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Abstract
Tissue accumulation of L-2-hydroxyglutaric acid (L-2-HG) is the biochemical hallmark of L-2-hydroxyglutaric aciduria (L-2-
HGA), a rare neurometabolic inherited disease characterized by neurological symptoms and brain white matter abnormalities
whose pathogenesis is not yet well established. L-2-HG was intracerebrally administered to rat pups at postnatal day 1 (P1) to
induce a rise of L-2-HG levels in the central nervous system (CNS). Thereafter, we investigated whether L-2-HG in vivo
administration could disturb redox homeostasis and induce brain histopathological alterations in the cerebral cortex and striatum
of neonatal rats. L-2-HG markedly induced the generation of reactive oxygen species (increase of 2′,7′-dichloroflurescein-
DCFH-oxidation), lipid peroxidation (increase of malondialdehyde concentrations), and protein oxidation (increase of carbonyl
formation and decrease of sulfhydryl content), besides decreasing the antioxidant defenses (reduced glutathione-GSH) and
sulfhydryl content in the cerebral cortex. Alterations of the activities of various antioxidant enzymes were also observed in the
cerebral cortex and striatum following L-2-HG administration. Furthermore, L-2-HG-induced lipid peroxidation and GSH
decrease in the cerebral cortex were prevented by the antioxidant melatonin and by the classical antagonist of NMDA glutamate
receptor MK-801, suggesting the involvement of reactive species and of overstimulation of NMDA receptor in these effects.
Finally, L-2-HG provoked significant vacuolation and edema particularly in the cerebral cortex with less intense alterations in the
striatum that were possibly associated with the unbalanced redox homeostasis caused by this metabolite. Taken together, it is
presumed that these pathomechanisms may underlie the neurological symptoms and brain abnormalities observed in the affected
patients.
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Introduction

L-2-Hydroxyglutaric aciduria (L-2-HGA; MIM#236792) is a
rare autosomal recessive inborn error of metabolism caused by
mutations in the L-2-hydroxyglutarate dehydrogenase gene
(L2HGDH), resulting in highly elevated levels of L-2-
hydroxyglutaric acid (L-2-HG) in tissues and biological fluids
(urine, plasma, and cerebrospinal fluid). The L2HGDH gene
is expressed in multiple tissues, with the strongest expression
in the brain (Topcu et al. 2004). To date, there are over 300
documented cases of this disease in the medical literature
(Balaji et al. 2014; Barbot et al. 1997; Barth et al. 1993;
Steenweg et al. 2010; Steenweg et al. 2009; Topcu et al.
2005). The main neurological manifestations include
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progressive mental retardation, variable motor impairment, and
cerebellar ataxia. Most patients also present macrocephaly, py-
ramidal and extrapyramidal signs, dystonia, and a typical MRI
profile with striking subcortical leucoencephalopathy and basal
ganglia abnormalities (Steenweg et al. 2009; Wajner and
Goodman 2011). Characteristic brain MRI findings in L-2-
HGA comprise alterations in the subcortical cerebral white mat-
ter, dentate nucleus, globus pallidus, putamen, and caudate nu-
cleus (Steenweg et al. 2009). As the disease progresses, alter-
ations of white matter and basal ganglia signal intensities be-
come more diffuse, followed by cerebral white matter atrophy
(Barbot et al. 1997). A strong correlation between the clinical
disability and the extent of pathologic changes onMRI has been
reported, but this is still under debate (Steenweg et al. 2009).

The mechanisms of the neurological symptoms presented by
L-2-HGA patients are still poorly understood. However, in-
creased concentrations of L-2-HG were associated with the ap-
pearance of neurological symptoms, indicating that this organic
acid may be potentially neurotoxic in this disorder (Jovic et al.
2014;Marcel et al. 2012; Patay et al. 2012; Yilmaz 2009). In this
context, it was verified that L-2-HG inhibits creatine kinase
activity in rat cerebellum homogenates (da Silva et al. 2003),
induces oxidative stress (Latini et al. 2003), and increases glu-
tamate uptake in synaptosomes and synaptic vesicles (Junqueira
et al. 2003). Furthermore, it was demonstrated that intracerebral
administration of L-2-HG to rats induces oxidative stress by
decreasing the antioxidant defenses and raising reactive oxygen
species in the striatum and cerebellum of rats, besides causing
marked brain histopathological alterations (da Rosa et al. 2015).

Considering that the brain is highly susceptible to free rad-
ical attack due to its low antioxidant defenses and high oxygen
consumption potentially leading to a proportionally high mi-
tochondrial production of reactive species (Halliwell 2015), in
the present study, we investigated the effects of intracerebral
administration of L-2-HG on a large spectrum of redox ho-
meostasis parameters in the cerebral cortex and striatum of
neonatal rats. Lipid oxidative damage (malondialdehyde
levels), protein oxidation (carbonyl formation and sulfhydryl
content), reactive oxygen species (DCFH oxidation), and the
non-enzymatic (GSH levels) and enzymatic antioxidant de-
fenses (glutathione peroxidase, glutathione reductase, gluta-
thione S-transferase, glucose-6-phosphate dehydrogenase,
catalase, and superoxide dismutase) were evaluated. We also
investigated whether L-2-HG could provoke histopathologi-
cal changes in the brain of these animals.

