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Abstract
Non-ketotic hyperglycinemia (NKH) is a severe neurological disorder caused by defects in glycine (GLY) catabolism and
characterized by a high cerebrospinal fluid/plasma GLY ratio. Treatment is often ineffective and limited to the control of
symptoms and detoxification of GLY. In the present work, we investigated the in vivo effects of GLY intracerebroventricular
administration on oxidative stress parameters in rat striatum, cerebral cortex, and hippocampus. In vitro effects of GLYwere also
evaluated in striatum. The effects of bezafibrate (BEZ), a potential neuroprotective agent, on the possible alterations caused by
GLY administration were further evaluated. Our in vivo results showed that GLY increased the activities of the antioxidant
enzymes superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione reductase (GR), and glucose-6-phosphate
dehydrogenase (G6PDH) in striatum. Furthermore, GLY decreased the concentrations of total glutathione and reduced glutathi-
one (GSH), as well as GSH/oxidized glutathione ratio in vivo in hippocampus. In vitro data also showed that GLY induced lipid
peroxidation and decreased GSH in striatum. Regarding the effects of BEZ, we found that GLY-induced increase of GPx, SOD,
and GR activities was attenuated or prevented by this compound. However, BEZ did not alter GLY-induced decrease of GSH in
hippocampus. We hypothesize that GLY-induced increase of the activities of antioxidant enzymes in striatum occurs as a
mechanism to avoid accumulation of reactive oxygen species and consequent oxidative damage. Furthermore, since BEZ
prevented GLY-induced alterations, it might be considered as an adjuvant therapy for NKH.
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Introduction

Non-ketotic hyperglycinemia (NKH) is an inborn error of gly-
cine (GLY) catabolism caused by a defect in the GLY cleavage

system (GCS), a mitochondrial multienzymatic complex pres-
ent in the brain, liver, kidney, and placenta [1].Mutations in two
GCS-encoding genes have been associated with NKH: the
AMT and the GLDC genes, the latter accounting for over 80%
of the genetic defects observed in patients [2]. The worldwide
incidence of NKH is unknown, but it is estimated to be
1:55,000 in Finland, and 1:63,000 newborns in British
Columbia, Canada [3, 4]. Symptoms usually start early in life
and are predominantly neurological, including delayed devel-
opment, hypotonia, and seizures, which may lead to premature
death. Hiccups and apnea are also commonly observed [3, 4].
Brain MRI scans show hypoplasia of the corpus callosum, de-
creased myelination, and enlargement of the ventricles, among
other morphological abnormalities [5]. The main biochemical
characteristic of NKH is GLY accumulation in cerebrospinal
fluid (CSF) and plasma, as well as in other tissues, reaching
concentrations as high as 7.3 mM in the brain [1, 6]. Diagnosis
is based on the CSF/plasma GLY ratio, since elevation of GLY
levels in urine or plasmamay occur in several organic acidurias.
In this context, a ratio above 0.08 is indicative of NKH, but any
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value above 0.04 deserves enzymatic andmutational analysis in
order to confirm the diagnosis [4].

Treatment of NKH focuses on two main strategies: GLY
level reduction and seizure control [1]. Reports suggest that
the most efficient treatment consists of combining a GLY
scavenger, usually sodium benzoate, and N-methyl-D-aspar-
tate (NMDA) receptor antagonists, such as ketamine or dex-
tromethorphan [3, 7]. Seizures may persist, especially when
treatment cannot be initiated in the neonatal period. In these
cases, an adjuvant therapy with antiepileptic drugs or a keto-
genic diet is necessary [1, 8]. However, given that a correla-
tion between GLY concentrations and disease severity has not
yet been established, and most patients do not respond satis-
factorily to anticonvulsant therapy, few options remain.
Therefore, it is interesting to investigate alternatives to the
traditional therapeutic strategies.

