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Abstract

Patients affected by medium-chain acyl-CoA dehydrogenase deficiency (MCADD) suffer from acute episodes of
encephalopathy whose underlying mechanisms are poorly known. The present work investigated the i vitro effect of cis-
4-decenoic acid (cDA), which accumulates in MCADD, on important parameters of oxidative stress in cerebral cortex of
young rats. cDA markedly induced lipid peroxidation, as verified by the increased levels of spontaneous chemiluminescence
and thiobarbituric acid-reactive substances. Furthermore, cDA significantly increased carbonyl formation and sulphydryl
oxidation, which is indicative of protein oxidative damage, and promoted 2’,7’-dihydrodichlorofluorescein oxidation. It was
also observed that the non-enzymatic tissue antioxidant defenses were decreased by cDA, whereas the antioxidant enzyme
activities catalase, superoxide dismutase and glutathione peroxidase were not altered. Moreover, cDA-induced lipid
peroxidation and GSH reduction was totally blocked by free radical scavengers, suggesting that reactive species were
involved in these effects. The data indicate that oxidative stress is induced by cDA in rat brain i vitro and that oxidative
damage might be involved in the pathophysiology of the encephalopathy in MCADD.
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Introduction their glycine and L-carnitine derivatives [3]. Clinical
presentation of MCADD is related to fasting and
other conditions with increased metabolic stress, that
precipitate acute symptoms such as seizures, drowsi-
i - ness or lethargy that may develop into coma or even
with an approximate prevalence of 1:10 000 new- sudden death [4]. Progressive encephalopathy with
borns [1,2]. The MCAD enzyme is responsible for  prain abnormalities is also found in this disorder
the first step in mitochondrial f-oxidation of CoA [4-6]. Although most patients present during early
esters of medium-chain fatty acids. A defect of this infancy, some case reports have described neonatal
enzyme activity leads to predominant tissue accumu- [7-9] and adult presentations [10—-12]. Treatment for
lation of the medium-chain fatty acids octanoic (OA),  ill patients consists of high amounts of glucose and L-
decanoic (DA) and cis-4-decenoic (cDA), as well as  carnitine administration during the acute episodes, as

Medium chain acyl-CoA dehydrogenase (MCAD;
E.C. 1.3.99.3) deficiency (MCADD) is the most
common inherited defect of fatty acid f-oxidation,
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well as fat restriction, fasting avoidance and L-
carnitine supplementation after recovery [2,13].
MCADD is often misdiagnosed as Reye syndrome
because the neurological manifestations of these
disorders are very similar [14]. Furthermore, OA
accumulates in both MCADD and Reye syndrome,
but the presence of cDA is pathognomonic of
MCADD [15].

There are only few studies showing neurotoxic
effects of OA, DA and cDA i vitro and i vivo. It was
previously demonstrated that OA in vivo administra-
tion alter organic acid transport in rat choroid plexus,
leading to impairment of the transchoroidal clearance
of OA and similar compounds [16]. It was postulated
that this effect may contribute to accumulation of
medium-chain fatty acids (MCFA) in the brain and
cerebral spinal fluid and possibly to the encephalo-
pathy of patients affected by Reye syndrome. Other in
ovitro studies demonstrated that OA, DA and cDA
were able to impair several parameters of energy
metabolism in cerebral cortex of rats including the
respiratory chain, mitochondrial creatine kinase and
Nat,K*"-ATPase activities [17-19], these effects
being more pronounced with cDA. It was then
presumed that this fatty acid may be the main
neurotoxin in MCADD. Furthermore, since cDA
was also able to elicit lipid peroxidation, it was
suggested that reactive species generation could be
responsible for the inhibitory effects of this fatty acid
on the activities of these critical enzymes [19].

These observations led us to investigate in more
details the in vitro effects of cDA on a wide spectrum
of oxidative stress parameters, namely thiobarbituric
acid-reactive substances (TBA-RS), spontaneous
chemiluminescence, carbonyl content, sulphydryl
oxidation, oxidation of mitochondrial membrane
sulphydryl-bound protein groups (SBPG), 2',7'-di-
hydrodichlorofluorescein (DCFH) oxidation, total-
radical trapping antioxidant potential (TRAP), total
antioxidant reactivity (TAR), reduced glutathione
(GSH) levels, as well as on the activities of the
antioxidant enzymes catalase (CAT), superoxide
dismutase (SOD) and glutathione peroxidase (GPx)
in homogenates from cerebral cortex of young rats in
the hope to contribute to a better understanding of
the mechanisms underlying the neurological dysfunc-
tion found in MCAD deficient patients. We also
tested the role of antioxidants on some effects elicited
by cDA.

Material and methods
Reagents

All chemicals were purchased from Sigma (St. Louis,
MO), except for cis-4-decenoic acid (cDA) which was
prepared by Dr Ernesto Brunet, Madrid, Spain, with
99% purity. cDA, decanoic acid (DA) and oleic acid
(OLA) were dissolved on the day of the experiments

in the incubation medium used for each technique
with pH adjusted to 7.4. The final concentrations of
the acids in the medium ranged from 0.1-1.0 mm.

Animals

A total of 92 30-day-old Wistar rats obtained from
the Central Animal House of the Departamento de
Bioquimica, ICBS, UFRGS, were used. Rats were
kept with dams until weaning at 21 days of age. The
animals had free access to water and to a standard
commercial chow and were maintained on a 12:12 h
light/dark cycle in an air-conditioned constant tem-
perature (22 + 1°C) colony room. The ‘Principles of
Laboratory Animal Care’ (NIH publication no. 80-
23, revised 1996) were followed in all experiments
and the experimental protocol was approved by the
Ethics Committee for Animal Research of the Federal
University of Rio Grande do Sul, Porto Alegre,
Brazil. All efforts were made to minimize the number
of animals used and their suffering.

Tissue preparation and incubation

On the day of the experiments the animals were
sacrificed by decapitation without anaesthesia and the
brain was rapidly excised on a Petri dish placed on
ice. The olfactory bulbs, pons, medulla, cerebellum
and striatum were discarded and the cerebral cortex
was peeled away from the subcortical structures,
weighed and homogenized in 10 volumes (1:10,
w/v) of 20 mmM sodium phosphate buffer, pH 7.4
containing 140 mm KCIl. Homogenates were centri-
fuged at 750 x g for 10 min at 4°C to discard nuclei
and cell debris [20]. The pellet was discarded and the
supernatant, a suspension of mixed and preserved
organelles, including mitochondria, was separated
and incubated in 20 mM sodium phosphate buffer,
pH 7.4 containing 140 mm KCI at 37°C for 1 h with
cDA at concentrations of 0.1, 0.5 or 1 mm, 1.0 mm
DA or 1 mm OLA. Controls did not contain this
metabolite in the incubation medium. Immediately
after incubation, aliquots were taken to measure the
values of TRAP, TAR, GSH, TBA-RS, chemilumi-
nescence, carbonyl and sulphydryl content, DCFH
oxidation, as well as the activities of CAT, SOD and
GPx.

