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Impact statement

N-acetylcysteine (NAC) has been reported to
improve social interaction behavior, self-injury,
and anxiety-like behavior in autism. The Notch-1/
Hes-1 pathway and autophagy have been shown to
participate in the pathogenesis of autism. Reactive
oxygen species (ROS) have been reported to
induce autophagy and play a vital role in regulat-
ing the Notch pathway and upregulating the Notch
receptor Notch-1. However, whether the molecular
mechanism by which NAC ameliorates autism-like
behavioral abnormalities is related to the Notch-1/
Hes-1 pathway and autophagy remains unclear.
The current results indicated that NAC improves
autism-like behavioral abnormalities and shows
protective roles by inactivating Notch-1/Hes-1 sign-
aling pathway and recovering autophagic deficiency
in valproic acid (VPA)-induced autism model rats
and SH-SY5Y neural cells exposed to VPA. This evi-
dence helps to elucidate a novel molecular mecha-
nism that underlies the therapeutic actions of NAC
in autism and suggests its potential to ameliorate
behavioral abnormalities in neurodevelopmental

Abstract

N-acetylcysteine (NAC) has been reported to improve social interaction behavior,
irritability, self-injury, and anxiety-like behavior in autism. However, the molecular
mechanism underlying the therapeutic roles of NAC in autism remains unknown.
This study mainly aimed to investigate the therapeutic effect of NAC on valproic
acid (VPA)-induced autism model and the underlying mechanisms. Our results
showed that NAC ameliorated the deficits in sociability and the anxiety- and
repetitive-like behaviors displayed by VPA-exposed rats. In addition, VPA exposure
induced autophagic deficiency and enhanced Notch-1/Hes-1 pathway activity
based on lowered Beclin-1 and LC3B levels, while increased expression of p62,
Notch-1, and Hes-1 expression at the protein level. However, NAC recovered
VPA-induced autophagic deficiency and reduced Notch-1/Hes-1 pathway activity
in a VPA-exposed autism rat model and SH-SY5Y neural cells. The present
results demonstrated that NAC improves autism-like behavioral abnormalities by
inactivating Notch-1/Hes-1 signaling pathway and recovering autophagic deficiency.
Taken together, this study helps to elucidate a novel molecular mechanism that
underlies the therapeutic actions of NAC in autism and suggests its potential to
ameliorate behavioral abnormalities in neurodevelopmental disorders.
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Introduction

The core clinical manifestations of autism include social dys-
function and repetitive/rigid behavior.? A growing body of
evidence is available about the relationship between oxida-
tive stress and the development of autism.>*N-acetylcysteine
(NAC), a glutathione precursor with antioxidant and anti-
inflammatory activities, has been reported to improve
part of the clinical symptoms of autistic patients. NAC can
reduce irritable behavior and hyperactivity in patients with
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autism.5¢ Moreover, NAC also improves core symptoms of
autism, such as social dysfunction,® as well as autism-related
behaviors, such as self-injury behaviors.” In our previous
studies, we also demonstrated that oxidative stress occurs
in a valproic acid (VPA)-induced model of autism,® whereas
NAC ameliorated repetitive/stereotypic behaviors in rats
with autism.® However, the mechanism by which NAC
improves autism remains unclear.

The Notch-1/Hes-1 pathway affects cell differentia-
tion, proliferation, apoptosis, and other processes during
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the course of neural development. When Notch ligands
bind to receptors between adjacent cells, Notch-mediated
signal transduction can receive and transmit signals to the
nucleus to activate transcription factors, thereby initiating
the transcription of target genes, such as Hes-1 and Hes-5.
The Notch pathway is abnormally expressed in autism or
autism spectrum disorders (ASDs). Compared with healthy
subjects, patients with ASD have different expression pro-
files of downstream target gene Hey-1.19 Our recent research
results showed that the expression levels of Notch-1 receptor,
Jagged-1 ligand, Notch intracellular domain (NICD) and
Hes-1 were increased in autism model rats, while a specific
inhibitor of the Notch pathway, DAPT can improve social
interaction disorders and repetitive/stereotypic behavior,
suggesting the Notch signaling pathway may play a key role
in the pathogenesis of autism.

The Notch pathway is associated with autophagy. The
activation of autophagy in mouse T-regulatory cells (Tregs)
depends on the activity of NICD, which regulates mitochon-
drial remodeling and the survival of activated Tregs, sug-
gesting that Notch-1 regulates autophagy and controls the
differentiation and fate of Tregs.!>!> When y-secretase inhibi-
tor was used to inhibit Notch activity in malignant glioma,
the autophagy marker LC3B-1I/LC3B-1 was significantly
increased.!* The downregulation of Notch pathway activity
in human blood stem cells was negatively correlated with the
increase of autophagy-related genes.!® These findings suggest
that Notch pathway may negatively regulate autophagy.

Several studies have found that enhancing autophagy
during development can promote the formation of synapses,
and inhibiting autophagy causes disorders of synaptic for-
mation,!® leading to social behavior defects and, as a result,
autism and other mental diseases.”!8 Therefore, autophagy
is closely related to the onset of autism, and autophagic acti-
vation during development is conducive to clearing exces-
sive and unnecessary cells, promoting synapse development,
and improving autism symptoms.

VPA, which inhibits the activity of y-aminobutyric
transaminase and enhances the neurotransmission of y-
aminobutyric acid, is a conventional drug used in the treat-
ment of epilepsy, bipolar disorder, and migraine. However,
epidemiological studies in recent years have found that chil-
dren exposed to VPA in the first trimester of gestation have
a significantly increased risk for autism. Administration of
VPA on day 12.5 of gestation revealed reduced social activi-
ties, and increased frequency and duration of repetitive-like
behaviors, the main symptoms displayed by patients with
autism.!%-?! Therefore, VPA model of autism has been widely
used to study the pathogenesis of autism.