Material and Methods

Animals

Neonatal Wistar rats obtained from the Central Animal House
of the Department of Biochemistry, ICBS, Universidade

Federal do Rio Grande do Sul (UFRGS), Porto Alegre, RS,
Brazil, were used. Six whole litters of 12 animals each were
used for each experimental in vivo condition. The animals had
free access to water and 20% (w/w) protein commercial chow
(SUPRA, Porto Alegre, RS, Brazil) and were maintained on a
12:12-h light/dark cycle in an air-conditioned constant tem-
perature (22 ± 1 °C) colony room. The experimental protocol
was approved by the Ethics Committee for animal research of
the Universidade Federal do Rio Grande do Sul, Porto Alegre,
Brazil, and followed the BGuide for the Care and Use of
Laboratory Animals^ (NIH publication 85–23, revised
2011). All efforts were made to minimize the number of ani-
mals used and their suffering.

Reagents

All chemicals were purchased from Sigma Chemical Co., St.
Louis, MO, USA. L-2-HG was dissolved in phosphate-
buffered saline (PBS) on the day of the experiments, and the
pH was adjusted to 7.4.

L-2-HG Administration and Drug Treatment

Seventy-two neonatal pups were used in the experiments.
Each littermate was injected intracerebrally into the cisterna
magna, as previously described (Olivera-Bravo et al. 2011,
2014), between 12 and 48 h after birth (P1) with L-2-HG
(0.75 μmol/g, pH 7.4) or vehicle (phosphate-buffered saline
(PBS), 0.01M, pH 7.4). After injection, animals were allowed
to recover during 15–30 min and returned to their mother. In
some experiments, the antioxidant melatonin (MEL; 20 mg/
kg body weight) (Olivier et al. 2009) or the classical NMDA
receptor antagonist MK-801 (0.25 mg/kg body weight) (da
Rosa et al. 2015) was administered intraperitoneally 60 min
before L-2-HG administration.

Sample Preparation

Six hours after L-2-HG injection, animals were euthanized by
decapitation, and the brain was immediately removed and kept
on an ice Petri plate. The olfactory bulb, pons, and medulla
were discarded and the cerebral cortex and striatum were dis-
sected, weighed, and kept chilled until homogenization. These
structures were homogenized (1:10 w/v) in 20 mM sodium
phosphate, pH 7.4, containing 140 mM chloride potassium
(1:10 w/v), centrifuged at 750g for 10 min and the superna-
tants used for the assays. For hematoxylin and eosin and im-
munohistochemical analyses, rats were sacrificed 24 h after
injections. The whole brain was removed and postfixed in
10% formaldehyde-buffered solution, pH 7.0, for 48 h at room
temperature and processed for paraffin-embedded sectioning.
Three-micrometer-thick brain slices were obtained with a mi-
crotome (MICROM HM 360). The cortical and striatal
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sections utilized were obtained from four PBS- and L-2-HG-
injected animals. Three sections were prepared per animal and
five fields per section were analyzed (a total of 15 fields were
observed). Medians obtained from five randomly selected
fields per animal were used for the statistical calculations.
Quantification of histological data was analyzed with × 400
magnification.

Malondialdehyde Levels

MDA concentrations were measured according to the method
described by Yagi (1998) with some modifications. Briefly,
100 μL of cerebral cortex or striatum supernatants containing
0.3 mg of protein was treated with 200 μL of 10% trichloro-
acetic acid and 300 μL of 0.67% thiobarbituric acid in 7.1%
sodium sulfate and incubated for 1 h in a boiling water bath.
The tubes containing the mixture were allowed to cool on
running tap water for 5 min. The resulting pink-stained com-
plex was extracted with 400 μL of butanol. Fluorescence of
the organic phase was read at 515 and 553 nm as excitation
and emission wavelengths, respectively. A calibration curve
was performed using 1,1,3,3-tetramethoxypropane and sub-
jected to the same treatment as supernatants. MDA levels were
calculated as nanomole MDA per milligram protein.

Sulfhydryl Group Content

This assay was performed according to Aksenov and
Markesbery (2001). It is based on the reduction of 5,5′-
dithio-bis(2-nitrobenzoic acid) (DTNB) by thiol groups, gen-
erating a yellow-stained compound TNB whose absorption is
measured spectrophotometrically at 412 nm. Thirty microli-
ters of 0.1 mMDTNBwas added to 120 μL of cerebral cortex
or striatum supernatants containing 0.36 mg of protein. This
was followed by 30-min incubation at room temperature in a
dark room. Absorption was measured at 412 nm. Results were
calculated as nanomole TNB per milligram protein.

