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Schizophrenia is a chronic neurodevelopmental disorder with an inflammatory/prooxidant component. N-acetylcysteine (NAC) has
been evaluated in schizophrenia as an adjuvant to antipsychotics, but its role as a preventive strategy has not been sufficiently
explored. We aimed to evaluate the potential of NAC administration in two-time windows before the onset of symptoms in a
schizophrenia-like maternal immune stimulation (MIS) rat model. Pregnant Wistar rats were injected with Poly I:C or Saline on
gestational day (GD) 15. Three different preventive approaches were evaluated: 1) NAC treatment during periadolescence in the
offspring (from postnatal day [PND] 35 to 49); 2) NAC treatment during pregnancy after MIS challenge until delivery (GD15-21); and
3) NAC treatment throughout all pregnancy (GD1-21). At postnatal day (PND) 70, prepulse inhibition (PPI) and anxiety levels were
evaluated. In vivo magnetic resonance (MR) imaging was acquired on PND100 to assess structural changes in gray and white
matter, and brain metabolite concentrations. Additionally, inflammation and oxidative stress (I0S) markers were measured ex vivo
in selected brain regions. MIS offspring showed behavioral, neuroanatomical, and biochemical alterations. Interestingly, NAC
treatment during periadolescence prevented PPI deficits and partially counteracted some biochemical imbalances. Moreover, NAC
treatments during pregnancy not only replicated the beneficial outcomes reported by the treatment in periadolescence, but also
prevented some neuroanatomical deficits, including reductions in hippocampal and corpus callosum volumes. This study suggests
that early reduction of inflammation and prooxidation could help prevent the onset of schizophrenia-like symptoms, supporting
the importance of anti-lOS compounds in ameliorating this disorder.
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INTRODUCTION

Schizophrenia is a chronic neuropsychiatric disorder that affects more
than 20 million people worldwide [1], with symptoms usually
emerging in late adolescence or early adulthood [2]. Despite its
global impact, the etiology of schizophrenia remains elusive, although
the significant involvement of neuroinflammation in its diverse
pathophysiological domains has been widely recognized [3]. In this
context, drug-naive first-episode psychotic (FEP) patients exhibit
inflammatory abnormalities independent of medication use [4].
Furthermore, impairments in the glutathione (GSH) system compro-
mise N-methyl-D-aspartate (NMDA) receptor activity, suggesting that
oxidative damage is also a relevant mechanism contributing to
cognitive impairment [5]. There is increasing evidence indicating an
elevated risk of schizophrenia-related abnormalities resulting from

neurodevelopmental defects caused by prenatal exposure to
infections [6]. These findings propose the presence of various
abnormalities with closely interconnected mechanisms within the
brains of these patients. Thus, environmental risk factors can impact
neuroproliferation and synaptic pruning, which are essential for
healthy brain development during early prenatal periods and
adolescence, respectively [7]. Consequently, these stages emerge as
critical periods for the occurrence of high-risk abnormalities
associated with subsequent neuropsychiatric conditions. Therefore,
mitigating the impact of different environmental insults that may
contribute to pathological neurodevelopmental imbalances could
delay or prevent the onset of schizophrenia. Given the influential roles
of adolescence and prenatal periods, both periods represent critical
time windows for schizophrenia prevention [8].
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Significant efforts have been made to develop effective
strategies for predicting and preventing the transition to
psychosis in high-risk patients [9]. However, current findings
are still far from reliable. The ideal strategy would involve
identifying patients at high risk for psychosis and implementing
a treatment that can prevent their pathological transition
without side effects. Accordingly, N-acetylcysteine (NAC) has
garnered significant attention due to its remarkable ability to
modulate impaired molecular systems in various psychiatric
disorders, including schizophrenia [10, 11]. NAC, an antioxidant
agent, plays a primary role in promoting GSH synthesis, thereby
helping to restore oxidative homeostasis and neurotransmitter
signaling [12]. With its low toxicity and minimal side effects
profile [13], NAC has emerged as a promising candidate for
preventive strategies in schizophrenia.

Previous preclinical studies have demonstrated some benefits
of NAC treatment during adolescence as a preventive strategy
[14, 15]. However, in clinical trials, NAC has only been evaluated
as an adjuvant to antipsychotics [10], mainly due to the
challenges associated with the early identification of high-risk
patients. This suggests that earlier administration would be
more appropriate. Notably, one study has already demonstrated
the efficacy of a single injection of NAC following prenatal
inflammation in three schizophrenia-like rat models [16]. None-
theless, this approach requires almost immediate and invasive
intervention, posing challenges for translation into the clinical
setting. Therefore, there is a need for more translational
strategies to evaluate the preventive potential of NAC during
the prenatal period.

In this study, our initial aim was to assess the potential
preventive effects of NAC administration during peri-
adolescence in a maternal immune stimulation (MIS) rat model
of schizophrenia. Building upon the promising findings, we
further investigated NAC treatment during pregnancy in two
different time windows: starting from the immune challenge or
throughout the entire pregnancy. Notably, this study represents
the first attempt to tackle this topic comprehensively using
structural magnetic resonance imaging (MRI), diffusion tensor
imaging (DTI), and MR spectroscopy (MRS), enabling us to
evaluate in vivo structural and metabolic changes after NAC
treatment. Additionally, we examined alterations in behavior
and measured inflammation/oxidative stress (I0S) biomarkers,
providing a broad perspective of the various levels affected in
this animal model.

MATERIALS AND METHODS

Animals

A total of 156 male Wistar rats were housed in a temperature- and
humidity-controlled vivarium, following a 12h dark/light cycle, and
provided ad libitum access to standard rodent chow and tap water. Three
separate batches of randomized animals were used for the different
studies conducted. In the study performed during the periadolescent
period, 84 rats were included, 35 animals from 17 litters for behavior (15
NAC, 20 Saline) and 49 animals for imaging (26 NAC, 23 Saline). In the
study performed during the gestational period, 72 rats from 46 litters were
included (48 NAC, 24 Saline). The sample size was estimated on previous
studies [17-19]. All experimental animal procedures were conducted
according to European Communities Council Directive 2010/63/EU and
ARRIVE guidelines [20] and approved by the Ethics Committee for Animal
Experimentation of Hospital Gregorio Maraién.

