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Summary The effect of methylmalonate (MMA) on
mitochondrial succinate oxidation has received great
attention since it could present an important role in
energy metabolism impairment in methylmalonic acid-
aemia. In the present work, we show that while millimolar
concentrations of MMA inhibit succinate-supported
oxygen consumption by isolated rat brain or muscle
mitochondria, there is no effect when either a pool of
NADH-linked substrates or N,N,N’,N-tetramethyl-
p-phenylendiamine (TMPD)/ascorbate were used as
electron donors. Interestingly, the inhibitory effect of
MMA, but not of malonate, on succinate-supported
brain mitochondrial oxygen consumption was minimized
when nonselective permeabilization of mitochondrial
membranes was induced by alamethicin. In addition,
only a slight inhibitory effect of MMA was observed
on succinate-supported oxygen consumption by inside-
out submitochondrial particles. In agreement with these
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observations, brain mitochondrial swelling experiments
indicate that MMA is an important inhibitor of succi-
nate transport by the dicarboxylate carrier. Under our
experimental conditions, there was no evidence of
malonate production in MMA-treated mitochondria.
We conclude that MMA inhibits succinate-supported
mitochondrial oxygen consumption by interfering with
the uptake of this substrate. Although succinate gener-
ated outside the mitochondria is probably not a sig-
nificant contributor to mitochondrial energy generation,
the physiopathological implications of MMA-induced
inhibition of substrate transport by the mitochondrial
dicarboxylate carrier are discussed.

Abbreviations

BSA bovine serum albumin

BtMA  butylmalonate

DCIP 2,6-dichlorophenolindophenol
MA malonate

2-MCA  2-methylcitrate

MCM  methylmalonyl-CoA mutase
MMA  methylmalonate

PMS phenazine methosulfate

SDH succinate dehydrogenase
TMPD  N,N,N'N'-tetramethyl-p-phenylenediamine
Introduction

Methylmalonic acidaemias consist of a group of
autosomal recessive genetic disorders affecting the
catabolic pathway of the amino acids isoleucine,
valine, methionine and threonine, as well as of odd-
chain fatty acids and the side-chain of cholesterol.
Methylmalonic acidaemias are caused by complete
(mut”) or partial (mut ™) deficiency of methylmalonyl-
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CoA mutase (MCM; EC 5.4.99.2) or by defects in the
genes encoding the synthesis, activation or transport of
adenosylcobalamin, which is the cofactor of MCM.
MCM deficiency leads to the primary accumulation of
methylmalonate (MMA) from L-methylmalonyl-CoA,
and to the secondary accumulation of other metabolites
such as propionate, 3-hydroxypropionate and 2-methyl-
citrate (2-MCA) (Fenton et al 2001). Levels of MMA in
the blood and cerebrospinal fluid have been determined
as being as high as 2.9 mmol/L during crises (Fenton
et al 2001), and may be even higher in the brain because
dicarboxylic acids tend to be trapped inside neural cells
(Hoffmann et al 1993; Sauer et al 2006).

The clinical phenotype of affected individuals includes
failure to thrive, developmental delay with subsequent
mental retardation, acute metabolic decompensation
with ketoacidosis, vomiting, lethargy, coma and seizures,
and, in the most severe cases, infant death. Cerebral
imaging has revealed a symmetric degeneration of the
basal ganglia, particularly the globus pallidus (Brismar
and Ozand 1994; Larnaout et al 1998). Although the
physiopathological mechanisms underlying the neurolog-
ical signs in this disorder are not well established, these
pathological changes may be caused by the accumulation
of toxic organic acids (Heidenreich et al 1988).

Furthermore, during acute encephalopathic crises,
patients with methylmalonic acidaemias present enhanced
amounts of lactic acid in the globus pallidus, suggest-
ing inhibition of mitochondrial energy metabolism in
vivo (Trinh et al 2001). There is a great deal of
evidence suggesting that MMA compromises mito-
chondrial function, since it competes with malate
transport (Halperin et al 1971), increases lactate
production ex vivo and in vitro (Royes et al 2003;
Saad et al 2006; Wajner and Coelho 1997; Wajner et al
1992) and decreases ATP levels (McLaughlin et al
1998), CO, production (Wajner et al 1992) and
succinate-supported O, consumption (Kowaltowski
et al 2006; Maciel et al 2004; Toyoshima et al 1995).
It has also been proposed that MMA is a weak
competitive inhibitor of succinate dehydrogenase
(SDH) in rat brain and liver, an effect that has been
attributed to the structural similarity between MMA,
malonate (MA), the classical SDH inhibitor, and
succinate, the substrate of SDH (Brusque et al 2002;
Dutra et al 1993; Fleck et al 2004; Marisco et al 2003;
Pettenuzzo et al 2006; Toyoshima et al 1995). How-
ever, the inhibitory effect of MMA on SDH activity
has not been detected in purified submitochondial
particles from bovine heart (Kolker et al 2003; Okun
et al 2002) and when high concentrations of succinate