Protein Carbonyl Formation

Protein carbonyl formation was measured according to the
method of Reznick and Packer (1994). The assay is based
on the reaction of the carbonyl groups with 2,4-
dinitrophenylhydrazine (DNPH) generating a corresponding
dinitrophenyl hydrazone, whose absorbance is read in a spec-
trophotometer at 370 nm. Briefly, 200 μL of cerebral cortex or
striatum supernatants was treated with 400 μL of 10 mM
DNPH dissolved in 2.5 M HCl or with 2.5 M HCl (blank)
and left in the dark for 1 h. Samples were then precipitated
with 600 μL of 20% TCA and centrifuged for 5 min at
9000×g. The pellet was washed with 1 mL of ethanol:ethyl
acetate (1:1, v/v) and suspended in 550 μL of 6 M guanidine
prepared in 2.5 NHCl. The difference between the absorbance

of the samples treated with DNPH and with HCl (blank) was
used to calculate the carbonyl content. The results were cal-
culated as nanomole carbonyl groups per milligram of protein,
using the extinction coefficient of 22,000 × 106 nmol/mL for
aliphatic hydrazones.

Reduced Glutathione Concentrations

This parameter was measured according to Browne and
Armstrong (1998) with some modifications. One hundred
and 85 μL of 100 mM sodium phosphate buffer, pH 8.0, con-
taining 5 mMEDTA, and 15 μL of o-phthaldialdehyde (1 mg/
mL) were added to 30 μL of sample (0.3–0.5 mg of protein)
previously deproteinized with metaphosphoric acid. This mix-
ture was incubated at room temperature in a dark room for
15 min. Fluorescence was measured using excitation and
emission wavelengths of 350 and 420 nm, respectively.
Calibration curve was prepared with standard GSH (0.001–
1 mM), and the concentrations were calculated as nanomole
GSH per milligram protein.

2′,7′-Dichlorofluorescein Oxidation

DCFH oxidation was determined according to the method of
LeBel et al. (1992) with slight modifications. Homogenates
(0.04–0.07 mg protein) were incubated with 2 ′,7 ′-
dichlorofluorescein diacetate (DCF-DA) (5 μM) during 1 h
at 37 °C. DCF-DA is permeable to the cell membrane and is
deacetylated by esterases to DCFH in the intracellular medi-
um. DCFH is then converted by reactive species into the high-
ly fluorescent product dichlorofluorescein (DCF). DCF fluo-
rescence was measured using wavelengths of 480 nm
(excitation) and 535 nm (emission). The calibration curve
was performed with standard DCF (0.01–0.75 μM). The pro-
duction of reactive species was calculated as micromole DCF
per milligram protein.

Nitrate and Nitrite Content

Reactive nitrogen species (RNS) formation was evaluated
by measuring nitrate and nitrite content according to
Navarro-Gonzalvez and collaborators (1998), with some
modifications. One hundred and 50 μL of supernatants
(containing approximately 1.2 mg of protein) was
deproteinized by adding 125 mL of 75 mM ZnSO4 solu-
tion, followed by centrifugation at 9000×g for 2 min at
25 °C. The supernatant obtained was neutralized with
55 mM NaOH solution and diluted in 5 vol of glycine
buffer solution, pH 9.7. Copper-coated cadmium granules
(600–1000 mg) were added to the supernatants to convert
all nitrates into nitrite in the biological samples. Aliquots
of 200 μL were then treated with 200 μL of Griess re-
agent (2% sul fan i lamide in 5% HCl and 0.1%
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N-1-(naphtyl)ethylenediamine in H2O) and incubated at
room temperature for 10 min. The absorbance was read
at 505 nm. A calibration curve was prepared with NaNO2

at concentrations ranging from 1 to 125 mM. The final
results were expressed in micromole nitrate and nitrite per
milligram protein.

Glutathione Peroxidase Activity

Glutathione peroxidase (GPx) activity was measured accord-
ing to Wendel (1981) using tert-butylhydroperoxide as sub-
strate. The enzyme activity was determined by monitoring the
NADPH disappearance at 340 nm in a medium containing
600 μL of buffer (100 mM potassium phosphate containing
1 mM EDTA, pH 7.0), 10 μL of 40 mM sodium azide, 15 μL
of 100 mM GSH, 15 μL of 10 U/mL glutathione reductase,
10 μL of 10 mM NADPH, and 10 μL of sample (3 μg of
protein). One GPx unit (U) is defined as 1 μmol of NADPH
consumed per minute. The specific activity was calculated as
U per milligram protein.