Bezafibrate (BEZ) is a drug from the group of fibrates
that are widely used to treat dyslipidemia [9]. BEZ is a pan-
agonist of peroxisome proliferator-activated receptors
(PPAR), whose activation sets in motion signaling path-
ways and transcription factors responsible for the expres-
sion of genes involved in lipid homeostasis, energy metab-
olism, antioxidant defenses, and mitochondrial biogenesis
[10]. Besides its use for dyslipidemias, BEZ has recently
been considered for the treatment of common neurological
disorders, such as Huntington’s and Parkinson’s diseases
[11]. In this context, studies with animal models for these
disorders indicate that the upregulation of antioxidant
genes is a beneficial effect induced by BEZ [12].

Although respiratory dysfunction and seizures observed in
patients with NKH have been attributed to GLY, and its role as
both inhibitory and excitatory neurotransmitter in the
brainstem and the cerebral cortex, respectively, are well
known, the exact mechanisms responsible for brain abnormal-
ities in this disorder are still unclear [4]. GLY is a co-agonist of
NMDA receptor so that it is suggested that elevated levels of
this amino acid induce excitotoxicity [13]. Furthermore,
in vitro and ex vivo studies have shown that GLY induces
oxidative damage, mitochondrial dysfunction, and glial reac-
tivity in rat cerebral cortex and striatum [14–17]. It was also
demonstrated that mice with deficient GCS are predisposed to
neural tube defects, growth retardation, and abnormal brain
morphology [18].

Since GLY has been shown to induce neurotoxicity in dif-
ferent animal models, we decided to investigate the effects of
an intracerebroventricular administration of GLYon oxidative
stress parameters in brain structures of rats, specifically stria-
tum, hippocampus, and cerebral cortex. The in vitro effects of
GLY were also evaluated in rat striatum. Moreover, consider-
ing that BEZ is an emerging drug in the treatment of neuro-
logical disorders, we evaluated the potential benefits of a BEZ
pre-treatment on the possible deleterious in vivo effects
caused by GLY.

Material and Methods

Animals

Twenty-three- or thirty-day-old Wistar rats, obtained from the
Central Animal House of the Department of Biochemistry,
ICBS, Universidade Federal do Rio Grande do Sul, Porto
Alegre, RS, Brazil, were used. The animals were maintained
on a 12:12-h light/dark cycle (lights on 07:00–19:00 h) in air-
conditioned constant temperature (22 ± 1 °C) colony room,
with free access to water and 20% (w/w) protein commercial
chow (SUPRA, Porto Alegre, RS, Brazil). The National
Animal Rights Regulation (Law 11.794/2008) and the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH publication 85-23, revised 1996)
were followed, and all efforts were directed towards mini-
mizing the number of animals used, as well as their stress
and suffering.

Bezafibrate Pre-treatment

Rats were divided into three groups: vehicle + NaCl (control),
vehicle + GLY and BEZ + GLY. The latter group received
BEZ (prepared in corn oil) by gavage at a dose of 30 mg/kg/
day for 7 days [19, 20] while the other groups received corn oil
(vehicle). The treatment occurred once a day at the same time
(11:00 am–1:00 pm) and was performed by trained personnel.
Experiments performed in our laboratory showed that BEZ
per se, at the dose of 30 mg/kg/day, does not alter the bio-
chemical parameters evaluated in the present study [19].

Glycine Administration

After BEZ treatment, the animals were anesthetized with
isoflurane (4%). Anesthesia was induced by placing the ani-
mals in a simple lidded jar and exposing them to a cotton ball
embedded with isoflurane. After confirming that the rats were
anesthetized, they were placed on a stereotaxic apparatus, two
small holes were drilled in the skull and 5 μmol of either
NaCl or GLY (2 μL of a 2.5 M solution, pH 7.4) were
injected bilaterally into the ventricles (0.6 mm posterior to
the bregma, 1.1 mm lateral to the midline, and 3.2 mm ventral
from dura [21]. The solutions were injected over 2 min (1 μL/
min) via a needle connected by a polyethylene tube to a
10-μL Hamilton syringe, and the needle was left in place
for another minute before being carefully removed. The ex-
perimental protocol was based on a previous work [14] and
approved by the Ethics Committee for Animal Research of
the Universidade Federal do Rio Grande do Sul, Porto
Alegre, Brazil, and followed the NIH Guide for the Care
and Use of Laboratory Animals (NIH publication 85-23, re-
vised 1985). All efforts were made to minimize the number of
animals used and their suffering.
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Thirty minutes after GLY injection, the animals were eutha-
nized by decapitation and had their hippocampi, striata, and
cerebral cortices dissected on an ice-cold Petri dish. In some
experiments, the animals were euthanized 15 min after GLY
injection and hippocampi were dissected. The brain structures
were then homogenized (1:10, w/v) in a 20 mM sodium phos-
phate buffer containing 140 mM KCl, pH 7.4, and centrifuged
at 750g for 10 min. The supernatant was collected and used for
measurement of oxidative stress parameters.