Oxidation of protein-bound sulphydryl (thiol)
groups (PBSG) was studied in purified mitochondrial
membrane preparations. The dissected cerebral cor-
tex was homogenized (1:5w/v) in 10 mm Tris, pH
7.4 containing 0.25 m sucrose. The homogenates
were centrifuged at 650 x g for 10 min to discard
nuclei and cell debris. After a new centrifugation at
25000 x g for 15 min, the resulting pellet containing
the mitochondria was homogenized in 0.1 m Tris, pH
8.0 and the aliquots were stored at —70°C. On the
day of the experiment, the aliquots were frozen/
thawed three times and centrifuged at 15 000 x g

RIGHTS

1r



Free Radic Res Downloaded from informahealthcare.com by Newcastle University on 12/03/11
For personal use only

for 2 min to collect the mitochondrial membranes.
The resulting pellet was washed three times with
6.5% TCA with centrifugation at 15 000 x g for
2 min. The final pellet was resuspended in 0.5 m Tris
buffer, pH 8.3, containing 0.5 mm EDTA and used
to measure PBSG content.

Preparation of mitochondrial fractions

Mitochondrial fractions were prepared from cere-
brum (total brain excluding cerebellum, olfactory
bulbs, pons and medulla) of 30-day-old rats. The
cerebrum was homogenized in 10 volumes of 5 mm
potassium phosphate buffer, pH 7.4, containing
0.3m sucrose, 5mmM MOPS, 1 mm EGTA and
0.1% bovine serum albumin. The homogenate was
centrifuged at 1 500 x g for 10 min at 4°C and the
pellet was discarded. The supernatant was then cen-
trifuged for a further 10 min at 4°C at 15000 x g in
order to isolate the mitochondria present in the pellet,
which was finally suspended in the same buffer.
Disrupted mitochondrial fractions obtained by freez-
ing/thawing three times were incubated at 37°C for 1
h with cDA at concentrations of 1.0 mm. Immedi-
ately after incubation, aliquots were used to measure
TBA-RS.

Isolation of sub-mitochondrial particles

Sub-mitochondrial particles were prepared at 4°C
from frozen and thawed mitochondria (20 mg pro-
tein/ml) according to Poderoso et al. [21]. The
obtained sub-mitochondrial particles were washed
twice with 140 mm KCIl, 20 mm Tris-HCI, pH 7.4,
and suspended in the same medium. The suspended
particles were then incubated at 37°C for 1 h with
1 mm cDA. Immediately after incubation, aliquots
from this preparation were used to measure super-
oxide formation.

Thiobarbituric acid-reactive substances (TBA-RS) levels

TBA-RS was determined according to the method of
Esterbauer and Cheeseman [22]. Briefly, 300 pL. of
cold 10% trichloroacetic acid were added to 150 pLL
of cDA pre-treated cerebral cortex supernatants and
centrifuged at 300 x g for 10 min. Three hundred
microlitres of the supernatant were transferred to a
pyrex tube and incubated with 300 pL of 0.67% TBA
in 7.1% sodium sulphate in a boiling water bath for
25 min. The tubes containing the mixture were
allowed to cool in running tap water for 5 min. The
resulting pink-stained TBA-RS was determined in a
spectrophotometer at 532 nm. A calibration curve
was performed using 1,1,3,3-tetramethoxypropane
and each curve point was subjected to the same
treatment as supernatants. Some experiments were
performed in the presence or absence of reduced
glutathione (GSH; 100 um or 1 mm), melatonin

Relevance for MCAD deficiency 1263

(MEL; 200 pm or 1 mMm), the nitric oxide synthase
inhibitor N®-nitro-L-arginine methyl ester (L-
NAME; 500 pm or 1 mm), trolox (TRO; 1.5 pm or
10 pm), desferoxamine (DFOj; 250 nm), L-carnitine
(CAR; 1mm), catalase (CAT; 2.5mU/mL' or
10 mU/mL) plus superoxide dismutase (SOD;
2.5 mU/mL or 10 mU/mL), GM1 (10 um), taurine
(TAU; 1 mMm) or creatine (Cr; 3 mm). Doses of these
antioxidants were chosen according to previous works
[22—24]. TBA-RS values were calculated as nmol of
TBA-RS/mg protein and expressed as percentage of
control.

Chemiluminescence

Samples were assayed for spontaneous chemilumi-
nescence in a dark room by the method of Gonzalez
et al. [23]. Incubation flasks contained 3.5 mL of
20 mMm sodium phosphate buffer, pH 7.4 containing
140 mm KCI were counted for background chemilu-
minescence during 5 min. An aliquot of 500 pLL of
cortical supernatant was immediately added and
chemiluminescence was measured for 30 min at
room temperature. The background chemilumines-
cence was subtracted from the total value and the
results were calculated as cpm/mg protein and
expressed as percentage of control.

Determination of protein carbonyl formation content

PCF (protein carbonyl content formation), a marker
of oxidized proteins, was measured spectrophotome-
trically according to Reznick and Packer [24]. One
hundred microlitres of the aliquots from the incuba-
tion were treated with 400 pLL of 10 mm 2,4-dinitro-
phenylhidrazine (DNPH) dissolved in 2.5 N HCI or
with 2.5 N HCI (blank control) and left in the dark
for 1 h. Samples were then precipitated with 500 pL
20% TCA and centrifuged for 5 min at 10 000 x g.
The pellet was then washed with 1 mL ethanol:ethyl
acetate (1:1, v/v) and re-dissolved in 550 pL. 6 m
guanidine prepared in 2.5 N HCI Then, the tubes
were incubated at 37°C for 5min to assure the
complete dissolution of the pellet and the resulting
sample was determined at 365 nm. The difference
between the DNPH-treated and HCl-treated samples
was used to calculate the carbonyl content. The
results were calculated as nmol of carbonyls groups/
mg of protein, using the extinction coefficient of
22000 x 106 nmol/mL for aliphatic hydrazones.

2', 7' -dilydrodichlorofluorescein (DCFH) oxidation

Reactive species production was assessed according
to LeBel et al. [25] by using 2’,7’-dihydrodichloro-
fluorescein diacetate (DCF-DA). DCF-DA prepared
in 20 mMm sodium phosphate buffer, pH 7.4, contain-
ing 140 mm KCI was incubated with the pre-treated
cerebral cortex supernatants during 30 min at 37°C.
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DCF-DA is enzymatically hydrolysed by intracellular
esterases to form non-fluorescent DCFH, which is
then rapidly oxidized to form highly fluorescent 2’,7’-
dichlorofluorescein (DCF) in the presence of reactive
species (RS). The DCF fluorescence intensity paral-
lels to the amount of RS formed. Fluorescence was
measured using excitation and emission wavelengths
of 480 and 535 nm, respectively. Calibration curve
was performed with standard DCF (0.25-10 um) and
the levels of RS were calculated as pmol DCF
formed/mg protein.

Superoxide content

Superoxide production was determined spectropho-
tometrically according to Poderoso et al. [21] after
exposition of sub-mitochondrial particles to 1 mm
cDA. The assay is based on superoxide-dependent
oxidation of epinephrine to adenochrome at 37°C
(E480nm = 4.0 mm/cm). The reaction medium con-
sisted of 230 mM mannitol, 70 mM sucrose, 20 mm
Tris-HCI, pH 7.4, 0.1 mM catalase, 1 mM epinephr-
ine and 7 mM succinate. Superoxide dismutase was
used at 0.1-0.3 mm final concentrations as a negative
control to confirm assay specificity.

