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Sulindac attenuates valproic acid-induced oxidative stress levels
in primary cultured cortical neurons and ameliorates
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Wistar rats prenatally exposed to valproic acid
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Abstract. Accumulating evidence suggests that anti-inflamma-
tory agents and antioxidants have neuroprotective properties
and may be beneficial in the treatment of neurodevelopental
disorders, such as autism. In the present study, the possible
neuroprotective properties of sulindac, a non-steroidal anti-
inflammatory drug (NSAID), were investigated in vitro using
cultured cortical neurons with valproic acid (VPA)-induced
neurotoxicity, as well as in vivo through the behavioral
analysis of rats prenatally exposed to VPA as a model of
autism. VPA induced 4-hydroxynonenal (4-HNE) expression,
reactive oxygen species (ROS) generation and decreased cell
viability in primary cultured cortical neurons established
from timed-pregnant (embryonic day 18) Wistar rat pups.
However, co-incubation of the neurons with VPA and sulindac
reduced oxidative stress and increased cell viability. The rats
were administered an intraperitoneal injection with one of the
following: VPA, sulindac, VPA and sulindac, or physiological
saline, and their offspring were subjected to the open field
test. During the test trials, repetitive/stereotypic-like move-
ments for each rat were recorded and analyzed. The results
revealed that treatment with both sulindac and VPA reduced
the VPA-induced repetitive/stereotypic-like activity and the
sulindac and VPA-treated animals responded better in the open
field test compared to the VPA-treated animals. The results
from the present study demonstrate that the antioxidant proper-
ties of sulindac may prove to be beneficial in the treatment of
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autism, suggesting that the upregulation of the Wnt/p-catenin
signaling pathway disrupts oxidative homeostasis and facili-
tates susceptibility to autism.

Introduction

Three defining clinical symptoms of autism are aberrant
reciprocal social interactions, deficits in social communica-
tion and repetitive/stereotypic behavior (1,2). The etiology of
autism remains largely unclear thus far. With the continuous
accumulation of research on the molecular pathogenesis of
autism, more attention is being paid to the canonical Wnt
signaling pathway (3.4). The canonical Wnt pathway has been
implicated in a variety of cellular functions, such as cell prolif-
eration, differentiation, apoptosis and neuronal migration
during embryonic development (5). Given this broad spectrum
of roles, it is no surprise that the dysregulation of the canonical
Wat signaling pathway may cause a similarly broad spectrum
of deleterious effects on neuronal development, and largely
on this basis may thereby contribute to the pathogenesis of
neurodevelopmental disorders, such as autism.

A number of previous studies have suggested that the
canonical Wnt pathway is involved in autism and the dysfunc-
tion of the Wnt signaling pathway induces morphological and
functional abnormalities similar to those observed in autistic
individuals. For example, transgenic mice expressing active
stabilized forms of B-catenin in neuronal precursor cells
have been shown to develop grossly enlarged brains with an
increased cerebral cortical volume (6), whereas the inactivation
of the f-catenin gene causes marked brain malformation and
the failure of craniofacial development (7). The upregulation of
[-catenin expression, as well as that of its downstream target
genes (3), has been observed in rat models of autism (3,4), and
the expression levels of B-catenin are abnormal with changes
over time and space. The mutation of genes, such as Wntl, that
modestly increase the activation of this downstream signaling
pathway would therefore be expected to result in neurodevelop-
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mental and behavioral phenotypes. A recent study suggested that
a Wntl missense variant leading to the Wnt signaling pathway
activation contributes to autism in the context of other genetic
and non-genetic factors that increase susceptibility to autism (8).

Recent studies have focused, in particular, on the role of
oxidative stress in autism. In fact, oxidative stress has also
been implicated in the pathogenesis of other neuropsychiatric
diseases, including schizophrenia (9,10), a disease that may be
the genetic opposite of autism (11). Accordingly, accumulating
evidence suggests a role of oxidative stress in the development
and clinical manifestation of autism (1,2).

