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Abstract Maple syrup urine disease (MSUD), or branched-
chainα-keto aciduria, is an inherited disorder that is caused by
a deficiency in branched-chain α-keto acid dehydrogenase
complex (BCKAD) activity. Blockade of this pathway leads
to the accumulation of the branched-chain amino acids
(BCAAs), leucine, isoleucine, and valine, and their respective
ketoacids in tissues. The main clinical symptoms presented by
MSUD patients include ketoacidosis, hypoglycemia,
opisthotonos, poor feeding, apnea, ataxia, convulsions, coma,
psychomotor delay, and mental retardation. Although increas-
ing evidence indicates that oxidative stress is involved in the
pathophysiology of this disease, the mechanisms of the brain
damage caused by this disorder remain poorly understood. In
the present study, we investigated the effect of BCAAs on
some oxidative stress parameters and evaluated the efficacy
of L-carnitine (L-car), an efficient antioxidant that may be
involved in the reduction of oxidative damage observed in
some inherited neurometabolic diseases, against these possi-

ble pro-oxidant effects of a chronic MSUD model in the cere-
bral cortex and cerebellum of rats. Our results showed that
chronic BCAA administration was able to promote both lipid
and protein oxidation, impair brain antioxidant defenses, and
increase reactive species production, particularly in the cere-
bral cortex, and that L-car was able to prevent these effects.
Taken together, the present data indicate that chronic BCAA
administration significantly increased oxidative damage in the
brains of rats subjected to a chronic model of MSUD and that
L-car may be an efficient antioxidant in this disorder.
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Introduction

Maple syrup urine disease (MSUD) is an inborn error of me-
tabolism associated with acute and chronic brain dysfunction
that is caused by severe deficiency in the activity of the
branched-chain α-keto acid dehydrogenase complex (E.C.
1.2.4.4), a mitochondrial enzyme involved in the branched-
chain amino acid (BCAA) degradation pathway. Due to this
blockage, high concentrations of the BCAAs leucine (Leu),
valine (Val), and isoleucine (Ile) as well as the respective
branched-chain α-keto acids (BCKAs) accumulate in patients
when on an unrestricted diet and during episodes of metabolic
decompensation during intercurrent illness [1, 2].

MSUD usually presents with a heterogeneous clinical phe-
notype, ranging from the severe classical form to mild vari-
ants, possibly due to distinct residual enzyme activity. Patients
affected by the classical form of this disorder present enceph-
alopathy characterized by episodes of ketoacidosis,
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hypoglycemia, apnea, convulsions, and coma. The chronic
clinical features include failure to thrive, poor feeding, ataxia,
psychomotor delay, and mental retardation [3]. Newborns
with classic MSUD are asymptomatic at birth but may devel-
op lethargy and poor feeding within days. Untreated patients
fall into a coma within the first 10 days of life [4]. Alterations
in magnetic resonance imaging show, in addition to general-
ized cerebral edema, a characteristic pattern of localized in-
tense edema involving the cerebellar white matter
(hypomyelination), the dorsal part of the brainstem, the cere-
bral peduncles, the posterior limb of the internal capsule, and
the posterior aspect of the centrum semiovale, areas which are
already myelinated at birth [3, 5].

In spite of the predominance of severe neurological sequel-
ae in MSUD, the mechanisms underlying the brain damage
are still poorly understood. In addition, metabolite accumula-
tion inMSUD has been demonstrated to affect brain uptake of
essential amino acids [6], brain energy metabolism [7, 8], the
induction of apoptosis [9], and demyelination [10], which also
contribute to brain injury. Indeed, oxidative stress has been
demonstrated to be an underlying pathophysiological process
in animal models and in MSUD patients [11–16], which
makes it attractive for the study of antioxidants as an addition-
al therapeutic approach to those currently employed for
MSUD patients.