Total radical-trapping antioxidant potential (TRAP)

TRAP, representing the total non-enzymatic antiox-
idant capacity of the tissue, was determined by
measuring the chemiluminescence intensity of lumi-
nol induced by 2,2’-azo-bis-(2-amidinopropane)
(ABAP) according to the method of Lissi et al.
[26]. The reaction mixture containing 4 mL 10 mm
ABAP dissolved in 0.1 m glycine buffer, pH 8.6 and
10 pLL of luminol (4 mm) generates, at room tem-
perature, an almost constant light intensity corre-
sponding to free radical formation, which was
measured in a Wallac 1409 liquid scintillation coun-
ter. This was considered to be the initial chemilumi-
nescence values. Then, 30 uL. of 300 pm trolox
(soluble «-tocopherol analogue) or 30 uL. of cortical
supernatants were added to the reaction medium.
The addition of trolox or supernatants provokes a
marked reduction of the light intensity, which is
maintained for a certain period after which light
intensity rapidly increase. This period corresponds to
induction time (IT) and represents TRAP measure-
ment. 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
expressed as nmol trolox/mg of protein.

Total antioxidant reactivity (TAR)

TAR, which represents the quality of the tissue
antioxidants, was determined by measuring the
luminol chemiluminescence intensity induced by
ABAP according to the method of Lissi et al. [27].

The chemiluminescence value was measured after
1 min after adding 4 mL. 2 mm ABAP (in 0.1Mm
glycine buffer, pH 8.6) and 10 pL. of luminol into a
glass scintillation vial (initial chemiluminescence).
Ten microlitres of 10-100 um trolox (calibration
curve) or brain supernatants, which decrease light
intensity, were then added and chemiluminescence
was measured after 60 s (final chemiluminescence).
The ratio between the initial and the final chemilu-
minescence values is used to calculate TAR measure-
ment. TAR values were expressed as nmol trolox/mg
of protein.

Reduced glutathione (GSH) content

Reduced glutathione (GSH) concentrations were
measured according to Browne and Armstrong [28].
cDA pre-treated cerebral cortex supernatants were
diluted in 20 volumes of (1:20, v/v) 100 mMm sodium
phosphate buffer pH 8.0, containing 5 mm EDTA.
One hundred microlitres of this preparation were
incubated with an equal volume of o-phthaldialde-
hyde (1 mg/mL methanol) at room temperature
during 15 min. Fluorescence was measured using
excitation and emission wavelengths of 350 and
420 nm, respectively. Some experiments were per-
formed in the presence or absence of melatonin
(MEL; 1 mM), the nitric oxide synthase inhibitor
N@-nitro-L-arginine methyl ester (L-NAME; 1 mm),
trolox (TRO; 10 um) or catalase (CAT; 2.5 mU/mL
or 10 mU/mL) plus superoxide dismutase (SOD;
2.5mU/mL or 10 mU/mL). Calibration curve was
prepared with standard GSH (0.01-1 mMm) and the
concentrations were calculated as nmol/mg protein.

The oxidation of a commercial solution of GSH
(1 mm) was also tested by exposing this solution
to 1.0 mm cDA for 60 min in a medium devoid of
brain supernatants. After cDA exposition, 7.4 mMm
o-phthaldialdehyde was added to the vials and the
mixture was incubated at room temperature during
15 min.

Sulphydryl (thiol) group oxidation

This assay is based on the reduction of 5,5’-dithio-
bis(2-nitrobenzoic acid) (DTNB) by thiols, generat-
ing a yellow derivative (TNB) whose absorption is
measured spectrophotometrically at 412 nm [29].
Briefly, 40 pL. of mitochondrial membrane suspen-
sion or 120 pL of cortical supernatant were incubated
at 37°C for 1 h with cDA at concentrations of 0.1, 0.5
and 1 mm. Then, 1 mL of 0.1 mm DTNB was added.
This was followed by 30 min incubation at room
temperature in a dark room. Absorption was mea-
sured at 412 nm. Some experiments were carried
out in the presence of 1 mm decanoic (DA) or 1 mm
oleic (OLA) acids. The protein-bound sulphydryl
content is inversely correlated to oxidative damage to

RIGHTS

1r



Free Radic Res Downloaded from informahealthcare.com by Newcastle University on 12/03/11
For personal use only

proteins. Results were reported as nmol TNB/mg
protein.

Catalase (CAT) activity

CAT activity was assayed according to Aebi [30] by
measuring the absorbance decrease at 240 nm in a
reaction medium containing 20 mmMm H,0,, 0.1%
Triton X-100, 10 mM potassium phosphate buffer,
pH 7.0, and the supernatants containing 0.1-0.3 mg
protein/mL. One unit (U) of the enzyme is defined as
1 mol of H,O, consumed per minute. The specific
activity was expressed as U/mg protein.

Superoxide dismutase (SOD) activity

SOD activity was determined according to Bannister
and Calabrese [31] using a spectrophotometric assay
based on superoxide-dependent oxidation of epi-
nephrine to adrenochrome at 32°C. Absorption was
measured at 480 nm (4.0/mmcm). The reaction
medium consisted of 50 mm glycine buffer pH 10.2,
0.1 mm catalase and 1 mm epinephrine. SOD specific
activity is represented as U/mg protein.

Glutathione peroxidase (GPx) activity

GPx activity was measured according to Wendel [32]
using tert-butylhydroperoxide as substrate. The en-
zyme activity was determined by monitoring the
NADPH disappearance at 340 nm in a medium
containing 100 mMm potassium phosphate buffer/ethy-
lenediaminetetraacetic acid 1 mm, pH 7.7, 2 mm,
glutathione, 0.15 U/mL  glutathione reductase,
0.4 mm azide, 0.5mm tert-butyl-hydroperoxide,
0.1 mm NADPH and the supernatant containing
0.2-0.3 mg protein/mL. One GPx unit (U) is defined
as 1 mol of NADPH consumed per minute. The
specific activity was calculated as mU/mg protein.

Protein determination

Protein was measured by the method of Lowry et al.
[33] using bovine serum albumin as standard.

Staristical analysis

Results are presented as mean + standard deviation.
Assays were performed in duplicate or triplicate and
the mean or median was used for statistical analysis.
Data was analysed using one-way analysis of variance
(ANOVA) followed by the post-hoc Duncan multiple
range test when F was significant. For analysis of
dose-dependent effects and correlations tests, linear
regression was used. Only significant F-values are
shown in the text. Differences between groups were
rated significant at p < 0.05. All analyses were carried
out in an IBM-compatible PC computer using the
Statistical Package for the Social Sciences (SPSS)
software.
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Results
c¢DA increased lipid peroxidation in rat cerebral cortex

We initially tested the influence of cDA on the lipid
peroxidation parameters TBA-RS levels and chemi-
luminescence. We used a total of 12 animals for these
experiments. Figure 1 shows that when cortical
homogenates were exposed for 60 min to cDA, at
0.5mm and 1 mMm concentrations, TBA-RS levels
significantly increased up to 58% (F(320y=32.8; p<
0.001) in a dose-dependent manner (f=0.87; p<
0.001). Similarly, we found that cDA significantly
increased the chemiluminescence values up to 39%
(F(3,20)=5.26; p<0.01). These results indicate that
in virro lipid peroxidation was increased in cerebral
cortex exposed to cDA.

