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Abstract: Psychosis, defined as a set of symptoms that results in a distorted sense of reality, is ob-
served in several psychiatric disorders in addition to schizophrenia. This paper reviews the literature
relevant to the underlying neurobiology of psychosis. The dopamine hypothesis has been a major
influence in the study of the neurochemistry of psychosis and in development of antipsychotic drugs.
However, it became clear early on that other factors must be involved in the dysfunction involved in
psychosis. In the current review, it is reported how several of these factors, namely dysregulation
of neurotransmitters [dopamine, serotonin, glutamate, and γ-aminobutyric acid (GABA)], neuroin-
flammation, glia (microglia, astrocytes, and oligodendrocytes), the hypothalamic–pituitary–adrenal
axis, the gut microbiome, oxidative stress, and mitochondrial dysfunction contribute to psychosis
and interact with one another. Research on psychosis has increased knowledge of the complexity of
psychotic disorders. Potential new pharmacotherapies, including combinations of drugs (with pre-
and probiotics in some cases) affecting several of the factors mentioned above, have been suggested.
Similarly, several putative biomarkers, particularly those related to the immune system, have been
proposed. Future research on both pharmacotherapy and biomarkers will require better-designed
studies conducted on an all stages of psychotic disorders and must consider confounders such as sex
differences and comorbidity.

Keywords: glia; HPA axis; gut microbiome; oxidative stress; mitochondrial dysfunction

1. Introduction

Psychosis is an amalgamation of clinical symptoms that generically describes a mental
state involving the loss of contact with reality [1]. Although the term itself lacks a unified
definition and may vary across the literature, it generally describes a clinical construct
of specific symptoms, namely. delusions, hallucinations, and disordered thinking [2].
Psychosis is an inherent characteristic of psychiatric disorders under the categorization
‘schizophrenia spectrum and other psychotic disorders’ seen in the Diagnostic and Statistical
Manual of Mental Disorders, 5th edition—Text Revision (DSM-5-TR) [1,3]. It has been
reported that 1.5–3.5% of the general population will meet the diagnostic criteria for a
psychotic disorder, and it is estimated that around 3 in 100 individuals will experience at
least one psychotic episode in their lifetime [2]. It is important to note that psychosis is not
a nosological entity, but a set of clinical symptoms. The specifier “with psychosis” can be
applied to depressive disorders as well [3].

Understanding the behavioral manifestations of psychosis has been difficult, given the
heterogeneous nature of psychotic disorders. The symptoms are subjective and based on
the patient’s individual perceptions. There is a need to more clearly establish the underlying
neurobiology so that psychosis can be characterized through neuropathology as opposed
to symptomology, which may differ from individual to individual.
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The most prevalent theory pertaining to the neurobiology of psychosis is that of a
chemical imbalance in the brain, marked by dysregulation of the mesolimbic pathway as
a result of dopaminergic hyperactivity [4]. As dopamine dysregulation is thought to be
associated with several other psychiatric disorders without the onset of psychosis, there is
a growing emphasis on exploring other mechanisms of physiological function instead of
solely focusing on neurotransmitter interactions. Our current understanding of psychosis
does not account for many of the emerging mechanisms or describe multiple interactions.
Viewing psychosis through a neuroendocrine–immunomodulation lens, a perspective that
addresses the interactive nature of communication between the nervous, endocrine, and
immune systems, has indicated a multifactorial etiology and addresses some gaps in our
understanding. A key limitation of this topic is that it is difficult to conclusively determine
causation, given the interactive influences exerted between the different physiological
mechanisms of interest.

Exploring the underlying neurobiological mechanisms that contribute to psychosis
is of utmost interest and importance. Particular attention will be paid in the current
review paper to several areas of interest, including neurotransmitter dysregulation, neu-
roinflammation, the hypothalamic–pituitary–adrenal (HPA) axis, the gut–brain axis (GBA),
oxidative stress, and mitochondrial dysfunction (Figure 1). To obtain information on the
neurobiological mechanisms underlying psychosis, a literature review was performed us-
ing PubMed, ScienceDirect, and MEDLINE for a period ranging from 2005 to 2024; relevant
publications were obtained using the key search phrases dopamine, glutamate, serotonin,
neuroinflammation, HPA axis, glial cells, gut-brain axis, oxidative stress, and mitochondrial
dysfunction as they relate to psychosis.
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2. Neurotransmitter Dysregulation
2.1. Dopamine

Although many hypotheses have tried to explain the neurobiological mechanisms
underlying the onset of psychosis, the dopamine hypothesis remains a widely cited ex-
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planation. This hypothesis, based originally to a large extent on early pharmacological
findings with antipsychotics [5–7], postulates that psychotic symptoms are attributed to
the hyperactivity of dopaminergic neurons in the mesolimbic pathway [4]. The mesolimbic
pathway is a dopaminergic pathway that starts from the ventral tegmental area (VTA) and
projects to the nucleus accumbens [8]. The pathway also sends dopamine signals to other
localized regions, including the amygdala, hippocampus, ventral and associative striatum,
thalamus, and prefrontal cortex (PFC) [9]. Dopamine dysregulation within the associative
striatum is behaviorally manifested as misappropriately attributing salience to certain stim-
uli which are clinically exhibited during delusions [9]. The underlying action of dopamine
in the mesolimbic pathway in psychosis has been proposed to be hyperactivity seen at
D2 dopamine receptors [8]. The original dopamine hypothesis has since been extended
to take into account other symptoms of schizophrenia, such as negative symptoms and
cognition, that do not seem to be explained by dopamine hyperactivity in the mesolimbic
system [10–12].

There is pharmacological evidence, in addition to that of antipsychotics, that supports
the involvement of dopamine in the pathophysiology of psychosis, since certain drugs with
effects on dopamine are known to induce psychotic symptoms. In mouse models, psychos-
timulants that raise dopamine levels in the synaptic cleft produce behaviors associated
with psychosis, and increased concentrations of D2 receptors have been observed in the
striatum [13,14]. In human studies, psychostimulants such as amphetamines, cocaine, and
cannabis induce postsynaptic sensitivity in the associative striatum, and abuse can cause
auditory hallucinations and delusions [4,15]. It has been demonstrated that administering
drugs such as amphetamines, which increase the functional availability of dopamine, can
induce psychosis in healthy patients and worsen psychotic symptoms in schizophrenic
patients [8,9,16].

One mechanism of action of cannabis is the stimulation of dopaminergic signaling
in the nucleus accumbens of the mesolimbic circuitry, and the frequency and dose of
cannabis use have been reported to correlate with the risk of developing psychosis [17].
Murray et al. [15] reported that 10 of 13 longitudinal studies they reviewed demonstrated
that cannabis use is positively correlated with increased risk of subsequent development
of psychosis [15]. These researchers concluded that heavy cannabis use leads to increased
risk of psychosis, particularly when use starts in the early teens [15]. The pharmacological
ability to induce acute psychosis has been reflected nosologically as a separate disorder,
and the criteria for substance/medication-induced psychotic disorder are listed in the
DSM-5-TR, which also contains a table of the most often recognized drugs involved [3].

The dopamine hypothesis has had an important relevance for pharmacotherapy, since
many of the antipsychotics developed and currently in use antagonize dopamine D2
receptors [18]. However, many of those antipsychotics are not effective in treating negative
symptoms and cognitive deficits in schizophrenia [13]. Also, in some psychotic patients
who are treatment-resistant, there is no apparent dopamine dysregulation [9].

