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Abstract Alterations in the innate inflammatory response
may underlie the pathophysiology of psychiatric diseases.
Current antipsychotics modulate pro-/anti-inflammatory path-
ways, but their specific actions on these pathways remain only
partly explored. This study was conducted to elucidate the
regulatory role of paliperidone (1 mg/kg i.p.) on acute (6 h)
and chronic (6 h/day for 21 consecutive days) restraint stress-
induced alterations in 2 emerging endogenous anti-inflamma-
tory/antioxidant mechanisms: nuclear factor erythroid-related
factor 2 (NRF2)/antioxidant enzymes pathway, and the cyto-
kine milieu regulating M1/M2 polarization in microglia, ana-
lyzed at the mRNA and protein levels in prefrontal cortex
samples. In acute stress conditions, paliperidone enhanced
NREF2 levels, possibly related to phosphoinositide 3-kinase
upregulation and reduced kelch-Like ECH-associated protein
1 expression. In chronic conditions, paliperidone tended to
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normalize NRF2 levels through a phosphoinositide 3-kinase
related-mechanism, with no effects on kelch-Like ECH-asso-
ciated protein 1. Antioxidant response element-dependent an-
tioxidant enzymes were upregulated by paliperidone in acute
stress, while in chronic stress, paliperidone tended to prevent
stress-induced downregulation of the endogenous antioxidant
machinery. However, paliperidone increased transforming
growth factor-3 and interleukin-10 in favor of an M2 microg-
lia profile in acute stress conditions, which was also corrobo-
rated by paliperidone-induced increased levels of the M2 cel-
lular markers arginase I and folate receptor 2. This latter effect
was also produced in chronic conditions. Immunofluorescence
studies suggested an increase in the number of microglial cells
expressing arginase I and folate receptor 2 in the stressed an-
imals pretreated with paliperidone. In conclusion, the enhance-
ment of endogenous antioxidant/anti-inflammatory pathways
by current and new antipsychotics could represent an interest-
ing therapeutic strategy for the future.

Keywords Antipsychotics - Restraint stress - NRF2 -
Antioxidant enzymes - IL-10 - M2 microglia

Introduction

Psychological/physical stress exposure activates the innate
immune system, producing an inflammatory response both
in the peripheral and central nervous systems (CNS) [1]. The
most studied pathway is the one driven by the activation of the
Toll-like receptor 4 [2]. Consecutive steps in this transduction
pathway are the activation of cytokines and the prototypic
inflammatory nuclear transcription factor nuclear factor kappa
B, which culminates in a potential deleterious
overaccumulation of inflammatory and oxido-/nitrosative
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stress mediators in particular brain areas, such as the prefrontal
cortex (PFC) [2]. In addition, chronic stress exposure affects
synaptic plasticity, dendritic morphology, and neurogenesis in
animals (reviewed in [3]), and induces both clinical and ana-
tomical features of neurotoxic damage in humans [4].

The inflammatory response is a homeostatic mechanism
essential for survival in stressful conditions, but it is also a
costly process in terms of energy and resources and when
uncontrolled/chronic could be pernicious for the normal struc-
ture and function of brain cellular populations [1]. There are
several anti-inflammatory mechanisms (some of them acting
synergistically in time and space) of control. One of these
mechanisms involves the cyclopentenone prostaglandin 15-
deoxy-prostaglandin J, (15d-PGJ,) [5]. 15d-PGJ, is the pro-
posed endogenous ligand for the gamma isoform of peroxi-
some proliferator-activated nuclear receptors (PPARY), a tran-
scription factor whose main effect is to mitigate inflammation
by repressing the expression of proinflammatory mediators
[6]. PPARY may be also activated by the antidiabetic
thiazolidinedione drugs, which exert anti-inflammatory,
antiexcitotoxic, and proenergetic effects in the brains of
stressed rats [7, 8]. The antioxidant profile of 15d-PGJ,/
PPARYy may be related to its ability to regulate the nuclear
factor erythroid-related factor 2 (NRF2), in brain [9].
Inactive NRF2 is retained in the cytoplasm by association with
the kelch-like ECH-associated protein 1 (KEAP1), but during
inflammation or oxidative stress, the phosphorylation of some
intracellular kinases, such as phosphoinositide 3-kinase
(PI3K) and protein kinase B (AKT), elicits the translocation
of NRF2 to the nucleus. Then, NRF2 binds to the antioxidant
response elements (ARE) within the promoter of antioxidant
enzymes, activating their transcription [10]. The most relevant
of these enzymes are heme oxygenase-1 (HO1), nicotinamide
adenine dinucleotide phosphate dehydrogenase quinone 1
(NQOV1), superoxide dismutase (SOD), glutathione peroxi-
dase (GPx) and catalase (CAT) [11].

