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Abstract

Maple syrup urine disease (MSUD) is a metabolic disorder caused by the deficiency of the activity of the mitochondrial
enzyme complex branched-chain L-2-keto acid dehydrogenase. The metabolic block results in tissue and body fluid
accumulation of the branched-chain amino acids leucine (Leu), isoleucine and valine, as well as of their respective a-keto
acids. Neurological sequelae are usually present in MSUD, but the pathophysiologic mechanisms of neurotoxicity are still
poorly known. It was previously demonstrated that Leu elicits oxidative stress in rat brain. In the present study we investigated
the possible mechanisms involved in Leu-induced oxidative damage. We observed a significant attenuation of Leu-elicited
increase of thiobarbituric acid-reactive substances (TBA-RS) measurement when cortical homogenates were incubated in the
presence of the free radical scavengers ascorbic acid plus trolox, dithiothreitol, glutathione, and superoxide dismutase,
suggesting a probable involvement of superoxide and hydroxyl radicals in this effect. In contrast, the use of N“-nitro-L-
arginine methyl ester or catalase (CAT) did not affect TBA-RS values. We also demonstrated an inhibitory effect of Leu on the
activities of the antioxidant enzymes CAT and gluthathione peroxidase, as well as a significant reduction in the membrane-
protein thiol content from mitochondrial enriched preparations. Furthermore, dichlorofluorescein levels were increased
although not significantly by Leu. Taken together, our present data indicate that an unbalance between free radical formation
and inhibition of critical enzyme activities may explain the mechanisms involved in the Leu-induced oxidative damage.

Keywords: L-Leucine, gluthathione peroxidase, superoxide dismutase, branched-chain keto aciduria, maple syrup urine
disease

Introduction

Maple syrup urine disease (MSUD; branched-chain
keto aciduria) is an autosomal recessive inborn error of
metabolism caused by the deficiency of the activity of
the mitochondrial enzyme complex branched-chain L-
2-ketoacid dehydrogenase (BCKD). This metabolic
block results in leucine (Leu) accumulation which
undergoes reversible transamination to produce the

branched-chain «a-keto acid «a-ketoisocaproic acid
(KIC), as well as of isoleucine and valine and their
respective a-keto acids a-keto-B-methylvaleric acid
(KMV) and «-ketoisovaleric acid (KIV).[1] The
hydroxy derivatives produced by the reduction of
their respective a-keto acids also accumulate in this
disorder.[2]

MSUD is manifested as heterogeneous clinical
phenotypes, ranging from a severe classical form to
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mild variants, possibly due to the distinct residual
enzyme activity.[3] Based on the clinical presentation
and biochemical responses to thiamine administration,
MSUD patients can be divided into five clinical and
biochemical phenotypes[l] If untreated by dietary
restriction of branched-chain amino acids (BCCAs),
these patients suffer from seizures, psychomotor delay
and mental retardation.[1,4] Characteristic neuro-
pathologic findings of the disease are cerebral edema,
atrophy of the cerebral hemispheres, spongy degener-
ation of the white matter and delayed myelination.[1,2]
Neurological sequelae are present in most patients, but
the fundamental mechanisms of neurotoxicity of this
disorder are virtually unknown. However, Leu and/or its
keto acid KIC are thought to be main neurotoxins in
MSUD([1,5] since they are the metabolites that most
accumulate in untreated patients.[6] It has been
postulated that Leu alters brain energy metab-
olism,[7—10] neurotransmitter systems,[6,11,12,13]
brain uptake of essential amino acids[14] and induces
neuronal apoptosis.[15] Furthermore, our group has
demonstrated that Leu provokes oxidative stress in rat
brain homogenates by increasing the oxidation of lipids
and by reducing the brain non-enzymatic antioxidant
defenses.[16]

Therefore, the objective of the present study was to
evaluate the role of antioxidants on the effect
provoked by Leu on thiobarbituric acid-reactive
substances (TBA-RS) levels, a measure of lipid
oxidative damage in rat brain. We also evaluated
whether Leu alters the protein thiol groups in
membrane from mitochondrial enriched fractions,
the oxidation of 2,7-dichlorofluorescin (DCFH),
cyclic voltammetry, and the activities of the main
antioxidant enzymes catalase (CAT), superoxide
dismutase (SOD) and gluthathione peroxidase
(GPx), in order to better understand the mechanisms
of the Leu-induced oxidative stress.

