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Prenatal exposure to valproic acid (VPA) is a risk factor for autism spectrum disorder

(ASD) in humans and it induces autistic-like behaviors in rodents. Imbalances between

GABAergic and glutamatergic neurotransmission and increased oxidative stress together

with altered glutathione (GSH) metabolism have been hypothesized to play a role in

both VPA-induced embriotoxicity and in human ASD. N-acetylcysteine (NAC) is an

antioxidant precursor of glutathione and a modulator of glutamatergic neurotransmission

that has been tested in ASD, although the clinical studies currently available provided

controversial results. Here, we explored the effects of repeated NAC (150 mg/kg)

administration on core autistic-like features and altered brain GSH metabolism in the

VPA (500 mg/kg) rat model of ASD. Furthermore, we measured the mRNA expression

of genes encoding for scaffolding and transcription regulation proteins, as well as the

subunits of NMDA and AMPA receptors andmetabotropic glutamate receptors mGLUR1

and mGLUR5 in brain areas that are relevant to ASD. NAC administration ameliorated

the social deficit displayed by VPA-exposed rats in the three-chamber test, but not their

stereotypic behavior in the hole board test. Furthermore, NAC normalized the altered

GSH levels displayed by these animals in the hippocampus and nucleus accumbens,

and it partially rescued the altered expression of post-synaptic terminal network genes

found in VPA-exposed rats, such as NR2a, MGLUR5, GLUR1, and GLUR2 in nucleus

accumbens, and CAMK2, NR1, and GLUR2 in cerebellum. These data indicate that

NAC treatment selectively mitigates the social dysfunction displayed by VPA-exposed

rats normalizing GSH imbalance and reestablishing the expression of genes related to

synaptic function in a brain region-specific manner. Taken together, these data contribute

to clarify the behavioral impact of NAC in ASD and the molecular mechanisms that

underlie its effects.
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INTRODUCTION

Several factors such as gene mutations, gene variations and
adverse environmental events concur to the pathogenesis of
Autism Spectrum Disorder (ASD). Among the environmental
factors involved in the pathogenesis of ASD, prenatal exposure
to the antiepileptic drug valproic acid (VPA) has been repeatedly
associated with increased risk of neurodevelopmental delay
and autistic symptoms in the offspring (1, 2). When given
during gestation, depending on the time window of exposure
and the administered dose, VPA is able to cause congenital
malformations (3, 4) and to induce core autistic symptoms in the
offspring, such as impaired communication, reduced sociability
and stereotyped behaviors (5, 6). Based on this clinical evidence,
prenatal exposure to VPA in rodents has been validated as a
preclinical model of ASD mimicking one of the environmental
factors involved in the pathogenesis of the disease (7–9). Indeed,
rodents exposed to VPA recapitulate core and comorbid features
of ASD and are characterized by neurochemical alterations
resembling those found in patients with autism, thus confirming
the good face and construct validity of this preclinical model
(7, 9–11).

Although the mechanisms by which VPA interferes with
development causing autistic-like features in the exposed
offspring need to be still elucidated, an imbalance between
GABAergic and glutamatergic neurotransmission has been
reported, which is also implicated in ASD etiology (12, 13).
Indeed, defects in establishing and maintaining the balance
between excitatory and inhibitory neurotransmission has been
considered crucial in the pathogenesis of ASD (14). In particular,
this imbalance might be responsible for disrupted neural
connectivity and ASD-like behaviors such as impaired social
interaction (15–19). Accordingly, male rats prenatally exposed
to VPA show an excitatory/inhibitory imbalance, similar to ASD
patients (20, 21). Moreover, the GABA excitatory-inhibitory
shift that normally occurs during delivery is abolished in VPA-
exposed animals, while restoring this shift rescues their aberrant
behavioral phenotype (22).

Increased oxidative stress has been identified as a possible
mechanism through which environmental factors exert their
deleterious effects on the developing brain (23), which may
be further exacerbated by their interaction with genetically
susceptible alleles, thus increasing the risk of ASD. Not
surprisingly, oxidative stress plays a role in the embriotoxicity
induced by VPA (24, 25).

N-acetylcysteine (NAC) is a synthetic derivative of the
endogenous amino acid L-cysteine that is able to modulate
glutamatergic neurotransmission and the excitatory/inhibitory
ratio (26, 27). Furthermore, the anti-oxidant properties of NAC
are relevant to the pathogenesis of several neuropsychiatric
disorders (28–33). Indeed, NAC is an essential substrate for the
enzyme γ-glutamyl-cisteine synthetase (GCL) in the synthesis
of glutathione (GSH), the main antioxidant in tissues (34).
GSH redox imbalance plays an essential role in the onset and
progression of several neurodegenerative and neuropsychiatric
diseases and it may be used as a biomarker for their diagnosis
(35). GSH deficit and GSH redox imbalance have been reported

in individuals with autism, supporting a protective role of the
GSH system in ASD development (36–41).

The antioxidant properties of NAC and its ability to
modulate glutamatergic neurotransmitters have prompted
studies focused on the potential clinical application of NAC in
ASD (33). However, the studies conducted to date have provided
controversial results, with some studies reporting beneficial
effects of NAC administration in children with ASD (42), and
other studies reporting minimal or no effects (41). In this
context, basic research in validated preclinical models of ASD
is essential to guide larger clinical trials in order to determine
whether core symptoms of ASD may respond to treatment with
NAC and to clarify the mechanisms involved in such effects.

Here, we explored the impact of repeated administration of
NAC on core autistic-like features (such as social impairments
and stereotyped behaviors) in the VPA rat model of ASD.
Furthermore, since GSH redox imbalance seems to be specifically
observed in some brain regions of autistic patients (37, 43),
we measured GSH content in prefrontal cortex (PFC), dorsal
striatum (DS), nucleus accumbens (NAc), amygdala (AMY),
cerebellum (CER) and hippocampus (HIPP) of VPA-exposed
animals, in order to understand if brain region-specific GSH
variations may contribute to VPA-induced autistic-like traits.
Last, the mRNA expression of genes encoding scaffolding (PSD-
95), transcription regulation proteins (MeCP2, CaMKII), the
subunits of NMDA (NR1, NR2a, and NR2b) and AMPA (GLUR1
and GLUR2) receptors, as well as the metabotropic glutamate
receptors mGLUR1 and mGLUR5, that are all involved in the
regulation of the post-synaptic terminal activity, was evaluated
in the same brain regions.

MATERIALS AND METHODS

Animals
Female Wistar rats (Charles River, Italy), weighing 250 ± 15 g,
were mated overnight. The morning when spermatozoa were
found was designated as gestational day 1 (GD 1). Pregnant rats
were singly housed in Macrolon cages [40 (length) × 26 (width)
× 20 (height) cm], under controlled conditions (temperature
20–21◦C, 55–65% relative humidity and 12/12 h light cycle with
lights on at 07:00 h). Food and water were available ad libitum.
On gestational day 12.5, females received a single intraperitoneal
(i.p) injection of either valproic acid (VPA) or saline (SAL;
control group). Newborn litters found up to 17:00 h were
considered to be born on that day [postnatal day (PND) 0]. On
PND 1, the litters were culled to eight animals (six males and
two females), to reduce the litter size-induced variability in the
growth and development of pups during the postnatal period. On
PND 21, the pups were weaned and housed in groups of three.
The experiments were carried out on the male offspring during
adolescence (PND 35) (see Figure 1). Different groups of animals
belonging to the same cohort were utilized in the behavioral tests.
Thus, the hole board and the three-chamber tests occurred at
the same time in different experimental rooms using different
animals. Right after the behavioral tests, the animals tested in
the three-chamber test were sacrificed for biochemical analyses.
One male pup per litter from different litters per treatment group
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was used in each experiment. The exact sample size (n) for each
experimental group/condition is indicated in the figure legends.
Sample size was based on our previous experiments and power
analysis performed with the software GPower. Potential outliers
within each data set were calculated using the GraphPad software
using the Grubbs’ method. A trained observer who was unaware
of the treatments scored the behavioral tests using the Observer
3.0 software (Noldus, The Netherlands). The experiments were
approved by the Italian Ministry of Health (Rome, Italy) and
performed in agreement with the ARRIVE (Animals in Research:
Reporting in vivo Experiments) guideline (44), the guidelines of
the Italian Ministry of Health (D.L. 26/14) and the European
Community Directive 2010/63/EU.