Striatum Preparation and Incubation

In vitro experiments were performed in striatum supernatants.
On the day of the experiments, the rats were euthanized by
decapitation without anesthesia and the brain was rapidly ex-
cised on a Petri dish placed on ice and the blood and external
vessels were carefully removed. The striatum was dissected,
weighed and separately homogenized in 12 volumes (1:12, w/
v) of 20 mM sodium phosphate buffer, pH 7.4, containing
140 mM KCl. The homogenates of the brain structure were
centrifuged at 750g for 10 min at 4 °C to discard nuclei and
cell debris [22]. The pellet was discarded and cortical super-
natants, corresponding to a suspension of mixed and pre-
served organelles, including mitochondria, were separated
and incubated at 37 °C for 20 min with 10 mM GLY.
Controls did not contain the amino acid in the incubation
medium. Immediately after incubation, aliquots were taken
to measure biochemical parameters.

Superoxide Dismutase Activity

Superoxide dismutase (SOD) activity was determined based on
the autooxidation of pyrogallol mediated by superoxide anion
[23]. The reaction occurred at 25 °C in a medium containing
50 mM Tris buffer with 1 mM EDTA, pH 8.2, 80 U/mL cata-
lase, 0.4 mMpyrogallol, and approximately 45μg of protein. A
calibration curve with commercial SOD was performed. The
oxidation of pyrogallol leads to the generation of a yellow
product that is measured at 420 nm on a spectrophotometer.
Results were expressed as units per milligram protein.

Glutathione Peroxidase Activity

Glutathione peroxidase (GPx) activity was determined by
measuring NADPH consumption at 25 °C using tert-butyl
hydroperoxide as substrate [24]. The reaction medium
contained 100 mM phosphate buffer/1 mM EDTA, pH 7.7,
2 mM GSH, 0.1 U/mL glutathione reductase, 0.4 mM azide,
0.5 mM tert-butyl hydroperoxide, 0.1 mM NADPH, and ap-
proximately 75μg of protein. Absorbance was monitored on a
spectrophotometer at 340 nm. Results were expressed as units
per milligram protein.

Glutathione Reductase Activity

Glutathione reductase (GR) activity was measured at 25 °C in
a medium containing oxidized glutathione (GSSG,1 mM) and
NADPH (0.1 mM) as substrates, as well as 200 mM sodium
phosphate/6.3 mM EDTA buffer, pH 7.5, and approximately
0.1 mg of protein [25]. NADPH consumption was monitored
on a spectrophotometer at 340 nm. Results were expressed as
units per milligram protein.

Glutathione S-transferase Activity

Glutathione S-transferase (GST) activity was determined by
monitoring the rate of formation of dinitrophenyl-S-
glutathione [26]. The reaction medium consisted of 50 mM
potassium phosphate, pH 6.5, 1 mM GSH, 1 mM 1-chloro-
2,4-dinitrobenzene (CDNB) as substrate, and tissue superna-
tants (approximately 60 μg of protein). The assay was per-
formed at 25 °C and the absorbance determined on a spectro-
photometer at 340 nm. Results were expressed as units per
milligram protein.