The activation of PPARY is also implicated in another im-
portant anti-inflammatory mechanism: the polarization profile
of microglial cells in the evolution of inflammation-related
CNS diseases. The use of PPARYy agonists induces the M2
phenotype in microglia in several animal models of neurode-
generation, such as Alzheimer’s and Parkinson’s [12, 13].
Microglial cells are a clear example of brain plasticity in re-
sponse to the environment, in this case the cytokine milieu.
Toll-like receptor-4 activation with lipopolysaccharide pro-
duces the synthesis and release of classical proinflammatory
cytokines [tumor necrosis factor-«, interleukin (IL)-1[3, IL-6,
interferon-y] and chemokines that polarize microglia into the
proinflammatory M1 phenotype [14]. In contrast, microglia
could change to the alternative anti-inflammatory M2 profile
owing to the effects of the cytokines IL-4 and IL-13 [15]. M2
microglial cells expressed higher levels of arginase I (Argl)
and folate receptor 2 (FOLR2), and synthesize and release
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anti-inflammatory cytokines such as IL-10 and transforming
growth factor (TGF)-3 [16, 17]. The enhancement of the M2
profile affords neuroprotection in some neuropathological
conditions and its role in neuropsychiatric diseases is currently
emerging [18, 19].

In the context of the inflammatory theory of psychiatric
disease, activation of the innate immune system/
inflammation could be an important process to take into con-
sideration in the study of the etiology and physiopathology of
stress-related psychiatric diseases, such as schizophrenia.
Over the last few years there has been substantial interest in
the role of inflammation in psychosis, based on epidemiolog-
ical, peripheral, postmortem, genetic and therapeutic data [20,
21]. Recently, a meta-analysis of previous clinical trials of
adjunctive nonsteroidal anti-inflammatory drugs and other im-
munomodulatory compounds in schizophrenia has reported
modest beneficial effects [22]. Based on this evidence, future
studies should have a change of focus. Current studies propose
the control of inflammation via direct anti-inflammatory ef-
fects, but the pharmacological stimulation of antioxidant/anti-
inflammatory pathways to potentiate the endogenous response
against disease is emerging as a promising strategy.

Consequently, this study is aimed at the molecular level to
investigate whether the therapeutic potential of the antipsy-
chotic paliperidone could be related to its ability to regulate
positively the endogenous antioxidant (NRF2/antioxidant en-
zymes) and anti-inflammatory (M1/M2 polarization in mi-
croglia) pathways that are compromised in the PFC of rats
exposed to acute/chronic restraint stress exposure.

Methods
Animals

Forty-six young adult (12 weeks of age) male Wistar
Hannover rats (HsdHan:Wist; Harlan Ibérica, Barcelona,
Spain) weighing 225-250 g were used. All experimental pro-
tocols adhered to the guidelines of the Animal Welfare
Committee of the Universidad Complutense, in accordance
with European legislation (D2010/63/UE). The rats were
housed in standard temperature and humidity conditions and
in a 12-h light/dark cycle (lights on at 08:00), with free access
to food and water. All animals were maintained under constant
conditions for 7 days prior to the experiment.

Drug Administration and Experimental Design

The atypical antipsychotic paliperidone (3-[2-[4-(6-fluoro-1,
2-benzisoxazol-3-yl)-1-piperidinyl]ethyl]-6,7,8,9-tetrahydro-
9-hydroxy-2-methyl-4H-pyrido[ 1,2-a]pyrimidin-4-one) (MW
426.48) and other chemicals were purchased from Sigma-
Aldrich (Madrid, Spain), or as indicated. Paliperidone was
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suspended in a saline solution with 0.1 % Tween 20 [Vehicle
(Veh)] by sonication for 1 min.

Two experimental designs were performed as follows. The
first was an acute restraint stress model (6 h of restraint) using a
plastic rodent restrainer (DecapiCone®, Braintree Scientific INC,
Braintree, MA, USA) that allowed for a close fit to rats [23].
Control animals were not subjected to stress but were handled
for a few seconds, and food and water were removed during the
period of time that the stressed rats were kept in the restrainer.
Vehicle or paliperidone was given by oral gavage (0.5 ml) imme-
diately before placing the animal into the plastic restrainer. Groups
were as follows: Veh + no stress (control); 1 mg/kg paliperidone
(P) + no stress; Veh + stress; P + stress (groups 1-4 in Figure S1).