Drugs and Treatment Schedule
VPA (Cayman Chemical, USA) was dissolved in saline at a
concentration of 250 mg/ml and administered at a dose (500
mg/kg) and time (gestational day 12.5) that have been shown
to induce autistic-like behavioral changes in the offspring (45,
46). Control dams were treated with saline solution (SAL). The
offspring prenatally exposed to either VPA or SAL was treated
with either N-acetylcysteine (NAC) (Sigma Aldrich, USA) or
its vehicle (saline solution, VEH). NAC was administered to
VPA- and SAL-exposed offspring at the dose of 150 mg/kg
[intraperitoneally (i.p.)] daily for 15 days (47). Thus, four
experimental groups were used:

1. Rats prenatally exposed to SAL and treated with VEH from
PND 21 to PND 35 (Group SAL/VEH);

2. Rats prenatally exposed to VPA and treated with VEH from
PND 21 to PND 35 (Group VPA/VEH);

3. Rats prenatally exposed to SAL and treated with NAC from
PND 21 to PND 35 (Group SAL/NAC);

4. Rats prenatally exposed to VPA and treated with NAC from
PND 21 to PND 35 (Group VPA/NAC).

The last NAC administration was given 2.5 h prior the behavioral
experiments, as it has been demonstrated that glutamate levels
were elevated in the rat brain approximately 2.5 h after NAC
administration (48). Solutions were administered in a volume of
2 ml/kg.

Behavioral Experiments
Three-Chamber Test

The test was performed as previously described (46). The
apparatus was a rectangular three-chamber box, with two lateral
chambers (30 × 35 × 35 cm; l × w × h) connected to a central
chamber (15 × 35 × 35 cm; l × w × h). Each lateral chamber
contained a small Plexiglas cylindrical cage. At PND 35, each
experimental rat was individually allowed to explore the three-
chamber apparatus for 10min and then confined in the central
compartment. An unfamiliar stimulus animal was confined in
a cage located in one chamber of the apparatus, while the cage
in the other chamber was left empty. Both doors to the side
chambers were then opened, allowing the experimental animal to
explore the apparatus for 10min. The percentage of time spent in
social approach (sniffing the stimulus animal) and the percentage

of time spent exploring the empty chamber were scored using the
Observer 3.0 software (Noldus, The Netherlands).

Hole Board Test

The test was performed in a sound attenuated chamber under
dim light conditions, as previously described (45, 46). The
apparatus consisted of a gray square metal table (40 l × 40w
× 10 h cm) with 16 evenly spaced holes (4 cm in diameter),
inserted in a Plexiglas arena (40 l × 40w × 60 h cm). Each rat
was individually placed in the apparatus for 5min. Each session
was recorded with a camera positioned above the apparatus for
subsequent behavioral analysis performed using the Observer
3.0 software (Noldus Information Technology, TheNetherlands).
Dipping behavior was scored by the number of times an animal
inserted its head into a hole at least up to the eye level.

Brain Sample Collection
Rats were rapidly decapitated, their brains were removed and cut
into coronal slices on a cold plate. The PFC, DS, NAc, AMY, CER
and HIPP were dissected by hand under microscopic control
within 2min as previously described (49–51).

Glutathione Assay
Glutathione levels were detected in brain areas by an enzymatic
re-cycling assay. Samples were de-proteinized with 5% (w/v)
sulphosalycilic acid (SSA, Sigma-Aldrich, USA) and the
glutathione content was determined after dilution of the acid
soluble fraction in Na-phosphate buffer containing EDTA (pH
7.5). Free GSH and Total GSH concentrations were measured
with the ThioStar R© glutathione detection reagent (Arbor Assays,
USA), using GSH as standard (Sigma Chemicals, USA), and
expressed as nmol/mg proteins. After 15min reaction, Free
GSH was read, followed by the addition of a reducing mixture
that converts all the oxidized glutathione thus allowing the
measurement of Total GSH. The fluorescence intensity was
measured by an EnSpire R© Multimode Plate Reader (Perkin
Elmer, USA).

RNA Extraction and qRT-PCR
Total RNA from brain tissues was extracted as reported (52).
After quantification, 1 µg of RNA was retro-transcribed by
M-MLV reverse transcriptase (Invitrogen, CA, United States)
and used in quantitative RT-PCR (qPCR) experiments using
Power-up Sybr green PCR master mix (Applied Biosystem, CA,
United States) following manufacturer’s instructions. Primers
used are listed in Table 1. L34 gene expression was used to
normalize qPCR experiments.

Statistical Analysis
Behavioral data are expressed as mean ± S.E.M. Two-way
analysis of variance (ANOVA) was used to assess the effects of
prenatal and postnatal treatments in the three-chambers and hole
board tests, using prenatal (VPA or SAL) and postnatal [NAC
or vehicle (VEH)] treatments as between-subjects factor. The
results of the biochemical experiments (GSH content and qPCR)
are expressed as mean ± SD. GSH content data were analyzed
by One-way ANOVA while qPCR data were analyzed by Two-
way ANOVA. One- and Two-way ANOVAs were followed by
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FIGURE 1 | Timeline of the experiments.

either Student’s-Newman-Keuls (for behavioral data) or Tukey’s
multiple comparison (for biochemical data) post hoc tests
where appropriate. The software GraphPad Prism 8 (GraphPad
Software, USA) was used to perform the statistical analysis of
both biochemical and behavioral experiments. All biochemical
experiments were performed in triplicates. The accepted value for
significance was set at p < 0.05.

RESULTS

N-Acetylcysteine Mitigates the Aberrant
Social Phenotype but It Does Not Affect
the Repetitive Behaviors Displayed by
VPA-Exposed Animals
At PND 35, VPA and SAL-exposed animals treated with NAC or
its vehicle (VEH) were tested in the three-chamber test. A two-
way ANOVA analysis performed on the percentage of time spent
sniffing the stimulus animal and the time spent in the stimulus
room gave the following results: time spent in the stimulus
room [F(prenatal treat.)(1,25) = 6.875, p < 0.05.; F(postnatal treat.)(1,25)
= 7.997, p < 0.01; F(prenatal treat.×postnatal treat.)(1,25) = 4.065,
p = n.s.]; % time spent sniffing stimulus [F(prenatal treat.)(1,25)
= 6.895, p < 0.05.; F(postnatal treat.)(1,25) = 3.117, p = n.s;
F(prenatal treat.×postnatal treat.)(1,25) = 1.951, p = n.s.]. Post hoc
analysis revealed that VPA-exposed rats spent less time in the
stimulus room (∗∗p < 0.01 vs. rats prenatally exposed to SAL,
Figure 2A) and sniffing the stimulus animal (∗p < 0.05 vs.
rats prenatally exposed to SAL, Figure 2B) compared to SAL-
exposed rats, indicating reduced sociability. Treatment with NAC
normalized the deficit displayed by VPA-exposed rats in this test
(time spent in the stimulus room, ##p < 0.01 vs. VPA-exposed rats
treated with VEH; % time spent sniffing stimulus, #p < 0.05 vs.
VPA-exposed rats treated with VEH).

To exclude that NAC treatment somehow impacted on
locomotor activity, we also scored the number of crossing
made by each experimental animal between each of the three
compartments of the three-chamber apparatus. A two way

TABLE 1 | List of oligonucleotides pairs used for qPCR analysis in this study.

