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α-Keto Acids Accumulating in Maple Syrup Urine Disease
Stimulate Lipid Peroxidation and Reduce Antioxidant
Defences in Cerebral Cortex From Young Rats
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Maple syrup urine disease (MSUD) is an inherited neurometabolic disorder caused by
deficiency of branched-chain α-keto acid dehydrogenase complex activity which leads to
tissue accumulation of the branched-chain α-keto acids (BCKAs) α-ketoisocaproic acid
(KIC), α-ketoisovaleric acid (KIV) and α-keto-β-methylvaleric acid (KMV) and their re-
spective amino acids. Neuropathologic findings characteristic of the disease are cerebral
edema and atrophy, whose pathophysiology is poorly known. In the present study, we in-
vestigated the in vitro effect of BCKAs on various parameters of oxidative stress, namely
chemiluminescence (CL), thiobarbituric acid–reactive substances (TBA-RS), total radical-
trapping antioxidant potential (TRAP), total antioxidant reactivity (TAR), and the activities
of the antioxidant enzymes catalase (CAT), glutathione peroxidase (GPx), and superoxide
dismutase (SOD) in cerebral cortex of 30-day-old rats. The major effects observed were
with KIC, which significantly increased CL and TBA-RS measurements, decreased TRAP
and TAR values, and markedly inhibited GPx activity. KMV and KIV increased CL and
decreased TRAP and TAR values. In contrast, these compounds did not affect CAT and
SOD activities. Taken together, it was shown that: the BCKAs studied stimulated lipid per-
oxidation and reduced the brain antioxidant defences, suggesting an increased production
of free radicals. In case the in vitro effects here detected also occur in vivo in MSUD, it
can be presumed that oxidative stress might contribute, at least in part, to the brain damage
found in the affected patients.
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INTRODUCTION

Mammalian[24.6pc] mitochondrial branched-chain α-keto acid dehydrogenase (BCKD)
catalyzes the oxidative decarboxylation of the branched-chain α-keto acids (BCKAs) α-
ketoisocaproic acid (KIC), α-keto-β-methylvaleric acid (KMV), and α-ketoisovaleric acid
(KIV), which can originate their corresponding branched-chain amino acids (BCAAs)
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leucine, isoleucine and valine, respectively. In patients with maple syrup urine disease
(MSUD), or branched-chain keto aciduria, the activity of the BCKD is severely deficient.
The metabolic blockage at this step results in the accumulation of BCKAs and BCAAs
(Chuang and Shih, 2001; Ogier de Baulny and Saudubray, 2002). The hydroxy derivatives
α-hydroxyisovaleric acid, α-hydroxy-β-methylvaleric acid, and α-hydroxyisocaproic acid,
produced by the reduction of their respective α-keto acids, also accumulate but to a lesser
extent (Treacy et al., 1992).

The symptomatology of MSUD includes ketoacidosis, failure to thrive, poor feeding,
apnea, ataxia, seizures, coma, psychomotor delay and mental retardation (Chuang and Shih,
2001; Nyhan, 1984). Neuropathologic findings characteristic of the disease are cerebral
edema, atrophy of the cerebral hemispheres, spongy degeneration of the white matter and
delayed myelination (Chuang and Shih, 2001; Treacy et al., 1992). MSUD usually presents
as a heterogeneous clinical phenotype, ranging from the severe classical form to mild vari-
ants, possibly due to distinct residual enzyme activity (Schadewaldt and Wendel, 1997).
Although the mechanisms of brain damage in MSUD are still unclear, it appears that leucine
and KIC are considered to be the main neurotoxic metabolites since increased plasma con-
centrations of these metabolites are associated with the appearance of neurological symp-
toms (Chuang and Shih, 2001; Snyderman et al., 1964) and can reach concentrations as high
as 5.0 mM in untreated patients (Zielke et al., 1996). In this context, it has been demonstrated
that BCKAs may affect energy metabolism in rat brain (Danner and Elsas, 1989; Halestrap
et al., 1974; Land et al., 1976; Sgaravatti et al., 2003; Yudkoff et al., 1994; Zielke et al.,
2002). Furthermore, the BCAAs and BCKAs accumulating in MSUD have been reported
to cause significant alterations of the concentrations of the neurotransmitters glutamate,
aspartate and γ -aminobutyric (GABA) in the brain (Dodd et al., 1992; Prensky and Moser,
1967; Tavares et al., 2000; Yudkoff et al., 1994). On the other hand, it has been proposed
that the brain injury of this disorder may also be related to reduce brain uptake of essential
amino acids (Araújo et al., 2001) and to apoptosis in neural cells (Jouvet et al., 2000).