Although the mesolimbic circuitry is directly implicated in goal-directed behavior,
findings have also demonstrated that mesolimbic dopamine signalling also integrates
homeostatic processes, responding to changes in the physiological state through regulation
of the HPA axis [10]. This suggests an involvement of other factors in psychosis in addi-
tion to mesolimbic dopamine. It has been reported that while patients are experiencing
hallucinations, there is increased activation of the thalamus, hippocampus, and striatum.
Overactivation of the PFC and reduced deactivation of thalamic and striatal networks are
seen in schizophrenic patients experiencing delusions [9]. Additionally, focal brain lesions
can induce psychotic symptoms, such as hallucinations, without apparently impairing
normal subcortical dopamine function in areas of the mesolimbic circuitry [9].

Kesby et al. [9] have cautioned about the translation of dopamine research from animal
models to clinical studies [9]. They have noted that studies on schizophrenia patients and
on subjects with a high risk for developing schizophrenia have revealed increased presy-
naptic dopamine function in the associative striatum rather than, as would be assumed
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from animal studies, the limbic striatum [9]. They have also commented on shortcomings
in some behavioral tests currently utilized in animal studies as representative of psychotic
phenotypes in humans and have stated that the evidence to date suggests a network dys-
function in psychosis that includes several brain regions and multiple neurotransmitters [9].
In a later paper, Kesby and Turner [19] describe how more sophisticated techniques such
as circuit-based optogenetics are very useful for studying neural processes underlying
cognitive deficits in preclinical models. They give as an example a recent study by Tran-
ter et al. [20] in which optogenetics was used in a postnatal phencyclidine (PCP)-treated rat
model that produces schizophrenia-relevant cognitive impairments.

2.2. Glutamate

Although the dopamine hypothesis remains an important theory of psychosis which
has also been valuable in the development of antipsychotic drugs, it became clear that other
factors are also important in the etiology of psychosis, including dysregulation of other
neurotransmitters in addition to dopamine [4]. The glutamate hypothesis proposes that
symptoms of schizophrenia and cognitive impairments are the result of the hypofunction of
N-methyl-D-aspartate receptors (NMDARs) on γ-aminobutyric acid (GABA) interneurons
in the cerebral cortex, resulting in overactivation of downstream glutamate signaling to the
VTA and, possibly, consequent dopamine release in the mesolimbic system [4,21,22].

Buck et al. [13] proposed that a subpopulation of neurons that could co-release
dopamine and glutamate may be implicated in the abnormal reward-seeking behaviors
seen in schizophrenia and in individuals at high risk for psychosis.

Although there is evidence to suggest that the dopamine–glutamate interplay is key
to disrupted synaptic communication, there is some dispute regarding directionality. In-
creased synaptic cleft concentrations of dopamine, such as those produced acutely by
amphetamines, may result in increased glutamate signaling, suggesting glutamate dys-
regulation is a downstream consequence [13,23] which may promote excitotoxicity and
consequent neuronal damage [23]. However, it has also been shown that dopamine hyper-
activity can be a downstream consequence of high levels of glutamate release [4].

Aryutova et al. [18] have provided a table of findings by several research groups on
the etiology of psychosis and have listed several pharmacological studies supporting inter-
actions between dopaminergic and glutamatergic systems. Mice with m-Glu2/3 glutamate
receptors knocked out exhibit super-sensitivity to dopamine, providing further evidence of
crosstalk between dopamine and glutamate [24]. NMDAR antagonists such as ketamine
are known clinically to induce symptoms characteristic of psychosis [13,25,26]. The bidirec-
tional crosstalk between glutamate and dopamine is demonstrated by a study in which the
antipsychotic haloperidol, a potent D2 receptor antagonist, counteracted the processing
negativity of the NMDAR antagonist ketamine [27]. Treating schizophrenic patients using
the antipsychotic drug clozapine also blunts ketamine-induced psychosis [25,28].

A possible downstream consequence of the elevated release of glutamate in psychosis
is excitotoxicity. Normal functional communication in the brain relies on a balance between
excitatory and inhibitory networks, utilizing glutamate and GABA as neurotransmitters,
respectively, and a perturbance of the excitatory/inhibitory (E/I) balance contributes to
neural network dysfunction and leads to cognitive and behavioral deficits. Abnormalities
in GABA neurotransmission are also linked to the effects of hypoactive NMDARs on GABA
interneurons, leading to E/I imbalance as a possible mechanism of increased dopamine
activity and, ultimately, psychosis [29].

Regarding the involvement of glutamate in psychosis, there has also been a great
deal of interest in recent years in the possible role of the amino acid D-serine, a potent
co-agonist at the glycine site on the NMDAR. Abnormalities in the levels of D-serine and/or
the activity of enzymes involved in its synthesis and catabolism have been proposed in
schizophrenia [30], and D-serine and inhibition of its catabolism have been reported to be
useful in treatment of schizophrenia [22,31,32]
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2.3. Serotonin

There is evidence that the neurotransmitter serotonin (5-hydroxytryptamine; 5-HT) is
implicated in psychosis pathophysiology. The serotonin hypothesis implicates excessive
activation of 5-HT2A receptors [33], particularly those on glutamate neurons in the anterior
cingulate cortex and dorsolateral frontal lobe [34] in psychosis. Upregulation of these
5-HT2A receptors may lead to excess glutamate release in the cortex [4]. Therapeutic
interventions have demonstrated that the antagonism of serotonin 5-HT2A receptors is
effective for reducing psychotic symptoms in Parkinson’s disease [4].

Several atypical (second-generation) antipsychotics block both dopamine D2 and
5-HT2A receptors, but they vary markedly in their effectiveness in blocking the psychotic
effects of methamphetamine [35]. It has been proposed that hallucinogenic drugs such
as psilocybin and lysergic acid diethylamide (LSD) act as 5-HT2A receptor agonists [4].
Gonzalez-Maeso et al. [36] proposed that these hallucinogenic drugs can interact with both
glutamate and serotonin receptors at what has been proposed as the 5-HT2AR/mGluR2
complex. Analysis of post-mortem brain tissue of untreated schizophrenia patients has
revealed upregulation of 5-HT2A receptors and downregulation of mGluR2 glutamate
receptors [36]. It has been hypothesized that this complex integrates serotonin and gluta-
mate signaling to regulate sensory gating (the ability of the brain to modulate sensitivity to
sensory stimuli that are incoming), a perturbation of which has been proposed to occur in
psychosis [36].

Psychosis may also involve interactions with other physiological mechanisms such as
neuroinflammation, oxidative stress, and mitochondrial dysfunction, which are linked to
the inhibition of neurogenesis and the onset of cell death, so exploring these facets in the
context of psychosis has also been an active area of research.

3. Neuroinflammation

As the brain is considered immunologically privileged due to the presence of the
blood–brain barrier (BBB), the consequences of neuro-immune interactions have often
been overlooked. However, considerable preclinical and clinical evidence now points to
significant neural–immune interactions and a bidirectional communication between the
nervous and immune systems. Arguably, inflammation is a double-edged sword. While an
inflammatory response is a protective mechanism, unaddressed chronic inflammation can
be harmful, making it an underlying mechanism of action for neuropathology. An inflam-
matory response characterized by elevated pro-inflammatory cytokine concentrations is
characteristic of many psychiatric disorders, and the finding that neuroinflammation tends
to precede psychosis symptomology implicates it as part of the psychotic pathogenesis [37].