Drug treatment and design of the study

At gestational day (GD) 15, pregnant Wistar rats were intravenously
injected with Saline or Polyl:C (4mg/kg, Sigma-Aldrich, batch
096M4023V) under sevoflurane anesthesia (3% induction, 1.5% main-
tenance in 100% O,). At postnatal day (PND) 21, animals were weaned,
and only 2-3 males per litter were randomly selected and housed
together (2-4 animals/cage).
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NAC treatment during periadolescence: NAC (150 mg/kg, Sigma-Aldrich)
or saline serum (VH) was administered via intraperitoneal injection
between PND35-49. The study included four groups (12-14 animals/
group) based on the experimental factors: phenotype (MIS, Saline) and
treatment (NAC, VH).

NAC treatment during gestation: NAC (500 mg/kg, Sigma-Aldrich) was
administered in fresh drinking water (VH) during two different time windows:
1) from the immune challenge (GD15) until delivery (NAC7d); and 2)
throughout the entire gestation (NAC21d). The study comprised six groups
based on the experimental factors: phenotype (MIS, Saline) and treatment (VH,
NAC7d, NAC21d). Figure 1A illustrates the design of the study.

Behavioral studies

Behavioral studies were conducted between PND70-80 (early adulthood).
Sensorimotor gating was assessed in all animals, while anxiety was
measured specifically in the gestational study.

Prepulse inhibition of the startle reflex. Rats were individually placed in a
startle chamber (Cibertec, Spain) and subjected to a pseudorando-
mized combination of the following stimuli [18, 19]: 1) 10 min
acclimatization (background noise, 70 dB); 2) 5 trials of startle stimuli
(pulse, 120dB); 3) 10 trials which pseudorandomly presented pulse
(120 dB), prepulse (74, 80, or 86 dB) + pulse (120 dB), or no stimulus
(background noise); and 4) 5 trials of pulse (120 dB). Pulse and prepulse
duration were 40 ms, the interval between prepulse and pulse was
100 ms, and the inter-trial interval ranged from 10 to 20s. The
percentage of prepulse inhibition (PPI) for each prepulse intensity
was calculated as follows: 100 - [(startle response to prepulse + pulse)
/startle response to pulse) x 100)]. The startle chamber was cleaned
between each animal.

Elevated plus maze test. At PND8O, anxiety levels were assessed using
the elevated plus maze (EPM) test. The maze (Cibertec, Spain) consisted
of two open arms and two enclosed arms at right angles (arms: 50 cm
long, 40cm high, 10 cm wide) raised 50 cm above the floor. Animals
were placed in the center of the EPM, facing an open arm, and allowed
to explore for 5min. All experiments were recorded. The maze was
cleaned between each animal using a 0.1% acetic acid solution. The total
time spent in the open and closed arms, and the number of head
dippings, were quantified.

In vivo magnetic resonance studies. Animals were scanned during
adulthood (PND 100-120) using a 7-Tesla Biospec 70/20 scanner
(Bruker, Germany) under sevoflurane anesthesia (3% induction, 1.5%
maintenance in 100% O,). Rat-specific volume and surface coils were
used. All animals were scanned for structural changes in gray matter.
Diffusion tensor imaging (DTI) and spectroscopy studies were only
performed on the animals participating in the gestational study
(Supplementary Fig. 1).

Structural MRl imaging: Acquisition and reconstruction protocols were
published elsewhere [18, 19]. Briefly, T2-weigthed Spin Echo (SE) coronal
images were acquired with TE of 33 ms, TR of 3.732ms and 0.4 mm in
thickness. The matrix size was 256x256 pixels, covering a FOV of 3.5x3.5
cm?. The artifacts caused by the surface coil were corrected. Seven ROIls
(PFC, whole cortex, hippocampus, cerebellum, ventricles, corpus callosum,
and whole brain) were manually segmented [21], by two blinded
operators, with in-depth anatomical knowledge, to reduce operator
variability. This manual approach was used due to its robustness, as brain
atlas-based segmentations for rodents still have some deficiencies in
automated segmentation [22].

DTl study: Structural changes in white matter were evaluated using DTI.
SE-EPI sequences were acquired, with TR of 2000 ms, TE of 26.55 ms, three
repetitions, diffusion gradients applied in 27 directions (b value = 1000 s/
mm?), 35 slices, 0.4 mm thickness, matrix size of 128 x 128 voxels, and FOV
of 35 x 35 mm. Fractional anisotropy (FA) and mean diffusivity (MD) values
were determined in the corpus callosum, PFC, and hippocampus.

MR spectroscopy: 'H-MRS images were acquired using a PRESS mono-
voxel sequence in the PFC and hippocampus, with the following
parameters: TR of 2500 ms, TE of 16.5ms, 2,048 acquisition points, 128
averages, bandwidth of 3301.06 Hz, and voxel size of 1.5 mm?, adjusted to
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the anatomical structure. An unsuppressed water signal was used as an
internal reference for quantification. In vivo '"H-MRS spectra were analyzed
using LCModel (Version 6.2-0U, S.W.Provencher) [23], considering only
metabolites with a Cramer-Rao Lower Bound (CRLB) of less than 20%.
Additionally, metabolites with overlapping resonances were presented as
the combined sum of both species.

Translational Psychiatry (2024)14:14

Postmortem 10S assessment. Biochemical determinations were performed
on frozen tissue samples (—80 °C) obtained from the PFC, hippocampus,
caudate-putamen, and amygdala.

