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Abstract: Schizophrenia is a complex psychiatric disorder that exhibits an interconnection between
the immune system and the brain. Experimental and clinical studies have suggested the presence
of neuroinflammation in schizophrenia. In the present study, the effect of antipsychotic drugs,
including clozapine, risperidone, and haloperidol (10, 20 and 20 µM, respectively), on the production
of IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, IL-18, INF-γ, and TNF-α was investigated in the
unstimulated and polyriboinosinic-polyribocytidilic acid [poly (I:C)]-stimulated primary microglial
cell cultures. In the unstimulated cultures, clozapine, risperidone, and haloperidol did not influence
the cytokine levels. Nevertheless, in cell cultures under strong inflammatory activation by poly
(I:C), clozapine reduced the levels of IL-1α, IL-1β, IL-2, and IL-17. Risperidone and haloperidol both
reduced the levels of IL-1α, IL-1β, IL-2, and IL-17, and increased the levels of IL-6, IL-10, INF-γ,
and TNF-α. Based on the results that were obtained with the antipsychotic drugs and observing that
clozapine presented with a more significant anti-inflammatory effect, clozapine was selected for the
subsequent experiments. We compared the profile of cytokine suppression obtained with the use
of NLRP3 inflammasome inhibitor, CRID3 to that obtained with clozapine, to test our hypothesis
that clozapine inhibits the NLRP3 inflammasome. Clozapine and CRID3 both reduced the IL-1α,
IL-1β, IL-2, and IL-17 levels. Clozapine reduced the level of poly (I:C)-activated NLRP3 expression by
57%, which was higher than the reduction thay was seen with CRID3 treatment (45%). These results
suggest that clozapine might exhibit anti-inflammatory effects by inhibiting NLRP3 inflammasome
and this activity is not typical with the use of other antipsychotic drugs under the conditions of strong
microglial activation.
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1. Introduction

Schizophrenia (SCZ) is a progressive neurodevelopmental disorder that leads to severe mental
illness and it is a major cause of adult disease burden [1]. Changes in cerebral dopaminergic
and glutamatergic transmissions are the well-established neurobiological explanations for SCZ
pathophysiology [2]. Despite this, increasing evidence from genetic, transcriptome, postmortem,
peripheral biomarker, and therapeutic studies have postulated that the dysregulation of the immune
system actively contributes to SCZ symptoms and progression [3]. Recent reports have demonstrated
an imbalance in the host immune response that is associated with the activation of microglia in the
pathophysiology of SCZ [4]. Moreover, imaging and postmortem studies have reaffirmed the presence
of microglial activation in SCZ patients during the acute psychotic phase [5,6].

Cytokines are one of the critical components that orchestrate the immune system homeostasis [7].
Elevated levels of cytokines have been reported in SCZ postmortem brain samples [4]. Conversely,
evidence also states that lower cytokine levels were found in the brain samples from SCZ
individuals [8]. The longitudinal changes in cytokine levels in the context of treatment with
antipsychotic medications could explain their anti-inflammatory mechanisms. Several in vitro and
in vivo studies have reported the anti-inflammatory effects of antipsychotics drugs. Treatment
with chlorpromazine, haloperidol, and risperidone have been shown to reduce the production
of proinflammatory cytokines without influencing the levels of the anti-inflammatory interleukin
(IL)-10 in lipopolysaccharide-(LPS)-stimulated rat mixed glial cell cultures [9]. Risperidone elicited
its anti-inflammatory effects via the inhibition of the microglial activation by reducing the levels of
inducible nitric oxide synthase (iNOS), IL-1β, IL-6, and tumor necrosis factor (TNF)-α in interferon
(INF)-γ-activated microglia in vitro [10]. Additionally, TNF-α and IL-6 serum levels were suppressed,
whereas the IL-10 level was upregulated by clozapine, olanzapine, and risperidone, but not haloperidol
in the LPS-treated mice [11]. These pharmacological reports indicate that these antipsychotic drugs
also possess anti-inflammatory effects.