Pro-inflammatory cytokines such as interleukin (IL)-6, IL-8, and tumor necrosis factor
(TNF)-α are involved in the perpetuation and maintenance of an inflammatory state. Low
levels of cytokine production are integral to maintaining homeostasis, but the severity
of clinical symptoms in schizophrenia has been reported to correlate with the levels of
pro-inflammatory cytokines [38]. Clinical studies have reported increased concentrations
of IL-β, IL-6, and TGF-β in chronic schizophrenia and first-episode psychosis patients [39].
Similarly, analysis of post-mortem brain tissue revealed that 40% of schizophrenia patients
had a high inflammatory-expression signature [40]. It has also been reported that increased
concentrations of pro-inflammatory cytokines were seen not only in first episode psychosis
patients, but in young at-risk adults prior to the onset of psychosis [41,42], and it has
been hypothesized that these cytokines may be useful trait markers for psychosis [41]. A
recent clinical study by Kim et al. [43] also examined the longitudinal relationship between
peripheral pro-inflammatory cytokines and symptomology in first-episode schizophrenia
patients, and the results revealed a strong correlation between cytokine concentration
and symptomology [43]. The chronic use of methamphetamine has also been linked to
a perturbed immune homeostasis characterized by increased pro-inflammatory cytokine
concentrations [44].
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These findings collectively point toward the role of pro-inflammatory cytokines with
respect to psychosis. Elevated concentrations of these cytokines are implicated in chronic im-
mune activation which disturbs the physiological pathways involved in neurotransmission.
Miller and Goldsmith [45], in a comprehensive review, summarized the evidence of im-
mune dysfunction across the clinical course in schizophrenia. They also reviewed the mixed
success of adjunctive anti-inflammatory agents and other immunomodulatory treatments
in schizophrenia and suggested that adjunctive monoclonal antibody immunotherapy
should be considered in the future. Clinical trials with a number of monoclonal antibodies
in schizophrenia are ongoing; the initial results are potentially promising, but the need for
longer-term treatment and larger cohorts in future investigations is emphasized [46,47].

Both dopamine and glutamate have been found to be involved in inflammation-
mediated processes. As studies have demonstrated that induced IL-1β promotes conver-
sion of rat mesencephalic progenitor cells into dopamine neurons, it has been argued that
IL-1β has a causal role in dopamine dysregulation [48,49]. Other studies have demon-
strated that the administration of IL-8 and IL-1β in infancy to rodents affects dopaminergic
signaling in adulthood [49–51]. Other pro-inflammatory cytokines have also been linked
to dopaminergic signaling. For example, Felger et al. [52] demonstrated that the repeated
administration of the cytokine interferon (IFN-α) in rhesus monkeys results in altered
dopamine release in the striatum [52]. Furthermore, as dopamine is involved in the dy-
namic regulation of immune cells, the cytokine–dopamine interactions are believed to be
bidirectional [53]. In a comprehensive review paper, de Bartolomeis et al. [49] reported
that a link between inflammation and glutamate was supported by studies on overactive
microglia in schizophrenia patients and maternal immune activation (MIA) animal models.
The immune response of glial cells can cause an impairment of glutamate reuptake and
increased production of kynurenic acid (an antagonist of NMDA receptors which can
reproduce the NMDAR hypofunction characteristic of psychosis).

Glial cells are known to contribute significantly to inflammation and can also affect
other mechanisms that may contribute to psychosis. Therefore, a discussion of some of
those effects follows (see Table 1 for a summary).

Table 1. Some properties of glia which have potential relevance to psychosis. Information in this
table is taken from the material referenced in the text of this review. ROS = reactive oxygen species;
RNS = reactive nitrogen species; BBB = blood–brain barrier.

Microglia Astrocytes Oligodendrocytes

• When activated, can cause
inflammation by release of
cytokines and may be involved in
excessive synaptic pruning, loss of
cortical volume, and cellular
dysfunction in the PFC

• Reactivity can be increased by
NMDAR antagonists

• Activation is reduced by some
antipsychotics

• May disrupt the BBB through
secretion of ROS and cytokines

• Express a wide variety of receptors,
transporter enzymes, and
ion channels

• Regulate nutrition of neurons,
formation and modulation of
synapses, and BBB function

• Regulate glutamate and
GABA transport

• Involved in secretion of synaptogenic
and neurotrophic factors, but can also
eliminate synapses

• Important in the
glutamate–glutamine cycle

• Can influence synthesis of D-serine
• Regulation of oxidative stress and

inflammation
• Can be a source of ROS and RNS

related to mitochondrial dysfunction
• Conversely, oxidative stress can

produce adverse effects on astrocytes

• Myelinating cells of the CNS
• Density reported to be lowered in

schizophrenia
• The NMDAR antagonist PCP leads

to impaired regulation of
myelination and reduced levels of
oligodendrocytes in mouse
frontal cortex

• Loss of oligodendrocytes may
result in infiltration of
proinflammatory cytokines and
reactive microglia

• They and their precursor cells are
susceptible to oxidative stress

• There is cross-talk among microglia,
astrocytes and oligodendrocytes
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3.1. Microglia

Microglia reside in the central nervous system (CNS) and are immune cells that
facilitate inflammation in their active state. In normal physiological conditions, microglia
provide ongoing immune surveillance and are the first line of defense against harmful
cellular debris. However, in pathological conditions, such as psychosis, microglia become
chronically active, thus facilitating a state of inflammation [54].

Pro-inflammatory cytokines can trigger the conversion of microglia from a resting
to an active phenotype in which these cells can also release pro-inflammatory cytokines
such as IL-6 [49,55]. Microglia-derived cytokines also reciprocally influence and modulate
neuronal function [55].

Increased microglial activation has been reported in schizophrenia patients [56]. Fur-
thermore, elevated microglial activity and neuroinflammation have been reported to be
correlated with psychosis, demonstrating a positive correlation with symptom severity [56].
Chronic microglial activation and elevated pro-inflammatory markers precede the onset
of psychosis, demonstrating that an inflammatory status may be predictive of psychotic
symptoms [57]. Chronic microglial activation has been identified as a mechanism behind
excessive synaptic pruning, loss of brain volume in the cortex and cellular dysfunction in
the PFC, all of which are characteristic pathologies of psychosis in schizophrenia [49]. Acti-
vated microglia, through secretion of reactive active species (ROS) and pro-inflammatory
cytokines, can disrupt blood–brain barrier (BBB) endothelial function [54].

MIA models in rodents have shown that a maternal infection may lead to immuno-
logical changes that mobilize microglia, thus predisposing offspring to psychosis-like
symptoms [49,57]. An animal inflammatory model using MIA demonstrated behavioral
abnormalities consistent with schizophrenia as well as increased dopamine in the PFC and
nucleus accumbens [49]. These findings demonstrate that psychosocial stressors can cause
microglial activation, resulting in a low-grade inflammatory state. The effects of MIA on
microglia are evident at a morphological level through changes in microglial density and
arborization, potentially further contributing to the pathogenesis of psychosis [49]. Further-
more, recent findings suggest that antipsychotics reduce microglial activation, offering an
additional reason as to why antipsychotics may be of assistance in the clinical setting [55].

Glutamate is also thought to interact with microglial cells as a driver of dendritic
apoptosis and synaptic pruning in psychosis [58]. Pharmacological models of schizophrenia
include the application of NMDAR antagonists, such as phencyclidine (PCP), ketamine,
and dizocilpine (MK-801). Such models have resulted in neuroinflammation characterized
by microglial reactivity and pro-inflammatory cytokine production and apoptosis [59].
Glutamate excitotoxicity is also characterized by an overproduction of pro-inflammatory
cytokines and neuroinflammation through its action on microglia [60].

3.2. Astrocytes

Astrocytes, the most abundant glial cells in the CNS, are multi-faceted cells that express
a wide range of receptors, transporters, enzymes, and ion channels [61].