Gene Primer sequence

mGlur1 FW: AAAATTCGCAGCCAACAGGG

RV: CCAGCCGACTCCGTTCTAAG

NR1 FW: AAACCTCGACCAACTGTCCT

RV: ATCAGCAGAGCCGTCACATT

NR2A FW: GAACCCGCTAAACCTGGTGG

RV: CATGGTCGCCACTTAGGGTC

NR2B FW: GTCCTTCAGCGAAGATGGCT

RV: CACATCCGAGGCCACACATA

mGluR5 FW: AAACCCTAAGCTCCAACGGAA

RV: GAAAGGGTTTGATGACCGCC

GLUR1 FW: GGACAACTCAAGCGTCCAGA

RV: CACAGTAGCCCTCATAGCGG

GLUR2 FW: GCATCGCCACACCTAAAGGA

RV: TACTTCCCGAGTCCTTGGCT

PSD95 FW: CCGCTACCAAGATGAAGACACG

RV: TCTGTTCCATTCACCTGCAACTC

CAMKII FW: AGACACCAAAGTGCGCAAAC

RV: TTCCAGGGTCGCACATCTTC

MeCP2 FW: AGAGGAAGTCTGGTCGCTCT

RV: AGGAGGTGTCTCCCACCTTT

ANOVA analysis of this parameter gave the following results:
F(pretreatment)(1,25) = 0.043, p= n.s.; F(postnatal treat.)(1,25) = 3.602, p
= n.s.; F(prenatal treat.×postnatal treat)(1,25) = 0.069, p= n.s. (data not
shown), revealing no locomotor impairment or possible sedative
effects induced by NAC at the tested dose.

Moreover, VPA-exposed rats showed stereotypic behaviors
in the hole-board test, as they made more head dippings
[F(prenatal treat.)(1,31) = 10.80, p < 0.01.; F(postnatal treat.)(1,31)]
= 1.361, p = n.s; F(prenatal treat.×postnatal treat.)(1,31) = 0.454, p
= n.s] compared to SAL-exposed rats (∗p < 0.05 vs. rats
prenatally exposed to SAL, Figure 2C). Treatment with NAC
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FIGURE 2 | N-acetylcysteine ameliorates the aberrant social phenotype but it does not affect the repetitive behaviors displayed by VPA-exposed animals. At PND 35,

VPA-exposed rats showed reduced sociability in the three-chamber test, as they spent less time in the stimulus room (A) and sniffing the stimulus animal (B)

compared to SAL-exposed rats. Treatment with NAC reversed the deficit displayed by VPA-exposed rats in this test (SAL-VEH, n = 7; SAL-NAC, n = 8; VPA-VEH, n

= 6; VPA-NAC, n = 8). Moreover, VPA-exposed rats showed stereotypic behaviors in the hole-board test, as they made more head dippings (C) compared to

SAL-exposed rats. Treatment with NAC was not able to rescue the repetitive behavior found in VPA-exposed rats (SAL-VEH, n = 6; SAL-NAC, n = 7; VPA-VEH, n =

10; VPA-NAC, n = 12). Data represent mean ± S.E.M. *p < 0.05, **p < 0.01 vs. SAL-VEH group; #p < 0.05, ##p < 0.01 vs. VPA-VEH group

(Student’s–Newman–Keuls post hoc test).

was not able to reduce the stereotypic behavior found in VPA-
exposed rats.

N-Acetylcysteine Normalizes the Altered
Brain GSH Levels Displayed by
VPA-Exposed Animals in a Region-Specific
Manner
GSH levels were measured in different brain areas of VPA-
exposed animals and SAL-exposed controls, in order to verify
if brain region-specific changes in GSH occur in this animal
model of ASD. As shown in Figures 3A,B, GSH concentration
was significantly decreased in most brain areas of VPA-exposed
animals (HIPP, AMY, CER, NAc, PFC) compared to SAL-exposed
controls, either as total GSH amount [HIPP: F(2,6) = 941.2,
p < 0.001; AMY: F(2,6) = 32.03, p < 0.001; CER: F(2,6) =

96.39, p < 0.001; NAc: F(2,6) = 51.85, p < 0.001; PFC: F(2,6)
= 38.42, p < 0.001, Figure 3A], or as GSH free form (not
protein bound) [HIPP: F(2,6) = 1,440, p < 0.001; AMY: F(2,6)
= 3,906, p < 0.001; CER: F(2,6) = 2,438, p < 0.001; NAc: F(2,6)
= 736.3, p < 0.001; PFC, F(2,6) = 3,681, p < 0.001, Figure 3B],
except for DS where GSH content was higher in VPA-exposed
rats than in controls [GSH total: F(2,6) = 375.7, p < 0.001,
Figure 3A; GSH free: F(2,6) = 660.2, p < 0.001, Figure 3B].
Interestingly, when VPA-exposed rats were treated with NAC,
only HIPP and NAc displayed a significant increase of total GSH
concentrations. Overall, these findings support an imbalance
of GSH homeostasis induced by prenatal VPA exposure and
suggest a brain region specificity in the effects of NAC on
GSH homeostasis.

N-Acetylcysteine Partially Rescues the
Altered Expression of Post-synaptic
Terminal Network Genes Found in
VPA-Exposed Rats
We evaluated the mRNA expression of genes that regulate the
neuronal post-synaptic terminal activity, including scaffolding
(PSD-95) and gene transcription regulator (MeCP2, CaMKII)
proteins, the subunits of the ionotropic N-methyl-D-aspartate
(NMDA) (NR1, NR2a, and NR2b) and α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) (GLUR1 and GLUR2)
receptors, as well as the metabotropic glutamate receptors
mGLUR1 andmGLUR5.Our analysis demonstrates that, with the
exception of the AMY (Figure 4B), all of the brain areas analyzed
of VPA-exposed rats showed a deregulation in the expression of
the genes that mediate glutamate signaling in the post-synaptic
terminal (Figures 4A,C–F). Although these impairments were
region specific, a general upregulation of the analyzed transcripts
was observed, with levels that, in case of the PSD95 transcript
in the PFC (Figure 4F) and HIPP (Figure 4A), reached 8 (p <

0.001) or 6 (p < 0.05) fold the control levels, respectively. A
general upregulation ofMGLUR1 and NMDAR subunits was also
observed along most of the brain areas of VPA-exposed animals,
with peaks 5-fold higher than the control levels in MGLUR1
(p < 0.001), NR1 (p < 0.01), and NR2a (p < 0.05) transcripts
observed in the DS (Figure 4D). Conversely, a general VPA-
induced downregulation was observed in the NAc, particularly
in the expression of the AMPA receptor subunits, with a 70%
reduction of GLUR1 (p < 0.001) and GLUR2 (p < 0.01) and a
50% reduction of the metabotropic glutamate receptorMGLUR5
(p < 0.05). The sole exceptions observed regard the expression
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FIGURE 3 | Brain region specific changes in total (A) and free (B) GSH levels. Total (A) and free (B) GSH levels in hippocampus (HIPP), amygdala (AMY), cerebellum

(CER), dorsal striatum (DS), nucleus accumbens (NAc), and prefrontal cortex (PFC) of VPA-, SAL- and VPA-NAC-treated rats (n = 3 per group). Data represent mean

± SD. **p < 0.01, ***p < 0.001, vs. SAL-group TOTAL GSH; ###p < 0.01 vs. SAL-group FREE GSH; ◦p < 0.05, ◦◦p < 0.01, ◦◦◦p < 0.001 vs. VPA-group TOTAL

GSH; §§§p < 0.001 vs. VPA-group FREE GSH (Tukey post-hoc test).

of NR1 and NR2a subunits of the MNDA receptor, which were
upregulated (p< 0.05 and p< 0.01, respectively) in VPA-exposed
rats (Figure 4E).

Noteworthy, a partial rescue in the expression of the post-
synaptic terminal network genes was observed in VPA-exposed
rats after NAC treatment, with a trend that was, even in this
case, region specific. In particular, a strong re-establishment of
the physiological mRNA expression of the post-synaptic terminal
genes occurred in the NAc, where the expression of 4 out of the
10 transcripts analyzed was rescued (NR2a, MGLUR5, GLUR1,
and GLUR2) (Figure 4E), and in the CER (Figure 4C), where
CAMK2, NR1, and GLUR2 expression was reduced (p < 0.05).
No effects were observed upon NAC exposure in control rats.

