
Antioxidant Properties of Second-Generation
Antipsychotics
Subjects: Pharmacology & Pharmacy

Contributor: Giuseppe Caruso

Recent studies suggest a primary role of oxidative stress in an early phase of the pathogenesis of schizophrenia and a

strong neurobiological link has been found between dopaminergic system dysfunction, microglia overactivation, and

oxidative stress. Different risk factors for schizophrenia increase oxidative stress phenomena raising the risk of developing

psychosis. Oxidative stress induced by first-generation antipsychotics such as haloperidol significantly contributes to the

development of extrapyramidal side effects. Haloperidol also exerts neurotoxic effects by decreasing antioxidant enzyme

levels then worsening pro-oxidant events. Opposite to haloperidol, second-generation antipsychotics (or atypical

antipsychotics) such as risperidone, clozapine, and olanzapine exert a strong antioxidant activity in experimental models

of schizophrenia by rescuing the antioxidant system, with an increase in superoxide dismutase and glutathione (GSH)

serum levels. Second-generation antipsychotics also improve the antioxidant status and reduce lipid peroxidation in

schizophrenic patients. Interestingly, second-generation antipsychotics, such as risperidone, paliperidone, and in

particular clozapine, reduce oxidative stress induced by microglia overactivation, decreasing the production of microglia-

derived free radicals, finally protecting neurons against microglia-induced oxidative stress. Further, long-term clinical

studies are needed to better understand the link between oxidative stress and the clinical response to antipsychotic drugs

and the therapeutic potential of antioxidants to increase the response to antipsychotics. 
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1. Introduction

Schizophrenia is recognized as a psychiatric disorder affecting numerous brain systems  of more than 20 million people

worldwide . The "neurodevelopmental hypothesis of schizophrenia" was first formulated in the 1986 and reports that

abnormalities occurring during the early brain development enhance the risk to develop the clinical symptoms in

adulthood . Clinical symptoms observed in schizophrenic patients, such as hallucinations, delusions, negative

symptoms, and cognitive deficits, often arise from neurodevelopment abnormalities. The "dopamine hypothesis" assumes

that the overactivation of the mesolimbic dopamine (DA) pathway is responsible for the development of positive symptoms

as a direct result of excessive DA release and activity in limbic structures, while the hypofunctioning of the mesocortical

DA pathway, which projects to the frontal cortex, is proposed as the mediator of negative, affective, and cognitive

symptoms of schizophrenia . The involvement of a dopaminergic system in the pathophysiology of schizophrenia

comes from different evidences, including the ability of antipsychotic drugs belonging to the class of dopamine D

antagonists to reduce psychotic symptoms .

Recent studies suggest a primary role of oxidative stress in an early phase of schizophrenia's pathogenesis. It has been

shown that early life stress such as maternal separation or physical and/or psychological abuses increases oxidative

stress phenomena at brain level, raising the risk of developing psychosis . Oxidative stress refers to a phenomenon

characterized by the homeostatic imbalance between the production of pro-oxidant species, such as reactive oxygen

(ROS) and nitrogen (RNS) species, and the ability of antioxidant systems to neutralize them . Oxidative stress may be

involved in the early stage of the pathological course of schizophrenia , leading to parvalbumin-positive interneuron

dysfunction in the young adult cortex ; indeed, the hypofunction of parvalbumin GABAergic interneurons causes an

increased glutamate release, which in turn over-stimulates the activation of N-methyl-D-aspartate (NMDA) receptors and

subsequent oxidative stress . The enhanced DA activity in schizophrenia pathogenesis may be responsible for the

production of ROS that, paralleled by decreased antioxidant defenses, leads to neuronal damage, contributing to the

onset of the different clinical phenotypes . The DA hyperactivation in different brain areas such as nucleus accumbens,

caudate nucleus, and amygdala is associated with oxidative stress phenomena, in particular increased superoxide radical

(O ) production, in schizophrenic patients .
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It has been reported that the oxidative stress associated with first-generation antipsychotics (FGAs) treatment represents

a mechanism contributing to the development of extrapyramidal side effects (EPS), especially tardive dyskinesia (TD), a

potentially irreversible movement disorder . The long-term treatment with FGAs (e.g., haloperidol) decreases

antioxidant enzymes' levels, then contributing to the worsening of the pro-oxidant events . Moreover, haloperidol

chronic treatment has been associated with the increased lipid peroxidation observed in different brain areas such as in

the striatum, contributing to neuronal damage .