Western blot: The inflammatory and oxidonitrosative inducible
enzymes iNOS and COX-2, the cytoplasmic sequestrator of Nrf2 (KEAP1),

SPRINGER NATURE
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Fig. 1 Study design and behavioral tests in periadolescence and gestation. A Scheme with the different experimental procedures for the
periadolescence (A.1) and gestation (A.2) studies. B Prepulse inhibition (PPI) test in the periadolescence study. Each column represents
mean = SEM of the PPI (%) for each prepulse (PP) intensity (74, 80, and 86 dB) of 7-13 animals [Saline VH, N=9; Saline NAC, N=8; MIS VH,
N=11; MIS NAC, N =7]. RM-ANOVA followed by Bonferroni post hoc test (*P < 0.05 vs. MIS VH; # P < 0.05 vs. Saline VH). C PPI test in the
gestation study. Each column represents mean + SEM of the PPI (%) for each prepulse PP intensity of 7-12 animals [Saline VH, N = 7; Saline
NAC7d, N = 10; Saline NAC21d, N =12; MIS VH, N =7; MIS NAC7d, N = 10; MIS NAC21d, N = 12]. RM-ANOVA followed by Bonferroni post hoc
test (*p <0.05, **p<0.01 vs. MIS VH; # p<0.05 vs. Saline VH). D Elevated plus maze (EPM) test in gestation. Each column represents
mean = SEM of the time in closed (left) and open (middle) arms, together with the number of head dippings (right) [Saline VH, N = 8; Saline
NAC7d, N = 12; Saline NAC21d, N = 12; MIS VH, N = 12; MIS NAC7d, N = 12; MIS NAC21d, N = 12]. Two-way ANOVA followed by Bonferroni post
hoc test (**p < 0.01, ***p <0.001 vs. MIS VH; ### p <0.001 vs. Saline VH). Abbreviations: AA amygdala, CPu caudate putamen, DTI diffusion
tensor imaging, GD gestational day, Hipp hippocampus, MRl magnetic resonance imaging, MRS magnetic resonance spectroscopy, PFC

prefrontal cortex, PND postnatal day.

and the Nrf2-targeting antioxidative genes HO1 and NQO1 were
measured in cytosolic extracts, as previously reported [17, 19, 24].
Tissue was solubilized in a 50-mM Tris-hydrochloride buffer (pH 7.7)
containing protease and phosphatase inhibitor cocktails (P2714, P5726;
Sigma, Spain). Protein levels were assessed using the Bradford method.
Expression levels of iNOS, COX-2, KEAP1, HO1, and NQO1 were
determined using 15pug of cytosolic extracts. Proteins were loaded
onto an electrophoresis gel and subsequently blotted onto a membrane
with a semi-dry transfer system. Blots were blocked with 5% BSA
(Sigma, Spain) and incubated overnight at 4°C with the following
antibodies: rabbit anti-iINOS (sc-650, 1:750 BSA 2%; SCBT, USA), goat
anti-COX2 (sc-1747, 1:750 BSA 2.5%; SCBT, USA), mouse anti-KEAP1
(MAB3024, 1:1000; R&D, USA), rabbit anti-HO1 (ab68477, 1:1000; Abcam,
UK), goat anti-NQO1 (sc16464, 1:750 BSA 1%, SCBT, USA), and mouse
anti-B-actin (A5441, 1:10000; Sigma, Spain). These primary antibodies
were detected using horseradish peroxidase-linked secondary anti-
bodies. Antibody binding was detected using an Odyssey Fc System (LI-
COR®, Germany). All blots were performed at least three times in
separate assays. Digital images of the Western Blot were analyzed using
densitometry (ImageJ, NIH, USA). Values were normalized to the loading
control (B-actin) and expressed as a percentage of variation compared
to the control group.

Lipid peroxidation: The Thiobarbituric Acid Test for MDA was
performed as described by Das and Ratty [25].

NRF2 activity: A commercial ELISA-based kit (600590, Cayman Chemi-
cal, Estonia) was used on nuclear extracts of tissue samples, following the
manufacturer’s instructions.

Antioxidant enzyme activity [18]: Tissue samples were sonicated in
400puL of PBS (pH = 7) containing a protease inhibitor cocktail
(Complete®; Roche). Homogenates were centrifuged at 10,000G for
15 min at 4 °C. Supernatants were used for determinations of superoxide
dismutase (SOD, K028-H1, Arbor Assay, USA), catalase (CAT, K033-H1, Arbor
Assay, USA), glutathione peroxidase (GPx, 703102, Cayman Chemical,
Estonia), and glutathione (GSH, K006-H1, Arbor Assay, USA). Results were
expressed as U/mg protein for the enzyme activities and in uM/pg protein
for GSH levels.

Statistical analyses

Normality and homoscedasticity were assessed by Shapiro-Wilk's and
Levene's tests, respectively. Normal and homoscedastic variables were
analyzed using a two-way ANOVA followed by a Bonferroni post hoc test.
For the PPl results, a repeated-measures (RM) ANOVA was employed,
considering phenotype, treatment, and prepulse intensity as factors. Non-
normal and non-homoscedastic variables were analyzed using the
Kruskal-Wallis (KW) test and Dunn’s post hoc test. A p value <0.05 was
considered statistically significant for all analyses. Statistical analyses were
performed using SPSS (IBM SPSS Statistics 20, Spain), and graphic
representations were generated using GraphPad Prism (v8, GraphPad
Software, San Diego, CA, USA). Data are presented as mean + SEM.

RESULTS
Tables 1 and 2 provide a comprehensive overview of the results
from the statistical analyses investigating the effects of NAC
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during periadolescence and pregnancy, respectively, for each of
the conducted experiments.

Behavioral studies

Prepulse inhibition of the startle reflex. The PPl assesses deficits in
sensorimotor gating, a common symptom in schizophrenia, by
evaluating the suppression of an acoustic startle reflex to an intense
stimulus when pre-exposed to a weak stimulus. We confirmed the
presence of these deficits in our model, as both the periadolescence
and gestational MIS-VH groups exhibited a significant PPI reduction at
80 dB and 86 dB (vs. Saline-VH group). In the periadolescence study,
the RM-ANOVA revealed a significant prepulse effect (p <0.001), an
interaction between MIS and treatment (p <0.05), and a three-way
interaction (prepulse, MIS, and NAC) (p < 0.05) (Fig. 1C). Post hoc tests
indicated that NAC did not significantly alter PPl values in the VH
animals, but it prevented the PPI reduction in the MIS-offspring (vs.
MIS-VH group). In the gestational study, the RM-ANOVA revealed
significant effects of MIS (p <0.01), NAC treatment (p<0.01), and
prepulse (p < 0.001) (Fig. 1D). Post hoc tests showed that NAC7d did
not significantly improve PPl in the MIS-offspring, whereas NAC21d
fully prevented this deficit (vs. MIS-VH group).