Experimental procedures
Amnimals 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 Alegre, (Brazil), were used. The
animals were maintained on a 12:12 h light/dark cycle
(lights were on from 07:00 to 19:00h) in an 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, USA),
except for Ransod kit from Randox (Antrim, United
Kingdom). L-Leucine solutions were prepared on the
day of the experiment in the buffer used for each

technique. The final concentrations of the amino acid
in the medium were 1.0, 2.5, 5.0 or 10.0 mM.

Tissue preparation

Rats were sacrificed by decapitation without anesthesia,
and the brain was rapidly excised and kept on an ice-
plate. The olfactory bulbs, pons and medulla were
discarded and the cerebral cortex was dissected,
extensively rinsed with saline for complete blood
removal, weighed and kept chilled until homogenization.

Cerebral cortex homogenates. The isolated cerebral
cortex was homogenized in 10 volumes (1:10 w/v) of
the specific medium for measuring TBA-RS levels,
DCFH oxidation and CAT, SOD and GPx activities.
Homogenates were then centrifuged at 750g for
10 min at 4°C to discard nuclei and cell debris. The
supernatant, a suspension of mixed and preserved
organelles, including mitochondria, was separated and
immediately used for analyses and the pellet was
discarded.

Mitochondrial preparations from cerebral cortex. Cerebral
cortex was homogenized (1:4 w/v) in 0.25 M sucrose
and 10mM Tris, pH 7.4 on ice. The homogenates
were centrifuged at 650g for 10 min at 4°C to remove
the nuclei and membrane debris. The supernatants
were further centrifuged at 25,000g at 4°C for 15 min.
The mitochondrial pellet was resuspended in 0.1 M
Tris, pH 8.0 and stored at —70°C.[17,18]

In vitro experiments

Cerebral cortex supernatants and mitochondrial
preparations were incubated for 1h at 37°C in the
presence of Leu, prepared in the same buffer used for
homogenizing the brain tissue, at concentrations
ranging from 1.0 to 5.0mM. Immediately after
incubation, aliquots were taken to measure TBA-RS,
dichlorofluorescin (DCF), membrane proteic thiol
content and the activity of antioxidant enzymes CAT,
SOD, and GPx. Controls did not contain Leu in the
incubation medium. Measurements of antioxidant
enzyme activities were also carried out without
incubation by adding Leu to homogenates at the
time of assay. In addition, the activity of commercial
preparations of CAT (purified from bovine liver—EC
1.11.1.6) and GPx (purified from bovine erythro-
cytes—EC 1.11.1.9) were measured in the presence of
2.5,5.0 or 10.0mM Leu.

The effect of some antioxidants, prepared in 20 mM
sodium phosphate buffer, pH 7.4, containing 140 mM
KCl, were also investigated. The final concentrations
were similar to those described previously,[19,20] as
follows: 200 wM ascorbic acid, 10 wM Trolox (a water
soluble a-tocopherol mimic), 400 puM dithiothreitol
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(DTT); 400 uM gluthatione (GSH), 200 pM N*“-
nitro-L-arginine methyl ester (L-NAME), 50 mU/ml
SOD (purified from bovine erythrocytes—EC
1.15.1.1) and 50 mU/ml catalase.

Thiobarbituric acid-reactive substances (TBA-RS)

TBA-RS levels were determined according to the
method described by Esterbauer and Cheeseman.[21]
Briefly, 300 pl of cold 10% (w/v) trichloroacetic acid
were added to 150 l of cerebral cortex homogenates
prepared with 20 mM sodium phosphate buffer, pH
7.4, containing 140 mM KCI (1:10 w/v) and centri-
fuged at 300g for 10 min. A measure of 300 ul of the
supernatant were transferred to a Pyrex tube and
incubated with 300 wl of 0.67% (w/v) thiobarbituric
acid in 7.1% (w/v) 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
were determined in a spectrophotometer at 535 nm.
Leu and the free radical scavengers used, ascorbic acid,
Trolox, DTT, GSH, CAT, SOD and L-NAME, did not
produce pink color along time when tested without the
addition of the homogenates, demonstrating an
absence of a direct reaction of these compounds with
thiobarbituric acid. A calibration curve using 1,1,3,3-
tetramethoxypropane, was performed being subjected
to the same treatment as that of the samples. TBA-RS
levels were calculated as nmol TBA-RS/mg protein.