Sulindac is an FDA-approved non-steroidal anti-inflam-
matory drug (NSAID) with documented anticancer activities.
Sulindac, as a NSAID with a number of functions, has been
used as a specific Wnt pathway inhibitor and is known as
a pharmacological inhibitor of -catenin for the prevention of
metastasis (12,13). Since the upregulation of the canonical Wnt
pathway has been associated with the pathogenisis of autism and
valproic acid (VPA) is known to generate autism phenotypes, in
this study, we therefore used VPA to generate conditions similar
to those observed in autism. We aimed to determine whether
sulindac ameliorates autism-like behavioral abnormalities, such
as repetitive/stereotypic-like movement deficits that develop in
rats prenatally exposed to valproic acid (VPA) as an animal
model of autism. In addition, we aimed to identify the possible
mechanisms responsible for the development of autism using
primary cortical neurons.

Materials and methods

Animals and exposure to VPA. All animal experiments were
carried out in accordance with the National Institutes of Health
guidelines for the Care and Use of Laboratory Animals and the
regulations of Fudan University (Shanghai, China) for animal
experimentation. The experimental protocol was approved
by the Shanghai Medical Experimental Animal Care and
Use Committee. As described in our previous study (4), with
some modifications, Female Wistar rats (Shanghai Institute
of Materia Medica, Chinese Academy of Sciences, Shanghai,
China) were mated overnight, and the morning on which sper-
matozoa were found was designated as the first day of gestation.
The female fats received a single intraperitoneal injection of
600 mg/kg VPA (CAS no: 1069665, Sigma, St. Louis, MO,
USA) or 5 mg/kg sulindac (CAS:38194502, Sigma) following
the administration of 600 mg/kg VPA for 30 min on day 12.5
after conception, and the control female rats were injected with
physiological saline or 5 mg/kg sulindac at the same time point.
The offspring were weaned on postnatal day (PND)23, and rats
of either gender were housed separately. Repetitive/stereotypic-
like behavioral tests were conducted for all animals during the
adolescent period. The behavioral experiments were performed
in the light phase between 09:00 and 15:00.

Primary neuronal culture and experimental treatments.
Wistar rats were used in the present study. The experiments
were carried out in accordance with the regulations of
Fudan University for animal experimentation. Cortices were
dissected from timed-pregnant (embryonic day 18) Wistar rat
pups, dissociated in a solution of 2.5 mg/ml trypsin (Gibco,
Carlsbad, CA, USA) for 15 min, and resuspended following
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centrifugation for 5 min in DMEM/F12 (Gibco) supplemented
with 10% fetal bovine serum, 1% penicillin/streptomycin and
0.5 mmol/l glutamine. The cells were plated on 6-well plates
pre-treated with poly-L-lysine (100 pxg/ml, CAS no: 25988630,
Sigma). Twenty-four hours later, the culture medium was
completely replaced with NB/B27 (neurobasal medium
supplemented with 2% B27, 1% penicillin/streptomycin and
0.5 mmol/I glutamine). Subsequently, approximately one-third
of the volume was removed and replaced with an equal volume
of fresh NB (0050128DJ, Gibco)/B27 (10889-038, Gibco)
twice per week. On the 7th day of plating, the primary cultured
neurons were exposed to VPA. After 24 h, VPA was replaced
with the antioxidant, N-acetylcysteine (NAC; CAS no: 616911,
Sigma), or sulindac for 1 h. The neurons were then harvested
for further assay.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). RT-qPCR. RT-qPCR was carried out as described
in our previous study with minor modifications (4). Total
RNA was isolated from the cultured cortical neurons using
TRIzol reagent (15596-018, Gibco). Subsequently, cDNA was
prepared using the PrimeScript™ RT reagent kit (DRRO19A,
Takara Biotechnology, Dalian, China). The primer sequences
for RT-qPCR are listed in Table I. PCR parameters were as
follows: 29 cycles of denaturation at 95°C for 30 sec, annealing
at 57°C for 30 sec and extension at 72°C for 30 sec. The real-
time detection of the emission intensity of SYBR-Green I
bound to double-stranded DNA was performed using the
Rotor-Gene 3000 real-time DNA analysis system (RG-3000,
Corbett Research, Sydney, Australia). At the end of the runs,
melting curves were obtained to make sure there were no
primer-dimer artifacts.

