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Brain aging, which involves a progressive loss of neuronal functions, has
been reported to be premature in probands affected by schizophrenia (SCZ).
Evidence shows that SCZ and accelerated aging are linked to changes in
epigenetic clocks. Recent cross-sectional magnetic resonance imaging analyses
have uncovered reduced brain reserves and connectivity in patients with
SCZ compared to typically aging individuals. These data may indicate early
abnormalities of neuronal function following cyto-architectural alterations in
SCZ. The current mechanistic knowledge on brain aging, epigenetic changes,
and their neuropsychiatric disease association remains incomplete. With this
review, we explore and summarize evidence that the dynamics of gut-resident
bacteria can modulate molecular brain function and contribute to age-related
neurodegenerative disorders. It is known that environmental factors such as
mode of birth, dietary habits, stress, pollution, and infections can modulate
the microbiota system to regulate intrinsic neuronal activity and brain reserves
through the vagus nerve and enteric nervous system. Microbiota-derived
molecules can trigger continuous activation of the microglial sensome, groups of
receptors and proteins that permit microglia to remodel the brain neurochemistry
based on complex environmental activities. This remodeling causes aberrant
brain plasticity as early as fetal developmental stages, and after the onset of
first-episode psychosis. In the central nervous system, microglia, the resident
immune surveillance cells, are involved in neurogenesis, phagocytosis of synapses
and neurological dysfunction. Here, we review recent emerging experimental
and clinical evidence regarding the gut-brain microglia axis involvement in SCZ
pathology and etiology, the hypothesis of brain reserve and accelerated aging
induced by dietary habits, stress, pollution, infections, and other factors. We
also include in our review the possibilities and consequences of gut dysbiosis
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activities on microglial function and dysfunction, together with the effects of
antipsychotics on the gut microbiome: therapeutic and adverse effects, role
of fecal microbiota transplant and psychobiotics on microglial sensomes, brain
reserves and SCZ-derived accelerated aging. We end the review with suggestions
that may be applicable to the clinical setting. For example, we propose that
psychobiotics might contribute to antipsychotic-induced therapeutic benefits
or adverse effects, as well as reduce the aging process through the gut-
brain microglia axis. Overall, we hope that this review will help increase the
understanding of SCZ pathogenesis as related to chronobiology and the gut
microbiome, as well as reveal new concepts that will serve as novel treatment

targets for SCZ.
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1. Introduction

Schizophrenia (SCZ) is a serious disorder affecting 1% of the
population worldwide that poses devastating consequences for the
individuals affected but also society (Velligan and Rao, 2023). The
estimated cost to society (2013) is approximately $155 billions
(Cloutier et al., 2016). A recent Danish study has shown that
healthcare costs for chronic SCZ is estimated to be up to 10
times higher than the cost for other chronic neurological diseases
such as epilepsy or multiple sclerosis (Hastrup et al., 2020); this
difference in cost is explained in part by the high number of co-
morbidities accompanying SCZ (Wilson et al., 1998; Hennekens
et al, 2005). However, SCZ is characterized by complex and
diverse symptoms which are widely grouped into positive (e.g.,
hallucination, delusion, thought disorder), negative (e.g., asociality,
anhedonia, amotivation), and cognitive (e.g., loss of learning
and memory functions) (Keshavan et al., 2011b; Ben-Azu et al,
2016, 2018a,b; Blokland et al., 2017; Okubo Eneni et al., 2020;
Ishola et al., 2021).

The genetic contribution to developing SCZ is relatively high,
with heritability estimates of 81% by meta-analysis of twin studies
and 64% by a large family based study (Sullivan et al., 2003).
Genome wide association studies have greatly contributed to an
understanding of the highly polygenic genetic structure of SCZ
(Sekar et al., 2016; Hudson and Miller, 2018; Dennison et al.,
2020). Nevertheless, each common genetic variants only has a
small effect. Genetic studies robustly indicate that many of the
single nucleotide polymorphisms (SNPs) conferring an increased
risk for SCZ are shared with other neurodevelopmental disorders
(Karimian et al, 2020; Guo et al, 2021) and linked to genes
that are important for neural migration and proliferation (Walsh
et al., 2008; Karimian et al., 2020; Song et al., 2022). Abnormalities
among several brain regions were also identified (Ohtani et al,
2018; Del Re et al, 2021), yet the neural mechanisms underlying
the disorder are largely unknown. In addition, SCZ and other
mental disorders are often accompanied by serious prodromal co-
morbidities (Newcomer, 2007; Kirkpatrick et al., 2008; Kirkpatrick
and Kennedy, 2018; Penninx and Lange, 2018; Mazereel et al,
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2020) including cardiovascular diseases (Wilson et al., 1998; Goft
et al., 2005; Hennekens et al., 2005; Demaria et al., 2014), metabolic
disorders and inflammatory bowel diseases (IBDs) (Newcomer,
2007; Kashani et al., 2017; Bernstein et al., 2019; Verdugo-Meza
et al., 2020).