We have previously demonstrated that the BCAAs, as well as their α-keto acids and
α-hydroxy acids derivatives stimulate lipid peroxidation in brain homogenates from 7- and
30-day-old rats (Fontella et al., 2002). More recently, we have shown that the amino acids
accumulating in MSUD, particularly leucine, promote a reduction of the nonenzymatic
antioxidant defences in rat brain homogenates (Bridi et al., 2003). In the present work,
we extend our previous studies by investigating the in vitro effect of the BCKAs on the
nonenzymatic antioxidant defences, evaluated by the total radical-trapping antioxidant
potential (TRAP) and the total antioxidant reactivity (TAR) and on the lipid peroxidation
assessed by chemiluminescence (CL) and thiobarbituric acid–reactive substances (TBA-
RS) in cerebral cortex homogenates. We also tested the effects of these compounds on
the activity of the antioxidant enzymes catalase (CAT), glutathione peroxidase (GPx), and
superoxide dismutase (SOD).

MATERIALS AND METHODS

Animals and Reagents

Male Wistar rats of 30 days of life obtained from the Central Animal House of the
Department of Biochemistry, ICBS, Universidade Federal do Rio Grande do Sul, Porto
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Alegre, (Brazil), were used. The animals were maintained on a 12:12 h light/dark cycle
(lights on 07:00–19:00 h) in air-conditioned controlled temperature (22 ± 1)◦C colony
room, with free access to water and 20% (w/w) protein commercial chow (Germani, Porto
Alegre, RS, Brazil). The “Principles of laboratory animal care” (NIH publication #80-
23, revised 1996) were followed in all the experiments. All chemicals were purchased
from Sigma (St. Louis, MO) except by thiobarbituric acid, which was purchased from
Merck (Darmstadt, Germany), 2,2′-azo-bis-(2-amidinopropane) that was purchased from
Wako Chemicals (USA) and Ransod kit from RANDOX (Antrim, United Kingdom). Keto
acids (KIC, KMV, and KIV) solutions were prepared on the day of the experiment in the
incubation medium used for each technique.

Tissue Preparation

Rats were sacrificed by decapitation without anesthesia, and the brain was rapidly
excised and kept on an ice-plate. The olfactory bulb, pons, and medulla were discarded and
the cerebral cortex was dissected, rinsed with saline for complete blood removal, weighed
and kept chilled until homogenization. Cerebral cortex was homogenized in 10 volumes
(1:10, w/v) of the appropriate medium. Homogenates were centrifuged at 750 × g for 10 min
at 4◦C to discard nuclei and cell debris (González-Flecha et al., 1991; Llesuy et al., 1985).
The supernatant, a suspension of mixed and preserved organelles, including mitochondria,
was separated and immediately used for analyses and the pellet was discarded.

In Vitro Experiments

Cerebral cortex supernatants were incubated for 1 h at 37◦C in the presence of KIC,
KMV or KIV at concentrations ranging from 1.0 to 5.0 mM. Controls did not contain
keto acids in the incubation medium. Immediately after incubation, aliquots were taken
to measure CL, TBA-RS, TRAP, and TAR. In order to test a direct action of KIC, KIV,
and KMV on the antioxidant enzymes CAT, SOD, and GPx, the keto acids were added
to the cerebral cortex homogenates at the time of assay of each enzyme activity without
previous incubation. In addition, the activity of a commercial preparation of GPx purified
from bovine erythrocytes (EC 1.11.1.9) was measured in presence of KIC.