Therapy for MSUD consists of a protein-restricted diet
with a low BCAAs content, supplemented with a BCAA-
free amino acid mixture enriched with vitamins and minerals
[1]. Although the benefits of dietary treatment for MSUD
patients are undeniable, natural protein restriction may in-
crease the risk of nutritional deficiencies and may result in a
low total antioxidant status that can predispose and/or contrib-
ute to oxidative stress [12, 17, 18]. In this context, treated
MSUD patients were recently observed to have reduced levels
of L-carnitine (L-car), a quaternary amine that is primarily
supplied by the diet, particularly by red meat and milk, and
is indispensable for the transport of fatty acids across the inner
mitochondrial membrane for subsequentβ-oxidation [19, 20].
Furthermore, studies have reported that L-car may protect
cells against oxidative damage in important neurodegenera-
tive disorders, such as Alzheimer’s disease and some inherited
neurometabolic disorders [21–23]. Moreover, Mescka et al.
[24] showed that acute intraperitoneal injection of L-car re-
duces lipid and protein oxidation and increases the activity of
antioxidant enzymes in the cerebral cortex in chemically in-
duced MSUD rats. Therefore, in the present study, we extend-
ed this work, evaluating the possible neuroprotective effects of
L-car, an efficient antioxidant that may be involved in the
reduction of oxidative damage observed in some inherited
neurometabolic diseases, against the pro-oxidative effects of
BCAA in the cerebral cortex and cerebellum of rats in a chem-
ically induced chronic model of MSUD to examine whether
these compounds could be involved in the oxidative stress

present in this disorder. So, we evaluated thiobarbituric acid-
reactive substances to assess lipid oxidation, protein oxidative
damage (evaluated by protein carbonyl content), and reduced
glutathione content in order to estimate non-enzymatic anti-
oxidant defenses, reactive species production (measured by 2′
7′-dichlorofluorescein oxidation assay), and enzymatic anti-
oxidant defenses, analyzed by catalase, superoxide dismutase,
glutathione peroxidase, and glucose 6-phosphate dehydroge-
nase activities.

Materials and Methods

Materials and Equipment

All of the chemicals were purchased from Sigma (St. Louis,
MO, USA). A spectrofluorometer (SpectraMax Gemini XPS;
Molecular Devices) and a Wallac 1409 Scintillation Counter
were used for the measurements. An Eppendorf 5417R and
Eppendorf 5403 were used for centrifugation procedures.

Animals

Five-day-old Wistar rats bred in the Central Animal House of
the Department of Biochemistry, ICBS, UFRGS, were used.
Rats were kept with dams until they were sacrificed. The dams
had free access to water and to a 20 % (w/w) protein commer-
cial chow (Supra, Porto Alegre, RS, Brazil). They were main-
tained on a 12:12 h light/dark cycle (lights on 0700–1900
hours) in an air-conditioned colony roommaintained at a con-
stant temperature (22±1 °C). The BPrinciples of Laboratory
Animal Care^ (NIH publication number 80–23, revised 1996)
were followed throughout the experiments.

Chronic Administration of BCAA Pool With
or Without L-car Treatment

A chemically induced chronic model of MSUD was adapted
according to Bridi et al. [25]. Five-day-old Wistar rats re-
ceived three subcutaneous administrations (at 1 h intervals
from each other) of BCAA pool (15.8 μL/g body weight)
containing 190 mmol/L Leu, 59 mmol/L Ile, and 69 mmol/L
of Val for a period of 15 days. On the day of the experiment,
the BCAA solution was prepared in saline solution (0.85 %
NaCl) and 20 mM sodium phosphate buffer, pH 7.4, contain-
ing 140 mM KCl. L-car was administered intraperitoneally
(100 mg/kg body weight) concomitantly until the last injec-
tion of the BCAA pool. Animals were divided into four
groups (n=7–12 per group): a control group (saline solution),
MSUD group (BCAA pool), L-car group (L-car), and
MSUD+L-car group (L-car and BCAA pool).
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Tissue Preparation

Sixty minutes after the last injection, the rats were killed
by decapitation without anesthesia, and the brain was rap-
idly removed and kept on an ice plate. The olfactory bulb,
pons, and medulla were discarded, and the cerebral cortex
and cerebellum were dissected, weighed, and kept chilled
until homogenization. These procedures lasted up to
3 min. The cerebral cortex and cerebellum were homoge-
nized in ten volumes (1:10, w/v) of 20 mM sodium phos-
phate buffer, pH 7.4, containing 140 mM KCl. Homoge-
nates were centrifuged at 750×g for 10 min at 4 °C to
discard nuclei and cell debris. The pellet was discarded,
and the supernatant was immediately separated and used
for the measurements.