The development of second-generation antipsychotics (or atypical antipsychotics) that began 25 years ago has yielded

some advances in terms of efficacy, with a relevant improvement in the treatment of negative symptoms, and in

tolerability, particularly with regard to EPS  and only a partial improvement in the treatment of cognitive deficits .

According to the neuroscience-based nomenclature , second-generation antipsychotics include five medications with

five different pharmacodynamics profiles: D  receptor (D2R) antagonists (e.g., amisulpride); D /5-HT  receptor

antagonists (e.g., olanzapine); D /5-HT  receptor partial agonists (e.g., aripiprazole, brexpiprazole); D /5-HT /NEα

receptor antagonists (e.g., clozapine); D /5-HT  receptor antagonist/NE reuptake inhibitors (e.g., quetiapine).

Despite the improved safety and tolerability profile compared with FGAs, the use of second-generation antipsychotic

medication has been associated to unwanted side effects' safety issues, among which metabolic alterations, such as high

levels of glucose, hyperlipidemia, and obesity as well as to the development of type 2 diabetes mellitus (T2DM) and

hypertension , hence affecting long-term adherence to the treatment . In particular, clozapine or olanzapine

treatment in schizophrenic children has been associated with abnormalities in cholesterol and triglycerides levels ,

while it has been associated to an increased risk of T2DM in addition to weight gain in adult schizophrenic patients .

Second-generation antipsychotic drugs may exert an antioxidant activity by reducing ROS production and lipid

peroxidation in schizophrenic patients . Among them, quetiapine, an antipsychotic widely used for the treatment of

psychosis , has shown antioxidant activities preventing the alterations due to oxidative stress at the hippocampal level

. In addition to that, clozapine, considered the gold standard drug in treatment-refractory schizophrenia , is able to

improve negative symptoms in patients with chronic schizophrenia through its antioxidant activity .

2. Schizophrenia and Oxidative Stress

Schizophrenia is a complex and severe psychiatric syndrome affecting about 1% of population worldwide. Due to the lack

of objective clinical tests or biomarkers, the diagnosis of this pathology is based on the observation of the subject's clinical

history and clinical phenotypes. The first episode of psychosis (FEP) generally occurs in late adolescence or during early

adulthood with behavioral and cognitive alterations . In particular, different clinical phenotypes can be observed

including: (1) positive symptoms (hallucinations, delusions, and disorganized thoughts and speech); (2) negative

symptoms (anhedonia, apathy, and social withdrawal); (3) cognitive deficits (working memory, problem solving, and

executive function) .

Various hypothesis have been proposed to explain the pathophysiology of schizophrenia ; according to the

"dopaminergic hypothesis", the positive symptoms of schizophrenia result from the hyperactivation of the mesolimbic DA

pathway, while a hypoactivation of the same pathway is observed in the frontal cortex cause negative and cognitive

symptoms. This hypothesis is based on the observation that cocaine and amphetamines by increasing DA availability

could induce psychotomimetic effects in health individuals, whereas dopamine D  antagonists reduce psychotic symptoms

in schizophrenic patients. This hypothesis has been recently integrated with the "glutamatergic hypothesis", where a low

activity of NMDA receptors on GABAergic interneurons might be the cause for the dopaminergic dysfunction observed in

schizophrenia . Indeed, the overactivation of glutamatergic system in the medial prefrontal cortex (mPFC) is considered

a pathophysiological hallmark of schizophrenia and an increased glutamate efflux in prefrontal cortex (PFC) plays a

significant role in the development/progression of both positive and negative symptoms . Glutamate dysfunction

in schizophrenia also involves alterations in intracellular molecules fundamental for glutamate receptor-associated signal

transduction, including post-synaptic density protein 95 (PSD-95) . PSD-95 is part of a protein family representing

a pivot point for different pathways involved in the regulation of the mechanism of action of many psychotropic drugs .