Determination of membrane protein thiol content

The mitochondrial suspension was submitted to three
subsequent freeze-thawing procedures to release matrix
proteins and was afterward centrifuged for 2min at
15,000g. The pellet was treated with 200 ul of 6.5%
trichloroacetic acid in order to precipitate proteins and
two centrifugations were carried out at 15,000¢ for
2min. The final pellet was suspended in 200 pl of a
medium containing 0.5 mM EDTA and 0.5 M Tris (pH
8.3).[22] After incubations, 1.0ml of 100 uM 5,5'-
dithio-bis(2-nitrobenzoic acid) (DTNB)[23] was added
to the medium and left to stand for 30 min in the dark.
Membrane protein oxidized thiol groups from mito-
chondrial pellet were measured at 412nm. The thiol
content was calculated by using a molar extinction
coefficient of 13.6mM ' cm ™! and expressed in nmol
oxidized DTNB/mg protein.

Catalase (CAT)

CAT activity was assayed by the method of Aebi[24]
using a spectrophotometer with temperature control
(Hitachi U-2001). Cerebral tissue was homogenized
1:10 (w/v) in 10 mM potassium phosphate buffer, pH
7.0. The method is based on the disappearance of H,O,
at 240nm in a reaction medium containing 20 mM
H,0,, 0.1% Triton X-100, 10 mM potassium phos-
phate buffer, pH 7.0, and 0.1-0.3 mg protein/ml. One
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unit is defined as one pmol of hydrogen peroxide
consumed per minute, and the specific activity is
reported as units/mg protein.

Superoxide dismutase (SOD)

SOD activity was determined using the RANSOD
kit from Randox using a spectrophotometer with
temperature control (Hitachi U-2001). Cerebral
tissue was homogenized in 50mM potassium
phosphate buffer, pH 7.0. The method is based on
the formation of red formazan from the reaction of
2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazo-
lium chloride and superoxide radical (produced in
the incubation medium from the xanthine—xanthine
oxidase reaction system), which is assayed spectro-
photometrically at 505nm. 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 the specific
activity is represented as units/mg protein.

Glutathione peroxidase (GPx)

GPx activity was measured by the method of
Wendel[25] using tert-butyl-hydroperoxide as substrate.
Cerebral tissue was homogenized in 100 mM potassium
phosphate buffer containing ethylenediaminetetraacetic
acid 1.0mM, pH 7.7. The activity was determined by
monitoring the NADPH disappearance at 340 nm using
a spectrophotometer with temperature control (Hitachi
U-2001). The medium contained 2.0 mM glutathione,
0.15U/ml glutathione reductase, 0.4mM azide,
0.5mM rert-butyl-hydroperoxide and 0.1 mM
NADPH. One GPx unit is defined as one pmol of
NADPH consumed per minute, and the specific activity
is given as units/mg protein.

2,7-Dichlorofluorescin oxidation by reactive species

DCF was measured according to LeBel.[26] The
membrane-permeable diacetate form of the DCFH
prepared in 20mM sodium phosphate buffer pH 7.4
containing 140mM KCIl was incubated with the
homogenates at a final concentration of 100 uM for
30min at 37°C. Fluorescence was measured using
excitation and emission wavelengths 0f 480 and 535 nm,
respectively. Calibration curve was performed with
standard DCF (0—10 M) and the concentration of the
reactive species, given by the rate of DCFH oxidation,
was calculated as nmol DCF formed/mg protein and
expressed as percentage of controls.