There are multiple conceptualizations of SCZ that are not
necessarily exclusive. As more data illustrate the biological timeline
and mechanisms of the disease, SCZ is increasingly painted as
both a neurodevelopmental disease and a disease of accelerated
aging. The conceptualization of SCZ as a neurodevelopmental
disorder demonstrates the complexity of the disease as a whole
(Murray and Lewis, 1987; Keshavan and Paus, 2015; Murray et al.,
2017; Ben-Azu et al., 2022). Whereas SCZ symptomatology most
often emerges in late adolescence, phenotypic alterations can arise
much earlier in childhood before the onset of symptomatology
into adulthood (Woodberry et al.,, 2008; Sorensen et al., 2010).
Accompanying these neurodevelopmental SCZ concept, there is a
growing body of experimental data identifying SCZ as a disease
of accelerated aging (Okusaga, 2013; Kirkpatrick and Kennedy,
2018; Nguyen et al,, 2018; Teeuw et al., 2021). Being affected by
SCZ predicts a shorter lifespan, by 10-15 years compared to the
general population (Kirkpatrick et al., 2008), with a mortality rate
that is ~10 times higher than in age-matched controls (Lindqvist
etal, 2015). An autopsy-based study showed that 77.8% of admitted
decadents died of sudden cardiac death such as myocarditis,
cardiomyopathy, coronary artery atherosclerosis, and pulmonary
thromboembolism (Chen et al., 2022). However, other causes of
death were also mentioned, including respiratory inflammation
and hepatic steatosis (Chen et al., 2022), as well as antipsychotic
type such as risperidone and flupentixol owing to their blocking
effects of cardiac potassium channel encrypted by the human
Ether-a-go-go-related gene (hERG) (van Noord et al., 2011; Chen
et al, 2020). One pathomechanistic reason identified between
the increased death rates, and cardiovascular dysfunctions, was
suggested to include the presence of altered levels of the immune-
active gut-bacterial derived metabolite, trimethylamine N-oxide
(TMAO), notably involved in the exacerbation of neuropsychiatric
diseases characterized by vascular senescence, reduced capacity
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to regenerate hematopoietic system, and accelerated aging (Zeisel
and Warrier, 2017; Ke et al., 2018; Li et al, 2018; Chen
et al,, 2019; Brunt et al., 2020). Of note, other measures linked
to accelerated aging were examined, including shortening of
telomere length (Zhang et al, 2016; Whittemore et al., 2019).
Also, increased inflammation and oxidative stress (Olivieri et al.,
2018), which are markers of cellular senescence, are consistent
with the shortened telomere length. Some of these findings
also strongly corroborate a tight link between inflammatory
processes and aging characterized by a decreased capacity to
regenerate the hematopoietic system (Lindqvist et al, 2015;
Leboyer et al, 2016; Zhang et al, 2016). Additionally, an
increased rate of telomere shortening processes was shown in
major psychiatric disorders such as SCZ (Lindqvist et al., 2015),
where microglia-derived pro-inflammatory markers are increased
in the central nervous system (CNS) (Young et al.,, 2014; Leboyer
et al, 2016; Lizano et al, 2021). Robust evidence also reveals
increased rate of telomere shortening in leukocytes across major
psychiatric illnesses that include SCZ, thus corroborating a
tight link between inflammatory processes and aging (Lindqvist
et al, 2015; Leboyer et al, 2016; Zhang et al., 2016); with a
positive relationship between the length of illness and levels
of CNS inflammation, telomere shortening, and oxidative stress
(Nguyen et al., 2018).

