingly, increased

levels of both lipid peroxidation and DNA oxidation by-

product 8-hydroxy-deoxyguanosine are consistently found in

the brains of acute (ischemia) or chronic neurodegenerative

disease patients (e.g. Dexter et al., 1989a, b; Alam et al., 1997;

Cutler et al., 2004).

According to the data shown in this study, a plausible

sequential model, regarding mitochondria, for malonate

toxicity could be the following (Figure 7): malonate induces

mitochondrial potential collapse and ROS production that

result in the depletion of mitochondrial antioxidant defence

yielding to mitochondrial swelling and release of proapoptotic

proteins such as Cyt c responsible for the starting of the

apoptotic machinery. This contention is consistent with two

recent works showing that malonate toxicity is prevented by

caspase-3 inhibitors (Toulmond et al., 2004) and also that the

irreversible complex II inhibitor, 3-nitropropionic acid, causes

mitochondrial collapse and oxidative stress in mice cortical

astrocytes (Rosenstock et al., 2004).

Malonate

∆Ψm

ROS

NAD(P)H GSH

Collapse

Increase

Depletion

Swelling

Induction

Figure 7 Schematic model summarising our findings. There is
evidence that mitochondrial potential collapse and ROS production
is increased and result in a depletion in mitochondrial antioxidant
defence that results in mitochondrial swelling.
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