Elevated plus maze. The EPM (Fig. 1E) was used to evaluate
anxiety levels in this model. Consistent with expectations, the MIS-
VH animals spent more time in the closed arms and less time in
the open arms compared to the Saline-VH rats, indicating higher
anxiety levels. Additionally, the MIS-VH group exhibited a
significant reduction in the number of head-dippings (p < 0.001).
Importantly, both the NAC7d and NAC21d treatments completely
prevented these deficits in the MIS-offspring.

MRI studies

In adulthood, T2-weighted images were acquired to evaluate
changes in regional volumetry. Moreover, DTl and metabolite
content data were obtained in the gestational approach.

Volumetry. Six brain regions were segmented on T2-weighted
images and analyzed using a regions-of-interest (ROlIs)
approach. In the periadolescence study (Fig. 2A.1), the MIS-VH
animals exhibited significant ventricular enlargement and
reduced volume in the hippocampus and corpus callosum (vs.
Saline-VH rats) (p<0.01 in all cases), although none of
these deficits were prevented by NAC. In the gestational study
(Fig. 2A.2), the MIS-VH animals displayed reduced volume in the
hippocampus, cerebellum, and nearly significant reduction in
the corpus callosum (p = 0.06), along with ventricular enlarge-
ment (p<0.05). In this case, both NAC7d and NAC21d
prevented the hippocampal and corpus callosum deficits.
Furthermore, we observed a trend towards the prevention of
volumetric abnormalities in the ventricles (p=0.07) and
cerebellum (p=0.07) by NAC7d and NAC21, respectively.
Finally, the Saline-NAC7d offspring exhibited increased cortical
volume (p <0.01).

Translational Psychiatry (2024)14:14



D. Romero-Miguel et al.

Table 1. Statistical data of NAC-related effects during periadolescence on brain volumetry (A) and the expression of inflammatory and oxidative
(10S) markers (B).

ROIs MIs

A. Brain volumetry

Brain Fa,46 = 1.314
PFC Fa46 = 0.444
Cx -

Hipp Fi1,46) = 7.642
v Fai,46 = 11.51
e Fi1,46) = 149.5
Cb Fa,46 = 1.292
Markers MIs

B. 10S markers

iNOS

PFC Fa,28) = 20.240
Hipp Fa,27) = 0.109
AA F,28) = 36.240
Cpu F1,28) = 5.406
COX2

PFC Fa27) = 0.244
Hipp F1,28) = 2.037
AA F1,28) = 15.080
Cpu F1,28) = 0.148
MDA

PFC Fa,28) = 11.940
Hipp F(1,26 = 0.410
AA F,28) = 0.023
Cpu -

KEAP1

PFC Fa,27) = 0455
Hipp F,28) = 3.496
AA F@,28) = 10.640
Cpu Fa,27) = 0.927
HO1

PFC F1,28) = 0.039
Hipp -

AA F,28) = 22.980
Cpu F1,28) = 0.102
NQO1

PFC Fa,28) = 0.317
Hipp F,28) = 0.727
AA F@,28) = 0.046
Cpu -

NRF2

PFC Fa,27) = 3.925
Hipp Fo .28 = 2.437
AA F1,28) = 0.500
Cpu -

SOD

PFC F,28) = 1.608
Hipp F(1,28) = 0.053
AA F@,28) = 0.780
Cpu F,28) = 0.191

Translational Psychiatry (2024)14:14

p=0.257
p=0.510

p=0.008**
p=0.001**
p<0.001***
p=0.262

p<0.001%%*
p=0.744
p<0.001%**
p=0.027*

p=0.626
p=0.164
p<0.001%**
p=0.704

p=0.002%*
p=0.527
p=0.880

p=0.506
p=0.072
p=0.003**
p=0.344

p=0.845
p<0.001%**
p=0.752

p=0.578
p=0.401
p=0.832

p=0.058
p=0.130
p=0.485

p=0.215
p=0.819
p=0.384
p=0.665

Treatment (NAC)

Fa,46) = 1.378
F@,46) = 0.323
Fa.4e = 5289
F@,46) = 0.353
F@,46) = 0.353
Fa,46) = 1.292

Treatment (NAC)

Fa2e = 10010
Fa,27) = 1.291
F(1,28) = <0.001
Fa,28 = 3.241
F(1,27) = 0818
F(1123) = 5.021
F(‘I,28) = 5457
Fir.28 = 3.569
F,28) = 0.199
F,28y = 0.209
Fi1,28) = 0.132
F('|,27) = 20.190
F(‘I,28) = 9.354
F,28) = 3.304
Fa,27 = 0.159
Fa,28) = 3.025
Fi28) = 20.720
F(1,28) = 5.217
F(‘I,28) = 2422
Fa,28 = 1.734
F,28) = 4.853
Fa,27y = 0.032
F(1,28) = <0.001
F,28) = 4.784
Fr.26 = 0.370
F(‘I,ZS) = 0.001
F@1,28) = 4.608
Fa2e = 1379

p=0.246
p=0.574

p=0.026*
p=0.554
p=0.555
p=0.262

p=0.004**
p=0.266
p=0.999
p=0.083

p=0.374
p=0.033*
p=0.027*
p=0.069

p=0.659
p=0.651
p=0.719

p<0.007%**
p=0.005%*
p=0.080
p=0.693

p=0.093
p<0.007%*
p=0.030*

p=0.131
p=0.199
p=0.036*

p=0.859
p=0.978
p=0.037*

p=0.547
p=0.975
p=0.041*
p=0.250

Interaction
F1,46) = 6.851
Fi1,46) = 3019
Faae = 0.943
Fr.46 < 0.001
Foae) = 2276
Faae = 3.624
Interaction
F(1,26) = 6.851
F(1'27) = 3.989
F(1,26 = 2.556
Fa,26 = 3.979
F(1'27) = 0.241
F(1,28) = 0.006
Fi.28) = <0.001
Fir.28) = 0.900
F,28) = 0.240
Fa1,28) = 0.371
Fa1,28 = 0.226
F(1127) = 14300
F(1,28) = 0043
F,28) = 1.731
Fa,27) = 1.047
Fa1,28) = 1.406
Fa,28) = 12.200
F(1,28) = 0.195
F(1,28) = 4324
F,28) = 0.013