Chemiluminescence (CL)

Samples were assayed for CL in a dark room by the method of Lissi et al. (1988) using
a beta liquid scintillation spectrometer Tri-Carb 2100TR. Cerebral tissue was homogenized
1:10 (w/v) in 20 mM sodium phosphate buffer, pH 7.4 containing 140 mM KCl. Incubation
flasks contained 3.5 mL of the medium consisting in 20 mM sodium phosphate buffer, pH
7.4 containing 140 mM KCl. The background CL was measured for 5 min. An aliquot of
0.5 mL of supernatant was added and CL was measured for 10 min at room temperature.
The background CL was subtracted from the total value. CL was calculated as cpm/mg
protein and represented as percentage of controls.
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Thiobarbituric Acid–Reactive Substances (TBA-RS)

TBA-RS were determined according to the method described by Esterbauer and
Cheeseman (1990) using a Beckman DU640 Spectrophotometer. Cerebral tissue was
homogenized 1:10 (w/v) in 20 mM sodium phosphate buffer, pH 7.4 containing 140 mM
KCl. Briefly, 300 µL of cold 10% trichloroacetic acid were added to 150 µL of supernatant
and centrifuged at 300 × g for 10 min. Three hundred microliters of the supernatant were
transferred to a Pyrex tube and incubated with 300 µL of 0.67% thiobarbituric acid in 7.1%
sodium sulphate in a boiling water bath for 25 min. The mixture was allowed to cool on
water for 5 min. The resulting pink stained TBA-RS was determined in a spectrophotometer
at 535 nm. The amino acids did not produce color when tested without the addition of the
supernatant, demonstrating the absence of a direct reaction to thiobarbituric acid. Cali-
bration curve was performed using 1,1,3,3-tetramethoxypropane that was subjected to the
same treatment as that of the supernatants. TBA-RS was calculated as nanomole TBA-RS
per milligram protein and represented as percentage of controls.

Total Radical-Trapping Antioxidant Potential (TRAP)

TRAP was determined by measuring the chemiluminescence intensity of luminol in-
duced by 2,2′-azo-bis-(2-amidinopropane) (ABAP) (Evelson et al., 2001; Lissi et al., 1992)
using a Wallac 1409 Scintillation Counter. Cerebral tissue was homogenized 1:10 (w/v)
in 20 mM sodium phosphate buffer, pH 7.4 containing 140 mM KCl. The background
chemiluminescence was measured by adding 3 mL of 10 mM ABAP dissolved in 50 mM
sodium phosphate buffer pH 7.4 into a glass scintillation vial. Ten microliters of luminol
(4 mM) were added to each vial and the chemiluminescence was measured. This was consid-
ered to be the initial value. Ten microliters of 300 µM Trolox (water-soluble α-tocopherol
analogue) or tissue supernatant was added and the chemiluminescence was measured. The
time necessary for the chemiluminescence intensity show a fast raise is called induction
time (IT). IT is directly proportional to the antioxidant capacity of the tissue and the IT
of each sample was compared with the IT of Trolox. TRAP values were calculated as
nanomole Trolox per milligram protein and represented as percentage of controls.

Total Antioxidant Reactivity (TAR)

TAR was determined by measuring the luminol chemiluminescence intensity induced
by ABAP according to the method of Lissi et al. (1995) using a Wallac 1409 Scintillation
Counter. Cerebral tissue was homogenized 1:10 (w/v) in 20 mM sodium phosphate buffer,
pH 7.4 containing 140 mM KCl. The background chemiluminescence was measured by
adding 4 mL 2 mM ABAP (in 20 mM sodium phosphate buffer, pH 7.4 containing 140 mM
KCl) into a glass scintillation vial. Fifteen microliters of luminol (4 mM) were added to
each vial and the chemiluminescence was measured. This was considered to be the basal
value. Five microliters of 10–100 µM Trolox (curve calibration) or tissue supernatant was
then added and the chemiluminescence was measured during 60 s. The rapid reduction
in luminol intensity is considered as a measure of its TAR capacity. TAR measurement
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was calculated as nanomole Trolox per milligram protein and represented as percentage of
controls.