The PCR assay was performed simultaneously with stan-
dard samples to construct each standard curve. Referring to
the standard curve, the relative mRNA expression level was
normalized to the expression level of the endogenous refer-
ence, GAPDH, to calibrate the possible variability in the initial
amount of total RNA in each sample.

Western blot analysis. Western blot analysis was performed
as previously described (4), with some modifications. Briefly,
equal amounts of protein (25-30 pg) from cell lysates were
separated by sodium dodecylsufate (SDS)-polyacrylamide
gel electrophoresis (PAGE) and transferred onto PVDF
membranes (Millipore Corp., Bedford, MA, USA). The blots
were incubated with the primary antibodies in 5% BSA or
fat-free milk in TBST buffer overnight at 4°C. Bound primary
antibodies were visualized using horseradish peroxidase-
labeled secondary antibodies and were detected by enhanced
chemiluminescence (ECL). The densities of the protein bands
were quantified using ImageQuant software (LAS-4000,
GE Healthcare, Fairfield, CT, USA). GAPDH (1:5000, Kangen
Biotechnology Co., Shanghai, China) was used to confirm equal
loading. The primary antibodies used were as follows: anti-
glycogen synthase kinase (GSK)-3p (1:1000, Cat no. 9315; Cell
Signaling Technology, Danvers, MA, USA), phospho-GSK-3f
(Ser9) (1:500, Cat no. 9336; Cell Signaling Technology),
anti-f-catenin (1:1000, sc-7199; Santa Cruz Biotechnology,
San Diego, CA, USA), phospho-f3-catenin (Ser33/37/Thr41)
(1:1000, Cat no. 9561; Cell Signaling Technology) and anti-
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Table I. Primer sets used in RT-qPCR.
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Primer name Accession no.

Sequence 5'-3'

GSK-3p NM_032080.1
[-catenin NM_053357.2
GAPDH NM_017008.3

Forward: GTTGGTGGAAATAATAAAGG
Reverse: AAGTTGAAGAGGGCAGGT

Forward: CTGAGAAACTTGTCCGATGC
Reverse: CGGTAATGTCCTCCCTGT

Forward: TATCGGACGCCTGGTTAC
Reverse: TGCTGACAATCTTGAGGGA

4-hydroxynonenal (4-HNE) (1:500, MAB3249; R&D Systems,
Minneapolis, MN, USA).

Cell viability assay. Cell survival was evaluated by MTT assay
as previously described (14). Briefly, the cells were plated into
96-well microtiter plates and exposed to VPA or sulindac for
48 h. Following exposure to VPA or sulindac, 10 yl of MTT
labeling reagents were added to each well and the plates were
incubated at 37°C for 4 h. The cultures were then solubilized,
and the spectrophotometric absorbance of the samples was
detected using a microtiter plate reader. The absorbance was
read at 570 nm.

Measurement of intracellular ROS levels. The average level of
intracellular ROS was evaluated in the cells loaded with the
redox-sensitive dye, 2'-7'-dichlorodihydrofluorescein diacetate
(DCFH-DA; Molecular Probes, Eugene, OR, USA). An increase
in the fluorescence emission of dichlorofluorescein (DCF), a
derivative of DCFH-DA, reflects the enhanced cellular oxida-
tive stress. All the experimental cells were washed 3 times with
PBS for 5 min, stained in the dark for 20 min with 10 gmol/l
DCFH-DA and harvested. Fluorescence was observed under
fluorescence light microscope, and measured at an excitation
and emission wavelength of 485 and 530 nm, respectively using
a fluorescence activated cell sorting (FACS) on fluorescence
spectrometer (HTS 7000, Perkin Elmer, Boston, MA, USA).