Next, we incubated cerebral cortex homogenates
from four rats during 15, 30, 45 or 60 min in the
presence or absence of cDA (0.1-1.0 mm) and
observed a significant stimulatory effect of 1.0 mm
cDA on lipid peroxidation (TBA-RS) at 30, 45 and
60 min incubation and at 60 min incubation with
0.5 mm cDA (Figure 2).

We also pre-incubated brain cortical homogenates
for 15 min with reduced glutathione (GSH; 100 um),
melatonin (MEL; 200 um), the nitric oxide synthase
inhibitor N®-nitro-L-arginine methyl ester (L-
NAME; 500 um), trolox (TRO; 1.5 um), desferox-
amine (DFO; 250 nm), L-carnitine (CAR; 1 mm),
catalase (CAT; 2.5 mU/mL) plus superoxide dismu-
tase (SOD; 2.5 mU/mL), GM1 (10 um), taurine
(TAU; 1mm) or creatine (Cr; 3 mm). cDA
(1.0 mm) was then added and incubation proceeded

180 *k%k
160

*%

*kk *
140

120
100
80
60 -

Lipid peroxidation
(% of controls)

40
20

0-
Control 0.1 0.5 1

cDA (mM)

Figure 1. In vitro effect of cis-4-decenoic acid (cDA) on the lipid
peroxidation parameters thiobarbituric acid-reactive substances
(TBA-RS; black bars) and spontaneous chemiluminescence (gray
bars) in rat cerebral cortex. Values are means +standard deviation
for six independent experiments performed in duplicate or tripli-
cate and are expressed as % of controls (Controls: Chemilumines-
cence 10194154 cpm/mg protein; TBA-RS levels 3.42+
0.37 nmol/mg protein). *p <0.05, **p <0.01, ***p <0.001 com-
pared to controls (Duncan multiple range test).
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I 15min
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cDA (mM)

Figure 2. In vitro effect of exposition time on cis-4-decenoic acid
(cDA) stimulatory effect on thiobarbituric-acid reactive substances
(TBA-RS) in rat cerebral cortex. Cortical homogenates were
incubated for 15, 30, 45 or 60 min with cDA (0.1-1.0 mm) and
TBA-RS levels measured afterwards. Values are means +standard
deviation for four independent experiments performed in triplicate
and are expressed as nmol/mg protein. *p <0.05, **p <0.01,
***p <0.001 compared to controls (Duncan multiple range test).

for 60 min, after which TBA-RS levels were mea-
sured. For these experiments a total of 15 rats were
used. We can observe in Figure 3A that TAU, Cr and
GM1, at the common doses used as antioxidants,
prevented cDA-induced increased lipid peroxidation
(F(11,62)=3.35; p<0.01). In contrast, GSH, TRO,
CAT plus SOD, MEL, L-NAME, CAR and DFO
were not able to prevent cDA increase of TBA-RS
values (results not shown). However, higher doses of
GSH (1 mm), TRO (10 um) and CAT plus SOD
(10 mU/mL of each enzyme), but not MEL (1 mm)
and L-NAME (1 mm), also prevented cDA-induced
increase of TBA-RS (F(,55 =25.6; p»<0.001)
(Figure 3B).

We also verified that concentrations as high as
1.0 mm of cDA did not change TBA-RS levels in
mitochondrial preparations, indicating that genera-
tion of oxidants by this organic acid causing lipid
damage occurred via cytosolic rather than mitochon-
drial mechanisms (results not shown).

¢DA induces protein oxidative damage in rat cerebral
cortex

We also evaluated the effect of cDA on carbonyl
formation and sulphydryl oxidation in cortical homo-
genates (protein oxidation). Brains from 11 animals
were used in these experiments. We found that
protein carbonyl groups were increased (up to 67%)
in cortical homogenates in the presence of cDA
(F3,16) = 4.72; p < 0.05) in a dose-dependent manner
(f=0.68; p<0.001) (Figure 4A). cDA also induced
significant sulphydryl oxidation (31%) at 1 mm
(F3,18=06.76; p<0.01) (Figure 4B), similarly to
OLA which decreased the sulphydryl groups by
~54%. In contrast, DA did not alter this parameter.
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[ _
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o 3 150
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= < 100 f— -
50
o-
3mMCr 1 mMTAU 10 uM GM1
1 mM cDA
(b) 300
250 -
*kk
8 = Kk
¢ e
2t
n (=3
x 2
5 e
=< i .. . |
0
1mMGSH  1mMMEL 1mMLNAME 10uMTRO 10 mu/mL
CAT+SOD
1 mM cDA

Figure 3. In virro effect of creatine (Cr), taurine (TAU) and GM1
(A) and of the antioxidants GSH, MEL, L-NAME, TRO and
CAT+SOD (B) on cis-4-decenoic acid (cDA)-induced increase of
thiobarbituric-acid reactive substances (TBA-RS) in rat cerebral
cortex. Cortical homogenates were pre-incubated for 15 min with
the antioxidants before the addition of 1 mm cDA. Values are
means +standard deviation for four independent experiments
performed in triplicate and are expressed as % of control (Controls:
3.99+40.67 nmol/mg protein). **p <0.01; ***» <0.001 compared
to controls (Duncan multiple range test).

c¢DA provokes oxidation of DCFH

Next, we assessed the influence of cDA on DCFH
oxidation in cerebral cortex from six rats. We
observed that cDA significantly increased (up to
28%) DCFH oxidation (F(3 0y =7.86; p <0.001) in
a dose-dependent manner (f =0.73; p < 0.001) (Fig-
ure 5).

c¢DA does not affect superoxide generation

We also evaluated superoxide generation in sub-
mitochondrial particles from cerebral cortex super-
natants exposed for 1 h to 1.0 mm cDA and observed
that this fatty acid did not increase superoxide
content (results not shown).

Reduction of brain non-enzymatic antioxidant defenses by
c¢DA

We also investigated the in vitro effect of cDA on the
non-enzymatic antioxidant defenses, by measuring
TRAP, TAR and GSH levels. For these experiments a
total of 22 rats were used. cDA, at concentrations of
0.5 mM and higher, significantly diminished TRAP,
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(A) and sulphydryl content (B) in rat cerebral cortex. Values are
means t+standard deviation for five independent experiments
performed in triplicate and are expressed as nmol/mg protein.
**p <0.01 compared to control (Duncan multiple range test).