Glucose-6-phosphate Dehydrogenase Activity

Glucose-6-phosphate dehydrogenase (G6PDH) activity was
assayed at 25 °C in a medium containing 100 mM Tris-HCl
buffer, pH 7.5, 10 mMMgCl2, 0.5 mM NADP+, and approx-
imately 45 μg of protein [27]. The formation of NADPH was
monitored on a spectrophotometer at 340 nm and results were
expressed as units per milligram of protein.

Catalase Activity

CAT activity was assayed according to Aebi [28], follow-
ing the decrease of absorbance at 25 °C at 240 nm due to
H2O2 decomposition. The reaction medium contained tis-
sue supernatants (approximately 3 μg of protein), 10 mM
potassium phosphate buffer, pH 7.0, 0.1% Triton X-100,
and 20 mM H2O2.

Malondialdehyde Levels

Malondialdehyde (MDA) levels were determined as previously
described by Esterbauer, Cheeseman [29], with slight modifi-
cations. One hundred microliters of tissue supernatant (0.3 mg
of protein), 200 μL of 10% trichloroacetic acid, and 300 μL of
0.67% thiobarbituric acid were mixed and incubated for 2 h in a
boiling bath. After the incubation, the tubes were left for 5 min
at room temperature to cool down. Two hundred microliters
were then transferred to a 96-well plate. The resulting pink
product was measured at 532 nm. A calibration curve was
performed using 1,1,3,3-tetramethoxypropane. MDA values
were expressed as nanomoles per milligram of protein.
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Total, Reduced, and Oxidized Glutathione
Concentrations

Non-enzymatic antioxidant defenses were evaluated by mea-
suring total (GS), reduced (GSH), and oxidized (GSSG) glu-
tathione concentrations. GSH concentrations were determined
according to the assay described by Browne and Armstrong
[30]. One hundred fifty microliters of samples (0.3 mg of
protein) were initially treated with 5% metaphosphoric acid
(1:1, v/v) and centrifuged at 7000g for 10 min. The resulting
supernatant was transferred to a 96-well plate (30 μL/well)
and incubated with 185 μL of 100 mM sodium phosphate
containing 5 mM EDTA buffer, pH 8.0, and 15 μL of o-
phthaldialdehyde (1 mg / mL) for 15 min at room temperature
in the dark. After the incubation, the fluorescence was mea-
sured at 350 and 420 nm as excitation and emission wave-
lengths, respectively. GSH concentrations were calculated
using a calibration curve prepared with a commercial GSH
solution and results were expressed as nanomoles per milli-
gram of protein.

tGS and GSSG concentrations were determined by follow-
ing the enzymatic recycling method described by Teare et al.
[31]. Briefly, the tissue was homogenized in four volumes (w/
v) of a mixture (1:1 ratio) of 5.5% sulfosalicylic acid and
0.11% Triton X-100. After a 5-min incubation at 4 °C, the
samples were centrifuged at 10,000g for 10 min at 4 °C, and
the supernatant was collected for analysis of glutathione
levels. For GSSG measurement, 30 μL of this supernatant
was added to 91.6 μL of a GSH masking reagent (74 mM
sodium carbonate and 1.3% 2-vinylpyridine in the reaction
medium) and incubated for 1 h at room temperature. For the
measurement of tGS, 10 μL of the same supernatant was
diluted in 190 μL of 100 mM sodium phosphate 6 mM
EDTA buffer, pH 7.4, and kept on ice until the GSSG samples
were ready. The samples prepared for tGS and GSSG quanti-
fication were subjected to enzymatic recycling analysis by
adding 210 μL of 300 μM NADPH, 30 μL of 6 mM DTNB
and 30μL of 450 U/mLGR. The linear increase in absorbance
was monitored at 412 nm using a microplate reader
(Spectramax M5, Molecular Devices, CA, US). A standard
curve was built with known amounts of GSSG (1–100 μM).
Results are expressed as picomoles per milligram of tissue.