DISCUSSION

Although ASD is among the most severe chronic childhood
disorders, it lacks effective treatments, and its complex etiology

is still a matter of investigation. Multiple factors are thought
to be involved in the pathogenesis of the disease (i.e., genetic,
environmental factors and their interaction), thus explaining the
heterogeneity of symptoms displayed by autistic patients.

In recent years, several studies from different research
groups reported reduced GSH levels in the brain and blood
of ASD children (36, 38, 53). This depletion of GSH may
be critically involved in the pathogenesis of ASD through
different mechanisms. First, it may lead to increased oxidative
stress toxicity. Second, it may induce excitotoxicity through
over-activation of excitatory glutamatergic neurotransmission
(54). Third, as GSH is an epigenetic modulator, its deficiency
may negatively affect brain development in the presence of
triggering environmental factors, thus contributing to ASD.
One of the environmental factors known to be involved in
the pathogenesis of ASD is maternal exposure to VPA. There
is indeed clinical evidence that maternal use of VPA during
pregnancy can induce a wide range of abnormalities in the
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FIGURE 4 | N-acetylcysteine partially rescues the altered expression of post-synaptic terminal network genes found in VPA-exposed rats. Relative mRNA levels of

scaffolding (PSD95) and transcriptional regulators (CAMK2 and MeCP2), ionotropic NMDA receptor subunits (NR1, NR2a, and NR2b), ionotropic AMPA receptor

subunits (GLUR1 and GLUR2) and metabotropic glutamate receptors MGLUR1 and MGLUR5, assessed in HIPP (A), AMY (B), CER (C), DS (D), NAc (E), and PFC

(F) of rats prenatally exposed to either VPA or SAL and treated with NAC or its vehicle (VEH) (n = 3–4). Values represent mean ± SD. *p < 0.05, **p < 0.01, ***p <

0.001 vs. SAL/VEH group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. VPA/VEH group; ◦p < 0.05 vs. VPA/NAC group (Tukey post-hoc test).

exposed children, ranging from structural malformations tomore
subtle autistic-like behaviors (1, 5, 8, 55, 56). Based on the robust
clinical evidence, prenatal exposure to VPA in rodents has been
validated as an environmentally-triggered preclinical model of
ASD (8, 9, 57).

Since NAC has antioxidant properties, it is a precursor of
glutathione and it modulates glutamatergic neurotransmission,
we explored the effects of repeated NAC administration on
core autistic-like features, brain GSH metabolism and mRNA
expression of genes that regulate synaptic activity in the VPA rat
model of ASD.

We found that repeated administration of NAC reverted the
social deficit displayed by VPA-exposed rats in the three-chamber
test. Since the last NAC administration was given 2.5 h prior
the behavioral experiments, we cannot exclude that the animals
were still under acute NAC influence when performing the task.
Yet, repeated administration of NAC has previously found to be

effective: when NAC was administered for 10 days at the same
dose used in the present study, it reverted the deficit in social
interaction displayed by male VPA-exposed rats (27). However,
while NAC was found to ameliorate the repetitive behaviors
performed by VPA-exposed rats in the open field test (47), we
found that NAC did not counteract the repetitive/stereotyped
behaviors displayed by VPA-exposed rats in the hole board test.
Thus, the positive effect of NAC on stereotypic behaviors in
VPA-exposed animals may be dependent on the behavioral task
and the experimental protocol used. To support the preclinical
findings, a recent meta-analysis of randomized clinical trials
showed that NAC supplementation for 8–12 weeks significantly
improved irritability, hyperactivity and social awareness in ASD
patients (58), thus supporting the idea that certain behavioral
traits observed in autism may benefit of NAC treatment.

The brain is particularly susceptible to oxidative stress,
due to high oxygen consumption (∼20% of oxygen), low
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endogenous antioxidant defense, large quantity of iron and
copper, and abundance of polyunsaturated fatty acids in neuronal
membranes (59).

GSH plays a key role in the maintenance of the brain redox
equilibrium and imbalances in the GSH redox system are an
important factor in the pathophysiology of ASD (36, 38, 53, 60).

Some studies have previously reported significantly reduced
GSH levels in post mortem cerebellum and temporal cortex of
children with ASD, along with lower activity of the enzyme
responsible for the GSH synthesis, γ-glutamyl cysteine ligase
(GCL) (35, 37, 40, 60). In light of this, we measured brain GSH
levels in VPA-exposed rats, also exploring the potential region-
specificity of these changes. Our findings show that, compared
to SAL-exposed rats, GSH concentrations are significantly
decreased in the prefrontal cortex, nucleus accumbens, amygdala,
cerebellum and hippocampus of VPA-exposed animals. These
data support the GSH depletion found in post mortem cerebellum
of children with ASD but, at the same time, they highlight a
more generalized GSH deficiency in several brain regions, with
the only exception for the dorsal striatum, where GSH levels
appear increased.

Two principal factors can be responsible for the reduction
of GSH levels found in VPA-exposed animals: a decreased
synthesis, due to a direct or indirect inhibition of the enzyme
GCL, and/or an increase of the GSH consumption by reactions
catalyzed by the GSH-dependent antioxidant enzymes (GPx,
GR, GST). Exposure to toxic metals, for instance, can block
GSH synthesis and rise thiol excretion, thus exacerbating
redox dysfunctions (61, 62). Also the gut microbiota, which is
dysregulated in ASD, has been found to modulate glutathione
metabolism (63), potentially contributing to predispose children
to the gastrointestinal dysfunction often occurring in the autistic
phenotype (38, 64–66).

In addition, and besides its well-known role as antioxidant,
GSH can affect “redox-independent” processes, including
the accumulation of extracellular glutamate, thus triggering
excitotoxicity and ultimately resulting in neuronal dysfunction
and death (36, 67, 68).

GSH metabolism is strongly inter-connected with
glutamatergic neurotransmission: the exposure to glutamate
results in a dose-dependent decrease of GSH in astrocytes (69)
but, at the same time, it represents an essential precursor of
the GSH synthesis (70). Furthermore, GSH elicits a modulatory
function on glutamate receptors (such as N-methyl-D-aspartate
receptors) and regulates some important transcription factors
implicated in the immune response pathway (NF-kB) and
in neuro-inflammation. Therefore, the GSH homeostasis is
crucial for neuronal health and neurodevelopment contributing
to the balanced interaction between glutamate and GABA,
both essential for synaptic maturation, refinement of neuronal
circuitry and regulation of cognition, emotion and behavior
(54, 71–73).

Moving from previous studies showing that VPA-induced
behavioral deficits in rodents can be rescued by NAC treatment
(27, 47), through the GSH-mediated modulation of synaptic
activity, here we analyzed the effect of NAC on GSH brain levels
in VPA-exposed rats. Unexpectedly, total and free GSH levels

did not show significant variations after NAC supplementation,
except for two brain regions, the nucleus accumbens and
hippocampus, where total GSH (an index of GSH synthesis)
was consistently increased. The reason of this differential,
area-specific effectiveness of NAC on GSH levels is not still
understood, but it has to be considered that NAC is involved not
only in GSH production, but in multiple processes underlying
the pathophysiology of several neuropsychiatric disorders (74).
Indeed, beside its essential role as reducing agent (by its thiol
group) and as co-substrate for the GSH synthesis, NAC has also
anti-glutamatergic properties, and NAC-treated mice showed
reduced amounts of glutamate and excitatory currents in vivo
(74–77). Thus, the ability of NAC to rescue the social deficits
displayed by VPA-exposed rat, rather than derive from a direct
increase in GSH levels, can be the result of its central role in
glutamate signaling, oxidative homeostasis and interaction with
inflammatory mediators.