In schizophrenic patients, a reduction in PSD-95 gene expression has been observed in PFC , while the PSD-95

mRNA and protein levels were increased in the occipital cortex  and thalamus , respectively. Furthermore, PSD-95-

like molecules, such as synapse-associated protein 102 (SAP-102) and neurofilament light peptide (NF-L), have been

proposed to be involved in the pathophysiology of schizophrenia , reinforcing the implication of glutamatergic

dysfunction in this psychiatric disease.
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Dopaminergic system is a brain's modulatory system involved in many functions such as learning, motivation, and

cognition , and hyperdopaminergic neurotransmission is involved in the pathophysiology of schizophrenia . High

levels of D2R in striatum, nucleus accumbens, and olfactory tubercle have been closely associated with positive

symptoms in schizophrenia . D2R blockade in post-synaptic neurons by FGA treatment plays an important role in

reducing positive symptoms and acute psychosis  but, unfortunately, without any effect on negative and cognitive

symptoms. . 5-HT  antagonism in combination with D2R blockade by second-generation antipsychotic drugs results in

the DA release into the PFC , thereby improving negative symptoms.

The dopaminergic and glutamatergic hypotheses alone are not sufficient to explain the pathophysiology of schizophrenia,

partially explaining the limited efficacy observed in some cases for FGAs and second-generation antipsychotics and the

research of innovative approaches alternative to the pharmacological modulation of dopamine D2 receptor activity .

3. First-Generation Antipsychotics (FGAs) and Oxidative Stress: The
Strange Case of Haloperidol

FGAs, also known as conventional or typical antipsychotics, have been often used in schizophrenic patients for the

treatment of positive symptoms, acting as DA receptor antagonists and blocking about 72% of the D2R part of the DA

mesolimbic pathway . It is well known that the typical antipsychotics produce EPS, including TD , representing the

major limitation of the use of these drugs. During the FGAs pharmacological treatment, the neuroleptic malignant

syndrome (NMS), a rare but fatal adverse effect , can also occur.

It has been proposed that oxidative stress may play a key role in the development of EPS and TD induced by FGAs use.

TD can be due to the neuronal cell damage coming from the free radical overproduction induced by typical antipsychotics;

in fact, dyskinetic patients present increased levels of lipid peroxidation products paralleled by decreased vitamin E levels

.

Haloperidol belonging to the butyrophenones class was introduced in the clinical practice in 1960 for the treatment of

acute and chronic psychosis , and, unfortunately, its use is associated with severe EPS, among which dystonia,

parkinsonian-like syndrome, and TD are predominant . Haloperidol can be converted to a free radical in the brain

causing neural oxidative damage . A review of the literature by Nasrallah and Chen suggests that haloperidol induces

neurotoxic effects at all the considered doses, both in in vitro and in vivo studies, via different molecular mechanisms

converging in neuronal cell death . As showed by Gassó et al., by carrying out in vitro experiments, haloperidol

significantly increased caspase-3 activity and cell death in neuroblastoma cells , while the chronic haloperidol

administration has also shown to be able to induce neuronal apoptosis in the substantia nigra pars reticulata of rats .

Haloperidol administration decreases the levels of brain derived neurotrophic factor (BDNF), a neurotrophic factor

implicated in neuronal survival and plasticity, reduces GSH and anti-apoptotic markers, and increases the expression of

pro-apoptotic proteins in rat frontal cortex . In a different study, the reduced GSH levels measured in the cortex,

striatum, and cerebellum of mice were paralleled by increased NO production in the cortex .