Glutamate-Cysteine Ligase Activity

Glutamate-cysteine ligase (GCL) activity was measured based
on the reaction of naphthalene-2,3dicarboxialdehyde with the
γ-glutamylcysteine. The assay contained 40mMATP, 20mM
glutamic acid, 2 mM cysteine, and hippocampus supernatants
with approximately 0.1-mg protein. The product formed was
measured at 472-nm excitation and 528-nm emission in spec-
trofluorometer according toWhite et al. [32]. One unit of GCL

is defined as micromoles of GSH formed per minute and spe-
cific activity is represented as units per milligram protein.

2′,7′-Dichlorofluorescin Oxidation

2′,7′-Dichlorofluorescin (DCFH) oxidation was determined
according to the method of LeBel et al. [33], with slight mod-
ifications, to examine reactive oxygen species generation.
Twenty microliters of tissue supernatants, 30 μL of 20 mM
sodium phosphate buffer, pH 7.4, containing 140 mM KCl,
and 200 μL of DCF-DA (10 mM, prepared in 1.25% metha-
nol) were pipetted on a 96-well plate and incubated for 15 min
at 37 °C in the dark. DCF-DA is permeable to the cell mem-
brane and is deacetylated by esterases to DCFH in the intra-
cellular medium. This non-fluorescent product is converted by
reactive species into the highly fluorescent product
dichlorofluorescein (DCF). After incubation, the resulting
fluorescence was read on a fluorescence microplate reader at
excitation and emission wavelengths of 480 and 535 nm, re-
spectively. Results were calculated based on a standard curve
carried out with a DCF solution, and results were expressed as
micromoles per milligram of protein.

Sulfhydryl Group Content

Total sulfhydryl group content was performed by adding
50 μL of tissue supernatants to 980 μL of PBS and 30 μL
of 10 mM 5,5-dithio-bis (2-nitrobenzoic acid) (DTNB), as
previously described by Aksenov and Markesbery [34].
DTNB is reduced by sulfhydryl groups generating a yellow
product (TNB), which is measured at 412 nm on spectropho-
tometer. Results were calculated based on TNB formation and
expressed as nanomoles per milligram of protein.

Protein Carbonyl Formation

Estimation of protein carbonyl formation was performed ac-
cording to Reznick and Packer [35], slightlymodified. Sample
supernatants (0.6 mg of protein) were incubated with 10 mM
2,4-dinitrophenylhidrazine (DNPH; prepared in 2.5 N HCl)
(1:2, v/v) for 1 h in the dark. Proteins were then precipitated
with 20% trichloroacetic acid (1:1, v/v) on ice for 10 min and,
after centrifugation at 10,000g for 5 min, the resulting pellet
was washedwith 500μL of ethyl acetate:ethanol mixture (1:1,
v/v). After washing, the pellet was suspended in 550 μL of
6 M guanidine. Carbonyl content was determined by the dif-
ference between absorbances of DNPH-treated and blank
samples measured at 365 nm. The results were calculated
using the extinction coefficient of 22,000 × 106 nmol/mL for
aliphatic hydrazones and expressed as nanomoles per milli-
gram of protein.
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Protein Determination

Protein levels were measured by the method of Lowry et al.
[36] using bovine serum albumin as standard.

Statistical Analysis

Experiments were performed in triplicates and results were
presented as mean ± standard deviation. Data were analyzed
using Student’s t test for unpaired samples or one-way analy-
sis of variance (ANOVA) followed by Duncan multiple range
test when the F value was significant. Both tests were run in a
compatible PC computer using the Statistical Package for the
Social Sciences (SPSS) software. Differences between groups
were considered significant at P < 0.05.

Results

We initially tested the effects of an intracerebroventricular
administration of GLY (5 μmol) on the activities of important
antioxidant enzymes, namely SOD, CAT, GPx, GR, GST, and
G6PDH, in striatum, cerebral cortex, and hippocampus super-
natants 30 min after administration. Figure 1 shows that GLY
increased the activities of SOD [F(2,9) = 4.311; P < 0.05], GPx
[F(2,6) = 30.558; P < 0.001], GR [F(2,10) = 11.762; P < 0.01],
and G6PDH [F(2,10) = 4.661; P < 0.05], without altering GST
[t(8) = − 0.721] and CAT [t(9) = 0.196] activities in rat striatum.
No significant changes were observed on any of these enzyme
activities in cerebral cortex [SOD: t(8) = − 0.72, GPx: t(8) = −
0.721, GR: t(7) = − 1.043, G6PDH: t(5) = − 1.228, GST: t(7) =
0.532, CAT: t(6) = 1.253] and hippocampus [SOD: t(7) = 0.64,
GPx: t(7) = 1.781, GR: t(7) = −2.064, G6PDH: t(7) = 1.18, GST:
t(6) = 0.211, CAT: t(8) = 2.744] (Fig. 1).