were used in the medium to measure this enzymatic
activity (Brusque et al 2002; Pettenuzzo et al 2006). It
has been also argued that MMA is not the major
neurotoxin in methylmalonic acidaemias and part of
the effects obtained with MMA were considered to be
artefactual or a result of intracellular formation of
MA and 2-MCA from MMA (Kolker and Okun 2005;
Kolker et al 2003; Okun et al 2002). However,
cleavage of the methyl group of MMA by esterases
is unlikely to explain MA formation (Okun et al
2002), as is the reversibility of the propionyl-CoA
pathway to form 2-MCA (Reszko et al 2003). Thus, at
this stage there is an intense debate on whether MMA
impairs mitochondrial bioenergetics and more partic-
ularly SDH/respiratory chain complex II activity.
Therefore, the major purpose of the present study
was to investigate the in vitro effects of MMA on
succinate-supported oxygen consumption by isolated
rat brain and muscle mitochondria in order to clarify
this issue. The most interesting findings observed were
that MMA is an important inhibitor of succinate
transport through mitochondrial membranes.

Material and methods
Materials

Most chemicals, including ADP, alamethicin, ascorbic
acid, butylmalonic acid, glutaric acid, malonic acid,
methylmalonic acid, succinic acid and N,N,N’,N’-
tetramethyl-p-phenylenediamine (TMPD) were
obtained from Sigma-Aldrich (St Louis, MO, USA).
ADP, ascorbate, glutamate, o-ketoglutarate, malate,
pyruvate, succinate, butylmalonate (BtMA), MA and
MMA solutions were prepared by dissolving the respec-
tive acids in water and adjusting the pH to 7.2 with KOH.

Animals

Nine-week-old female Wistar rats (Rattus novergicus
albinos) were obtained from the UNICAMP Central
Animal Breeding Center. The animals were kept under
standard laboratory conditions (20-22°C and 12 h/12 h
light/dark cycle) with free access to a standard diet
(Labina/Purina, Campinas, SP, Brazil) and tap water.
Animal experiments followed University guidelines for
the use of animals in experimental studies and the
Guide for the Care and Use of Laboratory Animals
published by the US National Institute of Health (NIH
publication no. 85-23, revised in 1996).
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Isolation of rat forebrain mitochondria

Forebrain mitochondria were isolated as described
by Rosenthal and colleagues (1987), with minor
modifications, from female Wistar rats weighing
200-240 g. Rats were killed by decapitation and their
brains were rapidly removed (within 1 min) and put
into 10 ml of ice-cold ‘isolation buffer’ containing
225 mmol/L. mannitol, 75 mmol/L sucrose, 1 mmol/L
K"™-EGTA, 0.1% bovine serum albumin (BSA; fatty
acid-free) and 10 mmol/L K*-Hepes, pH 7.2. The
cerebellum and underlying structures were removed
and the remaining material was used as the forebrain.
The tissue was cut into small pieces using surgical
scissors and extensively washed. The tissue was then
manually homogenized in a Dounce homogenizer using
6 strokes with a loose-fitting glass pestle followed
by 7-8 strokes with a tight-fitting pestle. The homoge-
nate was centrifuged for 3 min at 2000 g in a Beckman
JA-25.50 rotor (Beckman, Palo Alto, CA, USA). After
centrifugation, the supernatant was recentrifuged for
8 min at 12 000g. The pellet was resuspended in 20 ml
‘isolation buffer’ containing 40 ul of 10% digitonin and
recentrifuged for 10 min at 12 000g. The supernatant
and the light layer of the pellet were discarded and the
dark pellet was resuspended in ‘isolation buffer’
devoid of EGTA. This was then centrifuged for
10 min at 12 000g. The supernatant was discarded
and the final pellet was gently washed and resus-
pended in ‘isolation buffer’ devoid of EGTA, at an
approximate protein concentration of 30-40 mg/ml.
The respiratory control ratio (state 3/state 4 respiratory
rate) was over 5.0, measured using 5 mmol/L glutamate
plus 5 mmol/L malate as substrates.