The severe adverse effects due to haloperidol treatment, resulting in DA receptors blockade and neurotoxicity, have been

associated to increased ROS production . Its metabolite, haloperidol pyridiniumion, is highly toxic and increases

oxidative stress inducing plasma membrane damages, explaining, at least in part, the pathogenesis of haloperidol-

induced parkinsonism symptoms .

Haloperidol could also provoke oxidative stress by increasing the concentration of toxic DA metabolites, decreasing the

amount of GSH, and inducting the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) . The

neurotoxicity induced by haloperidol has been related to the inhibition of survival-associated pathways such as protein

kinase B (Akt) and/or the activation of caspase pro-apoptotic-mediated signals . Ukai and co-workers have

demonstrated that haloperidol leads to Akt inhibition and a concomitant activation of caspase-3 with subsequent neuronal

death . Still in the context of neurons, this antipsychotic drug can be directly toxic to neuronal cells by inducing

oxidative free radicals  and indirectly by inhibiting neuronal NO-synthase (nNOS) in vitro .

By measuring thiobarbituric acid reactive substances, it has been demonstrated that the haloperidol chronic treatment

induces oxidative damage in the brain of adult male Wistar rats . In a different study, the increase in lipid peroxidation in

the striatum has been observed . Increased lipid peroxidation and H O  production paralleled by decreased activity of

antioxidant enzymes (SOD, GPX, and CAT) have been found in rats with TD induced by haloperidol . Another way

through which haloperidol leads to oxidative stress phenomena is related to its ability to modulate cell metabolism; in fact,

it has been shown that the treatment with this drug is also able to induce mitochondrial activity that in turn leads to an

enhancement of ROS production in the whole blood of rats . In an in vivo study carried out by Gumulec et al. using
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guinea pigs (Cavia porcellus) treated with haloperidol, two sub-groups of animals were identified according to their

responses to oxidative stress; in particular, the sub-group of animals with higher haloperidol plasma levels had increased

ROS production compared with the animals with lower levels of drug in their plasma .

Andreazza et al. demonstrated that haloperidol treatment increases lipid peroxidation in rat frontal grey matter, while it

was not observed in the case of a treatment with clozapine . Moreover, Kropp et al. showed the higher lipid

peroxidation occurring on the plasma of schizophrenic patients treated with haloperidol when compared with second-

generation antipsychotics such as clozapine and quetiapine . By carrying out this 3-week longitudinal study, it was

possible to underline how the oxidative stress taking place within the CNS following FGAs treatment is also reflected at

peripheral level .

A clinical case described by Kamińska et al. regards the case of a 23-year-old woman suffering from haloperidol-induced

NMS episode with increased ROS production by neutrophils and enhanced serum pro-inflammatory levels of cytokines

such as IL-6 and TNF-α . In an open randomized study, haloperidol treatment (5–15 mg/day) caused oxidative stress

paralleled by a significant reduction in plasma antioxidant parameters (e.g., SOD) . In a longitudinal, randomized,

controlled, multisite, double-blind study conducted by Lieberman et al., haloperidol-treated patients with FEP exhibited a

significant decrease in gray matter volume associated to neurotoxicity . The treatment with FGAs may be associated

with neurodegenerative phenomena in frontal areas, while the treatment with second-generation antipsychotics could be

associated with neuroprotective effects, supporting their role in symptoms' improvement . Of note, the use of

haloperidol has been associated with decreased frontal cerebral blood flow when compared to second-generation

antipsychotics treatment (e.g., risperidone) .

Despite the above evidence, however, conflicting results have been reported when comparing typical versus atypical

agents. A clinical trial described by Zhang et al. shows that 12 weeks of treatment with both haloperidol or risperidone

reduces the elevated blood SOD levels oxidative stress-induced in schizophrenic patients . In addition to that, a

different study carried out by the same authors led to the conclusion that a long-term treatment with FGAs or second-

generation antipsychotics (clozapine or risperidone) may induce a similar outcome on the antioxidant enzymes and lipid

peroxidation levels . Further long-term observational studies are needed to better understand the link between

oxidative stress and the clinical response to antipsychotics drugs.