The effects of BEZ on GLY-induced alterations on the
activities of antioxidant enzymes in striatum were also eval-
uated. Our results demonstrate that BEZ fully prevented the

increase of SOD [F(2,9) = 4.311; P < 0.05] and GR [F(2,10) =
11.762; P < 0.01] activities, and attenuated the increase of
GPx activity [F(2,6) = 30.558; P < 0.001] caused by GLY ad-
ministration. On the other hand, BEZ had no effect on GLY-
induced increase of G6PDH activity [F(2,10) = 4.661;
P < 0.05] (Fig. 1).

Regarding parameters of oxidative damage, we determined
the influence of GLY on MDA levels, GSH concentrations,
GCL activity, DCFH oxidation, sulfhydryl content, and car-
bonyl formation. GLY significantly decreased GSH concen-
trations 30 or 15 min after its injection [30 min: F(2,9) = 7.682;
P < 0.05; 15 min: t(6) = 2.97; P < 0.05] in hippocampus,
whereas tGS [t(6) = 0.198; P < 0.05] concentrations and
GSH/GSSG ratio [t(6) = 0.403; P < 0.05] were also decreased
in this structure 15 min after injection (supplementary figure).
In contrast, the other parameters were not altered in hippocam-
pus [GCL activity: t(6) = − 0.979] (supplementary figure),
[MDA levels: t(6) = − 0.892, DCFH oxidation: t(7) = 0.25, sulf-
hydryl content: t(9) = − 0.914, carbonyl formation: t(7) = −
0.31] (Fig. 4). No changes on these parameters were also
observed in striatum [MDA levels: t(7) = 1.769, GSH levels:
t(9) = 1.278, DCFH oxidation: t(7) = − 0.3, sulfhydryl content:
t(9) = − 0.3, carbonyl formation: t(9) = − 1.813] (Fig. 2) and
cerebral cortex [MDA levels: t(6) = − 0.12, GSH levels: t(7)
= − 0.741, DCFH oxidation: t(7) = 0.195, sulfhydryl content:
t(6) = − 0.578, carbonyl formation: t(7) = − 1.189] (Fig. 3). We
further verified that BEZ was not able to prevent the decrease
of GSH induced by GLY in hippocampus 30 min after GLY
administration [F(2,9) = 7.682; P < 0.05] (Fig. 4).

In the next set of experiments, we evaluated the in vitro
effects of GLYon parameters of oxidative stress in striatum of
rats in order to investigate whether this amino acid could exert
neurotoxic effects at a shorter period of time (20-min incuba-
tion). We verified that GLY significantly increased MDA
levels in striatum [t(5) = 1.053], indicating lipid peroxidation,
and decreased GSH levels [t(5) = 0.034] (Fig. 5). Overall, these
data suggest that GLY induces oxidative stress in rat striatum.

Fig. 1 Effect of intracerebroventricular administration of glycine (GLY,
5 μmol) on the activity of superoxide dismutase (SOD), glutathione
peroxidase (GPx), glutathione reductase (GR), glucose-6-phosphate
dehydrogenase (G6PDH), and glutathione S-transferase (GST) in rat
striatum (a), hippocampus (b), and cerebral cortex (c). A group of
animals received bezafibrate (BEZ, 30 mg/kg/day) by gavage for 7 days

before GLY administration. Results are presented as mean ± standard
deviation for three to five independent experiments (animals). Statistical
analysis was performed using Student’s t test for unpaired samples or
ANOVA followed by Duncan test . *P < 0.05, **P < 0.01,
***P < 0.001, compared to controls; #P < 0.05, ##P < 0.01, ###P < 0.001,
compared to GLY
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Discussion