Isolation of rat muscle and liver mitochondria

Rat muscle and liver mitochondria were isolated as
described previously (Velho et al 2006). The final
pellets from muscle and liver mitochondrial preparations
were resuspended in 250 mmol/L sucrose and 10 mmol/L
K*-Hepes pH 7.2 to final protein concentrations of
approximately 50 and 80 mg/ml, respectively.

Preparation of inside-out submitochondrial particles
from rat liver

A fraction enriched in inside-out submitochondrial
particles was obtained from isolated rat liver mito-
chondria as described by Harmon (1982) with minor
modifications. Frozen aliquots (4-5 ml) of rat liver
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mitochondria were thawed, homogenized, and resus-
pended in 0.25 mol/L sucrose and 10 mmol/L K*-
Hepes pH 7.4 to a volume of 10 ml. Following
centrifugation at 27 000 g for 15 min, the mitochon-
drial pellet was resuspended at protein concentration
of approximately 30 mg/ml in 0.25 mol/L sucrose,
10 mmol/L K*-Hepes and 10 mmol/L sodium phos-
phate, pH 7.4. This mitochondrial suspension was
sonicated three times for 30 s each with intervals of
1 min in an ice bath, using a 3 mm titanium microtip in
an ultrasonic processor (50 W, 20 kHz) at 30% of the
maximal output. The sonicated mixture was centri-
fuged at 23 500g for 10 min. The pellet was discarded
and the supernatant was centrifuged at 44 000g for
30 min. The supernatant was discarded, and the pellet
was resuspended in 0.25 mol/L sucrose, 10 mmol/L K-
Hepes pH 7.4 and 0.15 mol/LL KCl medium and
centrifuged again twice under the same conditions.
The resultant pellet was resuspended in 0.25 mol/L
sucrose and 10 mmol/L K™-Hepes pH 7.4 and centri-
fuged at 15 000g for 10 min. The pellet was discarded
and the supernatant was centrifuged again at 44 000 g
for 30 min. The final pellet was resuspended in
0.25 mol/L sucrose and 20 mmol/L. K*-Hepes pH 7.4
and stored in an ice bath until used. This preparation
procedure for obtaining submitochondrial particles
resulted in more than 85% of inverted (inside-out)
vesicles as evaluated by the effect of exogenous
cytochrome ¢ (5 pmol/L) on NADH-supported oxygen
consumption (Harmon 1982).

Protein determination

The protein content of mitochondrial and submitochon-
drial particle suspensions was determined by the Biuret
assay (Gornall et al 1949) in the presence of 0.2%
deoxycholate, using bovine serum albumin as a standard.

Oxygen uptake measurements

Oxygen consumption was measured using a Clark-type
electrode (Hansatech Instruments Limited, Norfolk,
UK) in a 1.0 ml sealed glass cuvette equipped with a
magnetic stirrer and kept at 37°C. The experiments
measuring oxygen consumption by isolated mitochon-
dria and submitochondrial particles were carried out in
a standard reaction medium containing 130 mmol/L
KCl, 10 mmol/L K*-Hepes pH 7.2, 2 mmol/L KH,POy,,
1 mmol/L MgCl,, 200 umol/L EGTA and 800 pmol/L
ADP. ADP was present to stimulate respiration by
oxidative phosphorylation. Other additions are indi-
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cated in the figure legends. Under control conditions,
brain mitochondrial oxygen consumption rates (nmol
O,/min per mg protein) were 56.9+4.3 using glutam-
ate, malate, o-ketoglutarate and pyruvate (1.25 mmol/L
each), 70.3+4.0 using 5 mmol/L succinate plus
2 umol/L rotenone, or 51.3£3.2 using 200 pmol/L
TMPD-1 mmol/LL ascorbate plus 1 umol/L antimycin
A. Using TMPD-ascorbate, we noticed that respiratory
rates in our brain mitochondrial preparations were
lower that those seen with succinate. This is probably
due to limited accessibility of cytochrome c to electrons
donated by TMPD.