4. Second-Generation Antipsychotics: Can They Exert an Antioxidant
Activity?

As discussed above, second-generation antipsychotics showed superior therapeutic efficacy in the management not only

on positive symptoms but also on negative symptoms and cognitive dysfunctions, with few side effects . The reduced

risk of second-generation antipsychotics to induce EPS and TD compared to FGAs is attributed to their 5-HT  receptor

antagonism and to their faster dissociation from the D2R . It has been reported that second-generation antipsychotics

exert neuroprotective effects by increasing BDNF levels, improving cell survival, and enhancing the neurogenesis

process, also preventing or reversing the effects of haloperidol-induced toxicity .

Risperidone through its canonical antipsychotic pharmacological mechanism is able to modulate the pro-inflammatory

response  as well as to decrease oxidative/nitrosative stress in schizophrenic patients . This antipsychotic has also

been shown to reduce oxidative stress and rescue synaptic plasticity in PFC pyramidal cells from a schizophrenia-like

animal model obtained by perinatal phencyclidine (PCP) administration . Risperidone, when administered in adolescent

mice, is able to both decrease inducible nitric oxide synthase (iNOS) expression and increase CAT and SOD activity in

some brain areas . The antioxidant activity of risperidone is also related to its ability to increase the levels of GSH, thus

improving antioxidant defense, and, at the same time, to decrease the pro-oxidant and deleterious effects of extracellular

glutamate . In a different study, oral risperidone administration enhanced GSH levels in the cortex and hippocampus

from the PCP model of schizophrenia in which, as an additional positive outcome, the formation of lipid peroxidation

products was reduced . SOD enzyme is considered as the first line of defense against ROS formation and its

expression may increase due to oxidative phenomena taking place in chronic schizophrenic inpatients , reflecting a

defensive response to increased oxidative stress. Interestingly, a significant correlation has been found between the

decrease in blood SOD levels and the improvement in negative symptoms in forty-one schizophrenic patients treated with

risperidone . These data suggest that risperidone is able to decrease in vivo the oxidative stress that characterized the

brain damage observed in schizophrenic patients .

Along this line, a treatment for 3 months with risperidone or olanzapine significantly increased the plasma levels of the

non-enzymatic antioxidants GSH, vitamin E, and vitamin C, also reducing the levels of malondialdehyde (MDA), a highly

reactive compound considered a marker for oxidative stress, with an overall improvement of the antioxidant status of
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schizophrenic subjects . In a study conducted by Hendouei et al., clozapine showed a higher antioxidant activity than

risperidone or perphenazine, increasing SOD and GSH serum levels and reducing lipid peroxidation . The antioxidant

activity of clozapine and olanzapine is clinically relevant, since it has been reported a lower risk of free radical-induced

damage, including neurological symptoms, in schizophrenic patients treated with these second-generation antipsychotics

. A chronic treatment with clozapine or olanzapine has been shown to up-regulate BDNF expression in rat

hippocampus , and a long term treatment with clozapine has been positively associated with increased BDNF serum

levels in schizophrenic patients , supporting the neuroprotective efficacy of these drugs . A long-term treatment

with these drugs is also able to regulate neuronal functions, such as neurogenesis and neuroplasticity, by the activation of

extracellular signal-regulated kinases 1 and 2 (ERK1/2) and Akt pathways . The neuroprotective activity exerted by

olanzapine could also be due to its ability to up-regulate SOD enzyme, as it has been shown in vitro by using PC-12 cells

, or to increase serum total antioxidant status with a concomitant reduction in serum MDA levels in schizophrenic

patients . Among second-generation antipsychotic drugs, clozapine and olanzapine were also reported to act as good

scavengers of O , one of more representative ROS . The direct antioxidant activity of these antipsychotics

contributes to their therapeutic activity , and it has been suggested how their ability to decrease ROS production by

neutrophils may depend on the amino group part of their chemical structure . The treatment with clozapine,

quetiapine, or risperidone for 21 days decreases the plasma levels of MDA compared to that observed in haloperidol-

treated patients .