An inflammasome is a crucial mediator of responses to physiological and psychological stressors,
and the dysregulation of inflammasomes has been implicated in behavioral changes and psychiatric
disorders [12–14]. Inflammasome activation causes the maturation of caspase-1 and release of cytokines
IL-1β and IL-18, which in turn leads to neuroinflammation and neuroimmune modulation [12].
The therapeutic potential of a NOD-like receptor (NLR) family and pyrin domain-containing protein-3
(NLRP3) inflammasome inhibitor has been demonstrated in autoinflammatory and autoimmune
diseases [15]. The results from by Qiao et al., revealed that hepatic NLRP3 inflammasome inhibition
reduces the levels of inflammatory cytokines in the brain and thereby delays the progression of
dopaminergic neuronal degeneration [16]. A recent study that was conducted on the postmortem brain
samples from bipolar disorder (BD) and SCZ patients revealed an immune activation in the frontal
cortex in both diseases [17]. In BV-2 microgllia that was stimulated with hemozoin, NLRP3 inhibitor
(CRID3) was shown to inhibit IL-1β, NO/iNOS, caspase-1, and NLRP3 activity, but not TNF-α and IL-6.
Hence, it is essential to understand the neurobiological mechanisms underlying the inhibitory effect of
antipsychotics on inflammasome activation and compare it with NLRP3 inhibitor. Thus, this study
aimed to investigate the effects of clozapine, risperidone, and haloperidol on the cytokine levels in
primary microglial cells activated by polyriboinosinic-polyribocytidilic acid [poly (I:C)], which mimics
viral infection. After determining the cytokine levels, we subsequently evaluated a possible association
of the NLRP3 pathway with the anti-inflammatory mechanisms of action by comparing the effect of
clozapine with a potent NLRP3 inhibitor (CRID3 sodium salt).
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2. Materials and Methods

2.1. Materials

Poly (I:C) was purchased from InvivoGen (San Diego, CA, USA). Clozapine, risperidone,
haloperidol, and CRID3 (CP-456, 773) were purchased from Sigma–Aldrich (St. Louis, MO, USA).
The antipsychotics risperidone (20 µM), clozapine (10 µM), and haloperidol (20 µM) were dissolved in
dimethyl sulfoxide (DMSO) with a final concentration of 0.05% in the culture medium [18,19]. DMSO
at the highest concentration (0.05%) that was used for the experimental conditions was not toxic to
the cells.

2.2. Cell Cultures

2.2.1. Cell Viability Assay

Cell viability was determined by using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma–Aldrich) reduction assay, as previously described with minor modifications [20].
The microglial cells were plated into 96-well plates at a density of 5 × 104 cells/mL, followed by
treatment with different concentrations of clozapine, risperidone, haloperidol, and CRID3, as described
above. After 24 h of treatment, 0.5 mg/mL MTT was added to each well and then incubated for 2 h at
37 ◦C. The formazan crystals in the cells were solubilized with 200 µL DMSO. The optical density was
quantified at 560–630 nm by a microplate reader (Biotek, Winooski, VT, USA). Cell viability is reported
as a percentage ratio of the absorbance of exposed cells to that of the vehicle cells.

2.2.2. Primary Microglial Cultures

The primary murine microglial cells were collected from one to three days-old Wistar neonatal rats
(Both male and female). Pregnant Wistar rats were purchased from Charles River Laboratories. All of the
animal manipulations were conducted in accordance with the Guidelines for Animal Experimentation
of the The University of Texas Health Science Center at Houston (AWC-15-0056). The neonates were
anesthetized by hypothermia (placing on ice) and then decapitated. The meninges were removed under
aseptic conditions, and the brain cortices were minced and dissociated with 0.25% trypsin/0.5 mM
EDTA. The dissociated cells were then passed through a 70 µM nylon cell strainer (Falcon, USA).
The cells were then collected by centrifugation, followed by resuspension in Dulbecco’s modified
Eagle’s medium (DMEM) 1× + Glutamax (10566-016, Gibco by Life Technologies, Gaithersburg, MD,
USA) containing antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin) (15140-122, Gibco by
Life Technologies) and 10% FBS (10082-147, Gibco by Life Technologies, Gaithersburg, MD, USA),
and they were cultured in T-75 flasks in 5% CO2 at 37 ◦C. The culture medium was changed twice
weekly. After 15 days, the mixed cultures were completely confluent, and the cells were then shaken at
230 rpm for 2–3 h at 37 ◦C. The detached cells were centrifuged at 2500× g for 5 min. The cell pellets
were resuspended in microglia medium (1901, ScienCell, Carlsbad, CA, USA) and plated at a density
of 2 × 105 cells/cm2 (Figure 1a,b).
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Figure 1. Mixed culture of glial cells from postnatal rat brains showing microglial cells as small round 
cells on top of the astrocytic monolayer, scale bar = 1 mm (a). Cell-type characterization of primary 
microglial cell cultures. Microglial cells identified using anti-Iba-1 primary and fluorescein 
isothiocyanate (FITC)-conjugated secondary antibodies (b). The schematic representation of the 
experimental design (c). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
with antipsychotics (clozapine (CLO), risperidone (RIS), haloperidol (HAL)) (d). MTT assay with 
CRID3 (0.1, 1.0 or 10 μM) (e). MTT assay with 10 μM CLO and 10 μM CRID3 (f). Following treatment 
with different concentrations of CLO, RIS, HAL, or CRID3, MTT (0.25 mg/mL) was added to each 
well and incubated at 37 °C for 24 h. The experiments were performed with each sample in triplicate. 
The data is expressed as the mean ± SD of the three independent experiments. 