Assay of mitochondrial succinate transport

Succinate transport was estimated in a suspension of
isolated brain mitochondria using a model F-4010
Hitachi spectrofluorometer (Hitachi Ltd, Tokyo, Japan)
operating at excitation and emission wavelengths
of 540 nm, with slit widths of 3.0 nm. This methodology
is based on the decrease in mitochondrial light scattering
due to swelling that accompanies net salt transport into
the organelles (Liu et al 1996). Rat brain mitochondria
(0.4 mg/ml) were incubated in medium containing
0.1 mmol/L K*-EGTA, 0.1 mmol/L K"-EDTA,
5 mmol/L K*-MOPS (pH 7.0), 0.2 umol/L antimycin
A, 0.7 pmol/L nigericin and 36.7 mmol/L K salts of
succinate, glutarate and/or MMA, at 37°C. All media
were prepared to approximately 110 mOsm. Under
these experimental conditions, stimulation of mitochon-
drial swelling by 2 mmol/L P; (potassium salt, pH 7.0)
reflects activity of the dicarboxylate carrier (Liu et al
1996). Mitochondrial swelling rates between 5 and 35
seconds after P; addition were used to quantify the
measurements.

Succinate dehydrogenase (SDH) activity

The assay was based on the reduction of phenazine
methosulfate (PMS) by SDH (Singer 1974). Reduced
PMS is immediately reoxidized by 2,6-dichloropheno-
lindophenol (DCIP), and bleaching of the latter dye
was followed spectrophotometrically at 600 nm. Mito-
chondria (0.2 mg/ml) were incubated in a 2 ml glass
spectrophotometer cuvette at 37°C in medium con-
taining 50 mmol/L Tris-HCl (pH 7.4), 1 mmol/L
succinate, 1 pmol/L antimycin A, 1 mmol/L KCN,
1% Triton X-100, 1 mmol/L PMS and 80 pmol/L
DCIP. In Fig. 6, these reagents were added to the
reaction media after a 10 min pre-incubation period,
resulting in a two-fold dilution of the original mito-
chondrial suspension. Where indicated, the assays
were conducted in the presence of MMA, MA or

BtMA. The decrease in absorbance at 600 nm was
recorded during 5 min.

Malonate (MA) and 2-methylcitrate (2-MCA)
determination

Mitochondrial preparations from rat forebrain (0.5 mg/ml)
were incubated for 10 min at 37°C in reaction medium
containing 130 mmol/L KCI, 10 mmol/L. K*-Hepes
pH 7.2, 2 mmol/L KH,PO,, 1 mmol/L MgCl,,
200 pmol/L EGTA and 2 mmol/L succinate in the
absence or presence of 10 mmol/L MMA in a total
volume of 2 ml. MA and 2-MCA were determined in
the mitochondrial suspension by capillary gas chroma-
tography—mass spectrometry, as previously described
(Wajner et al 2002). MA and 2-MCA were used for
external calibration. Correlation coefficients of stan-
dard curves were >0.92.

Statistical analysis

Data from the experiments were analysed by one-way
ANOVA followed by Tukey’s post-hoc test. When one
parameter was compared between two groups, Student’s
t-test was used. Data are presented as averages+standard
error of the mean (£SEM) of at least four experiments
conducted with different preparations.

Results

MMA inhibits succinate-supported mitochondrial
oxygen consumption

The effect of MMA on brain mitochondrial oxygen
consumption was studied at concentrations varying from
1 to 10 mmol/L (Fig. 1). MMA significantly inhibited
succinate-supported mitochondrial oxygen consumption
in a dose-dependent manner. In addition, the results
displayed in Fig. 1A show no inhibitory effect of MMA
on mitochondrial respiration when either a pool of
NADH-linked substrates or TMPD/ascorbate were
used as electron donors. A pool of respiratory chain
complex I substrates was used to avoid the effect of
MMA on the transport of single substrates through the
inner mitochondrial membrane, either stimulating or
inhibiting their transport (Halperin et al 1971). Repre-
sentative traces in Fig. 1B show that the degree of
inhibition of succinate-supported mitochondrial oxygen
consumption by MMA was constant during the time
course of the experiments.