An imbalance of the excitatory synaptic signaling is widely
reported in ASD (78, 79), especially regarding the excess of
glutamatergic signaling (80) connected to impairments in
the synaptic proteins expression at the synaptic terminals
(particularly in males) (16, 20, 21, 81). For this reason, we
evaluated the mRNA expression of genes regulating the
neuronal post-synaptic terminal activity in VPA-exposed
animals and SAL-exposed controls. Our data confirm that
prenatal VPA exposure induces a general region-specific
impairment in the expression of genes related with synaptic
regulation, and that NAC treatment is able to partially rescue
these defects to normal levels or, at least, to reduce their
impact. On this basis, it is possible to hypothesize a role
for NAC in re-establishing the physiological glutamatergic
signaling, which appears altered in ASD. Taken together our
results corroborate previous findings (27, 47) showing that
NAC administration improves VPA-induced behavioral
deficits in rodents, such as anxiety, social impairments
and stereotypic behavior, modulating synaptic activity
through its antioxidant effects and its ability to modulate
glutamatergic neurotransmission.

Overall, this study highlights a general brain depletion
of GSH in the VPA rat model of ASD and, interestingly,
suggests a differential response of different brain areas to
the antioxidant treatment with NAC. However, what still
needs to be determined is if the GSH decrease represents
a primary defect in ASD or if the ASD pathological
assessment leads to a GSH redox imbalance. Nevertheless,
it is certain that the GSH deficiency results in a decreased
ability to excrete toxic molecules (metals, xenobiotics)
that, instead, an antioxidant supplementation may help
to counteract.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this
article will be made available by the authors, without
undue reservation.

Frontiers in Psychiatry | www.frontiersin.org 8 February 2022 | Volume 13 | Article 851679

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Schiavi et al. N-Acetylcysteine in Autism Preclinical Model

ETHICS STATEMENT

The animal study was reviewed and approved by Italian Ministry
of Health Autorizzazione n. 70/2021-PR.

AUTHOR CONTRIBUTIONS

SS performed, analyzed, and contributed to the design of the
behavioral experiments. SP and PL performed, analyzed, and
designed the biochemical experiments. EC and JD’A contributed
to the behavioral and the biochemical experiments, respectively.
SS, PL, and SP wrote the manuscript. VT and FP supervised

the project, designed the experiments, and wrote, revised, and
edited the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

VT was supported by Jerome Lejeune Foundation
Research grant #1674 (VT), by PRIN 2017 grant
(2017SXEXT5) by MIUR (VT), and by Excellence
Departments, MIUR-Italy, Grant/Award Numbers:
ARTICOLO 1, COMMI 314-337 LEGGE 232/2016,
ARTICOLO 1.

REFERENCES

1. Christensen J, Gronborg TK, Sorensen MJ, Schendel D, Parner ET,

Pedersen LH, et al. Prenatal valproate exposure and risk of autism

spectrum disorders and childhood autism. JAMA. (2013) 309:1696–

703. doi: 10.1001/jama.2013.2270

2. Zhao H, Wang Q, Yan T, Zhang Y, Xu HJ Yu HP, et al. Maternal

valproic acid exposure leads to neurogenesis defects and autism-

like behaviors in non-human primates. Transl Psychiatry. (2019)

9:267. doi: 10.1038/s41398-019-0608-1

3. Kini U, Adab N, Vinten J, Fryer A, Clayton-Smith J. Dysmorphic

features: an important clue to the diagnosis and severity of fetal

anticonvulsant syndromes. Arch Dis Childh Fetal Neonatal Ed. (2006) 91:F90–

5. doi: 10.1136/adc.2004.067421

4. Kozma C. Valproic acid embryopathy: report of two siblings with

further expansion of the phenotypic abnormalities and a review of

the literature. Am J Med Genet. (2001) 98:168–75. doi: 10.1002/1096-

8628(20010115)98:2<168::AID-AJMG1026>3.0.CO;2-O

5. Chomiak T, Turner N, Hu B. What we have learned about autism

spectrum disorder from valproic acid. Patholog Res Int. (2013)

2013:712758. doi: 10.1155/2013/712758

6. Williams PG, Hersh JH, A. male with fetal valproate

syndrome and autism. Dev Med Child Neurol. (1997) 39:632–

4. doi: 10.1111/j.1469-8749.1997.tb07500.x

7. Nicolini C, Fahnestock M. The valproic acid-induced rodent model of autism.

Exp Neurol. (2018) 299(Pt. A):217–27. doi: 10.1016/j.expneurol.2017.04.017

8. Roullet FI, Lai JK, Foster JA. In utero exposure to valproic acid and autism–

a current review of clinical and animal studies. Neurotoxicol Teratol. (2013)

36:47–56. doi: 10.1016/j.ntt.2013.01.004

9. Tartaglione AM, Schiavi S, Calamandrei G, Trezza V. Prenatal

valproate in rodents as a tool to understand the neural

underpinnings of social dysfunctions in autism spectrum disorder.

Neuropharmacology. (2019) 159:107477. doi: 10.1016/j.neuropharm.2018.

12.024

10. Chaliha D, Albrecht M, Vaccarezza M, Takechi R, Lam V, Al-Salami H, et al. A

systematic review of the valproic-acid-induced rodent model of autism. Dev

Neurosci. (2020) 42:12–48. doi: 10.1159/000509109

11. Mabunga DF, Gonzales EL, Kim JW, Kim KC, Shin CY. Exploring the validity

of valproic acid animal model of autism. Exp Neurobiol. (2015) 24:285–

300. doi: 10.5607/en.2015.24.4.285

12. Bozzi Y, Provenzano G, Casarosa S. Neurobiological bases of autism-epilepsy

comorbidity: a focus on excitation/inhibition imbalance. Eur J Neurosci.

(2018) 47:534–48. doi: 10.1111/ejn.13595

13. Rubenstein JL, Merzenich MM. Model of autism: increased ratio of

excitation/inhibition in key neural systems. Genes Brain Behav. (2003) 2:255–

67. doi: 10.1034/j.1601-183X.2003.00037.x

14. Bateup HS, Johnson CA, Denefrio CL, Saulnier JL, Kornacker K,

Sabatini BL. Excitatory/inhibitory synaptic imbalance leads to hippocampal

hyperexcitability in mouse models of tuberous sclerosis. Neuron. (2013)

78:510–22. doi: 10.1016/j.neuron.2013.03.017

15. Mehta MV, Gandal MJ, Siegel SJ. mGluR5-antagonist mediated reversal of

elevated stereotyped, repetitive behaviors in the VPA model of autism. PLoS

ONE. (2011) 6:e26077. doi: 10.1371/journal.pone.0026077

16. Rinaldi T, Kulangara K, Antoniello K, Markram H. Elevated NMDA receptor

levels and enhanced postsynaptic long-term potentiation induced by prenatal

exposure to valproic acid. Proc Natl Acad Sci USA. (2007) 104:13501–

6. doi: 10.1073/pnas.0704391104

17. Rinaldi T, Perrodin C, Markram H. Hyper-connectivity and hyper-plasticity

in the medial prefrontal cortex in the valproic acid animal model of autism.

Front Neural Circuits. (2008) 2:4. doi: 10.3389/neuro.04.004.2008

18. Silva GT, Le Be JV, Riachi I, Rinaldi T, Markram K, Markram H. Enhanced

long-termmicrocircuit plasticity in the valproic Acid animal model of autism.

Front Synaptic Neurosci. (2009) 1:1. doi: 10.3389/neuro.19.001.2009

19. Rinaldi T, Silberberg G, Markram H. Hyperconnectivity of local neocortical

microcircuitry induced by prenatal exposure to valproic acid. Cereb Cortex.