2.2.3. Cell Treatment  

For experiment 1, the microglia cells were exposed to poly (I:C) (10 μg/mL) to stimulate an 
immune challenge, and immediately after the challenge, the antipsychotic drugs clozapine (10 μM), 
risperidone (20 μM), or haloperidol (20 μM) were added for 24 h at 37 °C in 5% CO2 atmosphere. For 
experiment 2, the microglia cells were exposed to poly (I:C) (10 μg/mL) and then immediately 
followed by treatment with CRID3 at concentrations of 0.1, 1.0, or 10 μM for 24 h at 37 °C in a 5% CO2 
atmosphere. For experiment 3, the microglia cells were exposed to poly (I:C) (10 μg/mL) and 
immediately followed by treatment with clozapine (10 μM) and CRID3 (10 μM) for 24 h at 37 °C in a 
5% CO2 atmosphere. The experiments were performed in biological triplicates, and the samples were 
used as technical duplicates. Figure 1c shows the schematic representation of the experimental 
design. These final concentrations were chosen based on previous antipsychotic cell culture studies 
[10,15,21,22]. 
  

Figure 1. Mixed culture of glial cells from postnatal rat brains showing microglial cells as small
round cells on top of the astrocytic monolayer, scale bar = 1 mm (a). Cell-type characterization of
primary microglial cell cultures. Microglial cells identified using anti-Iba-1 primary and fluorescein
isothiocyanate (FITC)-conjugated secondary antibodies (b). The schematic representation of the
experimental design (c). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
with antipsychotics (clozapine (CLO), risperidone (RIS), haloperidol (HAL)) (d). MTT assay with
CRID3 (0.1, 1.0 or 10 µM) (e). MTT assay with 10 µM CLO and 10 µM CRID3 (f). Following treatment
with different concentrations of CLO, RIS, HAL, or CRID3, MTT (0.25 mg/mL) was added to each
well and incubated at 37 ◦C for 24 h. The experiments were performed with each sample in triplicate.
The data is expressed as the mean ± SD of the three independent experiments.

2.2.3. Cell Treatment

For experiment 1, the microglia cells were exposed to poly (I:C) (10 µg/mL) to stimulate an
immune challenge, and immediately after the challenge, the antipsychotic drugs clozapine (10 µM),
risperidone (20 µM), or haloperidol (20 µM) were added for 24 h at 37 ◦C in 5% CO2 atmosphere.
For experiment 2, the microglia cells were exposed to poly (I:C) (10 µg/mL) and then immediately
followed by treatment with CRID3 at concentrations of 0.1, 1.0, or 10 µM for 24 h at 37 ◦C in a 5%
CO2 atmosphere. For experiment 3, the microglia cells were exposed to poly (I:C) (10 µg/mL) and
immediately followed by treatment with clozapine (10 µM) and CRID3 (10 µM) for 24 h at 37 ◦C in a 5%
CO2 atmosphere. The experiments were performed in biological triplicates, and the samples were used
as technical duplicates. Figure 1c shows the schematic representation of the experimental design. These
final concentrations were chosen based on previous antipsychotic cell culture studies [10,15,21,22].