Since Kolker and colleagues (2003) did not observe
a significant inhibitory effect of MMA (1 mmol/L)
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Fig. 1 Effect of MMA on brain mitochondrial oxygen consump-
tion. Isolated rat forebrain mitochondria (Mt; 0.5 mg/ml) were
incubated at 37°C in standard reaction medium containing either a
pool of NADH-linked substrates (malate, glutamate, pyruvate and
a-ketoglutarate (Mal+ Glut+Pyr+a-KG); 1.25 mmol/L each),
5 mmol/L succinate plus 2 pmol/L rotenone (Succ+Rot), or
200 umol/L. TMPD-1 mmol/L ascorbate plus 1 pmol/L antimycin
A (TMPD/Asc+AA). Rotenone and antimycin A were used to
ensure respiratory chain complex I and III inhibition, respectively.
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Fig. 2 Effect of MMA on succinate-supported muscle mito-
chondrial oxygen consumption. Isolated muscle mitochondria
(0.5 mg/ml) were incubated at 37°C in standard reaction medium
containing 1 mmol/L succinate and 2 pmol/L rotenone. Mito-
chondrial oxygen consumption measurements were done in the
presence of varying concentrations of MMA (1-10 mmol/L), as
indicated in the figure. Data represent the mean+SEM of at
least 5 independent experiments performed in duplicate. *Sig-
nificantly different from control at p<0.01
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(A) Mitochondrial oxygen consumption in the presence of
different respiratory chain substrates and varying concentrations
of MMA (1-10 mmol/L), as indicated in the figure. Data are
shown as percentage of the respective control rates. (B) Repre-
sentative traces of succinate-supported mitochondrial oxygen
consumption in the presence of varying concentrations of MMA
(1-10 mmol/L). Data in (A) represent the mean+SEM of at least 5
independent experiments performed in duplicate. *Significantly
different from the respective control at p<0.01

on succinate-supported oxygen consumption using a
crude mouse muscle mitochondrial preparation, we
decided to test the effect of MMA (1-10 mmol/L)
on isolated rat muscle mitochondria under our
experimental conditions. In fact, when tested at
1 mmol/L, MMA promoted only a trend for
inhibition of oxygen consumption by muscle mito-
chondria (Fig. 2). However, when MMA was present
at higher concentrations (2-10 mmol/L), a significant
and dose-dependent inhibition of mitochondrial respi-
ration was observed. These results indicate that the
inhibitory effect of MMA on succinate-supported
mitochondrial respiration is not restricted to brain
(Fig. 1; Kowaltowski et al 2006; Maciel et al 2004) and
liver (Toyoshima et al 1995).

Substrate transport inhibition causes the MMA
effect on succinate-supported mitochondrial
oxygen consumption

Recent publications from Kolker’s group (Kolker et al
2003; Okun et al 2002) show that MMA, at millimolar
concentrations, does not inhibit SDH activity in bovine
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Fig. 3 Effect of MA, MMA and BtMA on oxygen consumption
by intact or alamethicin-permeabilized mitochondria. Isolated
rat forebrain mitochondria (0.5 mg/ml) were incubated at 37°C
in standard reaction medium containing 2 mmol/L succinate,
2 umol/L rotenone and 5 pmol/L cytochrome ¢. Mitochondrial
oxygen consumption measurements were done in the presence
of 70 umol/L MA, 7 mmol/L MMA or 1.5 mmol/L BtMA.
Alamethicin (40 pg/mg protein) was present where indicated.
Data represent the mean+SEM of at least 5 independent
experiments performed in duplicate. *Significantly different
from intact mitochondria at p<0.01

heart submitochondrial particles. On the other hand,
MA potently inhibits this enzyme at micromolar
concentrations. One possibility to reconcile these
findings with our previous results (Kowaltowski et al
2006; Maciel et al 2004) and the present findings is an
inhibitory effect of MMA on mitochondrial succinate
transport. In fact, an early report by Halperin and
colleagues (1971) reported that MMA is an important
inhibitor of malate transport by the mitochondrial

Table 1 Effects of malonate, methylmalonate and butylmalo-
nate on SDH activity

Conditions SDH activity (% of control)
Malonate 53.1+£3.4%

Methylmalonate 94.5+6.0

Butylmalonate 93.0+6.8

Activity of brain mitochondrial SDH was determined as
described in Material and methods under control conditions or
in the presence of 70 pmol/L malonate, 7 mmol/L. methylmalo-
nate or 1.5 mmol/L butylmalonate. Under control conditions,
SDH activity was 81.9+5.5 nmol of reduced DCIP per min per
mg protein. Values represent the mean+SEM of 4 independent
experiments performed in duplicate.