Thiobarbituric Acid-Reactive Substances (TBA-RS)

TBA-RS were measured according to Ohkawa et al. [26].
Briefly, samples and reagents were added to glass tubes in
the following order: 500 μL of tissue supernatant; 50 μL of
8.1 % SDS; 1,500 μL of 20 % acetic acid in aqueous solution
(v/v), pH 3.5; 1,500 μL of 0.8 % thiobarbituric acid; and
700 μL of distilled water. The mixture was vortexed, and the
reaction was carried out in a boiling water bath for 1 h. After
cooling, the mixture was centrifuged at 1,000×g for 10 min.
The resulting pink-stained TBA-RS were quantified in a spec-
trophotometer at 532 nm. The results are presented as nmol of
TBA-RS per milligram protein.

Protein Carbonyl Content

Protein carbonyl formation, a marker of protein oxidative
damage, was measured spectrophotometrically according
to Reznick and Packer [27]. Two hundred microliters of
the aliquots of the pre-treated supernatants (containing ap-
proximately 0.3 mg of protein) was treated with 400 μL of
10 mM 2,4-dinitrophenylhydrazine (DNPH) dissolved in
2 M HCl, left in the dark for 1 h, and vortexed every
15 min. Samples were then precipitated with 500 μL
20 % trichloroacetic acid and centrifuged at 20,000×g for
3 min. The supernatant was discarded, and the pellet was
re-suspended in 600 μL of 6 M guanidine (prepared in a
20 mM potassium phosphate solution, pH 2.3). The sample
was vortexed and incubated at 60 °C for 15 min. Subse-
quently, it was centrifuged at 20,000×g for 3 min, and the
absorbance was measured at 370 nm (UV) in a quartz cu-
vette using a Hitachi U-2001 double-beam spectrophotom-
eter with temperature control (Hitachi High Technologies
America, Inc., Life Sciences Division, Pleasanton, CA,
USA). The results are presented as protein carbonyl content
(nanomoles per milligram protein).

Reduced Glutathione (GSH) Content

This method is based on the reaction of GSH with the
fluorophore o-phthalaldehyde (OPT) after deproteinizing the
samples, and GSH levels were measured according to Browne
and Armstrong [28]. Initially, metaphosphoric acid was used
to deproteinize the samples, which were then centrifuged at 1,
000×g for 10 min. Briefly, 2 mL of sodium phosphate buffer
(pH 8.0) and 100 μL 1 mg/mL OPT (prepared in methanol)
were added to 100 μL of each supernatant. The mixture was
vortexed and allowed to stand in the dark for exactly 15 min.
After that, the fluorescence was measured at emission=
420 nm and excitation=350 nm using an F-2500 Hitachi
(Hitachi High Technologies America, Inc., Life Sciences Di-
vision, Pleasanton, CA, USA). A calibration curve was also
performed with a commercial GSH solution, and the results
are expressed as micromoles GSH per milligram protein.

2′7′-dichlorofluorescein Oxidation Assay (DCF)

Reactive oxygen/nitrogen species production was measured
following the method of Lebel et al. [29] based on 2′7′-
dichlorofluorescein (H2DCF) oxidation. Samples (30 μL)
were incubated with 30 μL of 20 mM sodium phosphate buff-
er (pH 7.4 with 140 mM KCl) and 240 μL of 100 μM 2′7′-
dichlorofluorescein diacetate (H2DCF-DA) solution in a 96-
well plate for 30 min at 37 °C in the dark. H2DCF-DA is
cleaved by cellular esterases, and the H2DCF formed is even-
tually oxidized by reactive species present in the samples. The
last reaction produces the fluorescent compound DCF, which
was measured at 488 nm excitation and 525 nm emission. The
results are presented as nanomoles DCF per milligram protein.

Catalase (CAT) Activity

CATactivity was assayed using a SpectraMax M5/M5Micro-
plate Reader (Molecular Devices, MDS Analytical Technolo-
gies, Sunnyvale, CA, USA). The method used is based on the
disappearance of H2O2 at 240 nm in a reaction medium con-
taining 20 mM H2O2, 0.1 % Triton X-100, 10 mM potassium
phosphate buffer (pH 7.0), and 0.1–0.3 mg protein/mL [30].
One CAT unit is defined as 1 μmol of H2O2 consumed per
minute, and the specific activity is calculated as CAT units per
milligram protein.