Behavioral testing: open field test. Exploratory activity was
assessed in an automated open field apparatus (RS Medical
Associates, PA, USA) for rats. All rats were tested one by
one in an open field apparatus with an area of 100x100 c¢cm?
and a height of 40 cm. Testing was conducted under dim
light (approximately 80 lux) during the morning hours in an
undisturbed room and no stressor was applied to the animals
for at least 12 h before the test. Two rats were tested at one
time, one animal per chamber. A rat was placed in the center
of the apparatus and then allowed to behave and move freely
for 30 min. At the same time, movements were recorded using
a digital video camera and recorded for further analysis. Data
were assessed by comparing the changes in the mean activity
across a 30-min testing session divided into 6 time bins (5 min
each). Grooming and rearing behaviors were also scored in the
same paradigm by an observer blinded to the treatments. The
time spent self-grooming and the number of rearing episodes
were scored, as previously described (15). A rearing episode
is defined as the number of times the rat stands upright on its

hind limbs. Repetitive/stereotypic-like behaviors were scored
and quantified by an experimenter blinded to the treatments.

Statistical analysis. All values are presented as the
means + SEM. Multiple group comparisons were performed by
one-way analysis of variance (ANOVA) with post-hoc correc-
tion. Repeated measures between 2 factors were examined using
a repeated two-way analysis of variance (ANOVA) and Fisher's
least-significant difference post hoc comparison using SPSS 16.0
software (SPSS, Inc., Chicago, IL, USA). Values of p<0.05 were
considered to indicate statistically significant differences.

Results

Decreased protein levels of GSK-3f and increased [3-catenin
expression. Whether VPA activates the canonical Wnt pathway
remains unknown. To determine the effects of VPA on the
activity of the Wnt/B-catenin signaling pathway, dissociated
primary cortical neurons were cultured. Primary cultured
cortical neurons were exposed to VPA (1, 5 and 10 mmol/1) for
24 h. The cortical neurons were continuously exposed to growth
medium as the control. Subsequently, all the abovementioned
cultured cortical neurons were processed for protein extraction.
Quantitative analysis of the protein content by western blotting
demonstrated that VPA induced a concentration-dependent
decrease in the expression of GSK-3f, but an increase in the
expression of 3-catenin when compared to the controls (Fig. 1A
and B). As shown in Fig. 1A, 5 mmol/l and 10 mmol/l VPA
increased the protein levels of [3-catenin compared with the
controls. We then investigated GSK-3f, a negative regulatory
factor of B-catenin. The results revealed that GSK-3f expres-
sion was lower in the 1,5 and 10 mmol/l VPA-treated groups in
comparison to the controls; however, 5 mmol/l and 10 mmol/l
VPA significantly decreased the protein levels of GSK-3f3
(P<0.001; Fig. 1B). Therefore, we selected the dose of 5 mmol/I
VPA as an ideal concentration for further experiments.

Effects of NAC on VPA-treated primary cultured neurons.
Primary cultured neurons were exposed to VPA (5 mmol/l). After
24 h, VPA was replaced with the antioxidant, NAC (1 mM), for
1 h. The neurons were then harvested for further assay. Western
blot analysis, RT-qPCR and flow cytometry (FACS analysis)
were used to further investigate the levels of 4-HNE, GSK-33,
[-catenin and ROS. The results from western blot analysis and
FACS revealed that treatment with VPA increased the levels of
4-HNE and ROS as compared with the controls (Fig. 2A and B).
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Figure 1. Valproic acid (VPA) increases B-catenin, but decreases GSK-3f levels in primary cultured neurons. Data are expressed as the means + SEM, "P<0.05,

“P<0.01, ""P<0.001 vs. control group.
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Figure 2. Effects of N-acetylcysteine (NAC) on valproic acid (VPA)-treated neurons. (A) Western blot analysis of 4-hydroxynonenal (4-HNE) expression.
(B) Representative fluorescence intensity for reactive oxygen species (ROS) by fluorescence activated cell sorting (FACS). (C and D) RT-qPCR analysis of gly-
cogen synthase kinase (GSK)-3p and B-catenin expression. "P<0.05, “P<0.01, "“P<0.001 vs. control group; “P<0.05, “P<0.01, “*P<0.001 vs. VPA-treated group.