They are key to maintaining homeostasis in the CNS by regulating the following:
provision of nutrition to neurons; neurotransmitters (particularly glutamate); ion and water
homeostasis; formation and modulation of synapses; cerebral blood flow and metabolism;
development, maintenance and function of the blood–brain barrier (BBB); iron transport;
and defense against oxidative stress [61–64]. Astrocytes transfer glucose and lactate to
neurons and can remove neurotransmitters such as glutamate from the synaptic cleft and
release modulatory factors [64]. It has been reported that astrocytes are responsible for
retrieving approximately 80% of the glutamate from the synaptic cleft via glutamate trans-
porters [65]. Astrocytes also express GABA-A and GABA-B receptors as well as GAT-1
and GAT-3 transporters and can release GABA and regulate its concentration [66]. In
addition to mediating the uptake and release of neurotransmitters, astrocytes can promote
the function of synapses by the secretion of synaptogenic and neurotrophic factors such as
thrombospondins, hevin, and transforming growth factor-beta1 (TGF-β1) [66]. Astrocytes



Antioxidants 2024, 13, 709 8 of 26

can also eliminate synapses by various mechanisms, including direct phagocytosis, stimu-
lating microglia to phagocytose and activating the intracellular inositol 1,4,5-triphosphate
(IP3) pathway, resulting in release of Ca2+ from the endoplasmic reticulum [61]. Astro-
cytes are also an important component of the glutamate–glutamine cycle. In this cycle,
glutamate released from neurons is transported into astrocytes, where it converted to
glutamine, which is then returned to neurons, where it is subsequently converted to glu-
tamate [67,68]. Analysis of CSF has demonstrated that first-episode psychosis (FEP) and
drug-naïve schizophrenia patients have an elevated glutamine-to-glutamate ratio [69,70].
The density of astrocytes expressing the disrupted-in-schizophrenia 1 (DISC1) gene has
been reported to be decreased in the dentate gyrus of hippocampus in schizophrenia pa-
tients compared to healthy controls [71]. This situation will result in decreased synthesis of
the NMDAR co-agonist D-serine [22].

Although there is considerable disagreement in the literature, several postmortem
studies on schizophrenia have reported changes in astrocytic density and/or astrocytic
markers in schizophrenia [61]. Laricchiuta et al. [72] discuss the confounding factors that
make clinical studies on astrocytic and microglial markers in schizophrenia difficult.

Astrocytes can also play an important role in oxidative stress and neuroinflammation.
As indicated by Chen et al. [63], the actions of astrocytes regarding oxidative stress can be a
mixed blessing. Under normal circumstances, astrocytes can have an antioxidant response,
producing various antioxidants (e.g., glutathione), removing glutamate, and activating
antioxidant systems like Nrf2, protecting against the damage related to oxidative stress.
However, under pathological conditions, astrocytes can be a source of reactive oxygen
species (ROS) or reactive nitrogen species (RNS) as a result of mitochondrial dysfunction,
impaired metabolism, increased glutamate, and/or reduced antioxidant generation. These
free radicals promote activation of microglia and neuroinflammation [63]. Oxidative stress
can also have a detrimental effect on astrocytes. It is known that oxidative stress can
affect the metabolism and secretion of glutamate in astrocytes [63]. For example, hydrogen
peroxide can cause mitochondrial damage [73] and reduce the effectiveness of the glutamate
transporters of astrocytes [63].

As indicated above, astrocytes affect the development, maintenance and function of the
BBB. It is now well documented that there is often BBB dysfunction in psychosis [54]. Naj-
jar et al. [74] reported neurovascular epithelial dysregulation and BBB hyper-permeability
in schizophrenia patients. The functional impairment of the BBB, described as ‘leaky’ in the
literature, is of interest regarding both neuropathology and pharmacological interventions
in psychosis. It has been postulated that BBB disruption is secondary to neuroinflamma-
tion, and the leaky BBB allows for a greater infiltration of pro-inflammatory mediators,
worsening the BBB integrity and inflammatory state [54,75].

The endothelium of the BBB acts within the modular neurovascular unit comprising a
capillary segment and its associated pericytes, basement membranes, astrocytes, microglia,
and neurons [54,76]. Changes in the BBB neurovascular unit may include the following:
alterations in the expression of ion channels and drug transporters on endothelial cells
and glia; increased leakiness of tight junctions; and changes in regulation of adhesion
molecules and leucocytes. See [54] for tables on abnormalities of BBB-associated molecules
in psychotic disorders and the effects of risk factors for psychotic disorders on the BBB.
The acidic calcium-binding protein S100B is secreted by astrocytes and oligodendrocytes.
Although its validity as a marker of BBB disruption has been questioned [77], meta-analyses
have reported that schizophrenia patients have higher serum S100B concentrations than
controls [78,79] and that there is a positive correlation between S100B levels and posi-
tive symptoms, total psychopathology scores, and duration of psychotic illness [79]. As
mentioned previously in this review, there is considerable evidence supporting immune
dysfunction in psychotic disorders, and activated microglia, through secretion of ROS and
cytokines, may disrupt BBB endothelial function [54]. Astrocytes can have a dual role in
BBB function since several astrocyte-derived vascular permeability factors can aggravate
BBB disruption. Several protective factors, also astrocyte-derived, can attenuate the increase
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in BBB permeability, resulting in BBB protection [80]. According to Pollak et al. [54], the
increased glutamate release as a result of hypofunctioning NMDARs in psychosis may also
contribute to a leaky BBB.

3.3. Oligodendrocytes

Psychosis symptoms have been identified in clinical conditions that display a dis-
ruption of normal myelination, pointing towards abnormal oligodendrocyte function. In
normal physiological conditions, oligodendrocytes are the myelinating cells of the CNS,
and thus are critical for the propagation of action potentials and neuronal communication.

Post-mortem analysis of brain tissue of schizophrenia patients revealed that approxi-
mately 14–22% had reduced densities of oligodendrocytes [81]. Abnormal myelination of
connecting fibers in the left front-temporal region, a brain region thought to be involved
in the development of auditory and verbal hallucinations, was also seen in psychosis
patients [82]. Furthermore, some studies have linked demyelination-induced delays in
processing speed to discrepancies in sensory feedback mechanisms in patients with psy-
chosis [81]. A study by Zhang et al. [83] found that PCP-injected mice not only displayed
schizophrenia-like behaviors, but PCP administration led to impaired myelination in lo-
calized regions such as the frontal cortex and decreased quantities of oligodendrocytes.
Myelin gene knockout mice also have schizophrenia-like behavioral deficits, leading to the
postulation that abnormal oligodendrocyte function contributes to the etiology of psychotic
disorders [81]. As patients with myelin-related disorders have also exhibited psychosis,
this led to the postulation that perhaps interruptions of myelination in localized regions
such as the frontotemporal, callosal and periventricular fiber tracts underlie psychotic
behavior [84].

Oligodendrocytes are also susceptible to the excitotoxic effects of glutamate [84]. These
cells are also thought to have immune–inflammatory functions, and thus can downregulate
the extent of inflammatory damage [85,86]. This suggests that the loss of oligodendrocytes
has a multifactorial effect, leading to impaired myelination, as well as permitting infiltration
of pro-inflammatory cytokines and reactive microglia [86].

Crosstalk among microglia, astrocytes, and oligodendrocytes may play an important
role with regard to psychosis. Although the oligodendrocytes are the glial cells primarily
involved in myelination, it has been reported that microglia and astrocytes, in both their
quiescent and activated forms, can modify differentiation of oligodendrocyte progenitor
cells into myelinating oligodendrocytes and affect remyelination by oligodendrocytes [87].
Microglia and astrocytes interact with each other in multiple ways, including at the level of
direct contact, and on secretion of factors affecting inflammation and exocytosis [88].

4. HPA Axis

The HPA axis consists of a cascade of neuroendocrine interactions responsible for
homeostatic regulation. Elevations in the activity of the axis have been implicated in several
mental disorders, including schizophrenia and other psychotic disorders [89].

Stressors can lead to a perturbance of homeostasis through activation of the HPA
cascade. Psychosocial stressors have been proposed as risk factors for subsequent de-
velopment of psychotic illness [90]. Similarly, trauma history has been reported to be a
predictor of psychosis, with the severity of adverse childhood experiences and trauma cor-
related with the risk of emerging psychotic symptoms [90]. Mayo et al. [90] hypothesized
that repeated exposure to stressors leads to stress sensitization and, consequently, HPA
axis dysregulation.