Cyclic voltammetry measurements

Stock solutions (0.1 M) of Fe** or Cu™ were prepared
in distilled water and diluted to 1.0 mM to carry out
the cyclic voltammetry experiments. KCI (0.1 M) was
employed as supporting electrolyte. The electrode
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potential was set by a Wenking (POS 73) potentios-
can. A glassy carbon stationary electrode was used as
working electrode, with a platinum wire employed as
counter electrode. All potentials were measured
against an Ag/AgCl/KClsat electrode. Oxidation
cycles were carried out at 100 mV/s, starting from
the lowest potential. Cycles were carried out in
absence and in presence of 2.0mM Leu under
identical experimental conditions.

Protein determination

Protein concentrations were determined in cerebral
cortex preparations by the method of Lowry[27] 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 used to test dose-dependent effects.
All analyses were carried out 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

Our previous report[16] demonstrated that Leu
increased chemiluminescence and TBA-RS levels
(lipid peroxidation) and decreased non-enzymatic
antioxidant defenses in rat brain. In the present
investigation we studied the role of various antioxidants
on the effect produced by Leu on TBA-RS levels as well
as on the antioxidant enzymatic defenses, the protein

thiol content from mitochondrial enriched fractions, the
oxidation of DCFH, and cyclic voltammetry in cerebral
cortex homogenates from young rats.

Cerebral cortex homogenates were incubated for 1 h
with 5.0mM Leu alone or combined with the free
radical scavengers ascorbic acid, Trolox, DTT, GSH,
CAT, SOD or L-NAME and the TBA-RS levels were
measured afterwards. Figure 1A and B shows that the
Leu-induced increase of TBA-RS measurement was
abolished by 200 wM ascorbic acid plus 2.5 puM Trolox,
by 400 oM DTT and by 400 wM GSH, rendering the
measured values very close to the controls. Similar
results were obtained with 50 mU/ml SOD (Figure 1C).

In contrast, the use of 50mU/ml catalase
(Figure 1D) or 200 puM of the nitric oxide synthase
inhibitor L-NAME (Figure 1E) did not reduced the
increased TBA-RS values observed in Leu-treated
homogenates. It is important to note that the addition
of any of these antioxidants alone did not significantly
alter TBA-RS values.

Next, we investigated the effect of Leu at
concentrations varying from 1.0 to 10.0 mM on the
activity of the antioxidant enzymes CAT, SOD and
GPx. These activities were evaluated without incu-
bation and also after exposing the homogenates to the
amino acid during 1 h at 37°C. In addition, Leu effect
on CAT and GPx activities were also assessed in
commercial preparations. It can be observed in Figure
2 that CAT activity was significantly reduced (30%)
by Leu in a dose-response manner in both conditions,
without incubation [F(3,20) =3.99; p» < 0.05; B=
—0.70, p <0.05] (Figure 2A) and after 1h incu-
bation [F(3,20) =3.75; p <0.05; B=—0.58, p <
0.01] (Figure 2B). Figure 2C shows that CAT activity
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Figure 1.

Effect of 5 mM leucine (Leu) on thiobarbituric-acid reactive species (TBA-RS) in cerebral cortex from young rats in the presence

of various antioxidants; A: ascorbic acid (AA) plus Trolox; B: gluthatione (GSH) and dithiothreitol (DTT); C: superoxide dismutase (SOD);
D: catalase (CAT); E: N”-nitro-L-arginine methyl ester (L-NAME). Data represent the mean = SD for four to five independent experiments
(animals) performed in triplicate and are expressed as nmol/mg protein. Difference from control, *p < 0.05. Difference from Leu, p < 0.05

(Duncan multiple range test).
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from purified preparations was also inhibited by Leu
at all concentrations used [F(3,8) = 5.80; p < 0.05]
at a similar degree to that observed in the brain
homogenates. These findings suggest a direct effect of
Leu on the enzyme activity.