2.3. Multiplex Assay for the Quantification of the Inflammatory Cytokines

The cytokine levels were measured while using multiplex fluorescent immunoassay kits (Bio-Plex
Pro™ Rat Cytokine 14-Plex Assay, Mount Joy, PA, USA) [23]. The xMAP platform used here was based
on Rules-Based Medicine (RBM) fluorescent beads and antibody pairs. These are sensitive, specific,
and widely used reagents that are made by numerous manufacturers. The data that were collected
using xMAP multiplex beads were widely reported in the literature, particularly in studies in which



Cells 2020, 9, 577 5 of 14

multiple proteins are assayed simultaneously. Cell lysates were prepared according to the instructions
provided by a Bio-Plex Cell Lysis kit (#171304011) with a protease inhibitor cocktail (Sigma-Aldrich, St.
Louis, MO, USA) and then centrifuged at 4 ◦C for 10 min. at 10,000× g. The assays were conducted in
96-well polystyrene, round-bottom microplates, following manufacturer’s instructions. After prior
optimization, samples were assessed undiluted in a single-blind experiment, and run in duplicate
using a Bioplex system (Bio-Plex 200 Systems, BioRad, Hercules, CA, USA). The data for cytokines
were analzed using Bio-Plex Manager™ 4.0 software (Bio-Rad). Among the several models available,
we used five-parameter logistic regression model (5PL) with weighting to obtain the standard curve
that gives high dynamic range to fit more samples. The calculated values within the range of 70–130%
of expected levels were accepted [24].

2.4. Gene Expression

Total RNA was isolated from microglia cells using an RNeasy Plus Mini kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions, and the concentrations were assessed using a
NanoDrop (Thermo Scientific Pierce, Waltham, MA, USA). After, the high-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA, USA) was used to converted RNA into
complementary DNA (cDNA), according to the manufacturer’s instructions. The reactions were
carried out for 10 min. at 25 ◦C, 2 h at 37 ◦C, and 5 s at 85 ◦C. The mRNA levels of genes involved in
the inflammasome (NLRP3, ASC, and Casp1) were evaluated by real-time PCR using specific TaqMan
FAM/MGB assays (Applied Biosystems, ID assay Rn04244620_m1 for NLRP3, ID assay Rn00597229_g1
for ASC, and ID assay Rn00562724_m1 for Casp1). Rat GAPDH Endogenous Control VIC ⁄ MGB
(Applied Biosystems, Beverly, MA, USA; 4352338E) were used to normalized the transcript levels.
The reactions were performed in an Applied Biosystems 7500 Real-Time PCR System, which detects
the PCR product directly without downstream processing. The reactions were carried out in a total
volume of 12 µL with 6 µL 2× TaqMan Gene Expression Master Mix (containing ROX, Amplitaq Gold
DNA polymerase, AmpErase UNG, dATP, dCTP, dGTP, dUTP and MgCl2), 0.6 µL 20× TaqMan Gene
Expression Assay, 0.6 µL 20× TaqMan Endogenous Control, 3.8 µL water, and 1 µL cDNA solution.
The cycling program consisted of 2 min. at 50 ◦C and 10 min. at 95 ◦C followed by 40 cycles of 15 s at
95 ◦C and 1 min. at 60 ◦C. All reactions were performed in triplicate. The relative expression levels
were determined by the ddCt method, as described by Livak and Schmittgen (2001) [25].

2.5. Caspase-1 Activity Assay

The assay was carried out while using the Caspase-1/ICE colorimetric assay kit (BioVision,
Milpitas, CA, USA) in 96-well plates. The cell lysates were prepared using cell lysis buffer provided
by the kit. Cell lysates (50–200 µg) were then incubated with 4 mM YVAD-pNA substrate (200 µM
final concentration), according to the manufacturer’s instruction. After 1 h of incubation at 37 ◦C,
the absorbance was read on BioTek’s Synergy™H1 Multi-Mode Microplate Reader at 405 nm. Caspase
activity in microglia cells that were treated with DTT 10 mM was used as a positive control.

2.6. Statistical Analysis

The results are presented as the mean ± standard deviation (SD). Comparisons between multiple
groups were made while using one-way ANOVA followed by Tukey’s post hoc analysis. The experiments
were performed with each sample in triplicate. Significance was set at p < 0.05. All of the statistical
analyses were performed while using GraphPad Prism 7.0 software (GraphPad Software, Inc., La Jolla,
CA, USA).
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3. Results

3.1. Cell Viability Assay

The MTT assay was performed to evaluate the cytotoxicity of clozapine, risperidone, haloperidol,
and CRID3 in microglial cell culture. At the concentrations used, co-treatment with clozapine (10 µM),
risperidone (20 µM), haloperidol (20 µM), and CRID3 (0.1, 1.0 and 10.0 µM) did not affect the cell
viability, as shown in Figure 1d–f.