This study mainly aimed to investigate the therapeutic
effects of NAC on VPA-induced autism model, and whether
this therapeutic effect is related to Notch signaling pathway
and autophagy in vitro and in vivo.

Materials and methods
Animals and experimental groups

All animal experiments were performed according to the
Health Guidelines for the Care and Use of Laboratory
Animals and the Regulations of Xinxiang Medical University
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(Xinxiang, China). The animals and the experimental
groups were the same as those described in our previous
study,® with several modifications. Adult female Wistar rats
(Charles River Laboratories, Inc.) were bred overnight. If the
female rats were found to have vaginal plugs or if vaginal
smears were positive for sperm as determined by micros-
copy, the female rats were housed alone, and that day was
recorded as the first day of pregnancy (E1). At day E12.5,
the pregnant rats were randomly divided into two groups.
One group was treated with a single intraperitoneal injec-
tion of 600mg/kg VPA (CAS no. 1069665; Sigma-Aldrich;
Merck KGaA). Another group of pregnant rats was intra-
peritoneally injected with the same volume of normal saline.
After 23days of weaning, the male offspring of the VPA-
treated rats were randomly divided into two groups: VPA
and VPA + NAC (Sigma-Aldrich; Merck KGaA) groups. The
male offspring of the saline-treated rats were divided into
control and NAC groups. The NAC or VPA + NAC groups
were intraperitoneally injected with 150mg/kg NAC once
daily for 4weeks as previously described.” VPA or NAC
was dissolved in 0.9% saline solution. The offspring were
observed for repetitive and social behavior and then sacri-
ficed for further assay.

Behavioral testing
Open-field test

The open-field test (90cm X 90cm X 40cm) was conducted
on an infrared detection system to measure the repetitive
behavior of the experimental rats. The open space was
divided into central and surrounding areas. The central area
was composed of nine squares (30 cm X 30cm), and the sur-
rounding area was composed of squares close to the wall. The
rats were placed in the central area of the space and moved
freely for 10 min. SuperMaze software (Xinruan Information
Technology Co., Ltd, Shanghai, China) was used to record
the data. The frequency of crossing the center and the time
spent engaged in self-grooming were analyzed.

Three-chamber test

The three-chamber test was utilized to analyze the sociability
of the subject rats. The subject rat was placed in the center
area for a 5min habituation period, then, a rat (stranger 1)
was introduced into the chamber on the left, and the chamber
on the right was empty (Object). The subject rat in the center
was allowed to explore the three chambers for 10 min after
the removal of the gate of each chamber. Subsequently, the
subject rat was introduced into the center area, and another
rat was introduced into the chamber on the right (stranger
2) on the same day. The subject rat was allowed to explore
the three chambers for another 10min. The time spent in
each chamber was recorded using the SuperMaze software
(Xinruan).

Western blot analysis

The offspring rats were decapitated and the prefrontal cor-
tex (PFC), hippocampus (HC), and cerebellum (CB) were
removed quickly from ice trays and collected and stored
at —80°C for further use. The brain tissues or cells were
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homogenized with protein lysis buffer. After heat denatura-
tion, equal amounts of protein were separated by SDS-PAGE
and transferred onto polyvinylidene difluoride membranes
(EMD Millipore). Membranes were blocked with 5% non-fat
milk in TBS-Tween-20 buffer at room temperature for 2h.
Subsequently, membranes were washed and secondary anti-
bodies were added and incubated for 2h. Protein bands were
detected by enhanced chemiluminescence (cat. no. P0018-1;
Beyotime Institute of Biotechnology). Image] software (1.44 P;
National Institutes of Health) was used for grayscale meas-
urement. The relative expression of the target proteins was
normalized to that of the internal reference GAPDH (1:5000;
Kangen Biotechnology Co.). Then, the primary antibodies
were incubated at 4°C overnight. Horseradish peroxidase-
labeled primary antibodies used were as follows: Rabbit
anti-Notch-1 (1:1000; Cat. No. Bioss-1335R; Boster Biological
Technology), anti-NICD (1:500; Cat. No. ab83232; Abcam),
rabbit anti-Jagged-1 (1:1000; Cat. No. Bioss-1448R; Boster
Biological Technology), rabbit anti-Hes-1 (1:1000; Cat. No.
5c-25392; Santa Cruz Biotechnology, Inc.), rabbit anti-Hes-5
(1:1000; Cat. No. sc-293445; Santa Cruz Biotechnology, Inc.),
rabbit anti-Beclin-1 (1:1000; Cat. No. cst-3738s; Cell Signaling
Technology, Inc.), rabbit anti-p62 (1:1000; Cat. No. cst-13121s;
Cell Signaling Technology, Inc.), and rabbit anti-LC3B (1:1000;
Cat. No. AF5402; Affinity Biosciences, Inc.).

SH-SY5Y neural cell culture and experimental
treatments

SH-SY5Y neural cells were obtained from American Type
Culture Collection. SH-SY5Y neural cells were cultured
with DMEM/F12 medium containing 10% fetal bovine
serum, 25U/mL penicillin and 25ug/mL streptomycin. The
cells were cultured and maintained at 37°C under 5% CO,.
SH-SY5Y neural cells were treated with 0, 2, 4, 8, 10, and 12
mM VPA for 24h or 2 mM NAC for 2h. Phosphate-buffered
saline was used to dissolve VPA or NAC.

Cell viability assay and cell morphology
observation

Cell viability was determined using an MTT assay. Briefly,
SH-SY5Y neural cells were cultured in 96-well plates and
treated with VPA or NAC. Subsequently, 10 uL MTT solution
was added and incubated for 4h at 37°C. The MTT solvent
was then added, and the spectrophotometric absorbance of
the samples was analyzed with a microplate reader. In addi-
tion, morphological changes in SH-SY5Y neural cells follow-
ing VPA exposure were observed under a light microscope.