A similar approach was used to evaluate the effect of
Leu on SOD activity. It can be observed in Figure 3A and
B that the activity of SOD was not affected
by Leu treatment without [F(3,16) = 0.11; p > 0.05]
or afterl h incubation with the amino acid [F(3,12) =
0.03; p > 0.05]. We also tested the effect of Leu on GPx
activity (Figure 4). Leu significantly reduced the activity
of the enzyme without previous incubation (Figure 4A)
[F(3,16) = 4.23; p < 0.01]. Although Leu also inhib-
ited (by 20%) GPx activity after 1-hour incubation
(Figure 4B), this effect was not statistically significant
[F(3,12) = 1,165 p > 0.05]. GPx activity was also
evaluated using a commercial purified GPx preparation.
Figure 4C shows that the activity of the purified
GPx was significantly inhibited by 10mM Leu
[F(2,6) =9.20; p < 0.05]. These data suggest that
Leu probably exerts a direct effect on GPx.

Our next step was to test whether Leu was able to
oxidize membrane protein thiol groups present in
mitochondrial enriched fractions. Membranes were
incubated for 1h at 37°C with 1.0 to 5.0 mM Leu.
Figure 5 shows that Leu significantly reduced the thiol
content of mitochondrial enriched fractions
[F(3,24) = 3.06; p < 0.05].
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Finally, reactive species production in cerebral
cortex homogenates was measured by the extent of
DCFH oxidation. Figure 6 shows that Leu did not
provoke a significant increase of DCFH oxidation
[F(3,20)=1.75, p > 0.05], although there was a
tendency for Leu-induced increase this parameter
(15% increase; 8= 0.45; p < 0.02). We also tested
the effect of Leu on the cyclic voltammetry. For
Fe®" and Cu™, a reversible oxidation peak with an
anodic peak potential at 74 and 170 mV, respectively,
was observed. The respective cathodic peaks appear at
0 and 85 mV, generating a well-defined redox couple.
In the presence of 2 mM Leu, no changes in the cyclic
voltammograms were observed, indicating that Leu
did not form complexes with Fe or Cu.

Discussion

Although the mechanisms of brain damage in MSUD
are still unclear, it is presumed that Leu and its
respective keto acid KIC are the main neurotoxic
metabolites.[1,5] We previously reported that Leu
induces oxidative stress in rat brain.[16] In order to
get a better insight into the mechanisms of Leu-
induced oxidative stress we evaluated the effect of Leu
on the following parameters TBA-RS levels,
antioxidant enzyme activities, protein-SH content,
rate of DCFH oxidation and cyclic voltammetry.
Considering that the overproduction of reactive
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Figure 2. Effect of leucine on catalase (CAT) activity from cerebral cortex homogenates and from commercial purified preparation; A: cortical
homogenates without incubation; B: cortical homogenates after 1 h incubation; C: purified CAT activity without incubation. The data represent
mean * SD for five independent experiments (animals) performed in triplicate. The results are expressed as U/mg protein and one CAT unit is
defined as one pmol of hydrogen peroxide consumed per minute. Difference from control, *p < 0.05 (Duncan multiple range test).
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Figure 3. Effect of leucine on superoxide dismutase (SOD) activity in cerebral cortex homogenates from young rats without incubation; A:
Effect after 1h incubation; B: Data represent the mean = SD for four independent experiments (animals) performed in duplicate and are
expressed as U/mg protein. One SOD unit is defined as 50% inhibition of the produced chromogen. No significant differences were observed

(one-way ANOVA).
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Figure 4. Effect of leucine on glutathione peroxidase (GPx) activity in cerebral cortex homogenates and from commercial purified
preparation; A: cortical homogenates without incubation; B: cortical homogenates after 1h incubation; C: purified GPx activity without
incubation. The data represent the mean * SD for five independent experiments (animals) performed in triplicate and are expressed as U/mg
protein. One GPx unit is defined as one pmol of NADPH consumed per minute. Difference from control, *p < 0.05 (Duncan multiple range

test).
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Figure 5. Effect of leucine on membrane protein thiol groups from mitochondrial enriched fractions in cerebral cortex homogenates from young
rats. Data represent the mean = SD for six independent experiments (animals) performed in triplicate and are expressed as percentage of control
(Control values: 134.67 = 14.46 nmol oxidized DTNB/mg protein). Difference from control, *p < 0.05 (Duncan multiple range test).