(2008) 18:763–70. doi: 10.1093/cercor/bhm117

20. Kim KC, Choi CS, Kim JW, Han SH, Cheong JH Ryu JH, et al.

MeCP2 modulates sex differences in the postsynaptic development of

the valproate animal model of autism. Mol Neurobiol. (2016) 53:40–

56. doi: 10.1007/s12035-014-8987-z

21. Kim KC, Lee DK, Go HS, Kim P, Choi CS, Kim JW, et al. Pax6-dependent

cortical glutamatergic neuronal differentiation regulates autism-like behavior

in prenatally valproic acid-exposed rat offspring. Mol Neurobiol. (2014)

49:512–28. doi: 10.1007/s12035-013-8535-2

22. Tyzio R, Nardou R, Ferrari DC, Tsintsadze T, Shahrokhi A, Eftekhari

S, et al. Oxytocin-mediated GABA inhibition during delivery

attenuates autism pathogenesis in rodent offspring. Science. (2014)

343:675–9. doi: 10.1126/science.1247190

23. Kern JK, Jones AM. Evidence of toxicity, oxidative stress, and neuronal

insult in autism. J Toxicol Environ Health B Crit Rev. (2006) 9:485–

99. doi: 10.1080/10937400600882079

24. Hegazy HG, Ali EH, Elgoly AH. Interplay between pro-inflammatory

cytokines and brain oxidative stress biomarkers: evidence of parallels between

butyl paraben intoxication and the valproic acid brain physiopathology in

autism rat model. Cytokine. (2015) 71:173–80. doi: 10.1016/j.cyto.2014.10.027

25. Matsuo K, Yabuki Y, Fukunaga K. 5-aminolevulinic acid

inhibits oxidative stress and ameliorates autistic-like behaviors

in prenatal valproic acid-exposed rats. Neuropharmacology.

(2020) 168:107975. doi: 10.1016/j.neuropharm.2020.1

07975

26. Baker DA, McFarland K, Lake RW, Shen H, Toda S, Kalivas PW. N-acetyl

cysteine-induced blockade of cocaine-induced reinstatement. Ann N Y Acad

Sci. (2003) 1003:349–51. doi: 10.1196/annals.1300.023

27. Chen YW, Lin HC, Ng MC, Hsiao YH, Wang CC, Gean PW, et al. Activation

of mGluR2/3 underlies the effects of N-acetylcystein on amygdala-associated

autism-like phenotypes in a valproate-induced rat model of autism. Front

Behav Neurosci. (2014) 8:219. doi: 10.3389/fnbeh.2014.00219

28. Fernandes BS, Dean OM, Dodd S, Malhi GS, Berk M. N-Acetylcysteine

in depressive symptoms and functionality: a systematic review and meta-

analysis. J Clin Psychiatry. (2016) 77:e457–66. doi: 10.4088/JCP.15r09984

Frontiers in Psychiatry | www.frontiersin.org 9 February 2022 | Volume 13 | Article 851679

https://doi.org/10.1001/jama.2013.2270
https://doi.org/10.1038/s41398-019-0608-1
https://doi.org/10.1136/adc.2004.067421
https://doi.org/10.1002/1096-8628(20010115)98:2<168::AID-AJMG1026>3.0.CO;2-O
https://doi.org/10.1155/2013/712758
https://doi.org/10.1111/j.1469-8749.1997.tb07500.x
https://doi.org/10.1016/j.expneurol.2017.04.017
https://doi.org/10.1016/j.ntt.2013.01.004
https://doi.org/10.1016/j.neuropharm.2018.12.024
https://doi.org/10.1159/000509109
https://doi.org/10.5607/en.2015.24.4.285
https://doi.org/10.1111/ejn.13595
https://doi.org/10.1034/j.1601-183X.2003.00037.x
https://doi.org/10.1016/j.neuron.2013.03.017
https://doi.org/10.1371/journal.pone.0026077
https://doi.org/10.1073/pnas.0704391104
https://doi.org/10.3389/neuro.04.004.2008
https://doi.org/10.3389/neuro.19.001.2009
https://doi.org/10.1093/cercor/bhm117
https://doi.org/10.1007/s12035-014-8987-z
https://doi.org/10.1007/s12035-013-8535-2
https://doi.org/10.1126/science.1247190
https://doi.org/10.1080/10937400600882079
https://doi.org/10.1016/j.cyto.2014.10.027
https://doi.org/10.1016/j.neuropharm.2020.107975
https://doi.org/10.1196/annals.1300.023
https://doi.org/10.3389/fnbeh.2014.00219
https://doi.org/10.4088/JCP.15r09984
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Schiavi et al. N-Acetylcysteine in Autism Preclinical Model

29. Grant JE, Kim SW, Odlaug BL. N-acetyl cysteine, a glutamate-modulating

agent, in the treatment of pathological gambling: a pilot study. Biol Psychiatry.

(2007) 62:652–7. doi: 10.1016/j.biopsych.2006.11.021

30. Grant JE, Odlaug BL, Kim SW.N-acetylcysteine, a glutamatemodulator, in the

treatment of trichotillomania: a double-blind, placebo-controlled study. Arch

Gen Psychiatry. (2009) 66:756–63. doi: 10.1001/archgenpsychiatry.2009.60

31. Li F, Welling MC, Johnson JA, Coughlin C, Mulqueen J, Jakubovski E, et al. N-

Acetylcysteine for pediatric obsessive-compulsive disorder: a small pilot study.

J Child Adolesc Psychopharmacol. (2020) 30:32–7. doi: 10.1089/cap.2019.0041

32. Minarini A, Ferrari S, Galletti M, Giambalvo N, Perrone D, Rioli G, et

al. N-acetylcysteine in the treatment of psychiatric disorders: current status

and future prospects. Expert Opin Drug Metab Toxicol. (2017) 13:279–

92. doi: 10.1080/17425255.2017.1251580

33. Raghu G, Berk M, Campochiaro PA, Jaeschke H, Marenzi G, Richeldi L, et

al. The multifaceted therapeutic role of N-Acetylcysteine (NAC) in disorders

characterized by oxidative stress. Curr Neuropharmacol. (2021) 19:1202–

24. doi: 10.2174/1570159X19666201230144109

34. Morris G, Anderson G, Dean O, Berk M, Galecki P, Martin-Subero M, et al.

The glutathione system: a new drug target in neuroimmune disorders. Mol

Neurobiol. (2014) 50:1059–84. doi: 10.1007/s12035-014-8705-x

35. Gu F, Chauhan V, Chauhan A. Glutathione redox imbalance

in brain disorders. Curr Opin Clin Nutr Metab Care. (2015)

18:89–95. doi: 10.1097/MCO.0000000000000134

36. Bjorklund G, Dosa MD, Maes M, Dadar M, Frye RE, Peana M, et al. The

impact of glutathione metabolism in autism spectrum disorder. Pharmacol

Res. (2021) 166:105437. doi: 10.1016/j.phrs.2021.105437

37. Chauhan A, Audhya T, Chauhan V. Brain region-specific

glutathione redox imbalance in autism. Neurochem Res. (2012)

37:1681–9. doi: 10.1007/s11064-012-0775-4

38. Frustaci A, Neri M, Cesario A, Adams JB, Domenici E, Dalla

Bernardina B, et al. Oxidative stress-related biomarkers in autism:

systematic review and meta-analyses. Free Radic Biol Med. (2012)

52:2128–41. doi: 10.1016/j.freeradbiomed.2012.03.011

39. Waligora A, Waligora S, Kozarska M, Damasiewicz-Bodzek A, Gorczyca

P, Tyrpien-Golder K. Autism spectrum disorder (ASD) - biomarkers of

oxidative stress and methylation and transsulfuration cycle. Psychiatr Pol.