The second was a chronic restraint stress model (6 h/day
for 21 days) [24]. The experimental groups were as follows:
Veh + no stress (control); P + no stress; Veh + stress; P + stress
(groups 5-8 in Figure S1).

All protocols started at 9:00 h, to avoid circadian changes
in the stress response. All groups in the acute stress model
contained 5 mice and 5-8 in chronic stress model. Brain sam-
ples were taken after the restraint session using sodium pen-
tobarbital (320 mg/kg, i.p. Vetoquinol®, Madrid, Spain).
Paliperidone was chosen in the present study considering pre-
vious reports have showed an immunomodulatory role of
paliperidone in animal models based on acute/chronic stress
exposure [25]. The dose of paliperidone (1 mg/kg) was chosen
on the basis of previous in vivo determinations of signaling
pathways related to oxidative stress, cytokines, and synaptic
plasticity in the PFCof Sprague—Dawley rats [26].

To check whether the dose of paliperidone used in the 21-
day chronic study is within the clinical range, plasma aliquots
extracted at the end of the last session of stress were purified
using mixed mode cation exchange solid-phase extraction col-
umns, and paliperidone levels were measured using a sensitive
high-performance liquid chromatography with electrospray
tandem mass spectrometer as described previously [27]. The
paliperidone concentration found was under the detection lim-
it in control animals (<1.5 ng/mL). However, control
paliperidone-treated animals showed a mean concentration
of 17.45 £ 5.99 ng/mL; in stressed paliperidone-treated ani-
mals, it was 19.34 + 3.83 ng/mL.

These values (41 and 45.3nM, respectively) are in the same
range as the plasma levels obtained in a protocol of administration
of risperidone (I mg/kg) with an osmotic minipump for 7 days,
achieving a Dopamine receptor 2 (D2) occupancy of 31+9 %
[28]. Thus, the dose achieved with our chronic administration
protocol is below the clinically comparable range (60-80 % D2
occupancy).

Preparation of Biological Samples

Blood samples were obtained by cardiac puncture and
centrifuged to extract plasma aliquots. After decapitation,

the brain was removed from the skull. After careful re-
moval of the meninges and blood vessels, PFC from both
brain hemispheres were excised and stored at —80 °C until
assayed.

Western Blot Analysis

To determine the expression levels of 4-hydroxynonenal (4-
HNE), protein kinase B (AKT), phosphorylated AKT
(pAKT), PI3K, NQOI, Argl and FOLR2, brain PFC sam-
ples were homogenized by sonication in 400 pL
phosphate-buffered saline (PBS; pH 7) mixed with a prote-
ase inhibitor cocktail (Complete®; Roche, Madrid, Spain),
followed by centrifugation at 12,000 x g for 10 min at
4 °C. Protein levels of NRF2 were determined in nuclear
extracts, and KEAP1 in cytosolic extract in PFC samples.
Nuclear and cytosolic extracts were prepared according to
published protocols [29]. Protein levels were measured
using the Bradford method, based on the principle of
protein-dye binding [30].

Blots were imaged using an Odyssey Fc System (Li-COR
Biosciences, Lincoln, NE, USA) and were quantified by den-
sitometry (ImagelJ software; National Institutes of Health,
Bethesda, MD, USA). In all the Western blot analyses, the
housekeeping genes for (3-actin, glyceraldehyde 3-phosphate
dehydrogenase, or histone deacetylase 1 (for nuclear extracts)
were used as a loading control (the blots are shown in the
respective figures). Detailed information can be found in the
Supplementary Material.

Real-time-Polymerase Chain Reaction Analysis

Total cytoplasmic RNA was prepared from samples of
brain PFC using TRIZOL reagent (Invitrogen, Grand
Island, NY, USA); aliquots were converted to complemen-
tary DNA using random hexamer primers. Quantitative
changes in mRNA levels of HO1, NQOI, superoxide dis-
mutase (SOD), GPx, CAT, IL-4, IL-10, TGF-f3, glyceralde-
hyde 3-phosphate dehydrogenase and tubulin were estimat-
ed by real time-polymerase chain reaction (see Table S1 for
details).

Antioxidant Enzyme Activity

To determine SOD and CAT activity, brain PFC samples
were homogenized by sonication in 400 ul. PBS (pH7)
mixed with a protease inhibitor cocktail (Complete®;
Roche), followed by centrifugation at 10,000 x g for
15 min at 4 °C. Supernatants were used for determina-
tions, according to the manufacturer’s instruction. The sen-
sitivity of the assay for SOD was 0.044 U/mL (K028-HI;
Arbor Assays, Ann Arbor, MI, USA); for CAT it was
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0.052 U/mL (K033-H1; Arbor Assays). The results were
expressed as U/mg of protein.