F(ng) = 5.084

Fa,27) = 1.840
F(1,26) = 0.800
F,28) = 0.134
F1,28) = 1.331
Fa,28 = 1.315
F,28) = 2.750
F1,28) = 1.379

KwW

p=0.066 -
p=0.089 -

p=0.334 -
p=0.977 -
p=0.138 -
p=0.063 -

p=0.014* -
p=0.056 -
p=0.121 =
p=0.056 =

p=0.627 =
p=0.939 =
p=0.987 =
p=0.351 -

p=0.628 =
p=0.548 =
p=0.638 =

= p=0.398

p<0.001%** -
p=0.837 =
p=0.199 -
p=0.315 -

p=0.246 =
= p=0.155

p=0.002%* =

p=0.662 =

p=0.047* -
p=0.911 -
p=0.032* -

= p=0.927

p=0.186 =
p=0.380 =
p=0.037* =

= p=0.888

p=0.258 -
p=0.261 -
p=0.120 -
p=0.250 -

SPRINGER NATURE
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Table 1. continued

Markers MIS Treatment (NAC)
CAT

PFC F(1,2¢) = 10.930 p=0.003** F(1,2¢) = 0.010
Hipp Faoe = 3.171 p=0.086 Fa,2 = 1.225
AA F1,28) = <0.001 p=0.999 F,28) = 0.278
Cpu Fa08 = 3.741 p=0.063 F1,28) = 8.209
GPx

PFC - - -

Hipp Fa,28 = 0.281 p=0.600 Fi1,26 = 0.018
AA Fa,28 = 0.003 p=0.957 F1,28) = 1.690
Cpu Fa,28 = 6.042 p=0.020* F1,26) = 1.681
GSHiotal

PFC F1,28) = 8428 p=0.007** F,28) = 0.538
Hipp F1,28) = <0.001 p=0.990 F1,28) = 0.585
AA Fa8 = 1.530 p=0.226 F1,26) = 0451
Cpu Fa.28 = 4.380 p=0.045* Fa1,28 = 1.629
GSHiibre

PFC Fa,28 = 7.682 p=0.009** F1,26) = 0.552
Hipp Fa,28) = 0.281 p=0.600 Fi1,28 = 0.018
AA Fa2e = 1.929 p=0.176 F1,26) = 0.073
Cpu F(1,28) = 3.883 p=0.059 F1,28) = 1.478
GSSG

PFC F1,28) = 5.999 p=0.021* F,28) = 0.004
Hipp Fa.28 = 0.037 p=0.845 Fi128 = 1.196
AA Fae = 0313 p=0.580 Faoe = 2.174
Cpu Fa.28 = 4.926 p=0.035* Fi1,26) = 1.791

Interaction KW
p=0.920 F1,28) = 0.976 p=0.331 -
p=0.278 F1,28) = 0.049 p=0.826 -
p=0.602 F1,28) = 3.978 p=0.056 -
p=0.008** F128 = 1.254 p=0.272 -

- - - p=0.110
p=0.895 F1,28) = 0.021 p=0.886 -
p=0.204 F1,28) = 1.469 p=0.236 -
p=0.205 F1,28) = 1.042 p=0.316 -
p=0.469 F1,28) = 0.260 p=0.614 -
p=0.585 F1,28) = 0.058 p=0.811 -
p=0.508 F1,28) = 4.570 p=0.041* -
p=0.212 Fi1,28) = 2311 p=0.140 -
p=0.464 F(1,28) = 0.067 p=0.798 -
p=0.895 F1,28) = 0.021 p=0.886 -
p=0.788 F1,28) = 4.105 p=0.052 -
p=0.234 F1,28) = 2.081 p=0.160 -
p=0.947 F,28) = 1.278 p=0.268 -
p=0.283 F1,28) = 0.014 p=0.905 -
p=0.151 F1,28) = 3.515 p=0.071 -
p=0.192 F1,28) = 2.558 p=0.121 -

Each column represents the ANOVA F-test or Kruskal-Wallis test for MIS, NAC treatment, and its interaction for the studied areas. F: ANOVA F-test, KW: Kruskal-

Wallis test (*p < 0.05, **p < 0.01, ***p < 0.001).

DTl. Differences in FA and MD were assessed through ROI
analyses of the DTl images. The MIS-VH animals exhibited an
increase in FA in the corpus callosum (p<0.01, vs. Saline-VH),
which was prevented by both NAC7d and NAC21d (p <0.001)
(Fig. 2B.1). No significant differences in FA were observed in other
ROIs. Conversely, significant effects of NAC7d and NAC21d were
observed (p < 0.05), restoring MD values in the prefrontal cortex
(PFC) and hippocampus (Fig. 2B.2).

MRS. The uni-voxel spectroscopy data did not reveal statistically
significant differences for any of the metabolites. However, a
noticeable trend indicating a time-dependent effect of NAC was
observed for choline in the PFC (Fig. 2C.1) and hippocampus
(Fig.2C.2), as well as for N-acetyl aspartate in the PFC.

10S determinations

Our ex vivo analyses (Figs. 3-4) of brain tissue confirmed the
presence of a region-dependent pro-inflammatory/pro-oxidant
environment in the MIS-offspring. Importantly, NAC treatments
partially and differentially prevented these abnormalities.

Periadolescence study

In the PFC, the ANOVA analysis showed a significant effect of MIS
in iNOS (Fig. 3A) as well as on CAT, MDA, GSHyota, GSHfree, and
GSSG. Interestingly, there was a great preventive effect of NAC on
iNOS and KEAP1 in the MIS-offspring. In the hippocampus
(Fig. 3B), no significant effect of MIS was observed, but an effect
of NAC was found in COX2 and KEAP1. In the amygdala (Fig. 3C), a

SPRINGER NATURE

significant MIS effect was found in iINOS, COX2, KEAP1, and HO1.
Furthermore, NAC significantly reduced COX2 expression while
increasing the expression of HO1, NQO1, NRF2, and SOD. In the
caudate-putamen, a significant MIS effect was observed in iNOS,
GSHiora, and GSSG, while NAC increased HO1 expression and
reduced NRF2 and CAT levels.