TAR and GSH values (up to 35%) in rat cortical
homogenates in a dose-dependent manner (TRAP:
(Fi3,16=8.87; p<0.001) (f=0.77; p<0.001);
TAR: (F3p28=10.7; p<0.001) (f=0.71; p<
0.001); GSH: (F3,32=14.2; p<0.001) (f=0.75;
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Figure 5. In vitro effect of cis-4-decenoic acid (cDA) on DCFH
oxidation in rat cerebral cortex. Values are means+standard
deviation for six independent experiments performed in triplicate
and are expressed as pmol/mg protein. **p» <0.01, ***» <0.001
compared to control (Duncan multiple range test).
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p<0.001)) (Figure 6). It was also observed that cDA-
induced GSH reduction was totally prevented by the
scavengers MEL and TRO, but not by CAT plus
SOD (F(4’29) = 138, < 0001) Taken together, the
data indicate a marked reduction of the brain non-
enzymatic antioxidant defenses by cDA. Further-
more, cDA-induced reduction of TRAP (total tissue
non-enzymatic antioxidant defenses) was inversely
correlated with TBA-RS values (a lipid peroxidation
parameter) (f= —0.69; p<0.001), suggesting that
free radicals inducing lipid peroxidation were prob-
ably responsible for the decrease of the non-enzy-
matic antioxidant defenses (Figure 7).

The next set of experiments was designed to
investigate whether the cDA-induced decrease of
brain GSH levels was due to a direct oxidative attack,
rather than due to promotion of free radicals. We
therefore exposed commercial GSH, as well as
membrane  protein-bound  sulphydryl groups
(PBSG) purified from mitochondrial fractions to
0.1-1.0 mMm cDA in the absence of tissue super-
natants. It was observed that cDA by itself did not
oxidize free GSH or PBSG, suggesting that cDA per
se is not a direct oxidant agent, but elicits oxidative
damage probably via free radical generation (Table I).

Antioxidant enzyme activities were not affected by cDA

Finally, the i vitro effect of cDA on catalase (CAT),
superoxide dismutase (SOD) and glutathione perox-
idase (GPx) activities were examined by pre-incubat-
ing cortical homogenates for 60 min with cDA (0.1,
0.5 and 1.0 mm cDA). For these experiments we
used 12 animals. We did not verify any alteration
on CAT, SOD and GPx activities, suggesting that
cDA did not affect these brain antioxidant enzymes
(Table II).

Discussion

Patients with medium-chain acyl-CoA dehydrogen-
ase (MCAD) deficiency (MCADD) present acute
episodes of decompensation characterized by severe
hypoketotic hypoglycaemia, acidosis, hyperammo-
naemia, vomiting, hypotonia, coma, seizures or even
death, which occurs in about 20-25% of the affected
individuals during the first episode [4,34-37].
Furthermore, a considerable number of those who
survive present a variable degree of neurological
dysfunction with cerebral abnormalities [5,6,10,38—
40], whose pathophysiology is not yet defined. In this
context, although high ammonia levels and hypogly-
caemia could be tentatively related to the neurological
dysfunction in these patients, the moderate degree of
these laboratorial alterations usually do not lead to
disturbances of neural function. Therefore, it could
be presumed that the increased tissue concentrations
of the medium-chain fatty acid octanoate, decanoate
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Table I.  Effect of cis-4decenoic acid (cDA) on membrane protein-
bound sulphydryl groups (PBSG) purified from mitochondrial
fractions of rat cerebral cortex and on commercial reduced
glutathione (GSH).

Mitochondrial PBSG oxidation

Control 63.0+8.72
0.1 mm cDA 63.9+6.16
0.5 mm cDA 59.8+8.33
1.0 mm cDA 54.94+5.76
GSH oxidation

Control 100+4.04
1.0 mm cDA 116+7.93

Values are means +standard deviation for three-to-six independent
experiments performed in triplicate and are expressed as nmol TNB/
mg protein (mitochondrial PBSG oxidation) and percentage of cont-
rol (GSH oxidation; controls: 1125 +47.4 unidades de fluorescén-
cia). No significant differences were detected (One-way ANOVA).

(DA) and cis-4-decenoate (cDA) that accumulate in
MCADD may be responsible, at least in part, for the
neurological symptoms in this disorder.

Considering that oxidative stress is involved in the
pathophysiology of common neurodegenerative dis-
orders [41-46] and of some inborn errors of meta-
bolism [47-52], in the present study we evaluated the
in vitro influence of cDA, the pathognomonic com-
pound in MCADD, on several parameters of oxida-
tive stress in cerebral cortex of young rats in order to
evaluate whether this pathomechanism could be
acting in this disorder. We first observed that cDA
markedly increased TBA-RS (60%) and spontaneous
chemiluminescence (40%). Furthermore, TBA-RS
values gradually increased when cerebral cortex
homogenates were exposed for increasing periods to
cDA, suggesting that free radical synthesis was
probably involved in this effect. Light emitted in the
chemiluminescence assay usually arises from perox-
idizing lipids due to an increase in reactive oxygen or
nitrogen species production and TBA-RS reflects the
amount of malondialdehyde formation, an end pro-
duct of membrane fatty acid peroxidation [53].
Therefore, our data strongly indicate that cDA
induced lipid peroxidation in cerebral cortex in vitro.

We also observed that the strong in vitro lipid
peroxidation caused by cDA was totally prevented by

Table II. Effect of cis-4decenoic acid (cDA) on the antioxidant
enzyme activities catalase (CAT), superoxide dismutase (SOD) and
glutathione peroxidase (GPx) in rat cortical supernatants.

CAT SOD GPx
Control 2.74+0.09 2.08+0.19 13.6+2.83
0.1 mm cDA 2.48+0.49 1.714+0.68 13.9+1.25
0.5 mm cDA 2.40+0.52 2.35+0.62 13.0+1.94
1.0 mm cDA 2.58+0.54 1.814+0.35 11.4+4.26

Values are means +standard deviation for four independent experi-
ments performed in duplicate and are expressed as: CAT and SOD:
U/mg protein and GPx: mU/mg protein. No significant differences
were detected (One-way ANOVA).
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high doses of the free radical scavengers GSH, TRO
and the combination of CAT plus SOD, but not by
smaller doses of these antioxidants. Furthermore, Cr,
TAU and GM1, but not DFO, MEL, L-NAME and
CAR, also prevented cDA-induced increase of TBA-
RS. These data suggest that cDA provoked a strong
pro-oxidant effect on membrane lipids from cerebral
cortex, indicating that the toxic effect exerted by cDA
is mediated by reactive oxygen species generation. In
contrast, cDA did not change TBA-RS levels mea-
sured in purified mitochondrial preparations (post-
mitochondrial supernatants), suggesting that the
generation of oxidants by this organic acid causing
lipid oxidative damage occurred via cytosolic rather
than mitochondrial mechanisms.

Protein carbonyl formation and sulphydryl oxida-
tion, useful markers for assessing oxidative protein
damage, were also markedly increased by cDA,
implying that this unsaturated carboxylic acid also
provokes protein oxidation [24,55]. Similarly, the
unsaturated oleic acid (OLA), but not decanoic acid
(DA), a saturated fatty acid with the same carbon
chain as cDA, significantly enhanced sulphydryl
oxidation, suggesting that this effect may be related
to the unsaturated bond. Previous findings showing
that the polyunsaturated arachidonic acid induces
reactive oxygen species reinforces this assumption
[54]. On the other hand, the observations that cDA
was not able to oxidize purified thiol groups from
purified mitochondrial membranes as well as com-
mercial reduced glutathione in the absence of brain
supernatants in the incubation medium suggest that
this fatty acid is not per se an oxidant agent and that it
probably provoked lipid and protein oxidative da-
mage via free radical induction.