3.2. The Effect of Antipsychotic Drugs on Poly (I:C)-Induced Cytokine Levels in Primary Microglial
Cell Cultures

We evaluated the anti-inflammatory effect of the antipsychotic drugs by determining the cytokine
levels (IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, IL-18, INF-γ, and TNF-α) in primary microglial
cell cultures activated by poly (I:C). Figure 2 shows that the levels of IL-1α, IL-1β, IL-2, IL-5, IL-6,
IL-17, IL-18, INF-γ, and TNF-α in the poly (I:C)-treated cultures were upregulated when compared to
the cytokine levels in the medium harvested from the cultures that were treated with vehicle (0.05%
DMSO). Clozapine at a 10 µM concentration reduced poly (I:C)-induced IL-1α, IL-1β, IL-2, and IL-17
levels by 75%, 55%, 62% and 33%, respectively. However, clozapine did not affect the IL-6 and IL-10
levels. Risperidone at a 20 µM concentration reduced the poly (I:C)-induced IL-1α, IL-1β, IL-2, and
IL-17 levels by 20%, 27%, and 46%, respectively. Risperidone also increased the levels of IL-6, IL-10,
INF-γ, and TNF-α when compared to the vehicle. Haloperidol at a 20 µM concentration reduced
the poly (I:C)-induced IL-1α, IL-1β, IL-2, and IL-17 levels by 62%, 76%, 40%, and 35%, respectively.
Similar to risperidone, haloperidol also increased the levels of IL-6, IL-10, INF-γ, and TNF-α when
compared to the vehicle, as demonstrated in Figure 2. Based on the results that were obtained with
the antipsychotic drugs and observing that clozapine presented a more significant inhibitory action
against poly (I:C)-induced IL-1α, IL-1β, IL-2, and IL-17 production, clozapine was selected for the
subsequent experiments.
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Figure 2. The effect of antipsychotics on poly (I:C)-induced cytokine levels: The effect of 
antipsychotics on (a) IL-1α, (b) IL-1β, (c) IL-2, (d). IL-4, (e). IL-5, f. IL-6, (g) IL-10, (h) IL-17, (i) IL-18, 
(j) INF-γ, and (k). TNF-α cytokines in poly (I:C)-stimulated microglia. Microglia were exposed to poly 
(I:C) (10 μg/mL) to simulate viral stimulation and then immediately treated with antipsychotics for 
24 h. The experiments were performed with each sample in triplicate. clozapine (CLO), risperidone 
(RIS), haloperidol (HAL). The data are expressed as the mean ± SD of three independent experiments. 
* p < 0.05 vs. control samples. # p < 0.05 vs. poly (I:C)-treated samples. 

3.3. The Effect of NLRP3 Inflammasome Inhibitor on Poly (I:C)-Induced Cytokine Levels in Primary 
Microglial Cell Cultures. 

In the next study, we evaluated the most effective concentration of CRID3, a specific NLRP3 
inflammasome inhibitor, in microglial cell cultures that were activated by poly (I:C). Although in 
vitro [26] and in vivo [27] studies have demonstrated the effect of CRID3 on inflammasome 
activation, to the best of our knowledge, this is the first attempt to investigate the effect of CRID3 on 
poly (I:C)-induced cytokine production in primary microglial cells culture. In experiment 2, CRID3 
at a higher concentration (10 μM) significantly reduced poly (I:C)-induced IL-1α, IL-1β, IL-2, IL-4, IL-
6, IL-18, INF-γ, and TNF-α levels, as demonstrated in Figure 3.  

Figure 2. The effect of antipsychotics on poly (I:C)-induced cytokine levels: The effect of antipsychotics
on (a) IL-1α, (b) IL-1β, (c) IL-2, (d). IL-4, (e). IL-5, f. IL-6, (g) IL-10, (h) IL-17, (i) IL-18, (j) INF-γ, and (k).
TNF-α cytokines in poly (I:C)-stimulated microglia. Microglia were exposed to poly (I:C) (10 µg/mL) to
simulate viral stimulation and then immediately treated with antipsychotics for 24 h. The experiments
were performed with each sample in triplicate. clozapine (CLO), risperidone (RIS), haloperidol (HAL).
The data are expressed as the mean ± SD of three independent experiments. * p < 0.05 vs. control
samples. # p < 0.05 vs. poly (I:C)-treated samples.