Gestational study. In the PFC (Fig. 4A), the MIS-offspring exhibited a
significant increase in iNOS levels, which were effectively prevented
by NAC in both time-windows. Furthermore, NAC21d increased MDA
levels and reduced NRF2 levels. In the hippocampus (Fig. 4B), COX2
activity significantly increased due to MIS challenge, although no
modulation was observed by NAC. Instead, NAC7d reduced iNOS
expression and increased CAT activity, while NAC21d modulated
iNOS, CAT, and NQOT. Post-hoc analyses revealed a significant
increase in NQO1 activity in MIS-NAC21d animals (p <0.05) and in
CAT activity in Saline-NAC21d animals (p <0.01). In the amygdala
(Fig. 4C), MIS-challenge led to increased iNOS and COX2 activity and
reduced NRF2 expression. NAC7d showed a significant effect in iNOS,
COX2, and GSSG, whereas NAC21d modulated iNOS, COX2, NQOT1,
and CAT. Interestingly, NAC7d prevented the excessive expression of
COX2 in the MIS-offspring (p < 0.001), thereby reducing its proin-
flammatory consequences. Additionally, NAC21d increased the levels
of the antioxidant biomarker NQO1 (p < 0.05). Lastly, in the caudate-
putamen, MIS increased COX2 activity and reduced MDA, KEAP1, and
GPx. The ANOVA analyses revealed an effect of NAC7d on KEAP1 and
NQO1, increasing their levels in MIS-offspring, and an effect of
NAC21d modulating COX2, CAT, and GSSG.

Translational Psychiatry (2024)14:14
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DISCUSSION

This study explores the potential of NAC to prevent the
development of schizophrenia-like deficits in the MIS model.
NAC treatment was administered during two different time
windows: 1) periadolescence, before the onset of initial symptoms,
and 2) gestation, aiming to mitigate the risk of

Translational Psychiatry (2024)14:14

neurodevelopmental abnormalities in prenatal offspring asso-
ciated with heightened IOS. In both cases, NAC successfully
prevented certain neuroanatomical, biochemical, and behavioral
deficits in the MIS-offspring, with the gestational treatment
showing particular efficacy in early intervention. Although several
studies have explored the potential therapeutic effects of NAC and

SPRINGER NATURE
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Fig. 2 Volumetric and metabolic changes measured via MRI. A Regional volumetric changes in adulthood after NAC treatment during
adolescence (A.1)) [Saline VH, N = 11; Saline NAC, N = 12; MIS VH, N = 12; MIS NAC, N = 14] and in the offspring from dams that received NAC
treatment during pregnancy (A.2) [Saline VH, N=7; Saline NAC7d, N = 12; Saline NAC21d, N=12; MIS VH, N=6; MIS NAC7d, N=12; MIS
NAC21d, N = 12]. Each column represents mean + SEM of the six brain areas volume (cc). Two-way ANOVA followed by Bonferroni post-hoc
test (*p <0.05, **p <0.01, ***p <0.001 vs. MIS VH; # p <0.05 vs. Saline VH). B DTI results in the offspring from dams that received NAC
treatment during pregnancy. Fraction anisotropy (FA) (B.1) and mean diffusivity (MD) (B.2) results in corpus callosum, prefrontal cortex, and
hippocampus. Each column represents mean + SEM of FA and MD (A.U.) [Saline VH, N = 7; Saline NAC7d, N = 12; Saline NAC21d, N = 12; MIS
VH, N =6; MIS NAC7d, N =12; MIS NAC21d, N = 12]. Two-way ANOVA followed by Bonferroni post-hoc test (*p < 0.05, ***p < 0.001 vs. MIS VH;
## p <0.01 vs. Saline VH. C MRS results in the offspring from dams that received NAC treatment during pregnancy in the prefrontal cortex.
Each column represents mean + SEM of the relative concentration of three brain metabolites with CRLB < 20% (glycerophosphocholine and
phosphocholine, GPc + PCh; N-acetylaspartate and N-acetylaspartylglutamate, NAA + NAAG; glutamate and glutamine, Glu + GIn). [Saline VH,
N=7; Saline NAC7d, N = 12; Saline NAC21d, N=12; MIS VH, N =6; MIS NAC7d, N =12; MIS NAC21d, N = 12]. Two-way ANOVA followed by

Bonferroni post-hoc test.

other anti-IOS drugs in the MIS model, only a limited number have
focused on preventive strategies, particularly during the periado-
lescent period. Among them, various compounds, such as
minocycline [19, 26], omega-3 fatty acids (w—3) [18],
phosphodiesterase-9 inhibitors [27], or even antipsychotic or
antidepressant drugs [28, 29] have been administered during
periadolescence, with variable result. In this regard, we have
recently showed that w—3 [18] and mangiferin [30] treatments
during adolescence were effective in the prevention of behavioral
deficits in PPl and some of the volumetric and metabolic deficits
seen in this model. Furthermore, we have demonstrated that
minocycline-treatment during adolescence partially counteracts
volumetric abnormalities and 10S deficits in the MIA model, likely
via iINOS and Nrf2—-ARE pathways, also increasing the expression of
cytoprotective enzymes [31]. On the other hand, the gestational
approach has only been explored in two studies. The first
demonstrated that NAC treatment during pregnancy was useful
in preventing the hippocampal reduction and hippocampal-based
memory impairments, along with a partial prevention of gut
microbiota deficits observed in MIS-offspring [32]. The second
evaluated NAC and omega-3 fatty acids during gestation from the
immune insult to the delivery [33]. In contrast to our results,
Edemann-Callesen et al. reported only a partial relief in behavior
and prevention of microglial activity, as well as enlargement of
lateral ventricles in the adult offspring from dams treated with
omega-3 fatty acids, evidencing the necessity for further multi-
scale research. In this line, it is worth noting that there have been
no further studies evaluating the effects of NAC administration
specifically throughout the entire pregnancy period in this model,
including both in vivo and ex vivo techniques, which makes this
study of great relevance.