Superoxide Dismutase (SOD) Activity

SOD activity was assayed according to the method of
Marklund [31], which is based on the capacity of pyrogallol
to auto-oxidize, a process highly dependent on superoxide
radical. Inhibition of the autoxidation of this compound occurs
in the presence of SOD, the activity of which can be then
indirectly assayed spectrophotometrically at 420 nm using a
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SpectraMax M5/M5 Microplate Reader (Molecular Devices,
MDS Analytical Technologies, Sunnyvale, CA, USA). The
reaction medium contained 50 mM Tris buffer/1 mM EDTA
(pH 8.2), 80 U/mL catalase, 0.38 mM pyrogallol, and approx-
imately 1 μg of protein. A calibration curve was performed
with purified SOD as the standard to calculate the activity of
SOD present in the samples. The results were calculated as
units per milligram protein.

Glutathione Peroxidase (GPx) Activity

GPx activity was measured according to Wendel [32] using
tert-butylhydroperoxide as the substrate. The enzyme activity
was determined by monitoring the disappearance of NADPH
at 340 nm in a medium containing 100 mM potassium phos-
phate buffer/1 mM ethylenediaminetetraacetic acid (pH 7.7),
2 mMGSH, 0.1 U/mL GR, 0.4 mM azide, 0.5 mM tert-butyl-
hydroperoxide, and 0.1 mM NADPH using a SpectraMax
M5/M5 Microplate Reader (Molecular Devices, MDS Ana-
lytical Technologies, Sunnyvale, CA, USA). One GPx unit
(U) is defined as 1 μmol of NADPH consumed per minute.
The specific activity was calculated as units per milligram
protein.

Glucose 6-phosphate Dehydrogenase (G6PD) Assay

G6PD activity was measured according to Leong and Clark
[33] using a SpectraMax M5/ M5 Microplate Reader (Molec-
ular Devices, MDS Analytical Technologies, Sunnyvale, CA,
USA). The method is based on the formation of NADPH at
340 nm in a reaction medium containing 100 mM Tris–HCl
buffer (pH 7.5), 10 mM magnesium chloride, 0.1 % Triton
X-100, 0.5 mM NADPH, 1 mM glucose 6-phosphate, and
0.1–0.3 mg protein/mL. One G6PD unit is defined as 1 μmol
of NADPH produced per minute, and the specific activity is
expressed as G6PD units/mg protein.

BCAA Quantification

The concentrations of BCAAs in plasma and in the cerebral
cortex and cerebellum were determined by HPLC according
to the method of Joseph and Marsden [34]. The analysis was
performed using a reverse-phase column (ODS 25 cm×
4.6 mm×5 μm) and fluorescent detection after pre-column
derivatization with OPA (5.4 mg OPA in 1 mL 0.2 M sodium
borate, pH 9.5) plus 4 % mercaptoethanol. The flow rate was
adjusted to 1.4 mL/min in a gradient of the mobile phase of
methanol and 0.5 M sodium phosphate buffer, pH 5.5 (buffer
A, 80 % methanol; buffer B, 20 % methanol). Each sample
run lasted 45 min. Amino acids were identified by their reten-
tion time and were quantitatively determined by correlating
their chromatographic peak area with the peak area of the

internal standard (homocysteic acid). A known amino acid
standard mixture was used for calibration.

L-car Quantification

Cerebral cortex and cerebellum free L-car levels were deter-
mined based on the method of De Sousa et al. [35]. Initially,
50μL of potassium hydroxide 0.20mol/L was added to 50μL
of sample, and the mixture was incubated at 37 °C for 45 min.
The solution to be assayed was added to 50 μL of HEPES
0.5 mol/L, 20 μL of N-ethylmaleimide 40 mmol/L, and
100 μL of [1–14C] acetyl coenzyme A 10 μmol/L. Then,
30 μL of L-carnitine acyltransferase (0.5 mg/ml) was added,
and the mixture was passed down through a column of
Dowex. The total column effluent was collected, the scintilla-
tion fluid was added, and the isotope content was determined
using a liquid scintillation counter. Free L-car was determined
by the same protocol, but without incubation with potassium
hydroxide. Results were expressed as micromoles per liter.

Protein Determination

Protein concentration was determined in the cerebral cortex
and cerebellum supernatants using bovine serum albumin as a
standard [36].