However, both VPA and NAC decreased the expression levels
of 4-HNE and ROS (Fig. 2A and B). The above results demon-
strated that NAC attenuated oxidative stress in the VPA-treated
primary cultured neurons. Whether the decrease in oxidative
stress downregulates the canonical Wnt signaling pathway in
VPA-exposed primary cortical neurons remains unknown.
Therefore, in further experiments, we investigated the changes
occurring in the mRNA expression levels of B-catenin and
GSK-3f. The results from RT-qPCR revealed that GSK-3f3
expression was lower and B-catenin expression was higher

in the VPA-treated group when compared with the controls;
however treatment with both NAC and VPA did not alter the
mRNA levels of GSK-33 and B-catenin in comparison to the
VPA-treated group (Fig. 2C and D).

Effects of sulindac on VPA-exposed primary cultured neurons.
Sulindac is a known pharmacological inhibitor of -catenin,
known for inhibiting f-catenin expression through proteasome-
dependent degradation and suppressing tumorigenesis in vivo
by downregulating -catenin signaling (16,17). GSK-3f desta-
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Figure 3. (A) RT-qPCR analysis of B-catenin epxression. (B) Representative cell viability detected by MTT assay. (C, D and E) Western blot analysis of
4-hydroxynonenal (4-HNE), total (t)-glycogen synthase kinase (GSK)-3f, phosphorylated (p)-GSK-3p, total (t)-f-catenin and phosphorylated (p)-f3-catenin
levels. "P<0.05, ““P<0.001 vs. control group; "P<0.05, 7"P<0.01, #"P<0.001 vs. valproic acid (VPA)-treated group.

bilizes B-catenin by phosphorylating its inhibitory sites, such
as Ser33, Ser37 and Thr41 (18). In this study, we thus detected
the changes occurring in the Wnt/B-catenin pathway, oxidative
stress markers and cell viability in primary cortical neurons
exposed to VPA following treatment with sulindac. Primary
cultured neurons were exposed to VPA (5 mmol/l). After 24 h,
VPA was replaced with sulindac (1, 3 and 5 mmol/]) for 1 h. The
neurons were then harvested for RNA and protein extraction.
The results from RT-qPCR revealed that treatment with sulindac
decreased the mRNA levels of B-catenin (Fig. 3A). As shown in
Fig. 3A, treatment with 3 and 5 mmol/I sulindac decreased the
mRNA levels of B-catenin compared with the controls. Thus, we
selected the dose of 3 mmol/I sulindac as the optimal concentra-
tion for further experiments. Whether treatment with 3 mmol/l
sulindac inactivates the canonical Wnt pathway requires further
verification. Therefore, we examined the phosphorylation levels
of GSK-3f and (-catenin. Western blot analysis demonstrated
that VPA activated the canonical Wnt pathway based on the
increased phosphorylation levels of GSK-3f, and the decreased
phosphorylation levels of f-catenin in comparison to the
controls (Fig. 3D and E). However, treatment with both sulindac
and VPA inactivated the canonical Wnt pathway, as indicated

by the decreased phosphorylation levels of GSK-3p and the
increased phosphorylation levels of (3-catenin compared with
the VPA-treated group (Fig. 3D and E). We then detected the
effects of sulindac on the viability of primary cultured cortical
neurons. The results revealed that exposure to VPA decreased
cell viability (Fig. 3B). However, co-incubation of the neurons
with VPA and sulindac increased cell viability (Fig. 3B).

In order to investigate the effects of sulindac on oxidative
stress, we determined the expression levels of the oxidative stress
marker, 4-HNE. Western blot analysis revealed that the protein
expression of 4-HNE was higher in the VPA-treated group than
in the controls, whereas it was lower in the VPA plus sulindac-
treated group than in the VPA-treated group. However, the
expression of 4-HNE was not altered in the VPA plus sulindac-
treated group compared with the control group (Fig. 3C).