Immunofluorescence

At the end of the stress session, mice were anesthetized and
perfused via the ascending aorta with 4 % paraformaldehyde
in 0.1 mol/L PBS, pH 7.4, and the brains were removed,
postfixed overnight, and cryoprotected in 30 % sucrose for
24 h. Regularly spaced series of 30-pum-thick coronal sections
were collected in cryoprotectant solution and stored at —40 °C
until processing.

Sections were incubated with antisera for Argl (ab91279,
1:300; Abcam, Cambridge, UK) and either 1) a mouse
monoclonal anti-NeuN (ab104224, 1:1000; Abcam), used
here as marker for neurons; 2) a goat polyclonal anti-
ionized calcium binding adaptor molecule 1 (Ibal)
(ab5076, 1:750; Abcam), used here as marker for parenchy-
mal microglia. The respective primary antisera were incu-
bated for 48 h at 4 °C. Subsequently, the sections were
incubated for 1.5 h at room temperature with Alexa 555-
conjugated donkey antirabbit IgG (1:1000; Life
Technologies, Carlsbad, CA, USA), to localize Argl, with
Alexa 488-conjugated donkey antimouse IgG (1:1000; Life
Technologies) for NeuN, and Alexa 488-conjugated donkey
antigoat IgG (1:1000; Life Technologies) for Ibal. Control
experiments included incubation of tissue sections from
control and stressed animals with each antiserum singly
and then with both secondary antisera to ensure that the
latter did not cross-react with the inappropriate primary
antiserum or with each other. Imaging was performed using
an Olympus FV1200 confocal microscope (Olympus,
Tokyo, Japan). For relative quantification of immunofluo-
rescence, ten 40x fields were analyzed by experimental
condition. For each field, the total number of Ibal-
positive cells and Argl-/Ibal-positive cells were counted
using Image J software (National Institutes of Health).
Argl-positive microglia in each view was pooled and
expressed in percentage.

Statistical Analyses

Data in the text and figures are expressed as mean + SEM. For
multiple comparisons, a 2-way ANOVA followed by the
Tukey post-hoc test was used, considering as the first factor
the presence or absence of stress and, as second, the presence
or absence paliperidone treatment, and by 1-way ANOVA
followed by Newman—Keuls post-hoc test when appropriate.
A p-value < 0.05 was considered statistically significant. Data
were analyzed using GraphPad Prism version 6 (GraphPad
Software Inc., San Diego, CA, USA). All results of the 2-
way ANOVA analyses (F values and dfs) are included in
Tables S2 and S3.
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Results

Effects of Paliperidone on the Brain NRF2 Regulatory
Pathway After Acute and Chronic Restraint Stress
Exposure

First, the index of oxidative cellular damage by lipid
peroxidation-derived 4-HNE was studied. Post-test analysis
showed that the 4-HNE content was significantly elevated
under acute stress conditions (Fig. 1a). Two-way ANOVA
analysis found a main effect for stress [F(1,12) = 16.11; p =
0.017].

Next, the expression of the master regulator of the en-
dogenous antioxidant response NRF2 was analyzed. A sig-
nificant increase of NRF2 protein in the P + acute stress
group compared with Veh + acute stress animals was found
[F(3,12) = 4.022; p = 0.034 (Fig. 1b)]. Two-way ANOVA
showed a main effect for paliperidone treatment and inter-
action in the analysis of NRF2 protein levels in nuclear
extracts.

As NRF2 expression and activity is regulated by PI3K,
AKT, and KEAPI, we next studied whether a paliperidone
stimulatory effect on NRF2 could be related to effects on the
content of its regulatory proteins. Regarding PI3K, a post-test
showed a significant increase of PI3K levels in the P + acute
stress group compared with P + control animals (Fig. 1¢). A
stress stimulatory effect on PI3K protein is only appreciable
when the animals have been pretreated with paliperidone.
Post-test confirmed this effect showing increasing levels in
the Veh + acute stress animals compared with control group
(Fig. S2a). The main effect for stress was found for both PI3K
and pAKT/AKT ratio.

Acute stress induced an increase in KEAP1 in the vehicle-
pretreated group compared with its control, and this increase
was prevented by paliperidone treatment prior to stress [F(3,
12) =6.048; p =0.0095 (Fig. 1d)]. Two-way ANOVA analysis
of KEAPI protein showed a main effect for stress and
interaction.