Statistical Analysis

The results are presented as the mean±standard deviation.
Assays were performed in duplicate, and the mean was used
for statistical analysis. Data were analyzed using one-way
analysis of variance (ANOVA), followed by Tukey’s post
hoc test for multiple comparisons when the F value was sig-
nificant. A value of P<0.05 was considered to be significant.
All of the analyses were performed using the Statistical Pack-
age for the Social Sciences (SPSS) software on a PC-
compatible computer.

Results

Initially, we measured plasma and cortical levels of BCAA
after subcutaneous injection of BCAA pool (15.8 μL/g body
weight) for a period of 15 days. Average BCAA levels (re-
ported for plasma and brain, respectively) determined by
HPLC were 592 and 135 μmol/L for Leu, 235 and 78 μmol/
L for Ile, and 378 and 96 μmol/L for Val, data of five animals.
Control Wistar rats that received an equal volume of saline
showed plasma levels of 111 μmol/L Leu, 65 μmol/L Ile, and
109 μmol/L Val, whereas concentrations in the brain were
62 μmol/L Leu, 45 μmol/L Ile, and 57 μmol/LVal.

Table 1 lists the free L-car concentrations in the cerebral
cortex and cerebellum supernatants of the four studied groups:
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the control group (saline solution), MSUD group (BCAA
pool), L-car group (L-car), and MSUD+L-car group (L-car
and BCAA pool). The results show that L-car levels were
significantly higher in the L-car group and MSUD+L-car
group compared with the control and MSUD groups, indicat-
ing that after intraperitoneal injection, L-carnitine was able to
cross the blood–brain barrier for subsequent analysis of its
action in the central nervous tissue.

Figure 1 (a, b) shows that chronic administration of BCAA
pool significantly increased TBA-RS levels in the cerebral
cortex and cerebellum compared with the controls and that
these effects were prevented by L-car treatment ([F(3,27)=
8136; P=0.0005] and [F(3,25)=27.82; P<0.0001] for the ce-
rebral cortex and cerebellum, respectively). It was not ob-
served protein damage induction by chronic administration
of BCAA in the cerebral cortex, as shown by the absence of
significant alterations in carbonyl content (Fig. 1c) [F (3,39)=
1.837; P=0.1564]. However, this treatment significantly in-
creased carbonyl levels in the cerebellum (Fig. 1d) of MSUD
rats, and these levels were significantly decreased by L-car
injections [F(3,29)=11.32; P<0.0001]. Next, our results
showed that L-car treatment also prevented the decrease of
GSH content caused by BCAA accumulation in the cerebral
cortex [F(3,29)=11.68; P<0.0001] (Fig. 1e), and no changes
were observed in GSH content in the cerebellum in any of the
tested groups (Fig. 1f) [F(3,28)=2.92; P=0.0518]. Compared
to control group, DCF production in the cerebral cortex
(Fig. 1g) was also increased by BCAA administration [F(3,
24)=30.48, P<0.0001], and L-car was able to reduce the re-
active species produced by the MSUD model back to the
control level. However, no effect was observed in the cerebel-
lum using this assay (Fig. 1h) [F(3,28)=1.74; P=0.1809].

Last, we studied the effect of chronic BCAA administration
on enzymatic antioxidant defenses in the brain. The activity of
the antioxidant enzymes CAT, SOD, and GPx were assayed,
as well as the activity of G6PD. The chronic chemical induc-
tion of MSUD significantly increased the activity of CAT in
the cerebral cortex (Fig. 2a), and L-car prevented the enhance-
ment of CAT activity due to BCAA administration [F(3,32)=
39.07; P<0.0001]. However, it was not observed effect on the
activity of this enzyme in the cerebellum by the MSUD in-
duction [F(3,33)=1.970; P>0.1376] (Fig. 2b). In the cerebral
cortex, L-car also prevented the inhibition of SOD activity
caused by the chronic model of MSUD (Fig. 2c) [F(3,32)=
8.09; P=0.0004]; however, it was not verified alterations on

this activity in the cerebellum [F(3,27)=0.96; P=0.4253]
(Fig. 2d). Likewise, the activity of GPx (Fig. 2e) was also
inhibited by BCAA and restored by L-car in the cerebral cor-
tex [F(3,35)=4.88; P=0.0061], but it was not detected chang-
es in the cerebellum (Fig. 2f) [F(3,29)=1.12; P=0.3560]. The
activity of G6PD was inhibited in the MSUD model only in
the cerebral cortex, and this effect was prevented by L-car
administration [F(3,34)=3.26; P=0.0333] (Fig. 2g). No
alterations were observed in the cerebellum [F(3,32)=0.26;
P=0.8519] (Fig. 2h).