When considering second-generation antipsychotics, aripiprazole acts as a partial agonist on D , D , and 5-HT

receptors, in addition to being a 5-HT  antagonist, leading to the improvement of positive and negative symptoms as well

as of the cognitive impairment observed in schizophrenia . In a recently published study, aripiprazole did not

induce significant changes in plasma lipid peroxidation at the pharmacological doses commonly used for the management

of acute episode, while, unexpectedly, it showed antioxidant effects when used at low doses . A different study showed

that aripiprazole has positive effects on depression-induced oxidative stress in rat brain . Interestingly, a case report of

a 51-year-old schizophrenic Korean woman described by Hue and Lee demonstrated that low-dose aripiprazole is

effective in the management of clozapine-associated TD . In addition, the co-administration of lithium and aripiprazole

has been shown to be effective in decreasing oxidative stress in subjects with bipolar disorder . Furthermore, this drug

decreased lipid peroxidation and increased SOD2 enzyme levels in the dentate gyrus of adolescent mice .

Overall, these data suggest that second-generation antipsychotics such as risperidone, clozapine, and olanzapine

possess a clinically relevant ability to improve the antioxidant machinery, which might play a significant role in the

treatment of schizophrenia.

Nowadays, the COVID-19 pandemic represents a massive world public health problem caused by severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) . This disease is characterized by oxidative stress  and

neuroinflammation  along with a higher risk to develop delirium and psychomotor agitation . Among the second-

generation antipsychotics, quetiapine, risperidone, and especially injectable aripiprazole have been proposed as

alternative treatment choices for COVID-19 patients with delirium . Since these second-generation antipsychotics

have shown antioxidant and anti-inflammatory activities, it would be interesting to assess, in future studies, whether

schizophrenic patients treated with these drugs might be less susceptible to detrimental COVID-19-related effects.

5. Effects of Second-Generation Antipsychotics on Microglia: Therapeutic
Potential for the Treatment of Schizophrenia

It is well known that microglia, the tissue-resident macrophages of the brain and spinal cord , represent an important

contributor of both inflammation and oxidative stress . In fact, microglial cells, as a response to the pathological

changes occurring at brain level, produce pro-inflammatory mediators as well as ROS and RNS, leading to the neuronal

degeneration, white matter abnormalities, and decreased neurogenesis observed in schizophrenia . That led to the

development of "microglia hypothesis of schizophrenia"  (Figure 1).
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Figure 1. "Microglia hypothesis of schizophrenia": therapeutic potential of second-generation antipsychotics. ↑ =

increased; ↓ = decreased.

Several studies have shown the therapeutic potential of second-generation antipsychotics on the modulation of microglia

activity, with specific regard to pro-inflammatory cytokines and reactive species release.

An in vivo study carried out by MacDowell et al. showed that paliperidone (1 mg/kg i.p.) has the potential to regulate the

antioxidant and anti-inflammatory pathways in a rat model of acute and chronic restraint stress . In particular, the drug

was able to up-regulate nuclear factor erythroid-related factor 2 (Nrf2) and antioxidant response element-dependent

antioxidant enzymes during acute stress conditions, while in chronic stress counteracted stress-induced down-regulation

of the endogenous antioxidant machinery. Of note, paliperidone was also able to increase TGF-β and interleukin-10 levels

as well as the number of M2-polarized (anti-inflammatory phenotype) microglial cells in acute and chronic stress

conditions.