Measurement of intracellular reactive oxygen
species levels

The levels of intracellular reactive oxygen species (ROS)
were measured with 2'-7'-dichlorodihydrofluorescein
diacetate (DCFH-DA; Molecular Probes; Thermo Fisher
Scientific, Inc.). DCFH-DA has no fluorescence and freely
crosses the cell membrane and can enter the cell and be
hydrolyzed by intracellular esterase to form DCFH. DCFH
is unable to permeate the cell membrane, thus facilitating
the labeling of the cell with the probe. Intracellular ROS can

oxidize non-fluorescent DCFH to generate fluorescent DCF.
Detection of the DCF fluorescence can determine the levels of
intracellular ROS. The cells were collected and suspended in
10 uM DCFH-DA at 37°C for 20min. Subsequently, the cells
were washed with serum-free culture medium three times to
completely remove DCFH-DA in order for it not to enter the
cells. Fluorescence-activated cell sorting with a fluorescence
spectrometer (LSRFortessa X-20; BD Biosciences) was used
to analyze the levels of intracellular ROS. The excitation and
emission wavelengths were 485 and 530 nm, respectively.

Statistical analysis

All data are expressed as the mean = SD and analyzed with
GraphPad Prism version 8.0 (GraphPad Software, CA).
Independent sample ¢-tests were used to compare differences
between two groups, and four-group comparisons were ana-
lyzed by one-way analysis of variance (ANOVA) with the
Tukey method for pairwise comparisons. P <0.05 was con-
sidered to indicate a statistically significant difference.

Results

NAC ameliorates autistic-like behavioral
abnormalities

Previous studies have shown that NAC improved several
clinical symptoms of autistic patients. Therefore, this study
investigated the effects of NAC on autism-like behavioral
abnormalities in a VPA-induced autism model, such as
repetitive and social interaction behaviors.

The anxiety and repetitive/stereotypic behavior in rats
were assessed in an open field. The results of the open-
field test showed that compared with control rats, VPA
rats showed a decreased frequency of crossing the center
(P<0.01; see Figure 1(A) and (B)) and spent more time in
self-grooming behavior (P <0.01; see Figure 1(C)), while
VPA + NAC rats exhibited an increased number of cross-
ing the center (P <0.01; see Figure 1(A) and (B)) and spent
less time performing in self-grooming behavior (P <0.05; see
Figure 1(C)) in comparison with the VPA group. There was
no significant difference in the distance traveled among four
groups (see Figure 1(D)). It is worth mentioning that NAC
alone did not change the frequency of crossing the center
and self-grooming behavior. These results suggested that
NAC improved anxiety, repetitive/stereotypic behaviors in
a VPA-induced autism model.

The three-chamber test showed that the control group was
more interested in novel things, as well as the NAC group.
The VPA group showed no preference in each chamber, while
the VPA + NAC group showed more interest in novel things
(see Figure 2(A)). The statistical results showed that the time
for the control group to enter the chamber of stranger rat 1
was higher than the time for the empty chamber, and the dif-
ference was statistically significant (P <0.01; see Figure 2(B)).
In the VPA group, there was no statistical difference in the
time spent in the empty chamber and the chamber of stran-
ger rat 1 (see Figure 2(B)). In the VPA + NAC group, the time
spentin the chamber of stranger rat 1 was higher than the time
spent in the empty chamber, and the difference was statisti-
cally significant (P <0.05; see Figure 2(B)). In addition, in the
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Figure 1. NAC ameliorated anxiety and repetitive behavior in VPA-exposed rats. The (A) motion trials, (B) frequency of crossing the center, (C) time spent in self-
grooming, and (D) distance traveled were measured for 10 min in autotracking cages.
Data are expressed as the mean = SD. and “P < 0.01 versus control. #P < 0.05 and #*#P < 0.01 versus VPA group. Control group, n=10; NAC group, n=10; VPA group,

n=7;VPA + NAC group, n=8. NAC: N-acetylcysteine; VPA: valproic acid.

VPA + NAC group, the time spent in the chamber of stranger
rat 2 was higher than that of stranger rat 1, and the difference
was statistically significant (P <0.01; see Figure 2(C)). In the
VPA group, there was no statistical difference between the
time spent in the chamber of stranger rat 2 and the time spent
in the chamber of stranger rat 1 (see Figure 2(C)). The time
for the control group to enter the chamber of stranger rat 2
was higher than that of stranger rat 1, and the difference was
statistically significant (P < 0.05; see Figure 2(C)).

VPA induces, while NAC reverses autophagic
deficiency

As we have demonstrated above, NAC ameliorates autism-
like behavioral abnormalities, but whether the therapeu-
tic effect of NAC is related to autophagy remains unclear.

Moreover, numerous studies have demonstrated that
abnormal autophagy may be associated with autism.??2
Therefore, autophagy was first detected in a VPA-induced
autism model. The expression levels of autophagy-related
proteins LC3B, p62, and Beclin-1 were detected by west-
ern blotting (also see Supplemental material). Our present
results showed that VPA decreased the expression level of
LC-3B (P <0.001 for PFC, P <0.01 for HC, P <0.01 for CB; see
Figure 3(A) to (D)) and Beclin-1 (P <0.001 for PFC, P <0.001
for HC, P<0.001 for CB; see Figure 3(A) to (D)), while
increased the level of p62 in the PFC, HC, and CB (P <0.01
for PFC, P<0.01 for HC, P <0.05 for CB; see Figure 3(A) to
(D)), suggesting that VPA induced autophagic deficiency.
Then, this study determined whether NAC ameliorates
VPA-induced autism rats via autophagy. The expression
levels of LC3B (P <0.01 for PFC, P <0.001 for HC, P<0.01
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Figure 2. NAC ameliorated social interaction behavior in VPA-exposed rats. The (A) motion track, (B) time spent in chamber of stranger 1 and the empty chamber, (C)
time spent in chamber of stranger 1 and stranger 2 were measured for two 10min time series in three-chamber test.
Data are expressed as the mean = SD. ‘P < 0.05 and P < 0.01 versus Stranger1. Control group, n=10; NAC group, n=10; VPA group, n=7; VPA + NAC group, n=8.