With regard to the antioxidant defenses, cDA
markedly reduced the total content of non-enzymatic
antioxidants (TRAP values) and GSH, the main
natural-occurring antioxidant, as well as the capacity
to rapidly handle increased free radical generation
(TAR measurement) in cerebral cortex. Since these
parameters are used to evaluate the capacity of a
tissue to prevent and respond to the damage asso-
ciated to free radical processes, it can be concluded
that the rat cortical antioxidant defenses were severely
compromised by cDA [20,27,53]. We verified that
MEL and TRO, but not SOD plus CAT, were able to
prevent cDA-decrease of GSH levels in cortical
supernatants, suggesting that the highly toxic hydrox-
yl radical, which is the principal species scavenged by
MEL [56], and peroxyl radicals, which are scavenged
by TRO, were probably involved in the reduction of
GSH provoked by cDA.

We also observed that cerebral cortex homogenates
exposed to cDA resulted in an enhanced DCFH
oxidation, which is predominantly dependent on
hydrogen peroxide [57]. These results allied to those
showing that GSH, TRO and SOD plus CAT fully
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prevented the stimulation of i vitro lipid peroxidation
elicited by cDA suggest that the free radicals hydroxyl,
peroxyl and hydrogen peroxide, which are scavenged
by these antioxidants [58—61], are involved in the pro-
oxidant effects of cDA. In contrast, we found that cDA
did not affect superoxide generation in sub-mitochon-
drial particles obtained from cerebral cortex super-
natants, ruling out an important involvement of this
free radical in cDA pro-oxidant effects.

A significant inverse correlation between TBA-RS
increase and TRAP decrease caused by cDA was also
verified in the present study, reinforcing the view that
the decrease of the brain antioxidant defenses and the
induction of lipid peroxidation were mediated by
increased reactive species generation. Therefore, it is
feasible that the marked decline of the cerebral non-
enzymatic antioxidant defenses (TRAP, GSH and
TAR) probably reflects the rapid consume of highly
reactive antioxidants due to the generation of free
radicals elicited by cDA.

Although we cannot at the present establish the
exact signal transduction cascades by which cDA
induced lipid and protein oxidative damage in cere-
bral cortex, it may be presumed that free radicals
elicited by this fatty acid could initiate the classical
cascades leading to these pro-oxidant effects [62].

We also observed that the activities of the antiox-
idant enzymes CAT, GPx and SOD were not altered
by exposing cortical supernatants for 60 min to cDA
at concentrations as high as 1.0 mm. However, we
cannot exclude the possibility that sustained high
concentrations of cDA, as occurs in MCADD, could
lead to up-regulation of these enzymes via gene
transcription in order to counterbalance increased
free radical generation, as occurs in other pathologi-
cal conditions involving oxidative stress [63-65].

Since oxidative stress results from imbalance be-
tween the total antioxidant defense of the tissue and
the reactive species generated, our present data
strongly indicate that cDA provokes a significant in
vitro stimulation of oxidative stress in cerebral cortex,
a deleterious cell condition, which induces oxidation
of lipids and proteins and reduces antioxidant de-
fenses [53]. At this point, it should be emphasized
that the brain has low cerebral antioxidant defenses
compared with other tissues [66], a fact that makes
this tissue more vulnerable to increased reactive
species. In fact, oxidative stress has been implicated
in the pathophysiology of common neurodegenerative
disorders such as Parkinson’s disease, Alzheimer’s
disease, as well as in epileptic seizures and demyeli-
nation [24,63,66,67].

We cannot establish whether our data have a
pathophysiological significance, since brain concen-
trations of cDA in MCAD deficient patients are
unknown. It should, however, be noted that the
significant alterations of the oxidative stress para-
meters elicited by cDA occurred at high micromolar

levels (0.50 mm and higher) and acute encephalo-
pathy occurs in these patients particularly during
metabolic crises, in which the concentrations of the
accumulating metabolites dramatically increase.
Furthermore, it has been proposed that the concen-
trations of organic acids accumulating in various
organic acidemias are higher in the neural cells as
compared to the serum or CSF [68].

In conclusion, the present data indicate that
oxidative stress is induced by cDA in the brain of
young rats. In case these present findings are con-
firmed # vivo in animal experiments and also in
tissues of patients affected by MCADD, it is tempting
to speculate that excessive reactive species generation
might contribute, at least in part, to the neuropathol-
ogy of this disorder. It seems therefore reasonable to
propose that antioxidants may serve as an adjuvant
therapy to specific diets or to other pharmacological
agents used for these patients, especially during
crises, to avoid oxidative damage to the brain.

Acknowledgements

This work was supported by grants from CNPq,
PRONEX II, FAPERGS, PROPESQ/UFRGS and
FINEP research grant Rede Instituto Brasileiro de
Neurociéncia (IBN-Net) # 01.06.0842-00.

References

[1] Rinaldo P, Raymond K, Al-Odaib A, Bennett M. Clinical and
biochemical features of fatty acid oxidation disorders. Curr
Opin Pediatr 1998;10:615-621.

[2] Roe CR, Ding J. Mitochondrial fatty acid oxidation disorders.
In: CR Scriver, AL Beaudet, WS Sly, D Valle, editors. The
metabolic and molecular bases of inherited disease. New
York: McGraw-Hill; 2001. p 1909-1963.

[3] Martynez G, Jimenez-Sanchez G, Divry P, Vianey-Saban C,
Riudor E, Rodes M, Briones P, Ribes A. Plasma free fatty
acids in mitochondrial fatty acid oxidation defects. Clin Chim
Acta 1997;267:143-154.

[4] Derks TG, Reijngoud D], Waterham HR, Gerver WJ, van den
Berg MP, Sauer PJ, Smit GP. The natural history of medium-
chain acyl CoA dehydrogenase deficiency in the Netherlands:
clinical presentation and outcome. ] Pediatr 2006;148:665—
670.

[5] Wilson CJ, Champion MP, Collins JE, Clayton PT, Leonard
JV. Outcome of medium chain acyl-CoA dehydrogenase
deficiency after diagnosis. Arch Dis Child 1999;80:459-462.

[6] Mayell SJ, Edwards L, Reynolds FE, Chakrapani AB. Late
presentation of medium-chain acyl-CoA dehydrogenase defi-
ciency. J Inherit Metab Dis 2007;30:104.

[7] Leung KC, Hammond JW, Chabra S, Carpenter KH, Potter
M, Wilcken B. A fatal neonatal case of medium-chain acyl-
coenzyme A dehydrogenase deficiency with homozygous A- >
G985 transition. J Pediatr 1992;121:965-968.

[8] Wilcken B, Carpenter KH, Hammond J. Neonatal symptoms
in medium chain acyl coenzyme A dehydrogenase deficiency.
Arch Dis Child 1993;69:292-294.