Discussion

The pathophysiology of the neurological symptoms and brain
damage of MSUD patients seems to involve multiple mecha-
nisms and remains poorly known, but it has been postulated
that high concentrations of Leu and its transamination product
(α-ketoisocaproic acid) produce direct and/or indirect effects
and seem to be the main neurotoxic metabolites in the disease
[1, 37]. Furthermore, several studies have demonstrated that
oxidative stress contributes to this damage, showing that the
main metabolites accumulated in the disease induce morpho-
logical alterations in glial cells through the generation of re-
active species [38, 39]. Additionally, markers of lipid, protein,
and DNA oxidative damage and reduced antioxidant status
have been reported in experimental models and patients with
MSUD [11, 12, 14, 15, 40, 41], probably secondary to the
high production of free radicals. In addition, the protein-
restricted diet used to treat MSUD has been postulated to
possibly contribute to the compromised antioxidant status of
these patients [11, 20, 40], thereby, highlighting the need for
concomitant antioxidant strategies in addition to the restricted
dietary treatment.

In this respect, Mescka et al. [24] showed that L-car may be
an efficient antioxidant, protecting against the oxidative stress
promoted by BCAAs in acute, chemically induced models of
MSUD. To continue the work already underway, in this study,
we evaluated the possible protective role of L-car against the
chronic toxicity of BCAAs by analyzing a wide range of ox-
idative stress parameters in the cerebral cortex and cerebellum
of rats, to evaluate L-car efficacy against BCAA pro-oxidative
effects in the central nervous system.

We first observed that a chemically induced chronic model
of MSUD significantly increased plasma and brain Leu, Ile,

Table 1 Free L-carnitine (L-car)
concentrations in the cerebral
cortex and cerebellum
supernatants of rats subjected to a
chemically induced chronic
model of MSUD

Control MSUD L-car MSUD+L-car

Cerebral cortex (μmol/L) 54.42±8.45 47.11±8.52 71.85±4.32*# 65.78±7.24#

Cerebellum (μmol/L) 55.68±2.78 54.27±7.68 75.21±7.50*# 92.07±7.35*#

Data represent the mean±SD (n=5 per group)

*P<0.05, compared with controls; # compared with the MSUD group (Tukey’s multiple-range test)
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and Val concentrations compared with the controls and that
these levels were similar to the concentrations reported in
MSUD patients in the literature [1, 42], ensuring that our
chronic model could be further used to study the long-term
effects of BCAAs on oxidative stress parameters.

Additionally, it is well known that L-car is actively transported
through the blood–brain barrier by the organic cation trans-
porter OCTN2 and accumulates in neural cells, especially as
acetyl-L-carnitine [23]. Further, as shown in Table 1, we ob-
served that the L-car intraperitoneal injections were effective

Fig. 1 Effect of the chronic
administration of BCAA pool
(MSUD), with or without L-
carnitine (L-car) treatment, on
thiobarbituric acid-reactive
species (TBA-RS; a, b), carbonyl
content (c, d), reduced
glutathione (e, f), and DCF
oxidation (g, h). The results are
the mean±SD (n=7–12) of
independent experiments
performed in duplicate. *P<0.05
compared with control; #
compared with the MSUD group;
§ compared with the L-car group
(Tukey’s multiple-range test)
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in significantly increasing the concentration of this compound
in the rat brain.