A state of low-grade inflammation, characterized by increased levels of pro-inflammatory
cytokines such as IL-6, is correlated with childhood trauma and abuse [49]. Since psy-
chological stress can also activate an innate immune response through HPA activation,
elevation of levels of pro-inflammatory cytokines could be a consequence of chronic HPA
activation. HPA axis dysregulation secondary to hypercortisolemia has been reported in
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psychotic patients, and the mechanism of action is believed to be increased concentrations
of IL-1, IL-6, and TNF-α [49].

Glucocorticoids such as cortisol are key mediators of the HPA axis, and thus a poten-
tial biological marker of stress. In patients with psychosis, elevated cortisol levels have
been observed where repeated exposure to stress results in both sensitization of the HPA
axis and an increased risk of psychosis [90]. Stress-induced cortisol hypersecretion may
contribute to psychosis symptomology. Kazi and Hoque [91] reported that administering
corticosteroids to patients with no prior psychiatric history induced neuropsychiatric side
effects such as acute psychosis. Additionally, increased release of glucocorticoids can also
directly affect dopaminergic neurotransmission within the mesolimbic pathway. According
to Mikulska et al. [92], studies support a causative link between elevated cortisol levels and
increased dopamine release [92]. This is further supported by studies in which glucocor-
ticoid antagonists relieve psychotic symptoms [92]. The finding that antipsychotics can
suppress HPA axis activity suggests another mechanism through which antipsychotics are
clinically effective [92].

HPA axis dysregulation, in the form of cortisol hypersecretion, has many downstream
consequences that can exacerbate psychiatric symptoms. There is bidirectional communica-
tion between the HPA axis and systemic inflammation such that chronic disruption of home-
ostasis can contribute to psychotic symptoms [92]. Aligned with the stress-sensitization
model, a lack of regulation implicates a heightened stress response, while the inability to
respond to stressors increases ‘wear and tear’ in the body. Thus, unregulated HPA axis
activity can be viewed as a pathway contributing to psychosis through neuroinflammation.
The systematic consequences of stress-induced HPA dysregulation and elevated cortisol
levels include alterations of microglial activity and, consequently, a state that resembles
neuroinflammation [55].

The neural diathesis-stress model postulates that repeated exposure to psychosocial
stressors leads to abnormalities in the HPA axis, which consequently exacerbates the re-
sponse to stressors and leads to dysregulation of both dopamine and glutamate levels [93].
Homeostatic signals are also integrated by dopaminergic neurons of the mesolimbic cir-
cuitry [10]. Hormones related to physiological states such as hunger, fluid intake, and
other satiety behaviors are expressed throughout the brain, and interact directly with
the mesolimbic pathway [10]. Glutamate dysregulation drives HPA axis activity through
increased excitatory signaling, whereas chronic HPA activity also alters glutamate homeo-
static levels [93]. Thus, hormonal dysregulation may be relevant to the pathophysiology of
psychotic disorders through interaction with neurotransmitters and HPA dysfunction [93].

5. Gut–Brain Axis

The brain is also in constant communication with the gastrointestinal (GI) system
through the GBA, a bidirectional communication network, the effects of which are exerted
through pathways including the neuroendocrine HPA axis, the immune system, and the
autonomic nervous system (e.g., the vagus nerve) [94–96] (Figure 2). Psychosis is also
often associated with chronic GI inflammation, suggesting that dysfunction in psychosis
may extend to changes in the gut microbiome, which has critical functions involved in the
regulation of host homeostasis. Myelination, neurotransmission, BBB organization, the
HPA axis and neural–immune interactions can be directly altered as a consequence of the
activity of the gut microbiome [95–99].

Kraeuter et al. [100], in a systematic review of preclinical and clinical studies in
psychosis, concluded that despite variable findings in the literature due to complicating
factors such as lifestyle/environment, sex, gender, age, details of methods for processing
fecal samples, and medication effects, the research overall supports the hypothesis of an
alteration in the gut microbiome in psychosis, compared to healthy controls, and that the
gut microbiome changes may precede the appearance of clinical diagnostic symptoms of
schizophrenia-spectrum disorders. Zhu et al. [101] found that when Streptococcus vestibularis
bacterium, one of 11 different bacterial taxa reported by them to be enhanced in medication-
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free schizophrenia patients, as compared to controls, was administered to mice, altered
neurotransmission and schizophrenia-like behavioral deficits were observed. Similarly,
animals that received gut microbiota from schizophrenia patients through a fecal transplant
had lower glutamate levels and higher glutamine and GABA levels in the hippocampus
than did healthy controls and displayed a schizophrenia-like behavioral phenotype [102].
In a systematic review which included studies on gut microbiota composition in people
with schizophrenia and healthy controls, McGuinness et al. [103] reported that 81% of the
analyses found no difference in α-diversity (richness or evenness of the taxa) between
the two groups, while 79% found a significant difference in β-diversity (variability in the
identity of the taxa observed).
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The gut microbiota can produce inflammatory metabolites that cross the BBB, but
inflammatory processes also influence the composition of the gut microbiome [104]. Inflam-
matory processes have been found to affect the permeability of the GI tract; abnormalities
in the epithelial barrier are characteristic findings in psychotic disorders [97]. Individuals at
clinical high risk (CHR) for psychosis have been reported to have increased plasma levels
of pro-inflammatory cytokines, which was predictive of decreased volume in the PFC [97].
The same authors hypothesized that disturbed gut microbiome composition could be an
etiological factor behind elevated levels of pro-inflammatory cytokines in the periphery
and CSF [97].

The gut microbiome also plays a role in regulating the maturation and function of
microglia [97,105]. A study by Erny et al. [106] found microglia defects in germ-free (GF)
mice, which were partially restored through supplementation with short-chain fatty acids
(SCFAs). SCFAs such as acetic acid, propionic acid, and butyric acid are by-products of
certain gut microbes, can cross the BBB, and have been shown to decrease the reactivity
of microglia, attenuating inflammation [107]. Gut microbiota dysregulation has also been
linked to microglia-mediated neuroinflammation in schizophrenia [108]. A study by
Zhao et al. [109] postulated that the gut microbiota modulates the maturation of astrocytes.
Although these findings are not specific to psychosis, the interactive relationship between
gut dysbiosis, BBB permeability, and astrocytic function is of great interest. Furthermore,
the gut microbiome also influences myelination within the CNS. This was supported
by evidence that GF mice exhibited abnormal myelination of neuronal axons within the
PFC [96,110].
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There is a bidirectional relationship between the HPA axis and the GBA. Not only
can the gut microbiota influence HPA axis activity through mediators that cross the BBB,
but exposure to stressors can affect mediators of the HPA axis and ultimately affect the GI
barrier. Studies using GF mice have shown that exposure to gut microbes, particularly at an
early developmental stage, is necessary for the development of the HPA stress response [94].
Studies have demonstrated that stress, in the form of MIA, results in chronic HPA axis
activation and, consequently, changes in the composition of the gut microbiome in both
rats and rhesus monkeys [111,112]. Stressors have been linked to altered quantities of
Lactobacillus, and probiotic supplementation with Lactobacillus helveticus partially rectifies
HPA dysfunction and suppresses hypersensitivity associated with visceral pain [112,113].