3.3. The Effect of NLRP3 Inflammasome Inhibitor on Poly (I:C)-Induced Cytokine Levels in Primary Microglial
Cell Cultures

In the next study, we evaluated the most effective concentration of CRID3, a specific NLRP3
inflammasome inhibitor, in microglial cell cultures that were activated by poly (I:C). Although
in vitro [26] and in vivo [27] studies have demonstrated the effect of CRID3 on inflammasome
activation, to the best of our knowledge, this is the first attempt to investigate the effect of CRID3 on
poly (I:C)-induced cytokine production in primary microglial cells culture. In experiment 2, CRID3 at
a higher concentration (10 µM) significantly reduced poly (I:C)-induced IL-1α, IL-1β, IL-2, IL-4, IL-6,
IL-18, INF-γ, and TNF-α levels, as demonstrated in Figure 3.
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Figure 3. The effect of CRID3 on poly(I:C)-induced cytokine levels: The effect of CRID3 on the 
expression of (a) IL-1α, (b) IL-1β, (c) IL-2, (d) IL-4, (e) IL-5, (f) IL-6, (g) IL-10, (h) IL-17, (i) IL-18, (j) 
INF-γ, and (k) TNF-α cytokines in poly (I:C)-stimulated microglia. The microglia were exposed to 
poly (I:C) (10 μg/mL) and then immediately treated with CRID3 at concentrations of 0.1, 1.0, or 10 μM 
for 24 h. Experiments were performed with each sample in triplicate. clozapine (CLO), risperidone 
(RIS), and haloperidol (HAL). The data is expressed as the mean ± SD of the three independent 
experiments. * p < 0.05 vs. control samples. # p < 0.05 vs. poly (I:C)-treated samples. 

3.4. The Effects of Clozapine and CRID3 on Poly (I:C)-Induced Cytokine Levels in Primary Microglial Cell 
Cultures 

Next, experiment 3 was performed to compare the effects of clozapine (10 μM) and CRID3 (10 
μM) on poly (I:C)-induced cytokine levels in primary microglia cells culture. Clozapine and CRID3 
both reduced poly (I:C)-induced IL-1α, IL-1β, IL-2, and IL-17 levels, as demonstrated in Figure 4. Poly 
(I:C)-induced IL-1α was reduced to 72% by both clozapine and CRID3. We found reduction in the 
levels of IL-1β to 52% and 47% by clozapine and CRID3, respectively. The levels of IL-2 were reduced 
to 56% by clozapine as compared to and CRID3 (47%). We also found the reduced levels of IL-17 by 
clozapine and CRID3 to 43% and 33%, respectively. The poly (I:C)-induced increases in IL-6, IL-18, 
INF-γ, and TNF-α levels were significantly reduced by CRID3.  

Figure 3. The effect of CRID3 on poly(I:C)-induced cytokine levels: The effect of CRID3 on the
expression of (a) IL-1α, (b) IL-1β, (c) IL-2, (d) IL-4, (e) IL-5, (f) IL-6, (g) IL-10, (h) IL-17, (i) IL-18,
(j) INF-γ, and (k) TNF-α cytokines in poly (I:C)-stimulated microglia. The microglia were exposed to
poly (I:C) (10 µg/mL) and then immediately treated with CRID3 at concentrations of 0.1, 1.0, or 10 µM for
24 h. Experiments were performed with each sample in triplicate. clozapine (CLO), risperidone (RIS),
and haloperidol (HAL). The data is expressed as the mean ± SD of the three independent experiments.
* p < 0.05 vs. control samples. # p < 0.05 vs. poly (I:C)-treated samples.

3.4. The Effects of Clozapine and CRID3 on Poly (I:C)-Induced Cytokine Levels in Primary Microglial
Cell Cultures

Next, experiment 3 was performed to compare the effects of clozapine (10 µM) and CRID3
(10 µM) on poly (I:C)-induced cytokine levels in primary microglia cells culture. Clozapine and CRID3
both reduced poly (I:C)-induced IL-1α, IL-1β, IL-2, and IL-17 levels, as demonstrated in Figure 4.
Poly (I:C)-induced IL-1α was reduced to 72% by both clozapine and CRID3. We found reduction in the
levels of IL-1β to 52% and 47% by clozapine and CRID3, respectively. The levels of IL-2 were reduced
to 56% by clozapine as compared to and CRID3 (47%). We also found the reduced levels of IL-17 by
clozapine and CRID3 to 43% and 33%, respectively. The poly (I:C)-induced increases in IL-6, IL-18,
INF-γ, and TNF-α levels were significantly reduced by CRID3.
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Figure 4. The effect of clozapine and CRID3 on poly (I:C) induced cytokine levels: The effects of 10 µM
clozapine and 10 µM CRID3 on the expression of (a) IL-1α, (b) IL-1β, (c) IL-2, (d) IL-4, (e) IL-5, (f) IL-6,
(g) IL-10, (h) IL-17, (i) IL-18, (j) INF-γ, and (k) TNF-α cytokines in poly (I:C)-stimulated microglia. The
microglia were exposed to poly (I:C) (10 µg/mL) and then immediately treated with clozapine (10 µM)
and CRID3 (10 µM) for 24 h. The experiments were performed with each sample in triplicate. clozapine
(CLO). The data is expressed as the mean ± SD of three independent experiments. *p < 0.05 vs. control
samples. # p < 0.05 vs. poly (I:C)-treated samples.