In chronic stress conditions, stress exposure increased 4-
HNE levels, an effect that was prevented by paliperidone
treatment [F(3,22) = 4.771; p = 0.01 (Fig. 1e)]. Two-way
ANOVA showed a main effect for treatment, stress, and
interaction.

Stress induced a reduction of NRF2 content, this effect
being partly prevented by preadministration of paliperidone
after stress exposure. Two-way ANOVA showed a main effect
for stress in NRF2 protein levels in nuclear extracts [F(1,14) =
13.49; p = 0.002 (Fig. 1F)].

For PI3K protein levels, a highly significant stress-induced
reduction was found, which was fully prevented by
paliperidone treatment after stress exposure [F(3,22) =
18.33; p < 0.0001 (Fig. 1g)]. The main effects for stress, treat-
ment, and interaction were found.
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Fig. 1 Effects of paliperidone on brain nuclear factor erythroid-related
factor 2 (NRF2) regulatory pathway after acute and chronic restraint
stress exposure. Protein levels of (A, E) 4-hydroxynonenal (4-HNE),
(B, F) NRF2, (C, G) phosphoinositide 3-kinase (PI3K), and (D, H)
Kelch-like ECH-associated protein 1 (KEAP1) on the prefrontal cortex
of rats in control and acute/chronic restraint stress conditions and

As in acute stress conditions, stress exposure increased the
pAKT/AKT ratio in the Veh + acute stress animals compared
with the control group (Fig. S2b). Two-way ANOVA showed
a main effect for stress.

Finally, there were no changes in KEAP1 protein content in
any groups of animals studied, although 2-way ANOVA
showed a main effect for stress [F(1,22) = 5.54; p = 0.028
(Fig. 1h)].

Effects of Paliperidone on NRF2-dependent Antioxidant
Enzymes After Acute and Chronic Restraint Stress
Exposure

As NRF?2 is an upstream regulator of the endogenous antiox-
idant response, we studied whether paliperidone was able to
normalize/upregulate the expression/activity of the main anti-
oxidant enzymes in control and acute/chronic stress
conditions.

In acute stress conditions, an increase in NQOI protein
expression in paliperidone pretreated stressed animals com-
pared with the paliperidone-treated control group and stressed
animals was found [F(3,12) = 8.023; p = 0.0034 (Fig. 2a)].
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Two-way ANOVA showed a main effect for stress, treatment,
and interaction.

In the case of SOD and GPx mRNA levels, post-tests
showed an increase in SOD and GPx in the group of stressed
rats pretreated with paliperidone compared with the
paliperidone control group and the vehicle-pretreated stressed
animals (Fig. 2b, ¢). A main effect for treatment was present.

Regarding CAT mRNA levels, CAT content was higher in
the paliperidone stressed animals than in the paliperidone con-
trol animals and vehicle pretreated stressed group [F(3,12) =
5.19; p =0.0179 (Fig. 2d)]. There was a main effect of treat-
ment and interaction.

There were no changes in SOD and CAT activity in any
groups of animals studied (Fig. S2C, D), although 2-way
ANOVA showed a main effect for stress in CAT activity
[F(1,12) = 5.12; p = 0.043 (Fig. S2d)]. HO1 remained unal-
tered in all groups studied (data not shown).

In chronic stress conditions, a decrease in HO1 content
induced by chronic stress was found (Fig. 2¢). A main effect
for stress exposure was found for HO1 mRNA levels.

No main factors or interaction were found for HOl mRNA
levels, but post-test showed a decrease in vehicle-pretreated
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Fig. 2 Effects of paliperidone on nuclear factor erythroid-related factor 2
(NRF2)-dependent antioxidant enzymes after acute and chronic restraint
stress exposure. Protein levels of (A) the antioxidant enzyme nicotin-
amide adenine dinucleotide phosphate quinone 1 (NQO1), (B-D)
mRNA levels of superoxide dismutase (SOD), glutathione peroxidase
(GPx), and catalase (CAT), (E) heme oxygenase-1 (HO1) mRNA levels,

animals compared with control that was prevented in the
group of stressed animals treated with paliperidone (Fig. S2¢).

SOD activity augmented in paliperidone-treated stressed
animals compared with stressed animals [F(1,22) =4.17; p =
0.02 (Fig. 2f)]. Two-way ANOVA analysis showed a main
effect of treatment and interaction.

A similar scenario existed for GPx: post-tests showed an
increase of GPx mRNA levels in the group of paliperidone-
pretreated animals compared with the vehicle-treated group
(Fig. 2g). There were no main factors or interaction found.