The immune system is intimately connected to the gut
microbiota, a system composed of ~40,000 bacterial species
(Sender et al, 2016) that was additionally shown to tightly
affect behavior [see review by (Cryan and Dinan, 2012)]. The
gut microbiota was experimentally demonstrated to mirror the
aging process as its composition reflects shifting biological age
(Galkin et al., 2020; Mullin et al., 2020). In individuals affected by
SCZ, there is evidence of a unique gut microbiome composition
compared to age-matched controls (Shen et al., 2018), suggesting
a tight connection between cellular and chronological aging, gut
microbiome, immunity, and microglial reactivity. Microglia, which
are yolk-sac derived tissue-resident macrophages, are the brain’s
immune sentinels, responsive to aging, trauma, injury, infection
and diseases (Erny et al., 2015; Bisht et al., 2016; Hong and Stevens,
2016). Microglia actively maintain brain homeostasis in both
steady-state and pathology via a variety of cellular and molecular
mechanisms (Tremblay et al., 2010; Tay et al., 2017). Microglia
regulate synapses by eliminating axonal fragments, terminals and
dendritic spines (Tremblay et al, 2010; Tay et al, 2017). Gut
microbiome-derived antigenic materials that influx the CNS are
also known to be eliminated by microglia (Tay et al., 2017). In
the following sections, we progressively summarize evidence for
the conceptualization of “gut-brain microglia axis” hypothesis.
Given the heterogeneous pathogenesis of SCZ, our review was
aimed to bring together authors from diverse backgrounds in
order to provide a broad discussion of the various biological
substrates of the disease. Therefore, we discuss how dysbiosis
affects microglial function in SCZ and the accelerated brain
aging linked to the disease. We also debate the outcome of
antipsychotic drugs on the gut microbiome followed by evidence
showing that psychobiotics might contribute to antipsychotic-
induced therapeutic benefits or adverse effects via a modulation of
the gut-brain microglial axis.
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2. Brain reserve and morphogenesis
in SCZ

Reports from neuroimaging studies have provided mounting
evidence for structural and functional abnormalities of brain
reserves in SCZ (Keshavan et al., 201 1a). Here the concept of brain
or neuronal reserve especially of cortical origin can be considered
as the brain architecture that prevents the development or
expression of a neuropsychiatric condition or delay the occurrence
of premature aging (Shenton et al, 2001; Stern et al, 2019
Del Re et al, 2021). According to Stern’s extensive conception
(Stern et al., 2019), brain reserve can be conceptualized as the
brain resources that allow some individuals to better withstand
pathological processes and healthy aging. The brain reserve
includes morphometry, such as cortical thickness (CT), surface
area (SA), volume, number of neurons and/or other neuro-
biological factors. Cognitive reserve (CR) is an additional measure
which according to Stern et al. (2019) reflects the cognitive
flexibility of the brain exposed to day-to-day life events, as well
as pathologies and aging. In studies of patients with SCZ, higher
brain reserve, measured as greater surface area and gray matter,
was predictive of both social and cognitive responses to Cognitive
Enhancement Therapy (Keshavan et al., 2011b), indicating a role
of the brain reserve in the pathophysiological course of SCZ.
While high cortical reserves particularly in the temporal cortex and
superior temporal gyrus gray matter were linked to improved social
cognitive response, a low cortical reserve was hypothesized as a risk
mediating factor for many forms of mental illness (Shenton et al.,
2001; Keshavan et al., 2011a).

In SCZ, the CT and SA components of the cortex develop along
distinct developmental pathways which are mostly genetically
unrelated and follow differentiated morphogenetic stages during
cortical formation (Lichtenstein et al., 2009; Rimol et al., 2012). The
bulk of the cortical structure development is completed prenatally
while increased gyrification of the superior and inferior frontal gyri
is indicative of further postnatal development (Rimol et al., 2012;
Del Re etal,, 2021). During neurodevelopment, SA and CT interact
dynamically and increase during the first years of life (Gilmore
et al,, 2012; Lyall et al., 2015). Longitudinal data indicate a non-
linear maturation of gray matter density, a measure that includes
both SA and CT (ages 4-21 years) (Gogtay et al., 2004), while
higher order association cortices mature significantly later than
lower-order ones (Gogtay et al., 2004). Within the temporal lobe,
the superior and inferior temporal gyri exhibit slowest maturation,
continuing up to age ~20-21. Within the superior temporal gyrus,
the posterior area appears to mature last (Gogtay et al., 2004). Other
longitudinal studies of CT (Sowell et al., 2004) (ages 5-11 years) or
CT and SA (age 7-29 years) (Tamnes et al.,, 2014; Fjell et al., 2015;
Ducharme et al., 2016) indicate extended fine-tuning of neuronal
connections far beyond childhood, especially in language-related
cortices. The prefrontal cortex, essential to executive function,
might be the last region to mature (Paus et al., 2008). Cognition and
other complex functions are associated with an intact cortex and
ultimately genetics influences the expansion of SA and CT along
specific directions (Grove and Fukuchi-Shimogori, 2003; Narr et al.,
2005; Stiles and Jernigan, 2010; Alexander-Bloch et al., 2013). In
SCZ, smaller CT is described in the prefrontal, temporal, parietal
and occipital regions at various stages of disease progression
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(Narr et al., 2005; van Haren et al., 2011; Rimol et al., 2012; Cannon
et al,, 2015). An association of specific symptomatology, positive
vs. negative symptoms, with temporal (Walton et al., 2017) and
prefrontal (Walton et al., 2018) CT, respectively, was also shown.
In SCZ (Blokland et al., 2017) and other neurodevelopmental
disorders (Schubert et al., 2015), there is a tight genetic relationship
between cognitive dysfunction and disease vulnerability (del Re
et al., 2014; Toulopoulou et al., 2015; Blokland et al., 2017; Song
et al., 2022). There is further an association, albeit less clear,
between SCZ and cortical characteristics, especially CT (Cannon
etal., 2015).