NKH is a severe neurological condition characterized by per-
sistent seizures and brain abnormalities along with elevated

GLY levels in CSF and plasma of patients [1, 2]. Considering
that a growing body of evidence has suggested that GLY ac-
cumulation is involved in the onset of symptoms of NKH and
that the exact pathomechanisms of this disorder are not fully

Fig. 2 Effect of intracerebroventricular administration of glycine (GLY,
5 μmol) on malondialdehyde (MDA) levels (a), reduced glutathione
(GSH) concentrations (b), 2′,7′-dichlorofluorescin (DCFH) oxidation
(c), sulfhydryl group content (d), and carbonyl formation (e) in rat

striatum. Results are presented as mean ± standard deviation for three to
five independent experiments (animals). Statistical analysis was
performed using Student’s t test for unpaired samples. No significant
differences were found between groups

Fig. 3 Effect of intracerebroventricular administration of glycine (GLY,
5 μmol) on malondialdehyde (MDA) levels (a), reduced glutathione
(GSH) concentrations (b), 2′,7′-dichlorofluorescin (DCFH) oxidation
(c), sulfhydryl group content (d), and carbonyl formation (e) in rat

cerebral cortex. Results are presented as mean ± standard deviation for
three to five independent experiments (animals). Statistical analysis was
performed using Student’s t test for unpaired samples. No significant
differences were found between groups
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established, we investigated the effects of an intracerebroven-
tricular administration of GLY on parameters of oxidative
stress in rat striatum, hippocampus, and cerebral cortex.

We show here that GLY (5 μmol) administration increased
the activity of SOD, GPx, GR, and G6PDH in striatum 30min
after injection, corroborating a previous study showing that
the intrastriatal injection of this amino acid (4 μmol) also
increases the activity of SOD, GPx, and GR in the same brain
region [16]. In this regard, it is well established that the

concerted action of these enzymes plays an important role in
the antioxidant system once they neutralize superoxide anion
and peroxides, and maintains GSH pool at normal levels [37].
So, it may be suggested that the enhancement of the activity of
these enzymes occurs to cope with GLY-induced generation of
reactive oxygen species (ROS).

On the other hand, we did not observe alterations on pa-
rameters of lipoperoxidation (MDA levels), protein oxidative
damage (carbonyl formation and sulfhydryl content) and ROS

Fig. 4 Effect of intracerebroventricular administration of glycine (GLY,
5 μmol) on malondialdehyde (MDA) levels (a), reduced glutathione
(GSH) concentrations (b), 2′,7′-dichlorofluorescin (DCFH) oxidation
(c), sulfhydryl group content (d), and carbonyl formation (e) in rat hip-
pocampus. Some animals received bezafibrate (BEZ, 30 mg/kg/day) by

gavage for 7 days before GLY administration. Results are presented as
mean ± standard deviation for three to five independent experiments
(animals). Statistical analysis was performed using Student’s t test for
unpaired samples or ANOVA followed by Duncan test. *P < 0.05, com-
pared to controls

Fig. 5 In vitro effect of glycine (GLY, 10 mM) on malondialdehyde
(MDA) levels (a) and reduced glutathione (GSH) concentrations (b) in
rat striatum. Striatum supernatants were exposed to GLY during 20 min
before measuring the parameters. Results are presented as mean ±

standard deviation for three to five independent experiments (animals).
Statistical analysis was performed using Student’s t test. **P < 0.01,
***P < 0.001, compared to controls
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production (DCFH oxidation) evaluated in striatum 30 min
after GLY administration. Although these findings seem con-
tradictory with the fact that GLY modulated antioxidant en-
zyme activities, it is possible that the upregulation of these
enzymes was induced to remove the exceeding ROS so that
oxidative damage did not occur. This hypothesis implies that
GLY could provoke oxidative stress at shorter periods leading
to the activation of mechanisms involved in the upregulation
of antioxidant enzymes. We indeed found that GLY induced
lipid peroxidation and decreased GSH levels in vitro after a
20-min exposition of striatal supernatants to this amino acid.