species gives rise to high TBA-RS levels,[28] we
studied the influence of various antioxidants on
the increased of TBA-RS levels induced by Leu.
We observed that ascorbic acid plus trolox, DTT,
GSH, and SOD, but no CAT, abolished Leu elicited
increase in TBA-RS measurements in cerebral cortex
homogenates. These findings might indicate the
participation of superoxide and hydroxyl radicals on

150

DCFH oxidation
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1.0 mM LEU

this effect, since these reactive species are scavenged
by the antioxidants used.[29,30] In contrast, nitric
oxide (NO) was not probably involved in the increased
TBA-RS caused by Leu since when L-NAME was
supplemented to Leu-treated samples, the additive
was not able to reduce the increase of TBA-RS levels.

It has been previously postulated that the damage
associated to the MSUD neuropathology is, at least
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Figure 6. Effect of leucine on DCFH oxidation in cerebral cortex homogenates from young rats. Data represent the mean = SD for six
independent experiments (animals) performed in triplicate and are expressed as percentage of control (Control values: 1.18 £ 0.14 nmol DCF
formed/ mg protein). No significant differences were observed (one-way ANOVA).
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partially, mediated by an unbalance of the prooxidan-
t/antioxidant ratio.[16,31] The parameters of oxidative
stress evaluated in both, our previous (total radical-
trapping antioxidant potential, total antioxidant reactiv-
ity, TBA-RS, chemiluminescence) and the present
investigation support a pro-oxidant behavior of Leu in
cerebral cortex homogenates. This pro-oxidant action
could be due to several factors, such as changes in the
redox cycling of active metals (such as Fe or Cu); decrease
in the enzymatic and/or non-enzymatic defenses; and
increase in the rate of ROS production. Reactions of
autoxidation in cerebral homogenates are strongly
dependent of the presence of trace amounts of redox
active metals and can be increased by compounds that
promote their reduction to Fenton active oxidation
states.[29,32,33] However, the addition of Leu does not
modify the cyclic voltammogram of Fe or Cu ions,
indicating a lack of effect of Leu in the redox cycling of
these ions. This lack of activation is further supported by
results obtained in the LDL oxidation promoted by
Cu(I) or Fe(IIl)/ascorbate. In these systems, no evidence
of pro-oxidant effect of Leu was found (unpublished
data).

CAT and GPx activities from cortical homogenates
and also from purified preparations were significantly
inhibited by Leu, in contrast to the SOD activity,
which was not modified by the amino acid. The results
presented here on CAT and GPx activities from
cortical brain homogenates and purified preparations
indicate a direct Leu inhibitory action, since Leu
inhibited CAT and GPx activities when the commer-
cial purified enzymes were used. These results indicate
that reduction of these activities could also contribute
to the increased lipid peroxidation observed in the
brain homogenates, as well as on the indirect depletion
of the non-enzymatic defenses due to increased free
radical production.[16]

Finally, Leu was able to significantly oxidize protein
thiol groups (up to 24%), as measured by determining
the thiol content in mitochondrial enriched fractions.
These data suggest an oxidative role for Leu towards
the protein thiol groups. In contrast, Leu was not able
to significantly oxidize DCFH, although a 15%
increase on DCF values was observed.

We cannot exclude that brain energy metabolism
impairment could secondarily lead to an increase in the
rate of ROS production. In this context, there is
evidence that the BCCAs accumulating in MSUD affect
mitochondrial enzymes, resulting in impaired energy
metabolism.[7-10,34,35] It has also been reported that
Leu is an inhibitor of creatine kinase (CK) activity, a key
enzyme for energy homeostasis in brain.[9,10] In this
scenario, we cannot determine at the present time
whether impairment of energy metabolism, oxidative
stress or alterations of GABAergic/glutamatergic sys-
tems is the main pathogenetic mechanism leading to
brain injury in MSUD. However, it is feasible that all
these mechanisms might act together in a complex

intricate relationship and might contribute to the
neuropathology of MSUD. Based on the results
presented here, it is proposed that the administration
of antioxidants especially vitamins E and C, should be
considered as a potential adjuvant therapy for MSUD
affected patients specially during crises when the levels
of the BCAAs increase dramatically.
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