While the process of morphogenesis is especially important
in the study of neurodevelopmental disorders, as it determines
the overall structure of the cortex and the relationships between
its regions, SCZ was also described as a disease of accelerated
aging (Nguyen et al., 2018). Conceptualizing the difference between
chronological aging and biological aging (He and Sharpless,
2017) is important in interpreting the epidemiology of SCZ and
other serious mental diseases (Nguyen et al, 2018). Cellular
senescence (He and Sharpless, 2017), as part of the aging process,
includes cellular growth arrest and activation of several cellular
pathways that respond to DNA damage (Campisi, 2005). Senescent
cells accumulate with increasing age; this process is possibly
linked to lowered immune clearance (Demaria et al, 2014;
Muiioz-Espin and Serrano, 2014; Sanoff et al., 2014), increased
production of senescent cells themselves, abnormal DNA repair,
and telomere dysfunction (Lindqvist et al., 2015; Zhang et al,
2016). Telomeres, sequences of repetitive DNA at the end of
chromosomes, are shortened under conditions of sustained DNA
damage (Whittemore et al, 2019). Consequently, senescence
markers accumulate in several tissues including the CNS in humans
and animal models during healthy aging itself (Molofsky et al,
2006; Sousa-Victor et al., 2014). Molecular senescence can be linked
to immune cell phenotypes such as dystrophic microglia that are
also characteristic of the aging process (He and Sharpless, 2017;
Candlish and Hefendehl, 2021; Shahidehpour et al., 2021).