In the case of CAT activity, an increase in paliperidone-
treated stressed animals compared with stressed animals was
found [F(1,22) = 4.09; p = 0.02 (Fig. 2h)]. Two-way ANOVA
analysis showed a main effect of treatment and interaction.
Stress reduced CAT levels and this effect was normalized to
control values by paliperidone [F(3,22) = 10.64; p = 0.0002
(Fig. S2f)]. Main effects for stress, treatment, and interaction
were found.

Further analysis showed that NQO1 expression remained
unaltered in all groups studied (data not shown).

Effects of Paliperidone on Microglia M2 Polarization
After Acute and Chronic Restraint Stress Exposure

We first studied whether paliperidone pretreatment was able to
modulate cytokine environment to favor the transition of
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control (C) group; “p < 0.05 vs control + P group; *p < 0.05, #p <0.01 vs
acute/chronic stress + veh. (Tukey’s post-hoc test or Newman—Keuls
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microglia from the stress-induced M1 profile to the M2 pro-
file. Thus, we analyzed the mRNA levels of the cytokines IL-
4, TGF-f3, and IL-10 by real-time polymerase chain reaction.

Acute stress increased IL-4 mRNA content that was fully
prevented by paliperidone pretreatment [F(3,12) = 14.61; p =
0.0003 (Fig. 3a)]. There were main effects for stress, treat-
ment, and interaction.

Regarding TGF-f3, an increase in paliperidone pretreated
stressed animals compared with the vehicle-treated stressed
group was present [F(3,12) = 3.21; p = 0.06 (Fig. 3b)].
There was a main effect for treatment and interaction.

For IL-10, acute stress produced a marked decrease in IL-
10 mRNA content that was normalized to control levels by
pretreatment with paliperidone [F(3,12) = 15.14; p = 0.0002
(Fig. 3c)]. There were main effects for stress, treatment, and
interaction.

Second, we studied by Western blot the direct effects of
stress exposure on M2 phenotype markers Argl and FOLR2
and the potential effects of paliperidone on microglia polari-
zation profile. For the first M2 marker, Argl, an increase in the
group of stressed rats pretreated with paliperidone compared
with vehicle-treated rats was found (Fig. 3d). There were main
effects for treatment and interaction. Regarding FOLR2, as in
the case of Argl, an increase in the group of stressed rats
pretreated with paliperidone compared with vehicle-treated
rats and also to the paliperidone pretreated control group
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was present [F(3,12) = 5.01; p = 0.017 (Fig. 3¢)]. Interaction
was found.

Chronic stress exposure induced a decrease in IL-4 mRNA
levels, which was fully prevented by paliperidone pretreat-
ment in stress conditions [F(3,22) = 11.31; p < 0.0001
(Fig. 3f)]. Main effects for stress, treatment, and interaction
were found.

There were no changes in TGF- mRNA content in any
groups studied (Fig. 3g).

For IL-10 mRNA levels, a stress-induced decrease in IL-10
mRNA levels was found (Fig. 3h). A main effect for chronic
stress exposure was found.

Microglia M2 marker protein content also changed in
the chronic stress protocol. Chronic stress reduced Argl
protein levels and paliperidone pretreatment fully
prevented this downregulation [F(3,22) = 8.593; p =
0.0006 (Fig. 3i)]. Main effects for treatment and interac-
tion were found. Regarding FOLR2, a significant increase

Acute stress

in the stressed animals pretreated with paliperidone com-
pared with the group of vehicle-treated animals was found
[F(3,22) = 3.98; p = 0.028 (Fig. 3J)]. Interaction was
found.

Finally, we checked by double immunofluorescence
whether the observed increase in the expression of M2 phe-
notype markers occurred in microglial cells of the PFC. The
qualitative approach trying to identify the cellular types where
Argl is expressed showed a predominant neuronal expression
in the 4 groups studied (see Fig. S3). In addition, Argl immu-
noreactivity was also found in microglia in control and stress
conditions with a predominant cytoplasmic localization
(Fig. 4). A more detailed analysis showed an increase in the
number of microglial cells expressing Argl in the acute
stressed animals pretreated with paliperidone compared with
the other groups [F(3,36) = 16.06; p < 0.0001; Figs 3k and 41).
Two-way ANOVA analysis showed main effects for stress,
treatment, and interaction.
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Fig. 4 Immunofluorescence
study of the effects of
paliperidone on microglia M2
cellular markers after acute
restraint stress exposure. Arginase
(Argl) immunoreactivity in 30-
um-thick sections through the
brain prefrontal cortex of rats in
(A-F) control and (G-L) acute
restraint stress conditions, and
pretreated with (A—C, G-1)
vehicle or (D-F, J-L)
paliperidone. Microglia cellular
marker ionized calcium binding
adaptor molecule 1 (appears in
green and Argl in red in all cases.
In the particular cases, Argl
localizes to the respective cellular
marker with areas of overlap
appearing yellow/orange in the
merged image (white arrows)
Scale bar = 50 um
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Discussion