The gut microbiome can also catalyze synthesis of neurotransmitters such as dopamine,
noradrenaline, glutamate, GABA, acetylcholine, and serotonin. The gut microbes produce
large amounts of tryptophan (the precursor to serotonin) and related tryptophan metabo-
lites such as kynurenic acid and quinolinic acid. These metabolites have been proposed
as being involved in the etiology of several neuropsychiatric disorders and in oxidative
stress and mitochondrial dysfunction [105,114]. Administration of antibiotics such as
ampicillin has been linked to decreased dopamine levels in the hypothalamus [108,115].
Zheng et al. [102] transferred the microbiota of schizophrenia patients to mice, which in-
duced changes in the gut microbial composition of the mice and produced a schizophrenia-
like behavioral phenotype. Perturbed glutamatergic neurotransmission and notably de-
creased concentrations of glutamate in the hippocampus were observed as a result [102].
Furthermore, administering the prebiotic galacto-oligosaccharide (B-GOS) to rats increased
NMDAR function in cortical regions [105]. With respect to serotonin, approximately 95%
of its production is within the GI tract [105]. Intestinal microorganisms can affect the
metabolism of tryptophan, a serotonin precursor obtained from dietary protein which
can cross the BBB [107]. Plasma concentrations of tryptophan have been reported to be
notably lowered in both first-episode psychosis and antipsychotic-free schizophrenia pa-
tients [116,117]. Lowered plasma tryptophan was found to be correlated with a lower
fractional anisotropy of white matter and lower glutamate levels in the frontal white matter
of schizophrenia patients, compared to controls [116]. A study by Zhu et al. [101] revealed
that transplantation of fecal microbiota from schizophrenia patients into antibiotic-treated
mice resulted in schizophrenia-like behaviors as well as reduced tryptophan and increased
levels of dopamine in the PFC and serotonin in the hippocampus.

There is also evidence to demonstrate that several antipsychotics have antibiotic prop-
erties and can affect the composition of the gut microbiome [118,119]. The gut microbiome
has also been identified as a factor mediating metabolic side effects of second-generation
antipsychotics [120,121]. The chronic use of antipsychotics can cause dysbiosis of the gut
microbiome, with resulting dysregulation of the neurotransmitters dopamine, glutamate,
serotonin, and noradrenaline; increases in inflammation pathways; oxidative stress; and
mitochondrial dysfunction [119]. The consequences may include resistance to treatment
and increased severity of metabolic irregularities [122].

6. Oxidative Stress

Oxidative stress is often described as the result of an imbalance between the production
of reactive species, or free radicals, and the inability of the body to detoxify these reactive
products [57,123]. The excess production of these reactive species can result in molecular
damage, cellular dysfunction, neurotoxicity, and activation of both apoptotic and necrotic
cell-death pathways [8]. Most of the literature reports on oxidative stress deal with reactive
oxygen species (ROS) (e.g., the superoxide free radical and hydrogen peroxide), but there
can also be reactive nitrogen species (RNS) such as the nitroxyl anion and various nitrogen
oxides. ROS are produced as by-products of the mitochondrial production of adenosine
triphosphate (ATP) [123]. Under healthy conditions, the body can maintain a balance
between oxidation and reduction in tissues (redox balance). In conditions of high stress,
free radicals may have a negative effect on molecules such as lipids, proteins, and nucleic



Antioxidants 2024, 13, 709 13 of 26

acids. The body has a set of enzymatic (e.g., superoxide dismutase, catalase, and glutathione
peroxidase) and non-enzymatic (e.g., glutathione, metal binding proteins, and uric acid)
antioxidant defenses to combat the excessive accumulation of ROS and RNS [123]. It
has been proposed that maternal infection during pregnancy may be a risk factor for the
development of disorders such as such as schizophrenia in the offspring [124]. In a study
in pregnant rats treated with the bacterial endotoxin lipopolysaccharide (LPS) to mimic
maternal infection, Lante et al. [124] investigated biochemical changes in the hippocampi
of the fetuses. Oxidative stress, as shown by a rapid increase in protein carbonylation and a
decrease in the levels of α-tocopherol and glutathione, was observed in the male, but not the
female, fetuses. Similarly, impairment of NMDAR synaptic currents, long-term potentiation
in the CA1 region, and spatial recognition in the water maze test were observed in male,
but not female, 28-day-old offspring. These LPS-induced changes in the male fetuses and
28-day-old males were prevented by pretreatment with the antioxidant N-acetylcysteine
(NAC) [124]. This study also highlights the importance of designing studies which include
both sexes.

ROS production is an inherent part of aging and is influenced by environmental and
genetic factors. However, in pathological conditions such as psychosis, oxidative stress ex-
acerbates and accelerates the extent of neuronal damage through mitochondrial dysfunction
and pro-apoptotic pathways. Oxidative stress bidirectionally communicates with multiple
physiological mechanisms, extending its effects to neurotransmission, neuroinflammation
and homeostatic networks such as the HPA axis. Murray et al. [123] have described how
oxidative stress may be involved in hypotheses of psychosis involving dopamine, gluta-
mate, the immune system, and disrupted brain connectivity. Fraguas et al. [125] conducted
a systematic review of cross-sectional studies comparing blood markers of inflammation
and oxidative stress in first-episode psychosis (FEP) patients and healthy controls. They
found lower total antioxidant status and docosahexaenoic acid levels and higher levels of
homocysteine, IL-6, and TNF-α in FEP patients, compared to controls. It was concluded that
there was reduced antioxidant status and a pro-inflammatory imbalance in FEP patients.

Oxidative stress seems to be particularly important with regard to dopamine. ROS
can block the dopamine transporters (DATs) which regulate dopamine degradation [126].
Rodent models demonstrated that these effects are present in the mesolimbic pathway,
as increased dopamine concentrations are observed in the synaptic cleft in the nucleus
accumbens following decreased reuptake [126]. A major source of oxidative stress in the
brain is thought to originate from the auto-oxidation of increased dopamine levels [127,128].
Dopamine also decreases the activity of antioxidant systems, augmenting the effects of
oxidative stress [126]. Grima et al. [129] studied cultured cortical neurons with a low
concentration of glutathione in the medium and found that dopamine decreased that
concentration by 40%. They proposed that this effect was the result of conjugation of a
semiquinone/quinone metabolite of dopamine with glutathione.

Jitca et al. [126] reported that administering psychostimulants that increase dopamine
concentrations in the synaptic cleft exerts a pro-oxidative effect in localized areas implicated
in psychosis, such as the hippocampus and PFC. Positron emission tomography (PET)
imaging has indicated that increased dopaminergic neurotransmission can be neurotoxic,
leading to increased production of ROS [130]. Additionally, psychostimulants may decrease
the capacity of protective antioxidant enzymes [126].

As previously stated, NMDAR hypofunction and increased release of glutamate are
characteristics of psychosis. The resultant glutamate-induced excitotoxicity is associated
with the production of ROS and oxidative stress [126]. Mikulska et al. [92] also noted
a correlation between oxidative stress and the symptoms of patients with first-episode
psychosis. There is an evident bidirectional relationship between oxidative stress and
NMDA hypofunction. On the one hand, NMDAR hypofunction could lead to uncontrolled
oxidation and high neurotoxicity in parvalbumin interneurons (PVIs) [57]. PVIs are in-
hibitory GABAergic neurons that are partly responsible for maintaining an E/I balance [57].
These neurons have critical functions in neurochemical communication, and they have
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a high metabolic demand, making them increasingly susceptible to oxidative stress and
severe damage [57]. Both immune dysfunction and oxidative stress lead to the pruning of
PVIs, which is thought to be a key pathophysiology involved in psychosis [51]. Preclinical
studies on rat models have also suggested that impaired function of PVIs leads to elevated
dopamine in the mesolimbic system, contributing to the hyperactivity of dopamine [130].
As oxidative stress precedes deficits in PVIs, NMDAR hypofunction can be viewed as
a secondary consequence of oxidative stress [57]. Amphetamine-induced neurotoxicity
following oxidative stress has been proposed as being mediated by NMDAR glutamatergic
neurotransmission [126]. Both NMDAR hypofunction and PVI disruption are hallmarks of
psychosis [57].