Effects of sulindac on repetitive/stereotypic-like movements
in Wistar rats prenatally exposed to VPA. The VPA-treated
rats were hyperactive at the 0-5, 5-10 and 20-25 min inter-
vals, demonstrating that they spent more time engaged in
repetitive/stereotypic-like behaviors and had more repetitive/
stereotypic-like movements, with the results approaching


https://www.spandidos-publications.com/10.3892/ijmm.2014.1996
https://www.spandidos-publications.com/10.3892/ijmm.2014.1996

268

0O Control

300 ¢

(=]
=
=

Distance traveled (cm)
=

=]

10-15

m VPA

ZHANG et al: SULINDAC ATTENUATES OXIDATIVE STRESS AND AMELIORATES STEREOTYPIC-LIKE BEHAVIOR

B Sulindac

B VPA+Sulindac

15-20

Time intervals (min)

O Control

90

I
I
*

N

N

AL
%
N
L]

7

60

movements

30

Number of
repetitive/stereotypic-like

(=]
w
wn
[
=

O Control

It

N

across 5-min time blocks

%
.
N
.

Repetitive/steoreotypic-like movements
S
llll

mVPA

10-15

BVPA

10-15
Time intervals (min)

B Sulindac VPA+Sulindac

15-20

Time intervals (min)

Sulindac VPA+Sulindac

N

15-20
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statistical significance at the 0-5, 5-10 and 10-15 min intervals
in comparison to the controls (Fig. 4B and C). An increase
in the distance traveled during the 0-5, 5-10 and 20-25 min
intervals was also observed (Fig. 4A). Compared with the
VPA-treated rats, the VPA plus sulindac-treated rats were
hypoactive showing a decrease in distance traveled during the
0-5, 5-10 and 20-25 min intervals (Fig. 4A), a decrease in the
number of repetitive/stereotypic-like behaviors during the 0-5,
5-10 and 10-15 min intervals, as well as in the time engaged
in repetitive/stereotypic-like movements during the 0-5, 10-15
and 20-25 min intervals (Fig. 4B and C). Additionally, self-
grooming and rearing behaviors were also scored during the
open field locomotor activity task. The VPA-treated animals
spent a significantly longer period of time in self-grooming
activities compared to the controls (Fig. 5B). There was
also a marked increase observed in the number of rearing
episodes in the VPA-treated animals compared to the control
animals (Fig. 5A). In comparison to the VPA-treated rats,
the VPA plus sulindac-treated rats were hypoactive with a
decreased number of self-grooming and rearing behavioral

activities (Fig. 5A and B). There were no differences observed
between the VPA plus sulindac-treated rats and the controls in
the total activity across the 30-min testing session.

Discussion

The present study demonstrates the antioxidant properties of the
NSAID, sulindac, based on a decrease in VPA-induced 4-HNE
expression and ROS production following treatment with
sulindac. The anti-inflammatory agent also protected rat cortical
neurons against VPA-induced neurotoxicity, and ameliotared
the repetitive/stereotypic behavioral abnormalities in Wistar
rats prenatally exposed to VPA as a rat model of autism.

VPA, an anticonvulsant and mood-stabilizing drug, is
widely used for the treatment of different types of seizures
and myoclonic epilepsy (19). Several mechanisms have been
suggested for VPA hepatotoxicity, and most of them are asso-
ciated with oxidative stress. VPA has been shown to induce
ROS production and lipid peroxidation formation (20), induce
DNA damage (21) and decrease cell viability in hippocampal
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neurons (22). In agreement with previous studies, this study
demonstrated that VPA increased ROS production and 4-HNE
expression, thus inducing oxidative stress, and subsequently
reducing neuronal viability. However, the co-incubation of the
neurons with VPA and sulindac reduced the VPA-induced
oxidative stress and increased neuronal viability. It is possible
that the antioxidant and free radical scavenging properties of
sulindac (23), are responsible for these neuroprotective effects.
According to our previous results (4), the mechanisms through
which sulindac exerts its antioxidant and free radical scavenging
properties involve the upregulation of the (3-catenin phosphory-
lation to suppress the activation of the canonical Wnt signaling
pathway, leading to the downregulation of the downstream target
genes, cyclin D1 and engrailed 2; these results are in accordance
with those of previous studies demonstrating that sulindac is a
specific inhibitor of the Wnt/f3-catenin pathway (12,13).