Catalase Assay

CAT activity was assayed by the method of Aebi (1984) using a double-beam spec-
trophotometer with temperature control (Hitachi U-2001). Cerebral tissue was homogenized
1:10 (w/v) in 10 mM potassium phosphate buffer, pH 7.0. This method is based on the
disappearance of H2O2 at 240 nm in a reaction medium containing 20 mM H2O2, 0.1%
Triton X-100, 10 mM potassium phosphate buffer, pH 7.0, and 0.1–0.3 mg protein/mL.
One unit is defined as 1 µmol of hydrogen peroxide consumed per minute, and the specific
activity is reported as units per milligram protein.

Superoxide Dismutase Assay

The assay of SOD activity was carried out with the RANSOD kit (Randox, USA). Cere-
bral tissue was homogenized 1:10 (w/v) in 10 mM potassium phosphate buffer, pH 7.0. This
method is based on the formation of red formazan from the reaction of 2-(4-iodophenyl)-
3-(4-nitrophenol)-5-phenyltetrazolium chloride (I.N.T.) and superoxide radical (produced
in the incubation medium from xanthine oxidase reaction), which is assayed spectropho-
tometrically at 505 nm using a double-beam spectrophotometer with temperature control
(Hitachi U-2001). The inhibition of the produced chromogen is proportional to the activity
of the SOD present in the sample. A 50% inhibition is defined as one unit of SOD and
specific activity is represented as units per milligram protein.

Glutathione Peroxidase Assay

GPx activity was measured by the method of Wendel (1981) using tert-butyl-
hydroperoxide as substrate. Cerebral tissue was homogenized in 100 mM potassium phos-
phate buffer containing ethylenediaminetetraacetic acid 1 mM, pH 7.7. The activity was
determined by monitoring the NADPH disappearance at 340 nm using a double-beam
spectrophotometer with temperature control (Hitachi U-2001). The medium containing
2 mM glutathione, 0.15 U/mL glutathione reductase, 0.4 mM azide, 0.5 mM tert-butyl-
hydroperoxide and 0.1 mM NADPH. One GPx unit is defined as 1 µmol of NADPH
consumed per minute and the specific activity is represented as units per milligram protein.

Protein Determination

Protein concentration was determined in cerebral cortex supernatants by the method
of Lowry et al. (1951) using bovine serum albumin as standard.

Statistical Analysis

Data were analyzed by one-way analysis of variance (ANOVA) followed by the Duncan
multiple range test when the F value was significant. Linear regression analysis was also
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used to test dose-dependent effects. The Student’s t-test was also used for comparison of two
means. All analyses were performed using the Statistical Package for the Social Sciences
(SPSS) software in a PC-compatible computer. A value of p < 0.05 was considered to be
significant.

RESULTS

The in vitro effect of KIC, KIV and KMV on lipid peroxidation parameters (CL
and TBA-RS) was studied. Figure 1 shows that CL was significantly increased, as com-
pared to controls, in a concentration-dependent manner in cerebral cortex homogenates ex-
posed to KIC [F (3, 16) = 5.65; p < 0.01] [β = 0.71; p < 0.001], KIV [F (3, 16) = 4.01;
p < 0.05] [β = 0.64; p < 0.005] and KMV [F (3, 16) = 5.06; p < 0.05] [β = 0.69; p <

0.001].
TBA-RS measurement was also enhanced in homogenates exposed to KIC [F (3, 16) =

4.81, p < 0.05] in a dose-dependent manner [β = 0.69; p < 0.001] (Fig. 2). In contrast,
KIV [F (3, 16) = 1.20, p > 0.05] and KMV [F (3, 16) = 1.72, p > 0.05] did not alter
TBA-RS levels. These results show that lipid peroxidation is predominantly stimulated by
KIC and, to a lesser degree, by KIV and KMV in cerebral cortex homogenates.

Next, we observed that TRAP measurement, which reflects the tissue nonenzymatic
antioxidant defences, was markedly reduced in a concentration-dependent manner when
homogenates were incubated with KIC [F (3, 16) = 3.33; p < 0.05] [β = −0.58; p <

0.01], KIV [F (3, 20) = 3.96; p < 0.05] [β = −0.59; p < 0.005] and KMV [F (3, 16) =
3.19; p < 0.05] [β = −0.56; p < 0.01] (Fig. 3).