3.5. The Effect of Clozapine and CRID3 on Poly (I:C)-Induced NLRP-3 Inflammasome Activation in
Primary Microglia

Furthermore, we investigated the mRNA expression of the NLRP3-related proteins NLRP3, ASC,
pro-caspase 1, and caspase-1 activity, after clozapine or CRID3 treatment in primary microglial cell
cultures, to evaluate whether the anti-inflammatory effects of clozapine involve the NLRP3 pathway.
As expected, poly (I:C) significantly elevated the NLRP3, pro-caspase-1 levels, as demonstrated in
Figure 5. Interestingly, the antipsychotic drug clozapine significantly reduced the levels of poly
(I:C)-activated NLRP3 expression by 57%, which was higher than the level of NLRP3 inhibitor, CRID3
(45%). We found no difference in the mRNA expression levels of ASC. However, the poly (I:C)-induced
pro-caspase 1 levels were only significantly reduced by CRID3. The poly (I:C)-induced caspase 1
activity was significantly reduced by both clozapine (72%) and CRID3 (79%).
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Figure 5. The effect of clozapine and CRID3 on poly (I:C)-induced inflammasomes: The effects of 10 µM
clozapine and 10 µM CRID3 on the mRNA expression of (a) NLRP3, (b) ASC, (c) procaspase-1, and (d)
Caspase-1 activity. The microglia were exposed to poly (I:C) (10 µg/mL) and then immediately treated
with clozapine (10 µM) and CRID3 (10 µM) for 24 h. The experiments were performed with each
sample in triplicate. clozapine (CLO). The data is expressed as the mean ± SD of three independent
experiments. * p < 0.05 vs. control samples. # p < 0.05 vs. poly (I:C)-treated samples.

4. Discussion

This study demonstrates that the antipsychotic drugs clozapine, risperidone, and haloperidol
influence the balance between pro- and anti-inflammatory cytokines upon cell stimulation by poly
(I:C). Among the tested antipsychotic drugs, clozapine profoundly reduced the expression of the
proinflammatory cytokines and significantly inhibited NLRP3 inflammasome activation, and its effect
was comparable to CRID3, which is an NLRP3 inflammasome inhibitor.

Prenatal or neonatal challenges with poly (I:C), a TLR-3 agonist, have been widely accepted
as a neurodevelopmental animal model of SCZ [28,29]. Recently, this approach was also used to
generate a standard model of viral infection to induce microglial activation [30,31]. The Poly (I:C)
model successfully accounts for several aspects of SCZ, including epidemiology, pathophysiology,
symptomatology, and treatment. Several studies have supported the poly (I:C) experimental model as
a very powerful neurodevelopmental animal model of SCZ and relevant brain disease. Additionally,
the poly (I:C) model that is used for exploring of novel pharmacological targets presumably considered
for SCZ and related disorders and this is the primary reason to use poly (I:C) model in this study [32].
We used poly (I:C) to stimulate the rat primary mixed glial cell cultures enriched for microglia to mimic
the SCZ condition in vitro. We demonstrated that the tested antipsychotics at the given doses showed
anti-inflammatory effects with no cell toxicity. The concentrations for all antipsychotic drugs that were
used in conjunction with poly (I:C) stimulation were identified by a review of the published literature
which used in vitro models [18,19].

Among clozapine, risperidone, and haloperidol, the three tested antipsychotics, clozapine showed
profound proinflammatory inhibitory action by reducing the levels of IL-1α, IL-1β, IL-2, and IL-17.
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Clinically in the blood and CSF of SCZ patients, alterations in cytokine concentrations, cytokine
receptors, and their activity have been reported [33,34] Our results were consistent with an earlier
report showing a proinflammatory inhibitory profile of clozapine in an animal model [11].