*Significantly different from control at p <0.01.

Fig. 4 Effects of MA and MMA on submitochondrial particle
oxygen consumption. Rat liver submitochondrial particles (SMP,
0.1 mg/ml) were incubated at 37°C in standard reaction medium
containing 1 mmol/L succinate under control conditions or in the
presence of either 70 pmol/L MA or 7 mmol/L MMA. Traces
are representative of 4 independent experiments performed in
duplicate

dicarboxylate carrier. To assess this hypothesis, we
monitored the effect of MMA on succinate-supported
mitochondrial oxygen consumption under situations in
which the transport of this substrate is not required.
We first used brain mitochondria nonselectively per-
meabilized by the pore-forming compound alamethicin
(He et al 1996). MA, MMA or BtMA, an inhibitor of
mitochondrial dicarboxylate transport (Robinson and
Chappell 1967), were used at concentrations necessary
to ensure approximately 50% inhibition of succinate-
supported oxygen consumption by intact organelles
(Fig. 3, open bars). When the same concentrations
of MA, MMA and BtMA were used in the presence of
alamethicin, MA still exhibited a similar inhibition
of succinate-supported oxygen consumption, but
MMA and BtMA lost most of their inhibitory effect
(Fig. 3, chequered bars). SDH activity was determined
under similar experimental conditions using Triton X-
100-permeabilized brain mitochondria. We observed
that, while MA inhibits approximately 50% of enzyme
acitivity, no significant inhibitory effect was promoted
either by MMA or BtMA (Table 1).

A second experimental protocol to study succi-
nate-supported mitochondrial respiration indepen-
dent of substrate transport was designed, using a
preparation enriched in inside-out submitochondrial
particles (Harmon 1982) (Fig. 4). Under these con-
ditions, only a slight inhibitory effect was obtained
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Fig. 5 Inhibitory effect of MMA on mitochondrial succinate
transport by the dicarboxylate carrier. Rat forebrain mitochon-
dria (0.4 mg/ml) were incubated at 37°C in reaction medium
containing 0.1 mmol/L K*-EGTA, 0.1 mmol/L K*-EDTA,
5 mmol/L K*-MOPS pH 7.0, 0.2 pmol/L antimycin A and
0.7 pmol/L nigericin. The medium contained a total of
36.7 mmol/L of potassium salts of succinate (Succ), glutarate
and/or MMA: when two different salts were present, they were

with MMA at millimolar concentrations, while MA, at
micromolar concentrations, induced a potent inhibi-
tion of succinate-supported submitochondrial particle
oxygen consumption.

Mitochondrial dicarboxylate carrier
inhibition by MMA

In order to study the inhibitory effect of MMA on
succinate transport by the dicarboxylate carrier, mito-
chondrial swelling experiments were conducted in a
hyposmotic medium containing potassium salts, the
respiratory chain inhibitor antimycin A and the K*/H"
ionophore nigericin. Under these conditions, the
addition of P; promotes transport of dicarboxylates
into the mitochondrial matrix and consequent organ-
ellar swelling (Liu et al 1996). Figure 5 shows the
initial rates of mitochondrial swelling in the absence
and presence of P; in reaction media containing K*
salts of succinate, glutarate and/or MMA. Glutarate
was used as a control anion that is not transported by
the dicarboxylate carrier (Liu et al 1996). As expected,
extensive mitochondrial swelling was promoted by
addition of P; to brain mitochondria incubated in
succinate. This swelling was not inhibited when medium
was prepared containing equal quantities of succinate
and glutarate as osmotic support. Nevertheless, when
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added at equal concentrations (18.35 mmol/L). (A) Representa-
tive figure of mitochondrial swelling in the presence of different
dicarboxylates. Where indicated by the arrow, 2 mmol/L P;
(potassium salt) was added to the reaction medium. (B) Rates of
mitochondrial swelling in the absence or presence of 2 mmol/L P;
(potassium salt). Data represent the mean+=SEM of at least 5
independent experiments performed in duplicate. FU, fluores-
cence units. *Significantly different from ‘Succ+P;’ at p<0.01

succinate and MMA were used, an almost complete
inhibition of Pj-induced swelling was observed.