TAR values, which is a measure of the tissue capacity to react with free radicals,
were also reduced in a concentration-dependent manner when cerebral cortex was exposed
to KIC [F (3, 16) = 3.24; p < 0.05] [β = −0.49; p < 0.05] and KIV [F (3, 16) = 8.55;
p < 0.001] [β = −0.71; p < 0.001] (Fig. 4). It can be also observed in the figure that

Figure 1. Effect of α-ketoisocaproic (KIC), α-keto-β-methylvaleric (KMV) and α-ketoisovaleric
(KIV) on chemiluminescence in cerebral cortex from young rats. Data are expressed as percentage
of control and represent the mean ± SD for five independent experiments (animals) performed in
duplicate. The straight line represents control values obtained in each experiment are as follows:
KIC: 269 ± 19 cpm/mg protein; KMV: 147 ± 17 cpm/mg protein; KIV: 143 ± 17 cpm/mg protein.
∗p < 0.05, ∗∗p < 0.01, compared to control (Duncan multiple-range test). ( ) 1.0 mM; ( ) 2.5 mM;
(�) 5.0 mM.
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Figure 2. Effect of α-ketoisocaproic (KIC), α-keto-β-methylvasleric (KMV) and α-ketoisovaleric
(KIV) on thiobarbituric–acid reactive substances (TBA-RS) in cerebral cortex from young rats. Data
are expressed as percentage of control and represent the mean ± SD for five to six independent
experiments (animals) performed in duplicate. The straight line represents control values obtained in
each experiment are as follows: KIC: 3.45 ± 0.21 nmol TBA-RS/mg protein; KMV: 4.85 ± 0.29 nmol
TBA–RS/mg protein; KIV: 3.10 ± 0.79 nmol TBA-RS/mg protein. ∗∗p < 0.01 compared to control
(Duncan multiple-range test). ( ) 1.0 mM; ( ) 2.5 mM; (�) 5.0 mM.

KMV reduced these values, although without statistical significance [F (2, 20) = 2.25;
p = 0.11].

These findings suggest that the content of nonenzymatic antioxidants (TRAP) in the
cerebral cortex was significantly reduced by the keto acids evaluated. In a similar fashion, the
keto acids decreased the antioxidant reactivity (TAR), which indicates a deficient capacity
to modulate the associated oxidative damage.

We then examined the effects of KIC, KIV, and KMV on the activities of the antioxi-
dant enzymes CAT, SOD and GPx (Fig. 5). The activity of CAT was not affected by KIC
[F (3, 16) = 0.37; p > 0.05], KIV [F (3, 16) = 0.58; p > 0.05] and KMV [F (3, 20) =

Figure 3. Effect of α-ketoisocaproic (KIC), α-keto-β-methylvaleric (KMV) and α-ketoisovaleric
(KIV) on total radical-trapping antioxidant potential (TRAP) measurement in cerebral cortex from
young rats. Data are expressed as percentage of control and represent the mean ± SD for five or
six independent experiments (animals) performed in duplicate. The straight line represents control
values obtained in each experiment are as follows: KIC: 29.5 ± 4.72 nmol Trolox/mg protein; KMV:
20.5 ± 2.15 nmol Trolox/mg protein; KIV: 27.1 ± 2.99 nmol Trolox/mg protein. ∗p < 0.05 compared
to control (Duncan multiple-range test). ( ) 1.0 mM; ( ) 2.5 mM; (�) 5.0 mM.
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Figure 4. Effect of α-ketoisocaproic (KIC), α-keto-β-methylvaleric (KMV) and α-ketoisovaleric
(KIV) on total antioxidant reactivity (TAR) in cerebral cortex from young rats. Data are expressed
as percentage of control and represent the mean ± SD for five independent experiments (animals)
performed in duplicate. The straight line represents control values obtained in each experiment are
as follows: KIC: 10.8 ± 2.15 nmol Trolox/mg protein; KMV: 11.1 ± 2.72 nmol Trolox/mg protein;
KIV: 18.9 ± 4.83 nmol Trolox/mg protein. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 compared to control
(Duncan multiple-range test). ( ) 1.0 mM; ( ) 2.5 mM; (�) 5.0 mM.