Reactive astrocytes and microglia are capable of producing ROS, and not only induce
increased pro-inflammatory cytokine release, chronic inflammation, and cell death, but are
capable of perpetuating a reinforcing cycle [57]. Thus, immune activity, which is elevated
in psychosis, is considered a major source of oxidative stress. On the other hand, oxidative
stress can induce neuroinflammation, demonstrating the bidirectional mechanism of action
underlying psychosis. Some studies suggest that psychosis in immune activation models is
mediated by increased oxidative stress [57].

Reactive microglia are also found to disrupt BBB function through the increased secre-
tion of pro-inflammatory cytokines and ROS [54]. Oligodendrocytes and their precursor
cells are also notably susceptible to oxidative stress, in which ROS disrupts physiological
signal transduction and the formation of myelin [33]. The finding that oxidative stress
and the neuroinflammatory processes of the immune system interact in pathophysiolog-
ical conditions suggests that oxidative stress may be both the cause and consequence of
neuroinflammation [131].

There is also clinical evidence to support the claim that oxidative stress is an underlying
neurobiological mechanism of psychosis, rather than a secondary consequence of patho-
physiology [38,123,128]. In a comprehensive review, Ermakov et al. [38] stated that there is
overwhelming evidence of redox imbalance in schizophrenia and described several factors
that contribute to a pro-oxidant state and redox imbalance. At the molecular level, the
mechanisms involved include genetic and environmental factors that increase susceptibility
to oxidative stress and result in altered redox signalling related to glutathione deficiency
and impaired function of redox-sensitive transcriptional factors (e.g., Nrf2, FoxO, and
NF-kB). The results at the cellular level may include mitochondrial dysfunction, abnormal
myelination, NMDAR hypofunction, and dysfunction of PVIs [38,123]. Murray et al. [123]
have stated that oxidative stress is probably not the cause of schizophrenia but may be
part of the reason for the declining function and poor outcomes. These authors have com-
mented on the close association between the antioxidant glutathione and NMDAR activity.
A decrease in the levels of glutathione, as has been reported in schizophrenia patients,
results in NMDAR hypofunction [132,133]. In a comprehensive review of blood oxidative
stress markers, Rambaud et al. [128] reported increased oxidative damage to lipids and
decreased levels of non-enzymatic antioxidants in the blood of schizophrenia patients.

Therapeutic interventions that target ROS have also been explored. Jitca et al. [126]
discussed the application of antioxidant therapies such as ascorbic acid (Vitamin C), since
it reduces the production of ROS and limits cell damage through regulation of molecules
involved in apoptosis. Exogenous administration of melatonin is also protective against
oxidative stress where an underlying mechanism of melatonin is regulation of glutamate
levels and concentrations of pro-inflammatory cytokines [126]. Similarly, Xu and Fang [8]
reported that administering the antioxidant NAC improves cognitive psychotic symptoms
in schizophrenia. From the clinical studies conducted, Xu and Fang [8] concluded that a
combined therapy which involved the administration of antioxidants in conjunction with
antipsychotics is a promising avenue of treatment for psychotic disorders. The experimental
administration of minocycline, an antibiotic with both anti-inflammatory and antioxidant
properties, improved cognitive deficits induced by the chronic administration of PCP
in animal models [59]. However, it should also be mentioned that there is also some
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disagreement in the literature about the effectiveness of antioxidant treatments added to
antipsychotics in order to improve symptoms in schizophrenia [123,134,135].

7. Mitochondrial Dysfunction

Mitochondria, which play crucial roles in energy metabolism, oxidative stress, and
modulation of synaptic activity, produce almost all of the cellular ATP in the body, via
oxidative phosphorylation carried out by complexes I through IV of the electron transport
chain [136,137]. As pointed out by Roberts [138] in a comprehensive review of post-
mortem studies in schizophrenia, conducting studies on mitochondrial dysfunction is very
difficult. In schizophrenia there are differential effects depending on the brain region,
cellular and subcellular location of the mitochondria, predominant symptoms, and the
treatment involved. There have been deficits in the expressions of multiple genes related
to mitochondrial function reported in many schizophrenia cohorts (see tables in [138]).
Hjelm et al. [139], in a review of the literature in this area, identified 57 mitochondrial genes
reported to be dysregulated (mainly downregulated) in at least two independent studies.
Prominent findings in schizophrenia have included decreased activity of complexes I and
IV and abnormal levels of individual subunits that make up the electron transport chain
complexes [138]. Depending on the brain region and the type of cells studied (e.g., neurons,
astrocytes, and oligodendrocytes), there may be changes in the number or size of the
mitochondria [138].

Research to date strongly suggests that interactions among mitochondrial deficits,
neurotransmitter dysfunction, oxidative stress, and inflammation produce the symptoms
of schizophrenia [140]. Prabakaran et al. [141] conducted a comprehensive study utilizing
transcriptomics, proteomics, and metabolomics on postmortem human brain PFC tissue
from subjects with schizophrenia and matched controls. These researchers found numerous
differences between the two groups, with nearly half of the altered proteins identified by
proteomics being associated with responses related to mitochondrial function and oxida-
tive stress. They hypothesized that the acute and chronic deficits seen in schizophrenia
are the results of diverse genetic and/or epigenetic factors producing hypoxic events in
a constitutively vulnerable PFC. There have been reports for many years of abnormal
energy generation in schizophrenia, accompanied by increased lactate levels and decreased
glutathione levels in the brain and CSF [142–144]. Dopamine can produce deleterious
effects in psychosis through multiple processes such as inflammation, oxidative stress, and
mitochondrial impairment [145,146]. Studies in vitro on neurons showed that dopamine
can lead to apoptosis through mitochondrial dysfunction, reduce cellular ATP, and cause
impairment of mitochondria via inhibition of complex I [147]. With regard to interactions
with glutamate, the excessive Ca2+ influx through NMDARs found in schizophrenia can
cause calcium overload of mitochondria and subsequent potential mitochondrial dysfunc-
tion and activation of cell-death signals [140,148]. There is also evidence for bidirectional
interactions between mitochondrial dysfunction and oxidative stress and inflammation.
Oxidative/nitrosative stress has been reported in schizophrenia [149,150], where it can
cause impairments of mitochondrial oxidative phosphorylation [151,152]. Under nor-
mal conditions, mitochondria have an antioxidant defense system, but alterations in that
defense system have been reported in schizophrenia [153–155]. Dysfunction of the mito-
chondrial complex could also be a source of oxidative stress in schizophrenia [156]. With
regard to inflammation, ROS produced by mitochondria can upregulate the production
of pro-inflammatory cytokines [157]. Conversely, increased levels of pro-inflammatory
cytokines may perturb the mitochondrial anti-oxidative defense system in schizophrenia
patients [156,158].

8. Discussion, Conclusions and Future Directions

This paper has reviewed several important facets of interest in psychosis, namely
neurotransmitter dysregulation, neuroinflammation, oxidative stress, and mitochondrial
dysfunction, which are implicated in psychosis pathogenesis.
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The dopamine hypothesis was crucially important for expanding knowledge of the
neurobiology of psychosis and developing antipsychotic drugs. However, it was obvious
that psychosis was multifaceted, and that other systems in addition to the dopaminergic
system were involved in the etiology of the symptoms. There was considerable interest in
serotonin as a possible target for antipsychotics, and in recent decades there has been an
enormous amount of research conducted that has provided evidence of the hypoactivity of
NMDARs and the subsequent release of glutamate in psychosis. Considerable research has
indicated interactions among dopamine, glutamate, GABA, and serotonin, perturbations of
which may contribute to symptoms of psychosis.