The enhancement of endogenous anti-inflammatory/antioxi-
dant pathways could be considered a new adjuvant therapeutic
strategy for the treatment of stress-related psychiatric disor-
ders. In this study, we used an acute/chronic restraint stress
model to elicit a strong proinflammatory/pro-oxidant status to
check the ability of paliperidone to preserve/potentiate 2 ma-
jor homeostatic mechanisms: NRF2-driven antioxidant path-
way and the alternative polarization of microglia to the M2
anti-inflammatory profile in the PFC of rats (see Fig. S4).
Further studies are needed to determinate whether this anti-
inflammatory/antioxidant profile may be responsible for the
protective effects of paliperidone pretreatment on abnormal rat
behavior following exposure to the schizophrenia experimen-
tal model based on prenatal immune activation using
polyriboinosinic-polyribocytidylic acid during pregnancy in
rats [31]. It is important to note that other molecules and
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pathways could be related to the ability of paliperidone to
regulate inflammatory homeostasis, as, for example, is the
case of systemic levels of omega-3 polyunsaturated fatty
acids, which appeared to be increased in rats chronically treat-
ed with risperidone or paliperidone [32].

In acute stress conditions, paliperidone increased NRF2
protein levels in a mechanism possibly related to a concomi-
tant upregulation of PI3K, with a lack of effect on stress-
induced increase of the other canonical NRF2 regulator,
pAKT. It is also important to discuss the results found on
KEAPI. Acute stress increases KEAP1 expression in cyto-
plasm, an effect that could be related to the nonsignificant
reduction of NRF2 nuclear levels in stress conditions.
Paliperidone pretreatment normalized KEAP1 to control
levels and produced a significant increase in nuclear NRF2,
which is directly related to the upregulation of antioxidant
enzymes observed (see Fig. 2). As it has been described in
previous pathological scenarios, stress protocols included
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[33], KEAP1 sequesters NRF2 in the cytoplasm, leading to
ubiquitination and subsequent degradation by the 26S protea-
some [34]. When cells are exposed to oxidative/nitrosative
stress challenges, NRF2 escapes KEAP1-mediated repression
and translocates to the nucleus activating ARE-dependent an-
tioxidant enzymes [35].

After chronic stress exposure, paliperidone partly blocked
the stress-induced downregulation of NRF2, there was no sig-
nificant effect on KEAP1 and paliperidone maintained the
expression of PI3K and pAKT at control levels, suggesting
the intent to enhance NRF2 expression and activity.

There are other inflammation-related molecules capable of
regulating NRF2 expression. Nuclear factor kappa B is a neg-
ative regulator of NRF2 by binding to response elements in
the NRF2 gene promoter [36]. In addition, the p65 subunit
blocks NRF2 binding to CREB protein and recruits histone
deacetylase 3, a co-repressor of ARE [37]. Another example is
the anti-inflammatory prostaglandin 15d-PGJ,, which posi-
tively regulates the NRF2 pathway producing a conformation-
al change in KEAPI protein that allows the translocation of
NRF2 to nucleus [38]. Furthermore, NRF2 knockdown in
astrocytes abrogated the neuroprotective effect of 15d-PGlJ,,
as well as 15d-PGJ,-facilitated ARE-dependent antioxidant
enzyme gene induction [9]. Both pathways are regulated by
paliperidone in animal models of acute/chronic stress and
could be implicated, at least in part, in the effects reported here
[25, 29].

The antioxidant potential of paliperidone shown here could
be therapeutically relevant, considering that many studies
have reported altered antioxidant enzymes levels and signs
of oxidative stress both in brain and peripheral nervous system
and CNS of patients diagnosed with schizophrenia (reviewed
in [21]). In agreement with our results, a recent meta-analysis
focusing on peripheral markers showed that total antioxidant
status in the blood was found to be decreased after a first
psychotic episode and increased in longitudinal studies in pa-
tients receiving antipsychotic treatment [39].