Glutathione Reductase Activity

Glutathione reductase (GR) activity was measured as previ-
ously described by Carlberg and Mannervik (1985). The en-
zyme activity was determined by monitoring NADPH con-
sumption at 340 nm in a medium with 200 mM sodium phos-
phate buffer, pH 7.5, containing 6.3 mM ethylenediaminetet-
raacetic acid, 1 mM GSSG, 0.1 mM NADPH, and approxi-
mately 3 μg of protein. One GR U is defined as 1 μmol of
GSSG reduced per minute. The specific activity was calculat-
ed as U per milligram protein.

Glutathione S-Transferase Activity

Glutathione S-transferase (GST) activity was measured ac-
cording to Mannervik and Guthenberg (1981), with slight
modifications, by monitoring the rate of formation of
dinitrophenyl-S-glutathione at 340 nm in a medium contain-
ing 50 mM potassium phosphate, pH 6.5, 1 mM GSH, 1 mM
1-chloro-2,4-dinitrobenzene (CDNB) as substrate, and tissue
supernatants (approximately 0.045 mg of protein). The results
were calculated as U per milligram protein.

Glucose-6-Phosphate Dehydrogenase Activity

Glucose-6-phosphate dehydrogenase (G6PDH) activity was
measured according to Leong and Clark (1984), following
NADPH formation at 25 °C at 340 nm. The reaction medium
contained tissue supernatants (approximately 45 μg of pro-
tein), 100 mM Tris-HCl buffer, pH 7.5, 1.0 mM MgCl2,
0.05 mM NADP+, and 0.1 mM glucose-6-phosphate. The
results were calculated as U per milligram protein.

Catalase Activity

Catalase (CAT) activity was assayed according to Aebi (1984)
by measuring the absorbance decrease at 240 nm in a reaction
medium containing 20mMH2O2, 0.1% Triton X-100, 10mM
potassium phosphate buffer, pH 7.0, and approximately 1 μg
of protein. One U of the enzyme is defined as 1 μmol of H2O2

consumed per minute. The specific activity was calculated as
U per milligram protein.

Superoxide Dismutase Activity

Superoxide dismutase (SOD) activity was assayed according
to Marklund (1985) and is based on the capacity of pyrogallol
to autoxidize, a process highly dependent on superoxide an-
ion, which is the substrate for SOD. The inhibition of the
autoxidation of pyrogallol occurs in the presence of SOD
and, therefore, is proportional to the activity of the SOD pres-
ent in homogenates. The reaction medium contained 50 mM
Tris buffer/1 mM ethylenediaminetetraacetic acid, pH 8.2,
80 U/mL CAT, 0.38 mM pyrogallol, and approximately
1 μg of protein, and the absorbance was read at 420 nm. A
calibration curve was performed with purified SOD as stan-
dard, in order to calculate the activity of SOD present in the
samples. The specific activity was calculated as U per milli-
gram protein.

Histological Analysis

We performed histological analysis in the brain with hematox-
ylin and eosin staining and immunohistochemical for NeuN.
Four rats of each group (PBS- or L-2-HG-injected animals)
were euthanized 24 h after PBS or L-2-HG (0.75 μmol/g)
administration. Brain sections were stained in hematoxylin
solution for 5 min and then washed in running tap water.
The sections were then placed in eosin solution for 3 min,
dehydrated with 100% ethanol, and cleared with xylene for
2 min. Image analysis (magnification of × 100 and × 400) was
performed using the Q Capture Pro Software (Olympus).
Image J software was utilized to count the numbers of vacu-
oles (magnification of × 400).

For immunohistochemistry analysis, samples were
deparaffinized and immersed in a mixture of 3% hydrogen
peroxide and 10% methanol for 15 min to inhibit the
endogenous peroxidase activity. After being washed with
PBS, they were incubated with common horse serum for
1 h and then overnight with primary antibody at 4 1C in
a wet chamber. The following primary antibodies were
used: anti-GFAP (1:400 dilution, Cellmarque, clone
EP672Y) and anti-NeuN (1:400 dilution, Zetacorporation,
clone A60). After overnight incubation with the primary
antibodies, the slides were washed three times with PBS,
incubated with DAKO secondary polymer for 40 min,
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followed by tertiary joint horseradish peroxidase for
30 min, and finally with DAB. All slides were counter-
stained with hematoxylin for 10 s. Positive controls were
always used. Quantification of NeuN was performed using
the Image J software by counting the numbers of immu-
noreactive cells (magnification of × 400). Four rats were
used per group.

Protein Determination

Protein content was measured by the method of Lowry et al.
(1951), using bovine serum albumin as a standard.

Statistical Analysis

Results are presented as mean ± standard deviation. Assays
were performed in triplicate, and the mean was used for sta-
tistical calculations. Data were analyzed using Student’s t test
for unpaired samples or one-way analysis of variance
(ANOVA) followed by the post-hoc Duncan multiple range
test whenFwas significant. Only significant values are shown
in the text. Differences between groups were considered sig-
nificant at P < 0.05. All analyses were carried out using the
GraphPad Prism 5 software.