NAC: N-acetylcysteine; VPA: valproic acid.

for CB; see Figure 4(A) to (D)) and Beclin-1 (P < 0.05 for PFC,
P <0.001 for HC, P <0.05 for CB; see Figure 4(A) to (D)) were
significantly higher, whereas the levels of p62 were lower
in the PFC, HC, and CB of VPA + NAC rats compared with
VPA rats (P <0.05 for PFC, P <0.01 for HC, P <0.05 for CB;
see Figure 4(A) to (D)). These data demonstrated that NAC
reversed autophagic deficiency in VPA-exposed autism rats,
suggesting that NAC ameliorated autism-like behavior by
recovering autophagic dysfunction.

VPA upregulates, while NAC downregulates the
Notch-1/Hes-1 pathway

Notch-1 is involved in the regulation of autophagy,'>'* and
several studies have shown that the expression of regula-
tory molecules related to the Notch-1/Hes-1 pathway or
other related molecules related to the pathway is abnormal
in patients with autism.?*?> Thus, this study determined
whether the Notch-1/Hes-1 signaling pathway is involved in
the improvement of autism-like behavioral abnormalities by
NAC. First, this study examined the activity of the Notch-1/
Hes-1 pathway in VPA-induced autism rats. Western blot-
ting results showed that compared with the control group,
the levels of Notch-1 ((P <0.01 for PFC, P <0.05 for HC,
P <0.01 for CB; see Figure 5(A) to (D)) and Hes-1 ((P <0.001
for PFC, P<0.01 for HC, P <0.05 for CB; see Figure 5(A) to
(D)) were significantly increased in the PFC, HC, and CB

of VPA-exposed group, suggesting that the Notch-1/Hes-1
pathway activity was increased in the VPA-induced autism
model, and activation of the Notch-1/Hes-1 pathway may
lead to increased susceptibility to autism. Then, the effects
of NAC on the Notch signaling pathway were measured in
rats with VPA-induced autism. Western blot analysis dem-
onstrated that, compared with VPA group, the expression
of Notch-1 ((P<0.001 for PFC, P <0.01 for HC, P <0.01 for
CB; see Figure 6(A) to (D)) and Hes-1 ((P <0.01 for PFC,
P<0.001 for HC, P <0.01 for CB; see Figure 6(A) to (D)) was
decreased in the PFC, HC, and CB of the VPA + NAC rats.
However, rats treated with NAC alone did not alter expres-
sion levels of key molecules of the Notch-1/Hes-1 pathway.
The results showed that NAC inhibited abnormal activation
of the Notch-1/Hes-1 pathway in VPA-induced autism mod-
els, suggesting that NAC ameliorated autism-like behavior
by inactivating the Notch-1/Hes-1 pathway.

VPA decreases cell viability, induces autophagic
deficiency and ROS generation, while NAC
reverses autophagic deficiency in SH-SY5Y
neural cells

To further confirm the protection mechanism of the effects of
NAC on VPA, SH-SY5Y neural cells were cultured. To inves-
tigate the effects of VPA on the survival and morphology of
SH-SY5Y neural cells, the cells were exposed to 0, 2, 4, 8, 10,
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Figure 4. NAC treatment recovered autophagic deficiency in VPA-exposed rats. The protein levels of (A to D) LC3B, (A to D) p62, and (A to D) Beclin-1 were
determined using western blotting.

Data are expressed as the mean = SD. n=5 for each group. ‘P <0.05, “"P <0.01, and ""P <0.001 versus VPA group. VPA: valproic acid; NAC: N-acetylcysteine; PFC:
prefrontal cortex; HC: hippocampus; CB: cerebellum.

or 12 mM VPA for 24h, and an MTT assay was performed  ~50% (see Figure 7(A)). In addition, compared with the con-
to determine cell viability. VPA decreased SH-SY5Y survival  trol group, the group exposed to 4 or 8 mM VPA exhibited
rate in a dose-dependent manner (P <0.001, see Figure 7(A)).  irregular morphology, decreased cell density, and increased
The survival rate of cells treated with 4 or 8 mM VPA was  cell space (see Figure 7(B)). Autophagy plays different roles
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Figure 5. VPA activated Notch-1/Hes-1 signaling pathway in the PFC, HC, and CB. (A-D) The protein levels of Notch-1 and Hes-1 were determined by western

blotting.

Data are expressed as the mean = SD. n=5 for each group. ‘P <0.05, “P <0.01, and “"P <0.001 versus control. VPA: valproic acid; PFC: prefrontal cortex; HC:

hippocampus; CB: cerebellum.

under different conditions, resulting in either cell death or
cell survival. To assess whether VPA decreased cell survival
was associated with autophagy, the cells were exposed to 4
mM VPA for 24h and autophagy markers were measured.
Western blotting analysis demonstrated that VPA decreased
the expression levels of LC-3B and Beclin-1 (P <0.01 for
LC-3B, P<0.05 for Beclin-1; see Figure 7(C)), but enhanced
the levels of p62 in SH-SY5Y neural cells (P <0.01, see Figure
7(C)). These results suggested that VPA inhibited autophagic
flux and reduced cell viability.