[9] Maclean K, Rasiah VS, Kirk EP, Carpenter K, Cooper S, Lui
K, Oei J. Pulmonary haemorrhage and cardiac dysfunction in

RIGHTS

1r



[10]
[11]
[12]
[13]
[14]

=

S

2 [15]

>

‘D

o}

2

<

2

2 [16]

g

8

z

g (7]

85

E

£T

EE

=5

ge -

£

£

S

3

g

E

g [19]

g

04

2

g

8

2 [20]
[21]
[22]
[23]
[24]
[25]

a neonate with medium-chain acyl-CoA dehydrogenase
(MCAD) deficiency. Acta Paediatr 2005;94:114-116.
Ruitenbeek W, Poels PJ, Turnbull DM, Garavaglia B,
Chalmers RA, Taylor RW, Gabreels FJ. Rhabdomyolysis
and acute encephalopathy in late onset medium chain acyl-
CoA dehydrogenase deficiency. J] Neurol Neurosurg Psychia-
try 1995;58:209-214.

Raymond K, Bale AE, Barnes CA, Rinaldo P. Medium-chain
acyl-CoA dehydrogenase deficiency: sudden and unexpected
death of a 45 year old woman. Genet Med 1999;1:293-294.
Feillet F, Steinmann G, Vianey-Saban C, de Chillou C,
Sadoul N, Lefebvre E, Vidailhet M, Bollaert PE. Adult
presentation of MCAD deficiency revealed by coma and
severe arrythmias. Intensive Care Med 2003;29:1594-1597.
Coates PM. New developments in the diagnosis and investi-
gation of mitochondrial fatty acid oxidation disorders. Eur ]
Pediatr 1994;153:49-56.

Santer R, Schmidt-Sommerfeld E, Leung YK, Fischer JE,
Lebenthal E. Medium-chain acyl CoA dehydrogenase defi-
ciency: electron microscopic differentiation from Reye syn-
drome. Eur J Pediatr 1990;150:111-114.

Onkenhout W, Venizelos V, van der Poel PFH, Van der
Heuvel MPM, Poorthuis BJHM. Identification and quantifi-
cation of intermediates of unsaturated fatty acid metabolism
in plasma of patients with fatty acid oxidation disorders. Clin
Chem 1995;41:1467-1474.

Kim CS, O’tuama LA, Mann JD, Roe CR. Effect of
increasing carbon chain length on organic acid transport by
the choroid plexus: a potential factor in Reye’s syndrome.
Brain Res 1983;259:340-343.

de Assis DR, Ribeiro CA, Rosa RB, Schuck PF, Dalcin KB,
Vargas CR, Wannmacher CM, Dutra-Filho CS, Wyse AT,
Briones P, Wajner M. Evidence that antioxidants prevent the
inhibition of Na+ ,K+ -ATPase activity induced by octanoic
acid in rat cerebral cortex in witro. Neurochem Res
2003;28:1255-1263.

Reis de Assis D, Maria RC, Borba Rosa R, Schuck PF,
Ribeiro CA, da Costa Ferreira G, Dutra-Filho CS, Terezinha
de Souza Wyse A, Duval Wannmacher CM, Santos Perry
ML, Wajner M. Inhibition of energy metabolism in cerebral
cortex of young rats by the medium-chain fatty acids
accumulating in  MCAD  deficiency. Brain Res
2004;1030:141-151.

de Assis DR, Maria RC, Ferreira GC, Schuck PF, Latini A,
Dutra-Filho CS, Wannmacher CM, Wyse AT, Wajner M.
Na+, K+ ATPase activity is markedly reduced by cis-4-
decenoic acid in synaptic plasma membranes from cerebral
cortex of rats. Exp Neurol 2006;197:143-149.

Evelson P, Travacio M, Repetto M, Escobar J, Llesuy S, Lissi
EA. Evaluation of total reactive antioxidant potential (TRAP)
of tissue homogenates and their cytosols. Arch Biochem
Biophys 2001;388:261-266.

Poderoso JJ, Carreras MC, Lisdero C, Riob6 N, Schopfer F,
Boveris A. Nitric oxide inhibits electron transfer and increases
superoxide radical production in rat heart mitochondria and
submitochondrial  particles. Arch Biochem Biophys
1996;328:85-92.

Esterbauer H, Cheeseman KH. Determination of aldehydic
lipid peroxidation products: malonaldehyde and 4-hydroxy-
nonenal. Methods Enzymol 1990;186:407—421.

Gonzalez Flecha B, Llesuy S, Boveris A. Hydroperoxide-
initiated chemiluminescence: an assay for oxidative stress in
biopsies of heart, liver, and muscle. Free Radic Biol Med
1991;10:93-100.

Reznick AZ, Packer L. Oxidative damage to proteins: spectro-
photometric method for carbonyl assay. Methods Enzymol
1994;233:357-363.

LeBel CP, Ischiropoulos H, Bondy SC. Evaluation of the
probe 2’,7'-dichlorofluorescin as an indicator of reactive

[26]

[27]

[28]

[29]

(30]
[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

(42]

[43]

[44]

[45]

[46]

[47]

Relevance for MCAD deficiency 1271
oxygen species formation and oxidative stress. Chem Res
Toxicol 1992;5:227-231.

Lissi E, Pascual C, Del Castillo MD. Luminol luminescence
induced by 2,2’-Azo-bis(2-amidinopropane) thermolysis.
Free Radic Res Commun 1992;17:299-311.

Lissi E, Salim-Hanna M, Pascual C, del Castillo MD.
Evaluation of total antioxidant potential (TRAP) and total
antioxidant reactivity from luminol-enhanced chemilumines-
cence measurements. Free Radic Biol Med 1995;18:153-158.
Browne RW, Armstrong D. Reduced glutathione and glu-
tathione disulfide. Methods Mol Biol 1998;108:347-352.
Aksenov MY, Markesbery WR. Change in thiol content and
expression of glutathione redox system gene in the hippo-
campus and cerebellum in Alzheimer’s disease. Neurosci Lett
2001;302:141-145.

Aebi H. Catalase i vitro. Methods Enzymol 1984;105:121—
126.

Bannister JV, Calabrese L. Assays for SOD. Methods Bio-
chem Anal 1987;32:279-312.

Wendel A. Glutathione peroxidase.
1981;77:325-332.

Lowry OH, Rosebrough NJ, Farr AL, Randall R]. Protein
measurement with the Folin phenol reagent. J Biol Chem
1951;193:265-275.

Touma EH, Charpentier C. Medium chain acyl-CoA dehy-
drogenase deficiency. Arch Dis Child 1992;67:142-145.
Iafolla AK, Thompson RJ Jr, Roe CR. Medium-chain acyl-
coenzyme A dehydrogenase deficiency: clinical course in 120
affected children. J Pediatr 1994;124:409-415.

Wilcken B, Hammond ], Silink M. Morbidity and mortality in
medium chain acyl coenzyme A dehydrogenase deficiency.
Arch Dis Child 1994;70:410-412.

Pollitt R]J, Leonard JV. Prospective surveillance study of
medium chain acyl-CoA dehydrogenase deficiency in the
UK. Arch Dis Child 1998;79:116-119.

Perper JA, Ahdab-Barmada M. Fatty liver, encephalopathy,
and sudden unexpected death in early childhood due to
medium-chain acyl-coenzyme A dehydrogenase deficiency.
Am ] Forensic Med Pathol 1992;13:329-334.