Subsequently, the influence of BCAA pool chronic admin-
istration on lipid peroxidation in cerebral cortex and cerebel-
lum of rats was investigated. Considering that TBA-RS

reflects mainly the content of malondialdehyde formation,
an end product of membrane fatty acid peroxidation [26], we
observed that BCAA administration significantly enhanced
TBA-RS levels in cerebral cortex and cerebellum compared
with the control group, indicating that BCAA pool promotes

Fig. 2 Effect of the chronic
administration of BCAA pool
(MSUD), with or without L-
carnitine (L-car) treatment, on
catalase (CAT) activity (a, b),
superoxide dismutase (SOD)
activity (c, d), glutathione
peroxidase (GPx) activity (e, f),
and glucose 6-phosphate
dehydrogenase (G6PD) activity
(g, h). The results are the mean±
SD (n=7–12) of independent
experiments performed in
duplicate. *P<0.05 compared
with the control group; #
compared with the MSUD group
(Tukey’s multiple-range test)
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lipid oxidative damage in these tissues in the MSUD chronic
model and that L-car treatment prevented the lipid peroxida-
tion elicited by these metabolites. These results corroborate
with previous findings showing that BCAA increases TBA-
RS levels in the brains of rats [13–16] and in the plasma of
MSUD patients [11, 12]. In our experiment, the generation of
non-specific reactive species was measured by DCF oxidation
assay. DCF levels in the cerebral cortex were significantly
increased in the MSUD group compared with the controls,
and chronic L-car treatment decreased these levels. In addi-
tion, DCF levels in the cerebellum did not differ significantly
between the studied groups. Furthermore, previous studies
have shown that L-car supplementation causes a dramatic re-
duction in malondialdehyde formation and increases overall
antioxidant enzyme status, thus, decreasing the levels of free
radicals available for lipid peroxidation in the brains of old rats
[43]. Additionally, L-car directly scavenges free radicals and
chelates metal ions that participate in reactive species reac-
tions [19, 23]; therefore, it is plausible that L-car can inhibit
the lipid peroxidation and DCF oxidation that are triggered by
reactive species.

Therefore, the level of protein oxidation expressed as car-
bonyl content was determined in the brain areas studied. In-
terestingly, BCAA administration did not significantly alter
cerebral cortex carbonyl content, but increased the measure-
ment of this parameter in the cerebellum; L-car was not able to
prevent this damage. These results corroborate with previous
findings in the plasma of MSUD patients, as carbonyl content
was significantly enhanced in MSUD patients, and the treat-
ment with L-car was not able to change carbonyl content [20].
Carbonyl groups are mainly produced by the oxidation of
protein side chains (Pro, Arg, Lys, and Thr) by the oxidative
cleavage of proteins. Carbonyl groups can also be produced
from the reduction of sugars or their oxidation products with
lysine residues in proteins [44, 45]. Although protein car-
bonyls are usually caused by ROS-mediated protein damage,
we also cannot exclude the possibility that aldehydes resulting
from lipid peroxidation may also induce carbonyl generation
[44, 45]. Although the exact mechanisms by which BCAAs
cause protein oxidative damage are currently unknown, it is
reasonable to speculate that these metabolite-induced reactive
species may interact directly or indirectly with protein groups,
leading to protein oxidation in the cerebellum.

GSH, the major non-enzymatic antioxidant defense in or-
ganisms, was also evaluated. Statistically significant differ-
ences in GSH levels were not observed in the cerebellar tissue;
however, the chronic administration of BCAAs reduced GSH
levels in the cerebral cortex, suggesting that this powerful
antioxidant was used in the scavenging of the increased pro-
duction of free radicals elicited by the high levels of DCFH
oxidation in the MSUD group. The prevention of the decrease
of GSH by the co-administration of L-car plus BCAA pool
reinforces this interpretation. The reduction of GSH levels

may compromise reactive species detoxification and may ex-
acerbate the inhibition of GPx activity by BCAAs because this
enzyme uses GSH as a cofactor [37].

We also evaluated the activity of the antioxidant enzymes
CAT, SOD and GPx. In the cerebral cortex, CAT activity in-
creased after BCAA administration, possibly as a conse-
quence of increased production of H2O2 [46, 47]. On the other
hand, SOD and GPx activities were inhibited, possibly caused
by H2O2 accumulation [46, 48]. H2O2 accumulation and SOD
inhibition can favor the Fenton/Haber–Weiss reaction, which
generates hydroxyl radical (OH●), the most toxic reactive spe-
cies [49]. In this context, it should be emphasized that hydrox-
yl radical readily initiate the process of lipid peroxidation [50].
Therefore, it may be presumed that the increased levels of
superoxide, H2O2 and other reactive species caused by
BCAA-mediated SOD and GPx inhibition could lead to the
lipid peroxidation and GSH reduction found in the cerebral
cortex in the MSUD group. However, further experiments
should be carried out to clarify this matter. Previous results
have already shown that BCAAs inhibit GPx [24] and that
erythrocyte GPx activity is reduced in MSUD patients during
treatment [18]. In addition, investigators have demonstrated
that L-car has the ability to increase the levels of GSH [21],
which is an essential cofactor of GPx. On the other hand,
because MSUD patients under treatment may present seleni-
um deficiency [18], it may be presumed that the restoration of
GPx activity by L-car may be very important for their treat-
ment. We demonstrated that chronic L-car administration re-
stores CAT, SOD and GPx activity to the levels found in the
control group, and these results agree with previous data from
our research group [24]. It has been shown that L-car is an
effective scavenger of reactive species such as H2O2 and su-
peroxide anion [51, 52], which could help return the activity
of these enzymes to normal levels. On the other hand, we did
not observe alterations in the activity of these enzymes in the
cerebellum in any of the tested groups.