Results

In Vivo L-2-HG administration provokes lipid
and protein oxidative damage in the neonatal rat
cerebral cortex

We initially observed that L-2-HG markedly enhanced (75%)
MDA levels in the cerebral cortex of neonatal rats 6 h after its
administration [t(7) = 4.321; P < 0.01] (Fig. 1A). Since MDA
is an end product of membrane polyunsaturated fatty acid
peroxidation, these data indicate that L-2-HG causes lipid ox-
idative damage. L-2-HG also increased carbonyl formation
(11%) [t(5) = 3.317; P < 0.05] (Fig. 1B) and decreased sulfhy-
dryl content (34%) [t(5) = 5.020; P < 0.01] (Fig. 1C). Since
carbonyl group generation is currently used as a marker of
free radical-mediated protein oxidation and two thirds of total
cellular sulfhydryl groups are protein bound (Levine et al.
1994; Requejo et al. 2010), our results indicate that L-2-HG
induces protein oxidative damage in cerebral cortex.

L-2-HG Decreases the Antioxidant Defenses in the Rat
Cerebral Cortex

Next, we observed that L-2-HG decreased the concentrations
of GSH (25%) [t(8) = 5.655; P < 0.001] (Fig. 2), implying an
impairment of brain antioxidant defenses by this organic acid.

L-2-HG Induces Reactive Oxygen Species Generation
in the Rat Cerebral Cortex

We also investigated whether L-2-HG could induce reac-
tive species generation that could possibly lead to protein
and lipid oxidative damage as well as to reduction of
antioxidant defenses. Thus, we tested the effects of L-2-
HG on reactive oxygen species (ROS) production, deter-
mined by DCFH oxidation in the cerebral cortex, and on
RNS generation measured by nitrate and nitrite concen-
trations. L-2-HG significantly increased DCFH oxidation
(up to 25%) [t(5) = 2.914; P < 0.05] (Fig. 3A) but, in con-
trast, did not change the levels of nitrates and nitrites
(Fig. 3B).

L-2-HG-Induced Lipid Peroxidation and Decreased
Antioxidant Defenses Are Prevented by Melatonin
and MK-801 in the Neonatal Rat Cerebral Cortex

Since L-2-HG induced ROS formation, we tested whether the
reactive species scavenger melatonin (MEL) could prevent
lipid oxidation and the decrease of the antioxidant defenses
caused by this metabolite. We observed that MEL totally
prevented MDA increase [t(4) = 2.788; P < 0.05] (Fig. 4A)
and GSH decrease [t(6) = 7.476; P < 0.001] (Fig. 4B) caused
by L-2-HG. These data support the involvement of ROS in
these effects and may offer a new perspective of treatment
with antioxidants. Furthermore, the effects on MDA levels
[t(5) = 3.995; P < 0.05] and GSH concentrations [t(6) = 4.208;
P < 0.01] were similarly abolished by the NMDA receptor
antagonist MK-801 (Fig. 4A, B), indicating overactivation
of NMDA receptors by L-2-HG.

L-2-HG Modulates the Activities of Antioxidant
Enzymes in the Neonatal Rat Cerebral Cortex

The effects of L-2-HG intracerebroventricular administration
on the enzymatic antioxidant defenses were further studied.
We verified that L-2-HG reduced G6PDH activity (14%)
[t(6) = 2.775; P < 0.05] (Fig. 5A) and increased GPx (18%)
[t(5) = 4.326; P < 0.05] (Fig. 5B), GR (20%) [t(6) = 4.326;
P < 0.01] (Fig. 5C), and GST (39%) [t(6) = 3.914; P < 0.01]
(Fig. 5D) activities. In contrast, CAT (Fig. 5E) and SOD
(Fig. 5F) activities were not altered by the metabolite.

L-2-HG Mildly Disrupts Redox Homeostasis
in the Neonatal Rat Cerebral Striatum

We also observed that L-2-HG administration decreased
sulfhydryl content (50%) [t (4) = 10.13; P < 0.001]
(Fig. 6A) but did not alter MDA levels, GSH concentra-
tions, and ROS formation (DCFH oxidation) in the rat
striatum. It was also verified that L-2-HG modulated the
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enzymatic antioxidant defenses by increasing GPx (35%)
[t(5) = 3.255; P < 0.05] (Fig. 6B), G6PDH (20%) [t(5) =
3.354; P < 0.05] (Fig. 6C), and SOD (22%) [t(7) = 4.633;
P < 0.01] (Fig. 6D) activities, with no changes in the ac-
tivities of GR and GST.