MA production and SDH activity in MMA-treated
mitochondria

A potential explanation for the result obtained would
be that MMA generates MA in the mitochondrial
matrix, which then inhibits SDH. To investigate this
possibility, MA and 2-MCA were measured in brain
mitochondrial suspensions after incubation with
10 mmol/L. MMA during 10 min. Analyses performed
by gas chromatography-mass spectrometry revealed
no traces of these organic acids (results not shown;
sensitivity of the assay ~1 nmol/mg protein).

The experiment reported in Fig. 6 was conducted to
further verify whether isolated mitochondria incubated
with MMA generated functionally significant quanti-
ties of MA. For these experiments, liver mitochondria
were chosen because they resulted in more stable and
reproducible results of SDH activity than isolated
brain organelles under these conditions (results not
shown). In intact liver mitochondria, we found that
either 70 pmol/L MA or 7 mmol/L MMA lead to a
decrease in oxygen consumption of approximately
50% (Fig. 6A). Samples of intact mitochondria incu-
bated under these conditions for 10 min were collected
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Fig. 6 Effects of pre-incubation with MMA and MA on liver
mitochondrial SDH activity. (A) Oxygen consumption by rat liver
mitochondria (0.4 mg/ml) during a 10 min incubation in standard
reaction medium containing 1 mmol/L succinate and 2 pmol/L
rotenone in the presence of 70 umol/L MA or 7 mmol/L MMA.
Data are represented as percentages of oxygen consumption in the
absence of MA or MMA. (B) SDH activity after a 10 min pre-
incubation under conditions indicated in the abscissa. After the

and treated with the detergent Triton X-100 in order
to permeabilize mitochondria and release any MMA-
generated metabolites accumulated in the matrix.
SDH activity was then assayed as described in
Material and methods. Samples pre-incubated in the
presence of MA showed an important inhibition of
SDH activity, indicating that MA-induced SDH inhi-
bition could be readily detected under these conditions
(Fig. 6B). The minimal concentration of MA present
during the pre-incubation period that resulted in a
significant inhibitory effect in the subsequent SDH
assay was 10 umol/L (result not shown), supporting the
idea that this assay is a sensitive method for evaluating
the presence of MA in the suspension. On the other
hand, samples pre-incubated with 7 mmol/L MMA did
not show any inhibitory effect on SDH after mito-
chondrial permeabilization with detergent. This result
clearly indicates that no functionally significant
amounts of MA accumulate in mitochondrial suspen-
sions treated with MMA.

Discussion

In the present work we studied the inhibitory effect of
MMA on mitochondrial succinate oxidation. In intact
isolated brain and muscle mitochondria, millimolar
MMA inhibited oxygen consumption maintained by
succinate (Figs. 1 and 2). This observation is in
accordance with previous studies reporting an inhibitory

51
B
TOO0 -

2
k=
8 75+
‘S *
X T
> 50+
=
g
T 251
[
%)

0 T

MA MMA

pre-incubation period, 1% Triton X-100 and reagents for
determination of SDH activity were added to the mitochondrial
suspension (see Materials and methods). Under control con-
ditions, SDH activity was 90.6+5.9 nmol of reduced DCIP/min
per mg protein. Data represent the mean+SEM of 4 independent
experiments performed in duplicate. *Significantly different from
control at p<0.01

effect of MMA on succinate-supported oxygen con-
sumption in isolated liver (Toyoshima et al 1995) and
brain (Kowaltowski et al 2006; Maciel et al 2004)
mitochondria. In addition, we showed that the inhibitory
effect of MMA on mitochondrial oxygen consumption
was not observed when electron donors to respiratory
chain complexes I or IV were used. Under our experi-
mental conditions, an immediate and uniform inhibition
pattern of succinate-supported oxygen consumption was
obtained, suggesting a direct effect of MMA on succi-
nate-supported mitochondrial respiration and not a
progressive interaction of this compound with mitochon-
drial components or formation of reactive products. In
fact, we did not observe significant MA production in
brain and liver mitochondria incubated in the presence of
MMA. Okun and colleagues (2002) reported formation
of MA in cultured striatal neurons treated with MMA
(10 mmol/L), but MA was detected only in nanomolar
concentrations and after 2 h of incubation.