Smith ET Jr, Davis GJ. Medium-chain acylcoenzyme-A
dehydrogenase deficiency. Not just another Reye syndrome.
Am ] Forensic Med Pathol 1993;14:313-318.

Mayatepek E, Koch HG, Hoffmann GF. Hyperuricaemia and
medium-chain acyl-CoA dehydrogenase deficiency. J Inherit
Metab Dis 1997;20:842-843.

Perez-Severiano F, Rios C, Segovia ]. Striatal oxidative
damage parallels the expression of a neurological phenotype
in mice transgenic for the mutation of Huntington’s disease.
Brain Res 2000;862:234-237.

Bogdanov MB, Andreassen OA, Dedeoglu A, Ferrante RJ,
Beal MF. Increased oxidative damage to DNA in a transgenic
mouse of Huntington’s disease. ] Neurochem 2001;79:1246—
1249.

Behl C, Moosmann B. Oxidative nerve cell death in Alzhei-
mer’s disease and stroke: antioxidants as neuroprotective
compounds. Biol Chem 2002;383:521-536.

Stoy N, Mackay GM, Forrest CM, Christofides J, Egerton M,
Stone TW, Darlington LG. Tryptophan metabolism and
oxidative stress in patients with Huntington’s disease. ]
Neurochem 2005;93:611-623.

Berg D, Youdim MB. Role of iron in neurodegenerative
disorders. Top Magn Reson Imaging 2006;17:5-17.
Mancuso M, Coppede F, Migliore L, Siciliano G, Murri L.
Mitochondrial dysfunction, oxidative stress and neurodegen-
eration. J Alzheimer Dis 2006;10:59-73.

Latini A, Scussiato K, Rosa RB, Leipnitz G, Llesuy S, Bello-
Klein A, Dutra-Filho CS, Wajner M. Induction of oxidative
stress by L-2-hydroxyglutaric acid in rat brain. J Neurosci Res
2003;74:103-110.

Methods Enzymol

RIGHTS

Ay



Free Radic Res Downloaded from informahealthcare.com by Newcastle University on 12/03/11
For personal use only

1272 PR E Schuck et al.

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]
[56]
[57]

(58]

Latini A, Scussiato K, Rosa RB, Llesuy S, Bello-Klein A,
Dutra-Filho CS, Wajner M. D-2-hydroxyglutaric acid induces
oxidative stress in cerebral cortex of young rats. Eur J
Neurosci 2003;17:2017-2022.

Latini A, Scussiato K, Leipnitz G, Dutra-Filho CS, Wajner
M. Promotion of oxidative stress by 3-hydroxyglutaric acid in
rat striatum. J Inherit Metab Dis 2005;28:57-67.

de Oliveira Marques F, Hagen ME, Pederzolli CD, Sgaravatti
AM, Durigon K, Testa CG, Wannmacher CM, de Souza
Wyse AT, Wajner M, Dutra-Filho CS. Glutaric acid induces
oxidative stress in brain of young rats. Brain Res
2003;964:153-158.

Barschak AG, Sitta A, Deon M, de Oliveira Marques MH,
Haeser A, Dutra-Filho CS, Wajner M, Vargas CR. Evidence
that oxidative stress is increased in plasma from patients with
maple syrup urine disease. Metab Brain Dis 2006;21:279—
286.

Sgaravatti AM, Sgarbi MB, Testa CG, Durigon K, Pederzolli
CD, Prestes CG, Wyse AT, Wannmacher CM, Wajner M,
Dutra-Filho CS. y-Hydroxybutyric acid induces oxidative
stress in cerebral cortex of young rats. Neurochem Int
2007;50:564-570.

Halliwell B, Gutteridge JMC. Detection of free radicals and
others reactive species: trapping and fingerprinting. In:
Halliwell B, Gutteridge JMC, editors. Free radicals in biology
and medicine. 4th ed. Oxford: Oxford University Press; 1999.
p 351-425.

Schonfeld P, Wojtczak L. Fatty acids decrease mitochondrial
generation of reactive oxygen species at the reverse electron
transport but increase it at the forward transport. Biochem
Biophys Acta 2007;1767:1032-1040.

Levine RL. Carbonyl modified proteins in cellular regulation,
aging, and disease. Free Radic Biol Med 2002;32:790-796.
Reiter RJ. Oxidative damage in the central nervous system:
protection by melatonin. Prog Neurobiol 1998;56:359-384.
Keston AS, Brandt R. The fluorometric analysis of ultramicro
quantities of hydrogen peroxide. Anal Biochem 1965;11:1-5.
Reiter RJ, Carneiro RC, Oh CS. Melatonin in relation to
cellular antioxidative defense mechanisms. Horm Metab Res
1997;29:363-372.

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Reiter R, Tang L, Garcia JJ, Munoz-Hoyos A. Pharmacolo-
gical actions of melatonin in oxygen radical pathophysiology.
Life Sci 1997;60:2255-2271.

Reiter RJ, Tan DX, Manchester LC, Qi W. Biochemical
reactivity of melatonin with reactive oxygen and nitrogen
species: a review of the evidence. Cell Biochem Biophys
2001;34:237-256.

Anisimov VN, Popovich IG, Zabezhinski MA, Anisimov SV,
Vesnushkin GM, Vinogradova IA. Melatonin as antioxidant,
geroprotector and anticarcinogen. Biochim Biophys Acta
2006;1757:573-589.

Halliwell B, Gutteridge JMC. Measurement of reactive
species. In: Halliwell B, Gutteridge JMC, editors. Free
radicals in biology and medicine. Oxford: Oxford University
Press; 2007, p 268-340.

Karelson E, Bogdanovic N, Garlind A, Winblad B, Zilmer K,
Kullisaar T, Vihalemm T, Kairane C, Zilmer M. The
cerebrocortical areas in normal brain aging and in Alzheimer’s
disease: noticeable differences in the lipid peroxidation level
and in antioxidant defense. Neurochem Res 2001;26:353—
361.

Genet S, Kale RK, Baquer NZ. Alterations in antioxidant
enzymes and oxidative damage in experimental diabetic rat
tissues: effect of vanadate and fenugreek (Trigonella foenum
graecum). Mol Cell Biochem 2002;236:7—12.

Jafari M. Dose- and time-dependent effects of sulfur mustard
on antioxidant system in liver and brain of rat. Toxicology
2007;231:30-39.

Halliwell B, Gutteridge JMC. Oxygen radicals and nervous
system. Trends Neurosci 1996;8:22-26.

Méndez-Alvarez E, Soto-Otero R, Hermida-Aeijeiras A,
Lopez-Real AM, Labandeira-Garcia JL. Effects of aluminium
and zinc on the oxidative stress caused by 6-hydroxydopamine
autoxidation: relevance for the pathogenesis of Parkinson’s
disease. Biochim Biophys Acta 2001;1586:155-168.
Hoffmann GF, Seppel CK, Holmes B, Mitchell L, Christen
HJ, Hanefeld F, Rating D, Nyhan WL. Quantitative organic
acid analysis in cerebrospinal fluid and plasma: reference
values in a pediatric population. J Chromatogr 1993;617:
1-10.

RIGHTS

Ay