Motor stereotypies are defined as patterned, repetitive,
purposeless movements. These stigmatizing motor behaviors
represent a manifestation of the third core criterion required
for the diagnosis of autism, and are being viewed as potential
early markers suggestive of autism (24), and hamper normal
brain development, learning and social adaption. Moreover,
motor stereotypies may be a tangible expression of the
underlying neurobiology of this neurodevelopmental disorder.
Furthermore, given the limited advances made towards unrav-
eling the neurobiology of autism through the study of cardinal
non-motor manifestations, such as language disorder and social
impairments, a growing number of studies have turned their
attention to motor impairments and stereotypies as a poten-
tial source of additional insight into the pathophysiology of
autism (15,25,26).

The present study demonstrated that VPA-treated rats showed
a significant increase in the number of repetitive/stereotypic-
like behavioral activities, which is largely in accordance with
previous behavioral data (27,28). This may be due to the reason
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that VPA-induced brain dysplasia, or increased glutamine trans-
port leads to excessively excited brain neurons (29,30). However,
treatment of the animals with the NSAID, sulindac, improved
the behavioral response, with the VPA plus sulindac-treated rats
performing better than the VPA-treated animals, perhaps due to
the reason that sulindac reduces the glutamate concentration or
glutamine transport (31). Although sulindac improved perfor-
mance in the open field test, it failed to completely suppress the
VPA-induced motor deficits, as these rats showed more repeti-
tive/stereotypic-like behavioral activities at certain time points
compared to the control animals.

It has been shown that N-methyl D-aspartate NMDA
receptor antagonists result into stereotypic movement
disorder (32,33), while sulindac increases the NR1 and NR2B
NMDA receptor subunits in aged Fischer 344 rats (34). NMDA
receptors are vital for brain function and these receptors are
central to many of the activity-dependent changes occur-
ring in synaptic strength and connectivity (35). It has been
demonstrated that VPA reduces NMDA signaling and NMDA
receptor-interacting protein expression in the rat brain (36).
Sulindac prevents the age-related increase in the expression of
the pro-inflammatory cytokine, interleukin-1f3 (1L-1f), in the
hippocampus (34). It is possible that sulindac suppresses the
inflammatory response in the brain, as well as scavenging ROS
and protects the cortical neurons from VPA-induced neurotox-
icity. Sulindac possibly reduces the loss of NMDA receptors
and prevents the decrease in the number of cortical neurons,
thereby averting VPA-induced stereotypic movement disorder.

The principal defense systems against oxygen free radi-
cals are superoxide dismutase (SOD), glutathione (GSH),
GSH peroxidases, GSH reductase, catalase and antioxidant
nutrients. GSH and the related enzymes are present in the
majority of cells. Imbalances in the expression of GSH and
associated enzymes have been implicated in the pathogen-
esis of autism (2,37). It has been demonstrated that VPA
decreases GSH reductase activity with a subsequent decrease
in GSH levels (38,39), and increases glutathione peroxidase
activity (40). The ratio of GSH/GSSG is a good measure of the
oxidative stress of an organism. This study demonstrated that
VPA enhanced 4-HNE and ROS levels, suggesting the genera-
tion of oxidative stress. However, treatment with the NSAID,
sulindac, attenuated the increase in 4-HNE levels. It has
been demonstrated that antioxidants prevent NMDA receptor
depletion (41), suggesting that these NSAIDs also serve as anti-
oxidants and prevent the depletion of NMDA receptors. This
is another possible mechanism through which these NSAIDs
improve performance in the open field test since it has been
suggested that NMDA receptors are important during the
acquisition of normal stereotypic movements (42).

In conclusion, the results from the present study led us to
hypothesize that the canonical Wnt signaling pathway induces
oxidative stress and therefore contributes to the susceptibility
to autism. Sulindac, with antioxidant properties associated with
the inhibition of the activition of the canonical Wnt pathway,
protects primary cortical neurons, as well as rats against
VPA-induced oxidative stress. Sulindac also improves stereo-
typic movement disorders that are adversely affected by VPA.
The findings of the present study further support the argument
that sulindac may play a beneficial role in neurodevelopmental
disorders, such as autism.
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