In contrast to the results obtained with MMA-
treated intact mitochondria oxidizing succinate, only
a small effect of MMA was observed on succinate-
supported oxygen consumption in permeabilized mi-
tochondria (Fig. 3) or inverted submitochondrial
particles (Fig. 4). In addition, no inhibitory effect of
MMA was observed on SDH activity from detergent-
permeabilized mitochondria (Table 1). In agreement
with this last observation, Kolker’s group also did
not observe any important effects of MMA on
SDH activity in submitochondrial particles (Kolker
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et al 2003; Okun et al 2002), and recent publications
from Wajner’s group reported only a marginal inhibi-
tion of SDH activity by MMA in brain homogenates
(Brusque et al 2002; Pettenuzzo et al 2006). These
results suggest that the inhibitory effect of MMA on
mitochondrial succinate oxidation is most likely due to
inhibition of mitochondrial transport of this substrate.
We showed evidence that succinate is transported
by the dicarboxylate carrier in brain mitochondria
(Fig. 5), as is the case for liver and kidney organelles
(Palmieri et al 1971; Rumbach et al 1989; Schoolwerth
and LaNoue 1985). In addition, our results identified
MMA as a potent inhibitor of mitochondrial succinate
transport by the dicarboxylate carrier (Fig. 5). This
MMA effect explains the result of MMA on succinate-
supported oxygen consumption observed in isolated
brain (Kowaltowski et al 2006; Maciel et al 2004;
present study) and liver (Toyoshima et al 1995)
mitochondria. On the other hand, muscle mitochon-
dria express very low amounts of the dicarboxyl-
ate carrier (Fiermonte et al 1999). Succinate transport
into muscle mitochondria occurs most likely via the
o-ketoglutarate carrier (Palmieri et al 1972; Sluse
et al 1971) or other transport systems such as the
mitochondrial inner membrane anion channel (IMAC)
(Liu et al 1996). The mechanism by which MMA
inhibits succinate transport in muscle mitochondria is
unknown, but probably also involves competition with
succinate for uptake into mitochondria.

Although succinate generated outside mitochondria is
probably not a significant contributor to oxidative
phosphorylation, mitochondrial dicarboxylate carrier
inhibition by MMA probably has important physiopath-
ological implications, such as inhibition of gluconeogen-
esis in liver and kidney, impairment of neuronal energy
metabolism, glutamatergic neurotransmission and induc-
tion of oxidative stress, as discussed below. The inhibi-
tion of the mitochondrial dicarboxylate carrier by MMA
in liver and kidney probably impairs gluconeogenesis. In
fact, Halperin and colleagues (1971) proposed that
MMA inhibition of malate transport through the
mitochondrial dicarboxylate carrier contributes to
hypoglycaemia in methylmalonic acidaemia. Malate is
the main metabolic substrate transported by the dicar-
boxylate carrier (Schoolwerth and LaNoue 1985), while
the transport of succinate or oxaloacetate by this carrier
is either minor or less understood under physiological
conditions. In the central nervous system, where
gluconeogenesis does not occur, the physiological role
of the mitochondrial dicarboxylate carrier is less
understood, but is probably associated with supplying
substrates to the tricarboxylic acid cycle, since inter-
mediates of this cycle are expended during de novo

@ Springer

glutamate synthesis (Hertz 2004). Neurons are consid-
ered incapable of de novo synthesis of tricarboxylic acid
cycle intermediates, which requires pyruvate carboxyl-
ation present only in astrocytes (Yu et al 1983). In this
regard, neuronal energy metabolism and glutamatergic
neurotransmission may be compromised when MMA
reaches high concentrations in the central nervous
system. In addition, as recently proposed by Morath
and colleagues (2007), mitochondrial dicarboxylate
carrier inhibition by MMA may also inhibits glutathi-
one (GSH) transport into kidney mitochondria (Lash
2006), promoting oxidative stress and chronic renal
failure. This may be true for the brain as well, since in
vitro and in vivo studies have demonstrated that MMA
elicits oxidative stress in cerebral tissue (Fighera et al
1999; Fontella et al 2000; Malfatti et al 2003), the most
affected tissue in methylmalonic acidaemia patients.
We conclude that results showing an inhibitory effect
of MMA on either SDH activity (Brusque et al 2002;
Dutra et al 1993; Fleck et al 2004; Pettenuzzo et al 2006)
or succinate-supported mitochondrial oxygen consump-
tion (Kowaltowski et al 2006; Maciel et al 2004;
Toyoshima et al 1995) can be explained by an inhibitory
effect of this organic acid on succinate transport through
membranes and not by a direct effect on SDH activity
(Kolker et al 2003; Okun et al 2002; present study).
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