In an in vitro model of neuroinflammation represented by phorbol 12-myristate 13-acetate (PMA)-treated microglia,

aripiprazole inhibited O  formation by the activation of protein kinase C (PKC) and intracellular Ca  regulation, reducing

oxidative reactions . In the same study, the authors showed the ability of aripiprazole to reduce the formation of

neuritic beading, then to protect neurons against the damage induced by PMA-stimulated microglial activation. The same

research group was also able to demonstrate that aripiprazole significantly inhibited the release of NO and pro-

inflammatory cytokines from microglial cells treated with IFN-γ . The results of these works are relevant, since the

overproduction of both NO and O  has been associated with the pathogenesis of schizophrenia .

Different in vivo and in vitro studies have highlighted the potential beneficial role of risperidone in the case of microglia-

induced oxidative stress (Figure 1). This second-generation antipsychotic may exert its antioxidant and anti-inflammatory

activity via the inhibition of NO and pro-inflammatory cytokines production by activated microglia . In 2013, MacDowell

and colleagues, by using an in vivo model of mild neuroinflammation represented by a lipopolysaccharide (LPS)-treated

(0.5 mg/kg i.p.) young adult rat, demonstrated the double effect of risperidone in counteracting both oxidative stress and

inflammation; from one hand this drug was able to prevent the increased expression LPS-induced of interleukin IL-1β and

TNF-α, and the activity of iNOS and cyclooxygenase, p38 mitogen-activated protein kinase (MAPK) and NF-kB in brain

cortex, one the other hand it restored anti-inflammatory pathways consisting in deoxyprostaglandins and peroxisome

proliferator activated receptor γ decreased by LPS challenge . Still, in the context of risperidone neuroprotective

potential, Zhu et al. investigated the ability of this drug, alone or in combination with minocycline, to prevent microglia

activation and counteract schizophrenia-like behavioral deficits in intrahippocampal LPS-injected rats . The authors

were able to show that both drugs, alone or in combination, attenuated the behavioral alterations and inhibited the

dramatic microglia activation LPS-induced in ventral hippocampus, ventrobasal thalamus, and cerebral cortex.

During the last decade, the ability of clozapine to modulate microglial activation and the related oxidative stress

phenomena has been well investigated (Figure 1). It is well known that excessive ROS produced by NADPH oxidase in

over-activated microglia can lead to neuronal death . Shin et al. provided a possible mechanism by which clozapine

may interfere with ROS production and the consequent oxidative stress, corresponding to the inhibition of proton currents

in microglia, required to maintain NADPH oxidase activity . Of note, of the three drugs used by the authors in their

study, only clozapine was able to reach the concentration needed to inhibit microglial proton currents in the brain at
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therapeutic doses. The antioxidant activity of clozapine was also observed in a social isolation rearing (SIR) rat model, in

which the behavioral disturbances and cortico-striatal SIR-induced oxidative stress were corrected by clozapine

administration . As showed by Hu et al. by using primary cortical and mesencephalic neuron-glia cultures, clozapine is

able to protect dopaminergic neurons from LPS-induced damage by inhibiting microglial overactivation . In particular,

clozapine decreased neurotoxicity and microglial activation, as well as the production of microglia-derived NO, O , and

total intracellular ROS; additionally, clozapine pre-treatment inhibited the translocation of cytosolic subunit p47-phox to the

membrane in microglia induced by LPS. Not just clozapine but also its metabolites have shown to protect neurons against

the microglia-induced oxidative stress. In fact, as shown by Jiang and co-workers, clozapine N-oxide (CNO) and N-

desmethylclozapine (NDC), two clozapine metabolites, are able to exert neuroprotection through the inhibition of

microglial NADPH oxidase . The authors were able to link the observed neuroprotection following CNO and NDC

treatment to the inhibition of NADPH oxidase and microglia-mediated release of pro-inflammatory mediators. In a different

study, Ribeiro et al. attempted to determine the progressive inflammatory and oxidative alterations induced in rats by the

administration of polyriboinosinic–polyribocytidilic acid (poly(I:C)) and its possible reversal by the administration of

clozapine . Interestingly, the progressive microglial activation and iNOS increase accompanied by deficits in prepulse

inhibition of the startle and polyI:C-induced working memory were all reversed by the administration of clozapine.
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