To date, the atypical antipsychotic drug clozapine, 3-chloro-6-(4-methylpiperazin-1-yl)-5H-benzo
[b][1,4]benzodiazepine, is widely accepted as a ‘gold standard’ for the treatment of SCZ [35–38].
Specifically, clozapine is the most effective drug for treatment-resistant SCZ patients, with the potential
added benefits of reducing suicide risk and aggression. Clozapine exerts its anti-inflammatory effect
by modulating the cytokine levels that were stimulated by LPS and poly (I:C) in mice model [11] and
microglial cells [39] and also in poly (I:C) stimulated peripheral blood mononuclear cells (PBMC)
from SCZ patients [40]. There is also some evidence that clozapine exhibits anti-inflammatory
activity through reducing toll-like receptor (TLR)-4/ nuclear factor (NF)-κB-mediated inflammatory
responses through the inhibition of calcium/calmodulin-dependent Akt activation [39]. Clozapine
protects dopaminergic neurons from inflammation-induced damage via the inhibition of microglial
overactivation through the phosphoinositide 3-kinase (PI3K) pathway [18]. However, the effect of
clozapine on inflammasome inhibition has not been demonstrated.

The antagonism of D2 and serotonin type 2A (5-HT2A) receptors mediate the therapeutic effect
of clozapine in SCZ [41,42]. Recent evidence from PBMC cultures in SCZ patients revealed the
anti-inflammatory effect of clozapine on LPS- and poly (I:C)-induced inflammatory responses [40].
Although the mechanism of action of clozapine has been explained by the dopaminergic theory and the
immune regulatory response that suppresses inflammation, the exact mechanism of action of clozapine
has not yet been fully elucidated.

The prototypical inflammasome is formed by the Nod-like receptor protein, NLRP3 interacting
with an adapter molecule, apoptosis-associated speck-like protein containing a CARD (ASC) via the
Pyrin domain (PYD) of NLRP3. The caspase activation and recruitment domain (CARD) of ASC,
in turn, binds with the CARD domain of caspase-1 [43]. Inflammasomes are assembled in response
to a number of exogenous and endogenous danger signals, which in turn, leads to the production of
proinflammatory cytokines. Ultimately, through the activation of caspase-1, inflammasome activation
leads to the induction of inflammatory cell death. Thus, inflammasomes have been implicated in a wide
range of physiological and pathological processes that can be both beneficial and detrimental. Hence,
understanding the mechanisms that are involved in inflammasome activation might provide a better
approach in preventing the harmful effects of the inflammatory response [44]. In the last few decades,
the importance of NLRP3 inflammasome biology has become more apparent in inflammatory diseases,
such as Alzheimer’s disease [45], stroke [46], inflammatory bowel diseases [47], and atherosclerosis [48].
It is interesting to note that these deleterious conditions were improved by the NLRP3 inhibitor
CRID3 [45,49]. Additionally, NLRP3 plays a crucial role in immune sensing within the innate
immune system. The activation of the NLRP3 inflammasome is also implicated in the pathogenesis of
chronic diseases and aging. In psychiatric disorders, postmortem brain samples from bipolar patients
demonstrated the activation of NLRP3 as compared to controls [17].

CRID3, a novel inflammasome inhibitor, exerts its action by inhibiting the NLRP3 and absent in
melanoma (AIM) 2 inflammasomes by preventing ASC oligomerization. CRID3 specifically targets
glutathione S-transferase omega 1 (GSO1) and regulates caspase-1 activation and the production
of the proinflammatory cytokine IL-1β [26]. In this study, we found that treatment with the
inflammasome inhibitor CRID3 at a 10µM concentration resulted in the inhibition of the expression of the
proinflammatory cytokines IL-1α, IL-1β IL-2, IL-4, IL-6, IL-18, INF-γ, and TNF-α in poly (I:C)-stimulated
microglia. The results demonstrated that both clozapine and CRID3 exert anti-inflammatory effects by
reducing the proinflammatory cytokine levels in poly (I:C)-stimulated microglia. We further examined
the protective effect of clozapine on NLRP3 inflammasome activation by measuring the mRNA levels.
It was interesting to note that clozapine reduced the level of NLRP3 expression by 57%, which was
higher than the reduction that was seen with the NLRP3 inflammasome inhibitor CRID3 (45%).
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5. Conclusions

In conclusion, our study demonstrated that clozapine suppresses the proinflammatory cytokine
expression by limiting the NLRP3 inflammasome activation in an in vitro model. Further in vivo
studies are necessary to open a new avenue for the potential pharmacological use of clozapine in
NLRP3 inflammasome-driven inflammatory diseases.
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