VPA can enhance ROS and lipid peroxidation genera-
tion.262” ROS are a natural byproduct in the process of nor-
mal oxygen metabolism and play vital roles in cell signal

transduction and homeostasis. To determine whether VPA-
induced autophagic deficiency is associated with ROS,
SH-SY5Y cells were exposed to 2 mM NAC for 2h follow-
ing VPA treatment. As shown in Figure 7(D), VPA increased
ROS generation in SH-SY5Y neural cells, and this effect
was blocked by NAC. ROS have been reported to induce
autophagy.?8?° To determine whether NAC can improve
VPA-induced autophagic deficiency, the effects of NAC on
autophagy were measured in SH-SY5Y neural cells. The
results showed that NAC increased the expression levels of
LC-3B and Beclin-1 (P <0.01 for LC-3B, P <0.05 for Beclin-1;
see Figure 7(C)), but decreased the levels of p62 in SH-SY5Y
neural cells treated with VPA (P <0.001, see Figure 7(C)),
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suggesting that VPA-induced autophagic dysfunction is
attributed to ROS generation.

VPA upregulates, while NAC downregulates the
Notch-1/Hes-1 pathway in SH-SY5Y neural cells

It was reported that the Notch signaling pathway is highly
important in the regulation of autophagy.'>* Therefore, this
study investigated whether Notch signaling pathway is
involved in NAC-ameliorated autophagy defects in VPA-
exposed SH-SY5Y neural cells. The activity of the Notch
pathway in VPA-treated cells was detected by western blot-
ting. Western blotting analysis showed that VPA increased
Notch-1, NICD, and Jagged-1 levels in SH-SY5Y neural
cells (P <0.05 for Notch-1, P<0.05 for NICD, P <0.01 for
Jagged-1, see Figure 8(A) to (D)). Similarly, VPA increased
the protein synthesis of downstream target genes, such as
Hes-1 and Hes-5 in SH-SY5Y neural cells (P <0.001 for Hes-1,

P <0.01 for Hes-5; see Figure 8(E) and (F)). But, VPA and
NAC decreased Notch-1, NICD, Jagged-1, Hes-1, and Hes-5
expression at the protein level (P <0.05 for Notch-1, P <0.05
for NICD, P <0.05 for Jagged-1, P <0.001 for Hes-1, P <0.01
for Hes-5; see Figure 8(A) to (F)). The results suggested that
VPA activates, but NAC inactivates the Notch-1/Hes-1 path-
way activity in SH-SY5Y neural cells.

Discussion

This study demonstrated that the activity of Notch-1/
Hes-1 pathway was upregulated in rats with VPA-induced
autism, while pharmacological inhibition with NAC ame-
liorated autism-like abnormal behavior, reduced abnormal
Notch-1/Hes-1 signaling pathway activation, and recov-
ered autophagic deficiency. NAC also protected SH-SY5Y
neural cells against VPA-induced autophagic deficiency and
Notch-1/Hes-1 pathway activation. The aforementioned
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in vivo and in vitro results suggested that NAC amelio-
rates autism-like behavioral abnormalities by recovering
autophagic deficiency and decreasing the Notch-1/Hes-1
pathway activation.

VPA can activate numerous signaling pathways, such as
the canonical Wnt signaling pathway® and the ERK/Akt
pathway.?! This study found that the Notch-1/Hes-1 signal-
ing pathway was activated in SH-SY5Y neural cells treated
with VPA or in rats exposed to VPA, consistent with stud-
ies conducted using Clara cells®? and human endometrial
stromal cell lines.3* However, the mechanism by which VPA
activates the Notch-1/Hes-1 pathway remains unknown.
The mechanism may be that VPA facilitates Hes-1 promoter
activity and accelerates Notch translocation,3 thus activating
the Notch-1/Hes-1 pathway. The Notch-1/Hes-1 signaling
pathway can influence cell communication and cell fate in
various cell types. However, the function of Notch signaling

in VPA-treated cells or animals remain controversial. Several
observations demonstrated that VPA can inhibit Notch sign-
aling in hepatocellular carcinoma cells.?>% Thus, the function
of Notch signaling has not been fully determined and the
precise Notch-mediated mechanisms remain unclear. These
conflicting results are possibly associated with the fact that
the effects of VPA on Notch-1/Hes-1 signaling pathway is
highly cell-specific. Moreover, VPA is a pleiotropic molecule,
as it can activate or suppress numerous pathways.* It is also
possible that Notch activity induced by VPA is regulated by
upstream-signaling pathways or upstream-related factors.
More mechanism regarding the upstream-signaling path-
ways or upstream-related factors and Notch pathway func-
tions in autism remains to be elucidated. A deeper insight
into the mechanism how upstream-signaling pathways or
upstream-related factors affect neuron and glial cell devel-
opment, especially induced pluripotent stem cells from
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patients with autism, could contribute to reveal the precise
pathogenesis of autism.

Oxidative stress plays an important role in the pathogen-
esis of autism.?3 Oxidative stress leads to injury in neurons
and glial cells in brain areas associated with autism, thus
consequent behavioral abnormalities. So, antioxidant ther-
apy has a potential in the treatment for autism.** NAC is a
precursor drug of cysteine, a major component of the antioxi-
dant system, so its antioxidant effect is also considered to be

one of the potential mechanisms in the treatment of autism.
In our previous study, we showed that NAC (150mg/kg),
when intraperitoneally administered to VPA-induced autism
model rats once daily for 4 weeks, reduces oxidative stress,
based on reduced malondialdehyde and increased glu-
tathione contents in PFC and HC of VPA-induced autism
model rats after NAC treatment.” Although NAC has been
shown to improve autism-like behavioral abnormalities, such
as irritability,>¢ social awareness, and repetitive/stereotypic
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behavior,® the mechanism of action of NAC remains unclear.
Previous evidence has shown that ROS play a vital role in
regulating the Notch pathway,*! and upregulating the Notch
receptor Notch-1.42 This study showed that NAC can amelio-
rate anxiety-like behaviors, repetitive/stereotypic behavior
and social behavior disorder, and the mechanism may be
related to its downregulation of Notch-1/Hes-1 signaling
pathway activation in vitro and in vivo, suggesting that ROS
may play an important role in VPA-induced activation of
Notch-1/Hes-1 pathway. However, the role of ROS signaling
pathway in the occurrence of autism, and how this pathway
affects VPA-induced Notch-1/Hes-1 signaling pathway acti-
vation, and then participates in the occurrence of autism are
still unclear, which requires further research.