At the biochemical level, we examined the concentration and
activity of various markers related to 10S in four brain regions
known to be implicated in schizophrenia [7, 34] and affected in
the MIS model [18, 19]. Our findings revealed prominent
alterations in the PFC and amygdala in the MIS-offspring.
Remarkably, NAC treatment demonstrated a preventive effect on
these alterations, particularly in the amygdala. The amygdala plays
a crucial role in processing fear and threat-related stimuli and has
been widely associated with the development of anxiety disorders
[35]. Hence, the beneficial antioxidant properties of NAC during
pregnancy may contribute to the complete prevention of anxiety-
like behaviors observed in the MIS-offspring.

One of the consistently altered markers of 10S in the MIS model
is iNOS. This isoform of NOS is known to induce cytotoxicity by
promoting the production of nitric oxide (NO) in various cell
systems. Activation of iNOS may occur in Polyl:C-treated dams
when Polyl:C binds to TLR-3 receptors, subsequently activating the
NF-kB pathway [36]. These changes, probably mediated by the
interaction between microglia and neurons during neurodevelop-
ment [37], may persist and contribute to the long-term imbalance
in 10S observed in this animal model. Furthermore, iNOS has also

SPRINGER NATURE

been implicated in different stages of the disorder [38]. In our
study, we observed an increase in iNOS in the MIS-offspring, and
importantly, prenatal and periadolescence NAC treatment effec-
tively prevented this alteration.

Moreover, we observed significant differences in the expres-
sion of COX2 and SOD in the amygdala during the periadoles-
cence study. The MIS-offspring exhibited increased expression
of SOD and decreased expression of COX2, which aligns with
the inverse correlation proposed by Lee et al [39].

Additionally, we investigated the antioxidant response element
(ARE) proteins, namely HO1 and NQOT1, which are known to play a
crucial role in cellular antioxidant. Moreover, both HO1 and NQO1
have been reported to be altered in the MIS model [18, 19].
Although we did not observe significant differences in HO1 and
NQO1 expression in this model, we did find an impact of NAC
treatment on the enzymatic activity of these proteins in the
amygdala, particularly when NAC was administered during
periadolescence and throughout pregnancy. Similar trends were
observed in the PFC, although they did not reach statistical
significance. These findings support the notion of an oxidative
imbalance within the amygdala and indicate the involvement of
HO1 and NQOT1 in the preventive effects of NAC. Both proteins are
activated through the NRF2 pathway, which involves the
dissociation of NRF2 from KEAP1, its translocation into the
nucleus, and subsequent binding to target transcription factors
[40]. Interestingly, we observed significant differences in KEAP1
levels in MiIS-offspring, and these differences were largely
prevented by NAC treatments. Nevertheless, we did not find any
differences in NRF2 levels. It is possible that the activation of HO1
and NQO1 occur through an alternative pathway that is less
commonly observed, potentially explaining this seemingly contra-
dictory results [41]. In any case, our study demonstrates the ability
of NAC during periadolescence and, especially, during gestation,
to prevent some of the I0S deficits observed in the PFC and
amygdala of the MIS model.

At the neuroanatomical level, MIS-offspring did not show the
anticipated cortical volume reduction. However, a significant
decrease in hippocampal volume was observed in MIS-offspring,
and this reduction was effectively prevented by both prenatal
NAC treatments, but not by periadolescence treatment. Hippo-
campal volume reduction is a known characteristic in individuals
with schizophrenia and has been associated with various clinical
outcomes in this disorder [42]. Interestingly, in our study, this
reduction in hippocampal volume was not accompanied by an
increase of I0S in this region. This suggests that the
symptomatology observed in this animal model may be more
closely related to an exacerbated increase in |IOS rather than
anatomical alterations (i.e., PPl is modulated by the cortico-
striatal-pallidum-thalamic (CSPT) circuitry involving the PFC)
[43]. Furthermore, MIS-offspring exhibited ventricular enlarge-
ment, an alteration that has also been associated with
schizophrenia [44] and other neurodevelopmental disorders

Translational Psychiatry (2024)14:14
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Fig. 3 Inflammatory and oxidative stress (I0S) biomarkers in the periadolescence study. Inflammatory markers expression (iNOS, COX2),
antioxidant enzyme activity (GPx, CAT, SOD), and oxidative stress markers (MDA, NRF2, KEAP1, HO1, NQO1, GSHf ee, GSHiotar, GSSG) in the
prefrontal cortex (A), hippocampus (B), and amygdala (C). Representative bands of iNOS, COX2, KEAP1, HO1, and NQO1 (upper bands) and the
loading control, p-actin (lower bands), are shown above their corresponding graph bars. Each column represents mean + SEM of the protein
expression (% control), enzymatic activity (U/mg protein), or concentration (UM/ug protein) of eight animals per group. Two-way ANOVA
followed by Bonferroni post-hoc test (*p < 0.05, ***p < 0.001, vs. MIS VH; # p < 0.05, ### p <0.001 vs. Saline VH).

[45], and has been described in this animal model [17-19]. While during the final seven days of gestation, indicating that earlier
periadolescent NAC administration did not lead to a reduction in NAC treatment yields more favorable outcomes.

ventricular volume in MIS animals, a non-significant improve- The cerebellum is another structure that may potentially benefit
ment was observed when the treatment was administered from the administration of NAC. Reduced cerebellar volume has

Translational Psychiatry (2024)14:14 SPRINGER NATURE
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Fig. 4 Inflammatory and oxidative stress (I0S) biomarkers in the gestation study. Inflammatory markers expression (iNOS, COX2),
antioxidant enzyme activity (GPx, CAT, SOD), and oxidative stress markers (MDA, NRF2, KEAP1, HO1, NQO1, GSHf ce, GSHiotar, GSSG) in the
prefrontal cortex (A), hippocampus (B), and amygdala (C). Representative bands of iNOS, COX2, KEAP1, HO1, and NQO1 (upper bands) and the
loading control, B-actin (lower bands), are shown above their corresponding graph bars. Each column represents mean + SEM of the protein
expression (% control), enzymatic activity (U/mg protein), or concentration (uM/pg protein) of eight animals per group. Two-way ANOVA
followed by Bonferroni post-hoc test results: *p < 0.05, **p < 0.01, ***p < 0.001, vs. MIS VH; # p < 0.05, ### p <0.001 vs. Saline VH).
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been observed in patients with schizophrenia, and these
alterations have been associated with the onset of positive
symptoms [46], although it is worth noting that this reduction has
also been attributed to the side effects of antipsychotics [17]. In
our study, although NAC treatment during periadolescence did
not have an impact on cerebellar volume, the administration of
NAC throughout gestation nearly counteracted this reduction.
These findings suggest that the prenatal approach of NAC
treatment may have some preventive potential in addressing
cerebellar-related deficits in schizophrenia.