To our knowledge, our results are the first to suggest a direct
role of paliperidone in the regulation of microglia polarization
(measured by the detection of specific Argl and FOLR?2 cellular
markers) towards a M2 profile in stress-induced
proinflammatory/oxidant conditions. However, more detailed
quantitative immunohistochemical studies are needed to deter-
mine in detail the magnitude of the effects reported here both in
acute/chronic stress-induced inflammatory conditions.

Our results also show a potential role for paliperidone as a
regulator of the pro-M2 cytokine environment, although these
results need to be corroborated at protein level. Paliperidone
elicited normalization to control levels of IL-4 mRNA content
both in acute/chronic stress conditions (despite of the opposite
effects of the different stresses) and increased TGFf3 in acute
stress conditions. In this vein, antipsychotics activated the
TGF-{3 pathway effector SMAD3 in brain samples [40].

IL-10 is a cytokine that reflects M2 polarization of microg-
lia and its synthesis and release inhibits the production of
proinflammatory cytokines by M1 microglia [41]. Increased
IL-10 levels have been found in the cerebrospinal fluid of
patients with schizophrenia [42], but the stimulatory effect
of paliperidone on IL-10 mRNA levels in PFC samples shown
herein needs to be corroborated in the cerebrospinal fluid or
postmortem brain tissue of patients treated with risperidone/
paliperidone or other antipsychotics.

The results reported herein study are remarkable, consider-
ing that some authors have hypothesized that microglia are the
main sources of inflammatory mediators and oxidative/
nitrosative stress in schizophrenia [43], although some contro-
versy still exists. Activated M1 microglia produce prostaglan-
dins, chemokines, cytokines, complement proteins, protein-
ases, reactive oxygen species, and reactive nitrogen species,
the sustained production of which can have a deleterious ef-
fect on susceptible cell populations by enhancing oxidative
stress and activating cell death pathways through stimulation
of kinases and caspase cascades [43]. Postmortem evidence is
growing: brain microglial activation has been suggested in
postmortem and positron emission tomography studies using
(R)-[11C]PK 11195, a ligand that recognizes the translocator
protein [44—47]. Other postmortem studies have found in-
creased numbers and structural degenerative impairments of
human leukocyte antigen—antigen D related+ microglia in
schizophrenia [48-50]. There is also some evidence from
schizophrenia animal models showing progressive microglial
activation, increased inducible nitric oxide synthase expres-
sion, and oxidative/nitrosative stress markers in the offspring
of rats exposed to the viral mimetic polyriboinosinic-
polyribocytidylic acid during pregnancy, which are prevented
by the administration of clozapine [51]. In addition, some
antipsychotics inhibit the release of nitric oxide and cytokines
from activated microglial cells, possibly through the suppres-
sion of [Ca**]i elevation in microglial cells [43, 52]. Thus,
there is a growing perception of the role of microglia in the
pathophysiology of schizophrenia and other stress-related
psychiatric diseases, as well as the regulatory role of antipsy-
chotics on microglia activation and possibly polarization to
other anti-inflammatory profiles in different states of the nat-
ural course of the disease [41].

Considering the natural evolution of the disease and the
existence of different subgroups of patients with diverse
grades of inflammation and diverse grades of response to cur-
rent treatments, the use of an alternative and complementary
experimental design where antipsychotics were given to ani-
mals after stress exposure, with pre-existing or differing levels
of inflammation, could increase the clinical relevance of our
results. In addition, correlation of the molecular effects elicited
by paliperidone with behavioral deficits affected by the re-
straint stress needs to be studied in future complementary
studies. In this vein, chronic treatment with risperidone
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(0.1 mg/kg) improved stress-induced behavioral perturbations
such as memory impairment and anxiety-like behavior in ele-
vated plus maze and Y-maze tests in an animal model of post-
traumatic stress disorder, based on the exposure to a stress—re-
stress protocol (restraint stress + forced swimming) [53].

The paliperidone levels achieved in our chronic stress pro-
tocol suggest that the antioxidant/anti-inflammatory effects
reported here could be due to an intermittent or subclinical
dose of paliperidone and not directly related to antagonism
of D2 receptors. In this vein, other authors have found neuro-
protective effects of a subclinical dose of risperidone in a
rodent model of prenatal infection [54]. This could have rele-
vance for the off-label use of paliperidone in specific popula-
tions at doses that are below those required for full blockade of
positive symptoms.

In conclusion, the therapeutic benefits of paliperidone
could also be related to its ability to regulate positively endog-
enous antioxidant and anti-inflammatory pathways; thus, its
proper administration in time and dose, and possible the use of
adjuvant compounds that enhance these and other homeostatic
pathways, could result in a better management of psychotic
and other stress-related psychiatric pathologies.
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