L-2-HG Provokes Extensive Vacuolation
in the Cerebral Cortex and Moderate Vacuolation
in the Striatum of Neonatal Rat

The effect of L-2-HG intracerebroventricular administration
on the brain histological integrity was then studied by HE
staining. We observed that L-2-HG administration provoked
intense edema and vacuolation in the cerebral cortex
(fourfold) [t(6) = 10.80,P < 0.001] (Fig. 7) with less significant
effects in the striatum (twofold) [t(6) = 7.80, p < 0.001]
(Fig. 8). In contrast, no significant differences in NeuN label-
ing were found in any experimental conditions (PBS and L-2-
HG), neither in the striatum nor in the cerebral cortex, thus
discarding significant neuronal death 24 h after injections.

Discussion

L-2-HGA is clinically characterized by predominant neuro-
logical findings, such as psychomotor delay/mental deficien-
cy, extrapyramidal and pyramidal symptoms, macrocephaly,
seizure demyelination of white matter, cerebral and cerebel-
lar atrophy, seizures, leukoencephalopathy, and other neuro-
logic manifestations (Steenweg et al. 2010; Steenweg et al.
2009; Topcu et al. 2005). In some patients, this disorder
leads to the formation of brain tumors (Aghili et al. 2009;
Haliloglu et al. 2008; Moroni et al. 2004), whose etiology is
still poorly known. Accumulation of L-2-HG in tissues, pre-
dominantly in the brain, is the biochemical hallmark of this
disease, and this may be because the mutated gene is highly
expressed in the brain (Topcu et al. 2004). Although the
disorder is predominantly neurologic, its pathogenesis is
not yet established. However, it was suggested that the path-
ologic phenotypes of affected patients result from the toxic
effects of L-2-HG on central nervous system (Rzem et al.
2006). In this context, the structural resemblance of L-2-HG
to L-glutamate and α-ketoglutarate, two major metabolites
of the glutamatergic system, makes it likely that the patho-
physiology of the disease may involve alterations of this
system or pathways of α-ketoglutarate metabolism.
Furthermore, previous in vitro and in vivo studies have
shown disruption of redox homeostasis provoked by L-2-
HG, as well as alterations of the glutamatergic system in
developing rats and affected patients with L-2-HGA (da
Rosa et al. 2015; Junqueira et al. 2003; Latini et al. 2003;
Rodrigues et al. 2017).

It is of note that nothing has been reported on the brain
toxicity of L-2-HG in neonatal brain. Therefore, in the pres-
ent study, we investigated whether L-2-HG in vivo admin-
istration could disturb redox status and induce histopatho-
logical alterations in the cerebral cortex and striatum of neo-
natal rats. It is emphasized that these cerebral structures are
mainly affected in L-2-HGA, as observed in cerebral imag-
ing by leukoencephalopathy/spongiosis of white matter, sub-
cortical abnormalities, and caudate and putamen alterations
(Anghileri et al. 2016; Fourati et al. 2016).

Fig. 1 Effect of intracerebral administration of L-2-hydroxyglutaric acid
(L-2-HG; 0.750μmol/g) onmalondialdehyde (MDA) levels (a), carbonyl
formation (b), and sulfhydryl content (c) in the cerebral cortex of neonatal
rats. Data are represented as mean ± SD for four to six independent

experiments (animals) performed in triplicate and are expressed as
nmol/mg protein. *P < 0.5, **P < 0.01, compared to control (Student’s t
test for unpaired samples)

Fig. 2 Effect of intracerebral administration of L-2-hydroxyglutaric acid
(L-2-HG; 0.750 μmol/g) on concentrations of GSH in the cerebral cortex
of neonatal rats. Data are represented as mean ± SD for four to six
independent experiments (animals) performed in triplicate and are
expressed as nmol/mg protein. ***P < 0.001, compared to control
(Student’s t test for unpaired samples)
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We verified that L-2-HG administration markedly in-
creased MDA levels in the cerebral cortex, corroborating the
in vitro and in vivo findings previously reported and showing
that L-2-HG increases the levels of thiobarbituric acid-reactive
substances in the brain of 30-day-old rats (da Rosa et al. 2015;
Latini et al. 2003). SinceMDA is an end product of membrane
fatty acid peroxidation, these data indicate that L-2-HG in-
duces lipid oxidative damage. L-2-HG also markedly in-
creased carbonyl groups and decreased sulfhydryl content.
Since carbonyl groups are formed by oxidation of amino acid
side chain protein residues (Pro, Arg, Lys, and Thr) and two
thirds of sulfhydryl groups in cells are protein bound (Levine
et al. 1994; Requejo et al. 2010), it is assumed that L-2-HG
induces protein oxidative damage in the brain.

L-2HG also caused a significant decrease of GSH concen-
trations in the cerebral cortex that could be tentatively attrib-
uted to its oxidation by increased reactive species generation.
Since GSH represents the major naturally occurring tissue
antioxidant and plays a key role in maintaining the intracellu-
lar redox state protecting crucial cellular sulfhydryl groups
(Halliwell 2015), our present findings suggest that L-2-HG
impairs the tissue non-enzymatic antioxidant defenses.