Regarding white matter changes, we found a reduction in
corpus callosum volume in MIS-offspring, which is consistent
with previous studies demonstrating a generalized decrease in
white matter volume [47] in individuals with schizophrenia.
This alteration is associated with impaired connectivity
between the two cerebral hemispheres. Interestingly, while
NAC treatment during periadolescence did not prevent this
deficit in MIS-offspring, both prenatal treatments completely
prevented the reduction in corpus callosum volume. In
addition to assessing volumetric changes, we also examined
white matter alterations in the corpus callosum, PFC, and
hippocampus using DTI. Surprisingly, we detected a significant
increase in FA in the corpus callosum, and this increase was
fully prevented by both NAC treatments during pregnancy.
These findings contrast with clinical reports indicating reduced
FA and MD in patients with schizophrenia and adolescents with
early-onset psychosis [48]. Currently, we do not have an
explanation for this unexpected finding. One possibility could
be related to fiber compaction in the corpus callosum, leading
to volume reduction and subsequently an increase in FA in the
MIS model. Nevertheless, it is important to note that this
increase in FA does not correlate with the corpus callosum size,
as we observed the same volume reduction in both the animal
model and the human disorder.

In terms of brain metabolic changes, abnormalities in the levels of
glutamate + glutamine (neurotransmitter and precursor) and
N-Acetyl Aspartate + glutamic acid (NAA + NAAG; neuronal viability)
in the PFC have been associated with schizophrenia in patients with
psychotic disorders and individuals at ultra-high risk for psychosis
[49]. These abnormalities have also been implicated in the
progression of the pathology [50]. In the MIS model, our study is
the first report to tackle this issue. We did not observe significant
differences in metabolite concentrations following MIS challenge.
However, there was a trend towards increased NAA + NAAG and
choline levels in the Saline and MIS-offspring treated with NAC
during pregnancy. This potential increase in NAA + NAAG levels is
particularly interesting and promising, as reduced NAA levels have
been associated with poor disease progression in schizophrenia [50].

In terms of behavioral tests, we were able to confirm the
presence of a deficit in PPl and increased anxiety levels in MIS-
offspring, which is consistent with findings from other studies
[51, 52]. Importantly, all NAC treatments, particularly the prenatal
approaches, effectively prevented these deficits in both PPl and
anxiety. Deficits in PPl and anxiety are well-documented in clinical
studies [53] and preclinical research [54]. Specifically, PPI deficits
have been associated with impairment in the PFC [55], which was
also altered in terms of I0S in our study. Furthermore, the
cerebellum, another region affected in our MIS animals, has been
implicated in auditory processing impairment [56], which could be
involved in the observed deficits in response to acoustic stimuli in
this behavioral test.

Overall, the three NAC treatment approaches -effectively
prevented behavioral deficits in sensorimotor gating and anxiety,
as well as some of the biochemical alterations in the brain.
However, the impact on neuroanatomical anomalies was not
consistent across the different approaches. Treatment with NAC
during periadolescence had limited effects on brain anatomy,
whereas administration during pregnancy showed more

Translational Psychiatry (2024)14:14
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promising results, possibly due to its ability to intervene earlier
in the developmental process. It is worth noting that neuroana-
tomical abnormalities have been reported prior to the onset of
symptoms in schizophrenia [57]. Therefore, initiating therapeutic
interventions with a safe compound during pregnancy may have
the potential to prevent long-term deficits associated with 10S
dysfunction in offspring, by addressing neurodevelopmental
abnormalities at an early stage.

This study has several limitations that should be acknowledged.
Firstly, the study was conducted exclusively in male-offspring. It is
known that the effects of MIS differ between males and females in
terms of functional and morphological changes [58]. Additionally, the
onset of schizophrenia symptoms occurs later in women than in
men. However, exploring these gender differences was beyond the
scope of our current study, and focusing on male offspring allowed
us to establish common therapeutic and sampling windows.
Nonetheless, it is important to extend our approaches to include
female offspring in future investigations. Secondly, a modification to
the acquisition protocol in the MRS study, such as using a larger
voxel size and increasing the number of repetitions, could have
potentially yielded stronger and more robust results by improving
the signal-to-noise ratio. Thirdly, it should be noted that the
periadolescence approach did not include studies on anxiety, DTI,
and MRS, as these aspects were incorporated into the gestational
approach based on the promising results obtained during periado-
lescence, This expansion of the experimental battery allowed for a
more comprehensive assessment of the model. Fourthly, despite the
sample size of each group seems to be adequate for the purposes of
this study, we acknowledge that MRI volumetric results could have
benefited from a limited increase in the number of animals included
in each group. Finally, we must acknowledge that no corrections for
multiple comparisons were performed. This decision is justified by
the exploratory nature of the study and by the fact that most
measurements were decided a priori, based on the results of
previous studies. In addition, these methods assume independency
of the tests, which may not be true in our complex dataset due to
potential interdependencies between markers and brain regions
examined, which could potentially blur true associations or patterns.
However, we recognize the inherent bias associated with this
approach that may lead to a certain degree of Type | error.
Consequently, interpretation of these results should be taken with
caution and emphasize the need for replication studies to further
validate these findings.

In summary, treatment with NAC during both gestation and
periadolescence effectively prevented behavioral deficits and
various biochemical alterations in the MIS model. Additionally,
prenatal administration of NAC demonstrated the ability to
prevent some of the neuroanatomical anomalies observed in
the MIS model. These findings suggest that early therapeutic
interventions hold promise in reducing the prenatal IOS status and
decreasing the severity and risk of developing schizophrenia-like
deficits in offspring.
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The dataset generated and analyzed during the current study are available from the
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