It should be also considered that our present findings dem-
onstrating that GLY intracerebroventricular administration did
not induce oxidative damage in vivo in striatum is in disagree-
ment with previous data showing that intrastriatal administra-
tion of GLY caused lipid and protein oxidative damage in this
brain structure [16]. These apparently controversial findings
may be explained by the different doses of GLY and via of
administration used in each study. While in our present work
we administered 5 μmol into the brain ventricule, Seminotti
et al. [16] injected 4 μmol into the striatum of rats. Although a
lower GLY dose was used in the previous study [16], GLY
was administered directly into the striatum so that it may be
speculated that the neurotoxicity of GLY in this approach was
more pronounced. In addition, it should be noted that we eval-
uated the parameters 30 min after the administration of GLY,
whereas Seminotti et al. [16] observed GLY-induced oxidative
damage 2 h after the administration.

GLY did not induce significant alterations in cerebral cor-
tex and hippocampus, except for alterations in GSH metabo-
lism in hippocampus. We found a decrease of tGS and GSH
concentrations, and of GSH/GSSG ratio. Although the activ-
ity of GCL, the first rate-limiting enzyme of GSH synthesis,
was not altered by GLY, it is conceivable that other enzymes
of GSH synthesis pathway or the cysteine transporter xCT are
impaired. In this regard, other studies previously observed
disturbances in GSH synthesis in different pathological con-
ditions caused by low cysteine availability due to decreased
xCT activity [38]. On the other hand, it is also difficult to
explain why GLY exerted differential effects in striatum and
hippocampus, but it is tempting to speculate that the variable
NMDA receptor subunit composition in these brain structures
might play an important role in these effects, since the differ-
ential expression of these subunits may confer distinct reac-
tivity of this receptor to GLY [39]. In this particular, previous
data evidenced differential in vivo effects for GLYon different
energy metabolism enzymes in cerebral cortex and striatum of
young rats [14].

The approaches for NKH treatment are limited and ineffec-
tive so that there is a critical need for the discovery of new
adjuvant therapies to improve the patients’ condition. Since
BEZ has been evaluated as a prospective drug in the treatment
of neurological disorders [12], we performed a pre-treatment

with BEZ attempting to prevent the effects of GLY in striatum
and hippocampus. Our results show that BEZ attenuated GLY-
induced increase of GPx activity, while the increase of the
activities of SOD and GR induced by GLY was fully
prevented in striatum, being restored to control values. In con-
trast, BEZ did not modify G6PDH activity augment in stria-
tum andGSH decrease in hippocampus caused byGLY. These
data showing that GLY-induced increase of antioxidant en-
zyme activities was prevented or attenuated by BEZ are ap-
parently controversial since BEZ is known to induce expres-
sion of antioxidant enzymes [40]. Nevertheless, it may be
speculated that in our experimental conditions, BEZ exerts
its beneficial effects by inducing mitochondrial biogenesis
and overexpression of respiratory complex subunits [41].
Therefore, we hypothesize that BEZ is able to prevent an
initial ROS build-up induced by GLY, thus avoiding the need
for a compensatory increase of antioxidant enzyme activities.

Our study suggests for the first time that striatal antioxidant
enzymatic system is more vulnerable than hippocampal and
cortical system to the toxic effects exerted by GLY intra-
cerebroventricular administration. Furthermore, the present
data showing that oxidative damage parameters were mildly
altered by GLYallied to previous findings demonstrating that
GLY markedly impairs citric acid cycle and mitochondrial
respiratory chain in cerebral cortex and striatum of young rats
[14] suggest that GLY-elicited deleterious effects are mainly
mediated by bioenergetics disruption. On the other hand, BEZ
was able to prevent most alterations elicited by GLY in stria-
tum possibly by induction of mitochondrial biogenesis and
overexpression of respiratory complex subunits [42], suggest-
ing that BEZ may be considered for further evaluation as
adjuvant therapy for NKH.
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