0.09; p > 0.05] (Fig. 5(B)). Similarly, the activity of SOD was also not affected by
KIC [F (3, 12) = 0.11; p > 0.05], KIV [F (3, 8) = 0.43; p > 0.05] and KMV [F (3, 12) =
0.08; p > 0.05] (Fig. 5(C)). In contrast, it can be seen that KIC significantly decreased
GPx activity in a concentration-dependent manner in cerebral cortex [F (3, 16) = 6.07;
p < 0.01] [β = −0.66; p < 0.01], whereas KIV [F (3, 16) = 0.39; p > 0.05] and KMV
[F (3, 16) = 0.13; p > 0.05] caused no effect on this parameter (Fig. 5(A)). In order to test
this direct effect of the KIC on GPx activity we evaluated the influence of this keto acid on
the activity of a commercial preparation of GPx. It can be observed in Fig. 6 that purified
GPx was also inhibited by KIC (10 mM).

DISCUSSION

Neurological sequelae are frequent in untreated patients affected by MSUD, but the
mechanisms underlying the neurotoxicity in this disease are yet not well established. We
have previously demonstrated that the BCAAs, at concentrations ranging from 1.0 to
5.0 mM, have a pro-oxidant action manifested by increased lipid peroxidation in brain
homogenates (Bridi et al., 2003). In the present report, we investigated the effects of
the BCKAs, at concentrations similar to those found in MSUD patients (1.0–5.0 mM)
on various parameters of lipoperoxidation, as well as on the nonenzymatic antioxidant
defences, determined as TRAP and TAR measurements, and on the enzymatic antioxidant
defences CAT, SOD, and GSH-Px in cerebral cortex homogenates.

We demonstrated that KIC significantly promotes the oxidation of brain homogenates,
as evidenced by the increase in CL and TBA-RS, whereas KIV and KMV caused an increase
of CL but no alteration of TBA-RS values. In this context, it should be emphasized that light
emitted in the CL assay usually arises from peroxidizing lipids and is interpreted in terms
of the formation of singlet oxygen and/or excited carbonyl compounds, although it has to
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Figure 5. Effect of α-ketoisocaproic (KIC), α-keto-β-methylvaleric (KMV) and α-ketoisovaleric
(KIV) on gluthatione peroxidase (A), catalase (B) and superoxide dismutase (C) activities in cerebral
cortex from young rats. Data represent the mean ± SD for five independent experiments (animals)
performed in triplicate and expressed as U/mg protein. One GPx unit is defined as 1 µmol of
NADPH consumed per minute and the specific activity. One catalase unit is defined as one µmol
of hydrogen peroxide consumed per minute. One SOD unit is defined as 50% inhibition of the
produced chromogen. Difference from control, ∗p < 0.05; ∗∗p < 0.01 (Duncan multiple range test).
(�) control; ( ) 1.0 mM; ( ) 2.5 mM; (�) 5.0 mM.

be considered that CL can also reflect protein oxidation (Aspée and Lissi, 2000; Halliwell
and Gutteridge, 2001a). On the other hand, TBA-RS reflects the amount of malondialde-
hyde formation, the last product of lipid breakdown caused by lipid peroxidation process
(Esterbauer and Cheeseman, 1990). Considering that the overproduction of oxygen and
nitrogen free radicals leads to higher chemiluminescence and TBA-RS levels (González-
Flecha et al., 1991; Halliwell and Gutteridge, 2001a), our present results implicate that
oxidative stress is probably induced by BCKAs tested, and, particularly, by KIC.
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Figure 6. Effect of α-ketoisocaproic (KIC) on commercial purified gluthatione peroxidase. Data
represent the mean ± SD for three experiments performed in triplicate and expressed as U/mg protein.
One GPx unit is defined as one µmol of NADPH consumed per minute and the specific activity.
Difference from control, ∗∗p < 0.01 (Student’ t-test). (�) control; (�) 10 mM.