ROS have also been reported to induce autophagy,??
but autophagy serves as a buffer system to control the level
of ROS in cells and reduce their toxic effects.*> Autophagy
plays an important role in the elimination of proteins and
organelles that are damaged by oxidative stress. Our pre-
sent results showed that autophagic deficiency is induced in
VPA-treated SH-SY5Y neural cells or in VPA-induced autism
animal models, while NAC reversed autophagic deficiency.
VPA induces autophagic dysfunction in numerous diseases,
such as gastric cancer,* myocardial dysfunction,* traumatic
brain injury,* and renal fibrosis.*” The mechanism by which
VPA influences autophagy-related proteins, and by which
autophagy exerts directional and specific control on the
onset of different diseases, and the signaling pathway that
contributes to these processes remain unknown. Autophagy
is a process that relies on the lysosome pathway to degrade
cytoplasmic proteins and organelles. VPA induced protein
reduction of LC-3B and Beclin-1 in this study, suggesting that
VPA may decrease autophagosome synthesis, or increase
autophagy degradation. Autophagy protein p62 is degraded
in late autophagy, and its level is negatively correlated with
autophagy activity. This study showed that VPA increases
protein expression of p62, indicating that the autophagy
activity may be decreased or the degradation process may
be hindered. On the contrary, NAC enhanced protein expres-
sion of LC-3B and Beclin-1, and lowered the p62 expres-
sion levels, indicating that the number of autophagosomes
may be increased after autophagy activation in the early
stage, or autophagosomes may be accumulated due to the
failure of the autophagosome to fuse with the lysosome
or due to lysosomal dysfunction or reduction in number
in the late stage, which requires further research. Notably,
Notch signaling pathway activation inhibits autophagic
flux.*® Moreover, pharmacological inhibition of the Notch
pathway can induce autophagy in glioma neurospheres.!*
Interestingly, autophagy modulated Notch-1 degradation,
thus regulating the Notch pathway in primary neurons.®
Different mechanisms of the regulatory relationship between
autophagy and Notch signaling have been reported, and
these mechanisms may be specific to different disease types
or specific cell types. Although this study did not elucidate
the regulatory relationship between autophagy and the
Notch signaling pathway in autism, our recent study found
that the Notch pathway inhibitor DAPT reversed autophagic
deficiency in a VPA-exposed autism model." It is likely that

the Notch pathway regulates autophagic function and may
influence the occurrence of autism. Further research may be
able to clarify this point.

Conclusions

This study demonstrated that VPA exposure induces
Notch-1/Hes-1 activation and autophagic deficiency. NAC
ameliorated VPA-induced behavioral abnormalities, inhib-
ited VPA-induced Notch-1/Hes-1 pathway activation and
recovered autophagic deficiency, suggesting that NAC may
inhibit Notch-1/Hes-1 signaling pathway activity, thus
recover autophagy defects, and ultimately improve autistic-
like behavioral abnormalities, such as repetitive behavior
and social interaction disorder. This study helps to elucidate
a novel molecular mechanism that underlies the action of
NAC in autism and to suggest its potential to ameliorate
behavioral abnormalities in neurodevelopmental disorders.

AUTHORS’ CONTRIBUTIONS

Y-HZ conceived and designed the experiments, analyzed the
data, wrote the article, and contributed to the article revision.
TW, Y-FL, and Y-ND performed the experiments and analyzed
the data. X-LH and L-JW conducted the experiments. All authors
approved the final version of the article.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

FUNDING

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This study was supported, in part, by Henan Province
Science and Technology Project (grant no. 212102310100), Henan
Province Foundation for University Key Youth Scholars (grant
no. 2020 GGJS144), Open Program of Henan Key Laboratory of
Biological Psychiatry (grant no. ZDSYS2018006), and Research
Cultivation Project of Basic Medical School of Xinxiang Medical
University (grant no. JCYXYKY201903).

ORCID ID

Ying-Hua Zhang https:/ /orcid.org/0000-0003-3033-9980

SUPPLEMENTAL MATERIAL

Supplemental material for this article is available online.

REFERENCES

1. Lobar SL. DSM-V changes for autism spectrum disorder (ASD): impli-
cations for diagnosis, management, and care coordination for children
with ASDs. | Pediatr Health Care 2016;30:359-65

2. Yaylaci F, Miral S. A comparison of DSM-IV-TR and DSM-5 diagnostic
classifications in the clinical diagnosis of autistic spectrum disorder. |
Autism Dev Disord 2017;47:101-9

3. Chen L, Shi XJ, Liu H, Mao X, Gui LN, Wang H, Cheng Y. Oxidative
stress marker aberrations in children with autism spectrum disorder:
a systematic review and meta-analysis of 87 studies (N=9109). Transl
Psychiatry 2021;11:15


https://orcid.org/0000-0003-3033-9980

Zhang et al.