The last antioxidant enzyme evaluated in the cerebral cor-
tex and cerebellum supernatants from rats subjected to the
chronic administration of BCAAs in this study was G6PD.
We observed that chronic BCAA administration was able to
inhibit G6PD activity in the cerebral cortex of MSUD rats,
which could promote impairment of the production of
NADPH and a disruption of the cellular redox balance. This
observation is likely in line with the observed inhibition of
activity because the activity of GPx depends on the regenera-
tion of GSH by glutathione reductase, which in turn relies on
NADPH, which is dependent on normal G6PD activity
[53, 54]. It has also been reported that G6PD is strongly
inactivated by 4-hydroxy-2-nonenal, a toxic product of mem-
brane lipid peroxidation [55].We also demonstrated that L-car
treatment was able to return G6PD activity to normal levels.
Therefore, the preservation of G6PD activity by L-car may be
an important factor in the maintenance of proper enzymatic
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and non-enzymatic functioning of the GSH antioxidant sys-
tem. Moreover, the reduction of G6PD activity in the MSUD
group could elicit a deficit in the production of NADPH,
which is used to produce GSH from GSSG.

The present study showed more important alterations of ox-
idative stress parameters in the cerebral cortex than in the cer-
ebellum, suggesting that the cerebral cortex may be more sus-
ceptible to oxidative stress. This hypothesis is strengthened by
reports showing higher reductive potential (calculated as
NADPH/NADP+ and GSH/GSSG ratios) [56] and greater an-
tioxidant enzyme activity [57] in the cerebellum compared with
the cerebral cortex, which suggests a greater resistance of the
cerebellum to oxidative stress [54]. Oxidant factors that directly
or indirectly induce reactive species generation also differ
among brain structures. For instance, the levels of iron, which
catalyzes OH● formation from H2O2 through the Fenton reac-
tion, are higher in the cerebral cortex than in the cerebellum
[58]. Therefore, the higher iron levels along with increased
H2O2 content may contribute to the higher susceptibility of
the cerebral cortex to the oxidative stress promoted by BCAAs.

L-car and acylcarnitine supplementation have resulted in
beneficial effects in the treatment of various neurological dis-
eases. Recent data indicate new, multifactorial roles for L-car
and acylcarnitine in neuroprotection. Brain carnitines can
function in the synthesis of lipids, by altering and stabilizing
membrane composition, bymodulating genes and proteins, by
improving mitochondrial function, by increasing antioxidant
activity, and by enhancing cholinergic neurotransmission. In
summary, L-car is not merely a cofactor inβ-oxidation; rather,

it has many known and yet-to-be-discovered functions in
physiology [59].

The chemically induced chronic model of MSUD used in
this study demonstrated that BCAAs induce oxidative stress
in the brains of Wistar rats, corroborating previous reports
o f an invo lvement o f ox ida t ive damage in the
neuropathophysiology of this disease. Because treatment with
L-car was effective in improving the activity of antioxidant
enzymes, increasing the non-enzymatic antioxidant defenses,
and diminishing the lipid and protein damage and reactive
species production (Fig. 3), an antioxidant treatment might
be useful in avoiding the oxidative stress promoted by the
main metabolites that accumulate in this disease. Considering
that the current treatment of MSUD involves a BCAA-
restricted diet, which is low in antioxidants and L-car
[18, 20, 60], supplementation with antioxidants, especially
L-car, may be considered a suitable adjuvant therapy for these
patients because it can improve their redox homeostasis.
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