We also observed that all keto acids tested significantly reduce TRAP values, which
reflects a decreased in the nonenzymatic antioxidant defences in the brain. Since ascorbic
acid and glutathione (GSH) are the most abundant and broad-spectrum antioxidants of low
molecular weight in the CNS (Evelson et al., 2001; Rice and Russo-Menna, 1998), that
readily react against many ROS, it is feasible that the reduction of TRAP levels provoked by
the BCKAs may result from the generation of free radicals with the consequent consumption
of these important antioxidants. Moreover, a deficient capacity of the tissue to modulate
the steady-state increase of reactive species caused by KIC and KIV was demonstrated
by a significant decrease of TAR measurement caused by these organics acids, a fact that
strengthen the diminution of nonenzymatic antioxidant defences in the brain (Lissi et al.,
1995). Given that increased lipid peroxidation and decreased antioxidant defences was
found to be cause by the BCKAs accumulating in MSUD, it can be presumed that oxidative
stress plays an important role in the activity of these compounds.

We also demonstrated that GPx activity, which catalyses the reduction of hydroper-
oxides using GSH, thereby protecting mammalian cells against oxidative damage, was
significantly inhibited by KIC at all concentrations used in brain homogenates, but not by
KIV and KMV. Moreover, we also observed that KIC decreased GPx activity in a purified
enzyme preparation in absence of homogenates a fact that points to a direct inhibition of
the protein function by this keto acids. On the other hand, CAT and SOD activities were
not affected in vitro by the BCKAs in brain preparations.

Regarding the mechanism, by which free radicals are elicited by these compounds, it
should be considered that the increased rate of ROS production may be associated to the im-
paired brain energy metabolism previously demonstrated for the BCKAs. These compounds
were shown to reduce 14CO2 production (around 40%), stimulate lactate production (20–
30%) and glucose uptake (around 40%), and provoke an inhibition of the electron transport
chain (60%) at complex I (Sgaravatti et al., 2003). In this context, inhibition of complex
I increases ROS production, and isolated human complex I defects have been identified
in a number of neurodegenerative diseases, a fact that suggest that the activity of this
respiratory chain complex is important for normal CNS function (Schapira, 1998). Further-
more, administration of 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP), which is
used to produce an animal model of Parkinson disease, inhibits complex I activity probably
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by oxidative damage since this inhibition is prevented by free-radical scavengers (Cleeter
et al., 1992; Tipton and Singer, 1993).

Cerebral homogenate autoxidation is strongly dependent on the presence of traces of
redox active metals and can be increased by compounds that can promote their reduction to
Fenton active oxidation states (Annopkumar-Dukie et al., 2003; Halliwell and Gutteridge,
2001b; Kohen et al., 2000). However, KIC (up to 2.0 mM) does not modify the cyclic
voltammogram of Fe or Cu ions (data not shown), indicating a lack of effect of KIC on the
redox cycling of these ions. This lack of activation was also observed when we analyze LDL
oxidation promoted by Cu(II) or Fe(III)/ascorbate (unpublished results). In these systems,
no evidence of a pro-oxidant effect of KIC was observed.

Although the mechanisms of brain damage in MSUD are still uncertain, it has been
considering that KIC and its precursor leucine, which achieve 5.0 mM concentrations in
tissues of MSUD patients, are most toxic metabolites in this disease (Chuang and Shih,
2001; Saudubray et al., 1991; Snyderman et al., 1964, 1984). Our present results, showing
that KIC provokes the most significant effects on several of the oxidative stress parameters,
strengthen this view.

Though it is difficult to extrapolate our in vitro findings to the in vivo human condition,
in case the effects here detected also occur in the brain of patients affected by MSUD,
it is possible that they may contribute, at least in part, to the neurological dysfunction
characteristic of this disease. It should be emphasized that the BCKAs accumulating in
MSUD easily cross the blood-brain barrier (Yudkoff et al., 1994) and that the concentrations
of these substances, particularly KIC, encountered in this disease are similar to those used
in our assays (Zielke et al., 1996). In addition, further investigations should be conducted in
animals to study the in vivo influence of these substances on the production of specific free
radicals, as well as human studies in plasma, erythrocytes and skin fibroblasts from MSUD
patients to confirm our in vitro findings. Finally, on the basis of previous and the present
study showing that the metabolites accumulating in MSUD induce free radical formation
and oxidative damage, it is tempting to speculate that antioxidants may represent a potential
adjuvant therapy to the MSUD affected patients, especially during crises, when the levels
of the BCAAs and BCKAs increase dramatically.
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