DCFH oxidation was also increased by L-2-HG, but, in
contrast, this organic acid did not change nitrate and nitrite
content, reflecting induction of ROS generation. It could be
also hypothesized that the increase of ROS formation could

lead secondarily to increased lipid and protein oxidation and
decreased GSH concentrations. On the other hand, since GSH
is considered an important defense against lipid oxidative
damage by scavenging reactive species responsible for the
initiation of this process, it is feasible that the decrease of this
antioxidant could make lipids and proteins more vulnerable to
the oxidative damage caused by L-2-HG through ROS
formation.

Moreover, the free radical scavenger melatonin prevented
L-2-HG-induced reduction of GSH levels and increase of
MDA concentrations, strongly indicating that disturbance of
cellular redox status was secondary to reactive species produc-
tion provoked by L-2-HG. It is likely that hydroxyl and
peroxyl radicals were involved in these effects, since these
reactive species are scavenged by melatonin (Anisimov et al.
2006; Halliwell 2015; Reiter et al. 2013). On the other hand, it
is feasible that NMDA receptor overstimulation was involved
in the L-2-HG-induced impairment of cell redox since the
classical antagonist of these receptors MK-801 prevented lipid
oxidative damage and antioxidant defense decrease.

We also observed that L-2-HG increased GPx, GR, and
GST activities and inhibited G6PDH activity in the cerebral
cortex. We presume that the increased activities of GPx and
GST might have occurred due to the overexpression of these
enzymes at gene level in order to compensate the increased
formation of lipid peroxides, which is in line with the fact that

Fig. 3 Effect of intracerebral administration of L-2-hydroxyglutaric acid
(L-2-HG; 0.750 μmol/g) on DCFH oxidation (a) in the cerebral cortex
and nitrate and nitrite concentrations (b) in the forebrain of neonatal rats.
Data are represented as mean ± SD for four to six independent

experiments (animals) performed in triplicate and are expressed as
μmol/mg protein. *P < 0.5, compared to control (Student’s t test for
unpaired samples)

Fig. 4 Effect of melatonin (MEL; 20 mg/Kg) andMK-801 (0,25 mg/Kg)
on L-2-hydroxyglutaric acid (L-2-HG 0.750 μmol/g)-induced increase of
MDA (a) and decrease of GSH concentrations (b) in the cerebral cortex of
neonatal rats. Data are represented as mean ± SD for four to six

independent experiments (animals) performed in triplicate and are
expressed as nmol/mg protein. *P < 0.05, compared to control;
#P < 0.05, ##P < 0.01, ###P < 0.001, compared to L-2-HG (Student’s t
test for unpaired samples)
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L-2-HG increases MDA levels, a lipid peroxidation end prod-
uct. In this particular, it is known that GST also detoxifies 4-
hydroxynonenal and isoprostanes that are lipid peroxidation
products (Halliwell 2015). Furthermore, increasedGR activity
also suggests overexpression of this enzyme protein aiming to
recycle GSH once the concentrations of this antioxidant are
decreased. As regards to the L-2-HG-induced decrease of
G6PDH activity, we speculate that it occurred due to reactive
species attack causing modifications in the enzyme protein
structure as previously shown for this and other antioxidant
enzymes (Grings et al. 2017; Seminotti et al. 2016).

Since oxidative stress results from an imbalance between the
total antioxidant defenses and the reactive species generated in
a tissue, our present data strongly indicate that L-2-HG induces
oxidative stress in vivo in the rat cerebral cortex. It must be
emphasized that ROS are capable to oxidize various molecules,
including lipids, proteins, sugars, and DNA, representing a key
event in the pathogenic cascade leading to necrotic and apopto-
tic cell death (Circu and Aw 2010; Niizuma et al. 2009).
Furthermore, oxidative stress is a very deleterious condition
especially to the brain due to its high rate of oxidative metabo-
lism coupled to ROS production, lower activity of antioxidant

Fig. 5 Effect of intracerebral administration of L-2-hydroxyglutaric acid
(L-2-HG; 0.750 μmol/g) on the activities of glucose-6-phosphate
dehydrogenase (G6PDH) (a), glutathione peroxidase (GPx) (b),
glutathione reductase (GR) (c), glutathione S-transferase (GST) (d),
catalase (CAT) (e), and superoxide dismutase (SOD) in the cerebral

cortex of neonatal rats. Data are represented as mean ± SD for four to
six independent experiments (animals) performed in triplicate and are
expressed as U/mg protein. *P < 0.05, **P < 0.01 compared to control
(Student’s t test for unpaired samples)

Fig. 6 Effect of intracerebral
administration of L-2-
hydroxyglutaric acid (L-2-HG;
0.750 μmol/g) on sulfhydryl
content (a) and the activities of
glutathione peroxidase (GPx) (b),
glucose-6-phosphate
dehydrogenase (G6PDH) (c), and
superoxide dismutase (SOD) (d)
in striatum of neonatal rats.
*P < 0.05, **P < 0.01,
***P < 0.001, compared to
control (Student’s t test for
unpaired samples)
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enzymes, and higher peroxidation potential (high content of
polyunsaturated fatty acids) (Halliwell 2015).