In order to fully understand the etiology of psychosis and develop drug regimens with
wider applicability and reduced side effects, it was necessary to expand research beyond
neurotransmitter dysregulation and to understand other factors that may contribute to the
symptoms of psychosis. There has been considerable research performed on the role of the
endocrine system, primarily involving the HPA axis, and as to the immune system in psychi-
atric disorders in general. As indicated in the current review, dysfunction of these systems
is also evident in some people suffering from psychosis. This interest in the immune system
has led to extensive research on microglia because of their involvement in inflammation and
cytokine release. Additional research has also demonstrated interesting effects of other glia,
i.e., astrocytes and oligodendrocytes, which may contribute to psychosis. With both types
of glia there are interactions with the immune system, and BBB hyperpermeability and
abnormalities in myelination have been reported in psychosis, with the former apparently
related primarily to astrocyte dysfunction and the latter to oligodendrocytes.

Oxidative stress has been reported to be associated with a variety of psychiatric and
neurological disorders, including psychosis. There is now extensive research demonstrating
that oxidative stress can be a product of neurotransmitter dysfunction (e.g., hyperactivity
of dopamine) and dysfunctions of glial cells, the endocrine system, and mitochondria. In
recent years, research activity on the GBA and its involvement in the etiology and phar-
macotherapy of neurological and psychiatric disorders has intensified. It has now been
well documented that this axis interacts bidirectionally with the immune and endocrine
systems. Since there is often low-level inflammation associated with psychosis, activity in
the GBA is likely a contributing factor. Mitochondrial dysfunction obviously contributes to
oxidative stress, but there is also an interaction of mitochondrial dysfunction with neuro-
transmitter function and the immune system in psychosis. Abnormal energy generation
has been reported for many years in schizophrenia, and the mitochondria are primarily
responsible for ATP production and energy generation. Deficits in numerous genes related
to mitochondrial function have been reported in psychosis in many studies.

In this review paper, we have focused on the factors mentioned in the above sections,
but we realize that there is an enormous amount of literature on the role of genetics in
psychotic disorders, particularly schizophrenia. It has been proposed that schizophrenia
results from interactions between genetic predisposition and environmental influences
(e.g., birth complications, stress, toxins, and drugs ([33] for review)), with regulation by
epigenetic changes [33,159]. There have been extensive studies showing that epigenetic
changes in schizophrenia contribute to the hypofunction of NMDARs [160], regulation
of dopaminergic and GABAergic activity [161], and regulation of immune and neuroin-
flammatory responses through the alteration of expression of genes for proinflammatory
cytokines [162]. It has been proposed that prenatal stress-induced epigenetic changes in
the reelin gene may be related to neurodevelopmental changes observed in the PFC in
schizophrenia [163,164]. Epigenetic changes may also be related to the oligodendrocyte
abnormalities in schizophrenia, since they can alter the transcriptions of genes involved
in differentiation of oligodendrocytes and myelination [165]. In a comprehensive review,
Fisar [33] discusses a neurodevelopment–vulnerability–neurochemical model in which the
impairment of synaptic plasticity and neurotransmission in certain neuronal circuits in the
brain is affected by genetic and epigenetic factors and environmental influences. The result
of impaired neurodevelopment is increased sensitivity to stress and/or inflammation [33].
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Regarding the pharmacotherapy of schizophrenia, antipsychotics have been proposed to
affect epigenetic regulation, although further research is necessary to fully understand the
significance of these effects [164]. Epigenetic drugs such as histone demethylase inhibitors,
histone deacetylase inhibitors and DNA methyltransferase inhibitors are being investigated
as drugs possibly to be included in the treatment of schizophrenia [166,167].

There has also been a great deal of research performed identifying possible biomark-
ers in psychotic disorders. We have included information on biomarkers in most of the
sections described above in this review, but a detailed overview of the enormous number of
biomarkers that have been investigated is beyond the scope of this review. There are numer-
ous excellent papers on this topic in the literature (e.g., [33,168–173]). The Yue et al. [172]
paper contains detailed tables on potential diagnostic biomarkers in the following cat-
egories: neuroimmune markers [CNS and peripheral cytokines and C-reactive protein
(CRP)]; neurotransmitter-related metabolic markers; fatty acids; neuroactive steroids; neu-
rotrophins; neuroimaging; genetics; and electrophysiology. Yu et al. [173] present results
from a study on plasma levels of neuropeptides in patients with first-episode schizophrenia
(FES), bipolar disorder (BD), or major depressive disorder and healthy controls. Levels of
neurotensin, α-melanocyte-stimulating hormone (α-MSH), orexin-A, oxytocin, and sub-
stance P were decreased in all three patient groups compared to the levels in the healthy
controls but did not provide a significant differentiation between the three patient groups.
Across the entire sample, neurotensin was associated with better executive function. In the
FES and BD groups, there was an association of increased psychotic symptoms with lower
levels of oxytocin and higher levels of substance P [173].

The exciting and innovative research that has been performed on psychosis in the past
few decades has greatly increased our knowledge of factors involved in the etiology of
psychosis, but has also made us acutely aware of how complex psychotic disorders are.
Although the research has indicated some new areas to pursue as possible drug targets,
there have not been recent big breakthroughs in new drug regimens for treating psychosis.
Part of the problem is that many of the possible biomarkers in psychotic disorders are also
present in other neuropsychiatric disorders. Clinical heterogeneity of schizophrenia is a
complicating factor [174]. There is also always the concern that peripheral biomarkers may
not reflect what is happening in the CNS [168]. In addition, co-occurrence of other disorders
in psychotic disorders (co-morbidity) is common, confounding diagnosis and treatment.
Many of the researchers cited in the current review paper have indicated in their papers
that future studies on psychosis should involve more longitudinal investigations that take
into account factors such as number and sex of subjects, presence of drug treatments,
lifestyle and other risk factors, co-occurrence of other disorders, age of onset, prevalence of
positive and negative symptoms, and nutritional status [71,168,175,176]. Where possible,
approaches using multiple techniques should be used and the findings should be related
to specific symptoms [104,167,168,172,177]. It is very important to compare biomarkers
over the clinical course of schizophrenia [45,119,166]. Many preclinical and clinical studies
have been conducted on the GBA in recent years. The findings have been exciting, but
there is considerable inter-individual variation in the fecal microbial findings (although this
may be useful for future precision health-based diagnosis and treatment). More extensive
longitudinal studies on prebiotics and probiotics need to be conducted before they can be
considered as routine compositions to be given in conjunction with antipsychotics. Such
studies should be combined with metabolomic investigations and consider factors such
as nutritional status, sex, and stage of the illness [96,117,119,121,178]. There have been
increasing studies on connectomics, neuroimaging, and the use of artificial intelligence and
machine learning in investigations on psychosis in recent years, and these will no doubt
continue to expand in the future.

The wide-ranging, interactive mechanisms which apparently underlie psychosis can
be viewed as part of dysfunction of an overarching regulatory network that essentially
integrates multiple physiological mechanisms. Despite the challenges posed by studying
psychiatric symptoms, progress in the understanding of the pathophysiology of psychosis
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is of interest to further spur on the development of new diagnostic procedures and per-
sonalized interventions. The research to date has revealed several new possible targets
for treatment, which is crucial, since drug development in psychosis treatment has been
relatively discouraging. Although the drugs currently available have been of enormous aid
to many patients, many other patients do not respond well, and the drugs can have serious
adverse effects. Contemporary knowledge about the neurobiological mechanisms involved
in psychosis reinforces the understanding that the etiology of psychosis is multifactorial,
emphasizing the need for multidisciplinary approaches to the management of psychosis.
Further understanding of the neuroendocrine, immunomodulatory, and neurobiological
mechanisms within psychosis is of relevance in the field of psychiatry, as it is very impor-
tant for seeking pharmacological, psychiatric, and psychological interventions that may be
protective, reduce susceptibility, and limit the progression of damage, or even reverse both
the physiological and behaviorally induced damage.
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