N-acetylcysteine recovered autophagic defects and downregulated Notch pathway activation

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Pangrazzi L, Balasco L, Bozzi Y. Oxidative stress and immune system
dysfunction in autism spectrum disorders. Int | Mol Sci 2020;21:3293
Hardan AY, Fung LK, Libove RA, Obukhanych TV, Nair S, Herzen-
berg LA, Frazier TW, Tirouvanziam R. A randomized controlled pilot
trial of oral N-acetylcysteine in children with autism. Biol Psychiatry
2012;71:956-61

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 | Psychiatry 2021;55:196-206
Marler S, Sanders KB, Veenstra-VanderWeele J. N-acetylcysteine as
treatment for self-injurious behavior in a child with autism. | Child
Adolesc Psychopharmacol 2014;24:231-4

Zhang Y, Sun Y, Wang F, Wang Z, Peng Y, Li R. Downregulating the
canonical Wnt/B-catenin signaling pathway attenuates the susceptibil-
ity to autism-like phenotypes by decreasing oxidative stress. Neuro-
chem Res 2012;37:1409-19

Zhang Y, Cui W, Zhai Q, Zhang T, Wen X. N-acetylcysteine amelio-
rates 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
Ghahramani Seno MM, Hu P, Gwadry FG, Pinto D, Marshall CR,
Casallo G, Scherer SW. Gene and miRNA expression profiles in autism
spectrum disorders. Brain Res 2011;1380:85-97

Zhang Y, Xiang Z, Jia Y, He X, Wang L, Cui W. The Notch signaling
pathway inhibitor Dapt alleviates autism-like behavior, autophagy
and dendritic spine density abnormalities in a valproic acid-induced
animal model of autism. Prog Neuropsychopharmacol Biol Psychiatry
2019;94:109644

Marcel N, Sarin A. Notchl regulated autophagy controls survival
and suppressor activity of activated murine T-regulatory cells. eLife
2016;5:e14023

Sarin A, Marcel N. The NOTCHI1-autophagy interaction: regulating
self-eating for survival. Autophagy 2017;13:446-7

Natsumeda M, Maitani K, Liu Y, Miyahara H, Kaur H, Chu Q, Zhang
H, Kahlert UD, Eberhart CG. Targeting Notch signaling and autoph-
agy increases cytotoxicity in glioblastoma neurospheres. Brain Pathol
2016;26:713-23

Hu Y, Huang Y, Yi Y, Wang H, Liu B, Yu J, Wang D. Single-cell RNA
sequencing highlights transcription activity of autophagy-related
genes during hematopoietic stem cell formation in mouse embryos.
Autophagy 2017;13:770-1

Bavley CC, Rice RC, Fischer DK, Fakira AK, Byrne M, Kosovsky M,
Rizzo BK, Del Prete D, Alaedini A, Morén JA, Higgins JJ, D’Adamio
L, Rajadhyaksha AM. Rescue of learning and memory deficits in the
human nonsyndromic intellectual disability cereblon knock-out mouse
model by targeting the AMP-activated protein kinase-mTORC1 trans-
lational pathway. | Neurosci 2018;38:2780-95

Kalkman HO, Feuerbach D. Microglia M2A polarization as potential
link between food allergy and autism spectrum disorders. Pharmaceuti-
cals 2017;10:95

Kim HJ, Cho MH, Shim WH, Kim JK, Jeon EY, Kim DH, Yoon SY.
Deficient autophagy in microglia impairs synaptic pruning and causes
social behavioral defects. Mol Psychiatry 2017;22:1576-84

Chaliha D, Albrecht M, Vaccarezza M, Takechi R, Lam V, Al-Salami
H, Mamo J. A systematic review of the valproic-acid-induced rodent
model of autism. Dev Neurosci 2020;42:12-48

Nicolini C, Fahnestock M. The valproic acid-induced rodent model of
autism. Exp Neurol 2018;299:217-27

Tartaglione AM, Schiavi S, Calamandrei G, Trezza V. Prenatal val-
proate in rodents as a tool to understand the neural underpinnings of
social dysfunctions in autism spectrum disorder. Neuropharmacology
2019;159:107477

Napoli E, Song G, Panoutsopoulos A, Riyadh MA, Kaushik G, Halmai
J, Levenson R, Zarbalis KS, Giulivi C. Beyond autophagy: a novel role
for autism-linked Wdfy3 in brain mitophagy. Sci Rep 2018;8:11348

Yan J, Porch MW, Court-Vazquez B, Bennett M, Zukin RS. Activation
of autophagy rescues synaptic and cognitive deficits in fragile X mice.
Proc Natl Acad Sci U S A 2018;115:E9707-16

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Fischer-Zirnsak B, Segebrecht L, Schubach M, Charles P, Alderman E,
Brown K, Cadieux-Dion M, Cartwright T, Chen Y, Costin C, Fehr S,
Fitzgerald KM, Fleming E, Foss K, Ha T, Hildebrand G, Horn D, Liu S,
Marco EJ, McDonald M, McWalter K, Race S, Rush ET, Si Y, Saunders
C, Slavotinek A, Stockler-Ipsiroglu S, Telegrafi A, Thiffault I, Torti E,
Tsai AC, Wang X, Zafar M, Keren B, Kornak U, Boerkoel CF, Mirzaa G,
Ehmke N. Haploinsufficiency of the Notch ligand DLL1 causes vari-
able neurodevelopmental disorders. Am | Hum Genet 2019;105:631-9
Tuand K, Stijnen P, Volders K, Declercq J, Nuytens K, Meulemans S,
Creemers J. Nuclear localization of the autism candidate gene Neu-
robeachin and functional interaction with the NOTCHI1 intracel-
lular domain indicate a role in regulating transcription. PLoS ONE
2016;11:e0151954

Chaudhary S, Parvez S. Valproic acid induced neurotoxicological man-
ifestations and its mitigation by melatonin in rat brain synaptosomes.
Arch Med Res 2018;49:441-50

Pirozzi C, Lama A, Annunziata C, Cavaliere G, De Caro C, Citraro
R, Russo E, Tallarico M, Iannone M, Ferrante MC, Mollica MP, Mat-
tace Raso G, De Sarro G, Calignano A, Meli R. Butyrate prevents
valproate-induced liver injury: in vitro and in vivo evidence. FASEB |
2020;34:676-90