It was also demonstrated in this study that L-2-HG pro-
voked extensive edema and vacuolation in the cerebral cortex
of the animals, with less intense effects in the striatum.
Although not proven, we assume that these brain abnormali-
ties could be possibly related to the disruption of redox ho-
meostasis elicited by this organic acid (Cubells et al. 1994; da
Rosa et al. 2015; Saxena et al. 2010; Wilt et al. 2000).
However, L-2-HG did not cause apparent change in striatal
and cortical neuronal density (neuronal death) 24 h after in-
jection, as denoted by the pan-neuronal marker NeuN. This is
in accordance with previous reports showing low neuronal
vulnerability in another cerebral organic acidemia, despite
the intense vacuolation (Koeller et al. 2002, 2004).

It is difficult at present to determine the pathophysiological
relevance of our data since brain concentrations of L-2-HG in
L-2-HGA are still unknown.We cannot rule out the possibility

that intracerebral L-2-HG concentrations in the present study
were supraphysiological, so that our findings must be taken
carefully. However, the concentrations of organic acids accu-
mulating within neural cells in organic acidemias were report-
ed to be usually much higher than those of plasma and cere-
brospinal fluid (trapping theory) of patients with various or-
ganic acidemias (Hoffmann et al. 1993). Furthermore, L-2-
HGA is considered a cerebral organic acidemia because L-2-
HG is trapped in the CNS (Sauer et al. 2006, 2010), where at
high concentrations, it potentially can exert its neurotoxic ef-
fects disturbing cellular redox homeostasis.

As regards to the association between our present results
and the neurodegeneration encountered in patients with L-2-
HGA, we observed that edema and vacuolation were more
pronounced in the cerebral cortex relatively to the striatum,
which follows the neuropathological pattern of the affected
patients, including subcortical leukoencephalopathy and sig-
nal changes in the striatum (Barbot et al. 1997). Therefore, it is

Fig. 7 Light microscopy images
showing hematoxylin and eosin
(HE) staining of the cerebral
cortex from control (PBS) (a, c)
and L-2-hydroxylglutaric acid
(L-2-HG)-injected neonatal rats
(b, d). Animals were sacrificed
24 h after L-2-HG
intracerebroventricular
administration. Representative
images were obtained from four
rats per group. HE staining with
magnification of × 100 and × 400.
Arrows in panel d indicate
vacuolation. e Quantification of
the number of vacuoles was
performed with × 400
magnification by using the
median of five randomly selected
fields from three cerebral cortex
sections per brain. Values are
mean ± standard deviation for
four rats per group. ***P < 0.001
compared to PBS-injected rats
(Student’s t test for unpaired
samples)
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presumed that our present data may possibly contribute to
clarify the neuropathology in this disorder.

In conclusion, this is the first report showing that L-2-HG
administration to neonatal rats induces in vivo lipid and pro-
tein oxidative damage and disrupts the antioxidant defenses
mainly in the cerebral cortex. These effects were prevented by
the potent antioxidant melatonin and the NMDA antagonist
MK-801, implying that reactive species generation and over-
stimulation of these glutamate receptors may underlie the al-
tered cellular redox status. These in vivo data allied to previ-
ous in vitro (Latini et al. 2003) and in vivo (da Rosa et al.
2015) experimental animal and humans studies (Jellouli et al.
2014; Rodrigues et al. 2017) strongly indicate that imbalance
of redox homeostasis may potentially contribute at least in
part to the neurologic alterations found in L-2-HGA.
Moreover, it is conceivable that sustained elevated levels of
L-2-HG found in the patients may lead to chronic oxidative
stress. Another novel and important finding of the present

study is that this organic acid provoked histopathological al-
terations more evident in the cerebral cortex probably due to
the induced disruption of redox homeostasis. It may be pre-
sumed that our present findings acting synergistically with
other intrinsic (severity of mutations) and extrinsic factors
may contribute to explain the pathophysiology of the neuro-
logic symptoms and brain abnormalities observed in the af-
fected patients. In case our present in vivo results can be con-
firmed in tissues (blood and cultivated fibroblasts) from indi-
viduals affected by L-2HGA, it is therefore tempting to spec-
ulate that antioxidants could be supplemented to the affected
patients as a potential adjuvant therapy to prevent or attenuate
oxidative damage.
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