(2019) 53:771–88. doi: 10.12740/PP/89948

40. Bjorklund G, Tinkov AA, Hosnedlova B, Kizek R, Ajsuvakova OP,

Chirumbolo S, et al. The role of glutathione redox imbalance in autism

spectrum disorder: a review. Free Radic Biol Med. (2020) 160:149–

62. doi: 10.1016/j.freeradbiomed.2020.07.017

41. Wink LK, Adams R, Wang Z, Klaunig JE, Plawecki MH, Posey DJ, et

al. A randomized placebo-controlled pilot study of N-acetylcysteine

in youth with autism spectrum disorder. Mol Autism. (2016)

7:26. doi: 10.1186/s13229-016-0088-6

42. Hardan AY, Fung LK, Libove RA, Obukhanych TV, Nair S, Herzenberg LA, et

al. A randomized controlled pilot trial of oral N-acetylcysteine in children with

autism. Biol Psychiatry. (2012) 71:956–61. doi: 10.1016/j.biopsych.2012.01.014

43. Rose S, Melnyk S, Pavliv O, Bai S, Nick TG, Frye RE, et al.

Evidence of oxidative damage and inflammation associated with low

glutathione redox status in the autism brain. Transl Psychiatry. (2012)

2:e134. doi: 10.1038/tp.2012.61

44. Kilkenny C, BrowneW, Cuthill IC, EmersonM, AltmanDG. Animal research:

reporting in vivo experiments: the ARRIVE guidelines. Br J Pharmacol. (2010)

160:1577–9. doi: 10.1111/j.1476-5381.2010.00872.x

45. Melancia F, Schiavi S, Servadio M, Cartocci V, Campolongo P, Palmery M,

et al. Sex-specific autistic endophenotypes induced by prenatal exposure

to valproic acid involve anandamide signalling. Br J Pharmacol. (2018)

175:3699–712. doi: 10.1111/bph.14435

46. Servadio M, Melancia F, Manduca A, di Masi A, Schiavi S, Cartocci V, et al.

Targeting anandamide metabolism rescues core and associated autistic-like

symptoms in rats prenatally exposed to valproic acid. Transl Psychiatry. (2016)

6:e902. doi: 10.1038/tp.2016.182

47. Zhang Y, Cui W, Zhai Q, Zhang T, Wen X. N-acetylcysteine ameliorates

repetitive/stereotypic behavior due to its antioxidant properties without

activation of the canonical Wnt pathway in a valproic acid-induced rat

model of autism. Mol Med Rep. (2017) 16:2233–40. doi: 10.3892/mmr.

2017.6787

48. Ramirez-Nino AM, D’Souza MS, Markou A. N-acetylcysteine decreased

nicotine self-administration and cue-induced reinstatement of nicotine

seeking in rats: comparison with the effects of N-acetylcysteine on

food responding and food seeking. Psychopharmacology. (2013) 225:473–

82. doi: 10.1007/s00213-012-2837-3

49. Gray JM, Vecchiarelli HA, Morena M, Lee TT, Hermanson DJ, Kim

AB, et al. Corticotropin-releasing hormone drives anandamide hydrolysis

in the amygdala to promote anxiety. J Neurosci. (2015) 35:3879–

92. doi: 10.1523/JNEUROSCI.2737-14.2015

50. Hill MN, Karatsoreos IN, Hillard CJ, McEwen BS. Rapid

elevations in limbic endocannabinoid content by glucocorticoid

hormones in vivo. Psychoneuroendocrinology. (2010) 35:1333–

8. doi: 10.1016/j.psyneuen.2010.03.005

51. Trezza V, Damsteegt R, Manduca A, Petrosino S, Van Kerkhof LW,

Pasterkamp RJ, et al. Endocannabinoids in amygdala and nucleus accumbens

mediate social play reward in adolescent rats. J Neurosci. (2012) 32:14899–

908. doi: 10.1523/JNEUROSCI.0114-12.2012

52. La Rosa P, Bielli P, Compagnucci C, Cesari E, Volpe E, Farioli Vecchioli S, et

al. Sam68 promotes self-renewal and glycolytic metabolism in mouse neural

progenitor cells by modulating Aldh1a3 pre-mRNA 3’-end processing. eLife.

(2016) 5:e20750. doi: 10.7554/eLife.20750

53. Frye RE, Delatorre R, Taylor H, Slattery J, Melnyk S, Chowdhury

N, et al. Redox metabolism abnormalities in autistic children

associated with mitochondrial disease. Transl Psychiatry. (2013)

3:e273. doi: 10.1038/tp.2013.51

54. Essa MM, Braidy N, Vijayan KR, Subash S, Guillemin GJ.

Excitotoxicity in the pathogenesis of autism. Neurotox Res. (2013)

23:393–400. doi: 10.1007/s12640-012-9354-3

55. Bromley RL, Mawer GE, Briggs M, Cheyne C, Clayton-Smith J, Garcia-

Finana M, et al. The prevalence of neurodevelopmental disorders in children

prenatally exposed to antiepileptic drugs. J Neurol Neurosurg Psychiatry.

(2013) 84:637–43. doi: 10.1136/jnnp-2012-304270

56. Smith V, Brown N. Prenatal valproate exposure and risk of autism spectrum

disorders and childhood autism. Arch Dis Childh Educ Pract Ed. (2014)

99:198. doi: 10.1136/archdischild-2013-305636

57. Ranger P, Ellenbroek BA. Perinatal influences of valproate on brain and

behaviour: an animal model for autism. Curr Top Behav Neurosci. (2016)

29:363–86. doi: 10.1007/7854_2015_404

58. Lee TM, Lee KM, Lee CY, Lee HC, Tam KW, Loh EW. Effectiveness

of N-acetylcysteine in autism spectrum disorders: a meta-analysis of

randomized controlled trials. Aust N Z J Psychiatry. (2021) 55:196–

206. doi: 10.1177/0004867420952540

59. Cobley JN, Fiorello ML, Bailey DM. 13 reasons why the brain

is susceptible to oxidative stress. Redox Biol. (2018) 15:490–

503. doi: 10.1016/j.redox.2018.01.008

60. Main PA, Angley MT, O’Doherty CE, Thomas P, Fenech M. The potential

role of the antioxidant and detoxification properties of glutathione in autism

spectrum disorders: a systematic review and meta-analysis. Nutr Metab.

(2012) 9:35. doi: 10.1186/1743-7075-9-35

61. Emam HE, Mikhail MM, El-Sherbiny S, Nagy KS, Ahmed HB. Metal-

dependent nano-catalysis in reduction of aromatic pollutants. Environ Sci

Pollut Res Int. (2020) 27:6459–75. doi: 10.1007/s11356-019-07315-z

62. Crisponi G, Nurchi VM, Lachowicz JI, Peana M, Medici S, Zoroddu

MA. Chapter 18 - toxicity of nanoparticles: etiology and mechanisms. In:

Grumezescu AM, editors. Antimicrobial Nanoarchitectonics. Amsterdam:

Elsevier (2017). p. 511–546.

63. Mardinoglu A, Shoaie S, Bergentall M, Ghaffari P, Zhang C, Larsson E, et al.

The gut microbiota modulates host amino acid and glutathione metabolism

in mice.Mol Syst Biol. (2015) 11:834. doi: 10.15252/msb.20156487

64. Ghezzi P. Role of glutathione in immunity and inflammation in the lung. Int

J Gen Med. (2011) 4:105–13. doi: 10.2147/IJGM.S15618

65. Skullerud K, Marstein S, Schrader H, Brundelet PJ, Jellum E. The

cerebral lesions in a patient with generalized glutathione deficiency and

pyroglutamic aciduria (5-oxoprolinuria). Acta Neuropathol. (1980) 52:235–

8. doi: 10.1007/BF00705812

66. Townsend DM, Tew KD, Tapiero H. The importance of

glutathione in human disease. Biomed Pharmacother. (2003)