Chen YF, Liu H, Luo XJ, Zhao Z, Zou ZY, Li], Lin XJ, Liang Y. The roles
of reactive oxygen species (ROS) and autophagy in the survival and
death of leukemia cells. Crit Rev Oncol Hematol 2017;112:21-30

Luo Z, Xu X, Sho T, Zhang J, Xu W, Yao J, Xu J. ROS-induced autoph-
agy regulates porcine trophectoderm cell apoptosis, proliferation, and
differentiation. Am | Physiol Cell Physiol 2019;316:C198-209

Zhang C, Li W, Wen ], Yang Z. Autophagy is involved in mouse kid-
ney development and podocyte differentiation regulated by Notch sig-
nalling. | Cell Mol Med 2017;21:1315-28

Zhang C, Liu S, Yuan X, Hu Z, Li H, Wu M, Yuan J, Zhao Z, Su J,
Wang X, Liao Y, Liu Q. Valproic acid promotes human glioma U87
cells apoptosis and inhibits glycogen synthase kinase-3beta through
ERK/ Akt signaling. Cell Physiol Biochem 2016;39:2173-85

Méndez A, Rojas DA, Ponce CA, Bustamante R, Beltran CJ, Toledo
J, Garcia-Angulo VA, Henriquez M, Vargas SL. Primary infection by
Pneumocystis induces Notch-independent Clara cell mucin produc-
tion in rat distal airways. PLoS ONE 2019;14:€0217684

Sun L, He Q, Tsai C, Lei J, Chen ], Vienna Makcey L, Coy DH. HDAC
inhibitors suppressed small cell lung cancer cell growth and enhanced
the suppressive effects of receptor-targeting cytotoxins via upregulat-
ing somatostatin receptor II. Am | Transl Res 2018;10:545-53
Greenblatt DY, Vaccaro AM, Jaskula-Sztul R, Ning L, Haymart M,
Kunnimalaiyaan M, Chen H. Valproic acid activates notch-1 signaling
and regulates the neuroendocrine phenotype in carcinoid cancer cells.
Oncologist 2007;12:942-51

Sun G, Mackey LV, Coy DH, Yu CY, Sun L. The histone deacetylase
inhibitor vaproic acid induces cell growth arrest in hepatocellular
carcinoma cells via suppressing Notch signaling. | Cancer 2015;6:
996-1004

Yang X, Liu J, Liang Q, Sun G. Valproic acid reverses sorafenib resis-
tance through inhibiting activated Notch/Akt signaling pathway in
hepatocellular carcinoma. Fundam Clin Pharmacol 2021;35:690-9
Schnackenberg LK, Jones RC, Thyparambil S, Taylor JT, Han T, Tong
W, Hansen DK, Fuscoe JC, Edmondson RD, Beger RD, Dragan YP.
An integrated study of acute effects of valproic acid in the liver using
metabonomics, proteomics, and transcriptomics platforms. OMICS
2006;10:1-14

Hu T, Dong Y, He C, Zhao M, He Q. The gut microbiota and oxida-
tive stress in autism spectrum disorders (ASD). Oxid Med Cell Longev
2020;2020:8396708

Menezo Y], Elder K, Dale B. Link between increased prevalence of
autism spectrum disorder syndromes and oxidative stress, DNA meth-
ylation, and imprinting: the impact of the environment. JAMA Pediatr
2015;169:1066-7

Liu Y, Yang Z, Du Y, Shi S, Cheng Y. Antioxidant interventions in
autism spectrum disorders: a meta-analysis. Prog Neuropsychopharma-
col Biol Psychiatry 2022;113:110476



978  Experimental Biology and Medicine

Volume 248 June 2023

42.

43.

45.

. Vieceli Dalla Sega F, Aquila G, Fortini F, Vaccarezza M, Secchiero P,

Rizzo P, Campo G. Context-dependent function of ROS in the vascular
endothelium: the role of the Notch pathway and shear stress. Biofactors
2017,43:475-85

Boopathy AV, Pendergrass KD, Che PL, Yoon YS, Davis ME. Oxi-
dative stress-induced Notchl signaling promotes cardiogenic gene
expression in mesenchymal stem cells. Stem Cell Res Ther 2013;4:43
LiL, TanJ,Miao Y, Lei P, Zhang Q. ROS and autophagy: interactions and
molecular regulatory mechanisms. Cell Mol Neurobiol 2015;35:615-21
Sun]J, PiaoJ, LiN, Yang Y, Kim KY, Lin Z. Valproic acid targets HDAC1/2
and HDAC1/PTEN/ Akt signalling to inhibit cell proliferation via the
induction of autophagy in gastric cancer. FEBS | 2020,287:2118-33

Shi X, Liu Y, Zhang D, Xiao D. Valproic acid attenuates sepsis-induced
myocardial dysfunction in rats by accelerating autophagy through the
PTEN/AKT/mTOR pathway. Life Sci 2019;232:116613

47.

48.

49.

. Chen X, Wang H, Zhou M, Li X, Fang Z, Gao H, Li Y, Hu W. Valproic

acid attenuates traumatic brain injury-induced inflammation in vivo:
involvement of autophagy and the Nrf2/ARE signaling pathway.
Front Mol Neurosci 2018;11:117

Kawaoka K, Doi S, Nakashima A, Yamada K, Ueno T, Doi T, Masaki
T. Valproic acid attenuates renal fibrosis through the induction of
autophagy. Clin Exp Nephrol 2017,21:771-80

QiuW, Sun B, He F, Zhang Y. MTA-induced Notch activation enhances
the proliferation of human dental pulp cells by inhibiting autophagic
flux. Int Endod ] 2017;50:€52-62

Wu X, Fleming A, Ricketts T, Pavel M, Virgin H, Menzies FM, Rubinsz-
tein DC. Autophagy regulates Notch degradation and modulates stem
cell development and neurogenesis. Nat Commun 2016;7:10533

(Received June 28, 2022, Accepted April 16, 2023)