57:145–55. doi: 10.1016/S0753-3322(03)00043-X

Frontiers in Psychiatry | www.frontiersin.org 10 February 2022 | Volume 13 | Article 851679

https://doi.org/10.1016/j.biopsych.2006.11.021
https://doi.org/10.1001/archgenpsychiatry.2009.60
https://doi.org/10.1089/cap.2019.0041
https://doi.org/10.1080/17425255.2017.1251580
https://doi.org/10.2174/1570159X19666201230144109
https://doi.org/10.1007/s12035-014-8705-x
https://doi.org/10.1097/MCO.0000000000000134
https://doi.org/10.1016/j.phrs.2021.105437
https://doi.org/10.1007/s11064-012-0775-4
https://doi.org/10.1016/j.freeradbiomed.2012.03.011
https://doi.org/10.12740/PP/89948
https://doi.org/10.1016/j.freeradbiomed.2020.07.017
https://doi.org/10.1186/s13229-016-0088-6
https://doi.org/10.1016/j.biopsych.2012.01.014
https://doi.org/10.1038/tp.2012.61
https://doi.org/10.1111/j.1476-5381.2010.00872.x
https://doi.org/10.1111/bph.14435
https://doi.org/10.1038/tp.2016.182
https://doi.org/10.3892/mmr.2017.6787
https://doi.org/10.1007/s00213-012-2837-3
https://doi.org/10.1523/JNEUROSCI.2737-14.2015
https://doi.org/10.1016/j.psyneuen.2010.03.005
https://doi.org/10.1523/JNEUROSCI.0114-12.2012
https://doi.org/10.7554/eLife.20750
https://doi.org/10.1038/tp.2013.51
https://doi.org/10.1007/s12640-012-9354-3
https://doi.org/10.1136/jnnp-2012-304270
https://doi.org/10.1136/archdischild-2013-305636
https://doi.org/10.1007/7854_2015_404
https://doi.org/10.1177/0004867420952540
https://doi.org/10.1016/j.redox.2018.01.008
https://doi.org/10.1186/1743-7075-9-35
https://doi.org/10.1007/s11356-019-07315-z
https://doi.org/10.15252/msb.20156487
https://doi.org/10.2147/IJGM.S15618
https://doi.org/10.1007/BF00705812
https://doi.org/10.1016/S0753-3322(03)00043-X
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Schiavi et al. N-Acetylcysteine in Autism Preclinical Model

67. El Ansary M, Abd Elhamid S, Saadi G, Ismail W, Ibrahim N, Bahaa El-

Din N, et al. Prevalence of polyoma BK virus infection among living-

donor renal transplant recipients. Transpl Infect Dis. (2016) 18:529–

37. doi: 10.1111/tid.12557

68. McNaught KS, Jenner P. Extracellular accumulation of nitric oxide, hydrogen

peroxide, and glutamate in astrocytic cultures following glutathione depletion,

complex I inhibition, and/or lipopolysaccharide-induced activation. Biochem

Pharmacol. (2000) 60:979–88. doi: 10.1016/S0006-2952(00)00415-9

69. Campisi A, Caccamo D, Li Volti G, Curro M, Parisi G, Avola R,

et al. Glutamate-evoked redox state alterations are involved in tissue

transglutaminase upregulation in primary astrocyte cultures. FEBS Lett.

(2004) 578:80–4. doi: 10.1016/j.febslet.2004.10.074

70. Aoyama K, Watabe M, Nakaki T. Regulation of neuronal glutathione

synthesis. J Pharmacol Sci. (2008) 108:227–38. doi: 10.1254/jphs.08R01CR

71. Ajram LA, Pereira AC, Durieux AMS, Velthius HE, Petrinovic MM,

McAlonan GM. The contribution of [1H] magnetic resonance spectroscopy

to the study of excitation-inhibition in autism. Prog Neuropsychopharmacol

Biol Psychiatry. (2019) 89:236–44. doi: 10.1016/j.pnpbp.2018.09.010

72. Lujan R, Shigemoto R, Lopez-Bendito G. Glutamate and GABA

receptor signalling in the developing brain. Neuroscience. (2005)

130:567–80. doi: 10.1016/j.neuroscience.2004.09.042

73. Olloquequi J, Cornejo-Cordova E, Verdaguer E, Soriano FX, Binvignat O,

Auladell C, et al. Excitotoxicity in the pathogenesis of neurological and

psychiatric disorders: therapeutic implications. J Psychopharmacol. (2018)

32:265–75. doi: 10.1177/0269881118754680

74. Berk M, Malhi GS, Gray LJ, Dean OM. The promise of N-

acetylcysteine in neuropsychiatry. Trends Pharmacol Sci. (2013)

34:167–77. doi: 10.1016/j.tips.2013.01.001

75. das Neves Duarte JM, Kulak A, Gholam-Razaee MM, Cuenod M, Gruetter

R, Do KQ. N-acetylcysteine normalizes neurochemical changes in the

glutathione-deficient schizophrenia mouse model during development. Biol

Psychiatry. (2012) 71:1006–14. doi: 10.1016/j.biopsych.2011.07.035

76. Durieux AM, Fernandes C, Murphy D, Labouesse MA, Giovanoli S,

Meyer U, et al. Targeting glia with N-acetylcysteine modulates brain

glutamate and behaviors relevant to neurodevelopmental disorders in

C57BL/6J mice. Front Behav Neurosci. (2015) 9:343. doi: 10.3389/fnbeh.2015.

00343

77. Kupchik YM, Moussawi K, Tang XC, Wang X, Kalivas BC, Kolokithas

R, et al. The effect of N-acetylcysteine in the nucleus accumbens on

neurotransmission and relapse to cocaine. Biol Psychiatry. (2012) 71:978–

86. doi: 10.1016/j.biopsych.2011.10.024

78. Guang S, Pang N, Deng X, Yang L, He F, Wu L, et al. Synaptopathology

involved in autism spectrum disorder. Front Cell Neurosci. (2018)

12:470. doi: 10.3389/fncel.2018.00470

79. Zoghbi HY, Bear MF. Synaptic dysfunction in neurodevelopmental disorders

associated with autism and intellectual disabilities. Cold Spring Harb Perspect

Biol. (2012) 4:a009886. doi: 10.1101/cshperspect.a009886

80. Shinohe A, Hashimoto K, Nakamura K, Tsujii M, Iwata Y, Tsuchiya

KJ, et al. Increased serum levels of glutamate in adult patients with

autism. Prog Neuropsychopharmacol Biol Psychiatry. (2006) 30:1472–

7. doi: 10.1016/j.pnpbp.2006.06.013

81. Wang CC, Chen PS, Hsu CW, Wu SJ, Lin CT, Gean PW. Valproic acid

mediates the synaptic excitatory/inhibitory balance through astrocytes–

a preliminary study. Prog Neuropsychopharmacol Biol Psychiatry. (2012)

37:111–20. doi: 10.1016/j.pnpbp.2012.01.017

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Schiavi, La Rosa, Petrillo, Carbone, D’Amico, Piemonte and

Trezza. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org 11 February 2022 | Volume 13 | Article 851679

https://doi.org/10.1111/tid.12557
https://doi.org/10.1016/S0006-2952(00)00415-9
https://doi.org/10.1016/j.febslet.2004.10.074
https://doi.org/10.1254/jphs.08R01CR
https://doi.org/10.1016/j.pnpbp.2018.09.010
https://doi.org/10.1016/j.neuroscience.2004.09.042
https://doi.org/10.1177/0269881118754680
https://doi.org/10.1016/j.tips.2013.01.001
https://doi.org/10.1016/j.biopsych.2011.07.035
https://doi.org/10.3389/fnbeh.2015.00343
https://doi.org/10.1016/j.biopsych.2011.10.024
https://doi.org/10.3389/fncel.2018.00470
https://doi.org/10.1101/cshperspect.a009886
https://doi.org/10.1016/j.pnpbp.2006.06.013
https://doi.org/10.1016/j.pnpbp.2012.01.017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	N-Acetylcysteine Mitigates Social Dysfunction in a Rat Model of Autism Normalizing Glutathione Imbalance and the Altered Expression of Genes Related to Synaptic Function in Specific Brain Areas
	Introduction
	Materials and Methods
	Animals
	Drugs and Treatment Schedule
	Behavioral Experiments
	Three-Chamber Test
	Hole Board Test

	Brain Sample Collection
	Glutathione Assay
	RNA Extraction and qRT-PCR
	Statistical Analysis

	Results
	N-Acetylcysteine Mitigates the Aberrant Social Phenotype but It Does Not Affect the Repetitive Behaviors Displayed by VPA-Exposed Animals
	N-Acetylcysteine Normalizes the Altered Brain GSH Levels Displayed by VPA-Exposed Animals in a Region-Specific Manner
	N-Acetylcysteine Partially Rescues the Altered Expression of Post-synaptic Terminal Network Genes Found in VPA-Exposed Rats

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