3. Evidence of accelerated aging in
SCZ

Growing evidence support an accelerated aging and cognitive
decline process in SCZ (Kirkpatrick et al., 2008; Okusaga, 2013;
Schnack et al., 2016; Islam et al., 2017; Stone et al., 2020). This
probable endophenotype of SCZ is described by different hallmarks
(Carrier et al., 2021). There is evidence that SCZ and accelerated
aging are linked to changes in epigenetic clocks (Tecuw et al,
2021) and that accelerated brain aging in SCZ significantly occurs
around the period of first episode psychosis leading to an average
5.5 years older brain biological vs. chronological age (“brain age
gap”) (Koutsouleris et al., 2014; Schnack et al., 2016; Hajek et al.,
2019; Kaufmann et al., 2019; Shahab et al., 2019). The trajectory of
brain aging can be predicted based on evidence from neuroimaging
of decreased gray matter volume (Cole and Franke, 2017; Cole
et al,, 2017) and inverted U-shape curve white matter (Mwangi
et al,, 2013), as well as the inter-organ activities (Lai et al., 2021;
Nguyen et al, 2021). Of note, age-dependent depreciation of
both the gray and white matter function has been recorded to
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occur in males vs. females, which supports the view that SCZ
is a sexually dimorphic disease with males showing increased
derangement in brain reserve and cognitive decline compared to
female counterparts (Lee et al., 2020). Thus, several clinical reports
revealed decreased cognitive features such as reduced information
processing speed, vigilance/attention, and social flexibility which
were age-dependent and differed between males and females,
suggesting gradual degenerative processes (Lee et al., 2020). One
possible explanation that could be provided for this cognitive
decline of SCZ patients is accelerated brain aging (Sheffield et al.,
20165 Shahab et al., 2019). Accordingly, investigation with diffusion
tensor imaging was performed to show a profound reduction in
the leftward asymmetry among some key white matter areas in
SCZ (Ribolsi et al., 2014). This abnormal functional connection
and asymmetry of intra-hemispheric connectivity in the brain of
patients with SCZ is attributable to the structural impairment
and loss of inhibition across the corpus callosum (Ribolsi et al,
2014). Notably, this attenuated left-right asymmetry has been
reported to play key roles in determining disease progression and
major psychotic symptoms such as loss of reality-based belief,
altered perception integration and attentional surveillance as well
as core cognitive deficits of SCZ (Renteria, 2012; Ribolsi et al.,
20145 Zhang et al., 2015; Gurin and Blum, 2017). Recent cross-
sectional brain magnetic resonance imaging (MRI) in patients with
SCZ (N = 715 scans, mean scan interval of 3.4 years) and blood
sample analyses based on two epigenetic age clocks (N = 172)
examining DNA methylation age (DNAmAge; measure of cellular
aging, but not senescence) and phenotypic age (phenoAge; measure
that captures all risk factors of morbidity and mortality) gaps
revealed a connection between SCZ and accelerated biological
aging (Teeuw et al., 2021). The study reported that patients with
SCZ presented signs of accelerated age-related decline in cognition
based on decreased gray matter and physiological domains. They
also found reduced brain reserves with an increased mortality due
to cardiovascular issues based on altered metabolism compared
to normally aging individuals. The authors found that polygenic
risk of patients with SCZ matches an accelerated brain aging yet
correlates negatively with the DNAmAge contrary to the phenoAge
metrics. This finding supports the view that the accelerated aging
rate observed in these patients implies a distinct biological process
(Levine et al., 2018; Teeuw et al., 2021).

Further, cellular aging can be assessed using telomere length,
where SCZ patients have shorter telomeres compared to healthy
subjects (Czepielewski et al., 2016; Omidpanah et al., 2019). Follow-
up investigation from one of the groups showed similar results
while also correlating with the decreased brain gray matter volume
measured using MRI described by other groups (Czepielewski et al.,
2018; Carrier et al, 2020). It is important to mention though
that the findings appear conflictual across studies [see for example
(Omidpanah et al., 2019)], possibly due to differences in medication
or subsets of patients with SCZ. Another hallmark of cellular aging
measured in SCZ patients is oxidative stress (Okusaga, 2013). When
cognitive functions were measured using the Repeated Battery for
the Assessment of Neuropsychological Status and correlated with
super oxide dismutase activity in the blood of patients, a significant
negative correlation was found (Wang et al, 2021), supporting
the involvement of oxidative stress in mediating cognitive decline
(Ben-Azu et al, 2018¢,d, 2022). Using DNA methylation as a
proxy for cellular aging, two studies also showed no acceleration
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of cellular aging in SCZ patients (McKinney et al., 2017; Voisey
et al., 2017). However, a more recent study found evidence of
DNA methylation in patients with SCZ, in a cohort-dependent
manner (Okazaki et al., 2019). Using two different sets of patients
consisting of hospitalized chronic long-term vs. medication-free
SCZ patients, the study revealed a decreased extrinsic epigenetic
age acceleration (EEAA) in the blood of patients with long-
term SCZ contrary to the medication free group. The study
provided evidence showing the correlation between DNAm age
and chronological aging. However, no changes were observed in
the intrinsic epigenetic age acceleration for both groups (Okazaki
et al,, 2019), indicating the implication of EEAA in driving DNA
methylation and accelerated aging. Taking multiple aging hallmarks
together [i.e., telomere length, blood levels of oxidative stress, C-C
motif chemokine (CCL)-11 and 24], a machine learning algorithm
was able to distinguish SCZ patients from controls in 80% of
cases vs. in only 62.5% of cases when comparing SCZ patient with
their siblings (Reboucas et al., 2021). This highlights the role of
accelerated aging in SCZ and other related neurodevelopmental
diseases, while the SCZ aging risk may be shared among siblings.
Overall, including brain volume measurements determined with
MRI in these analyses could allow to portray significantly more
accurate distinctions from controls.

4. Microglia and their sensomes

Microglia are the immune cells dedicated to the protection
of the CNS (Ginhoux et al., 2010; Colonna and Butovsky, 2017;
Kabba et al., 2018). Microglia play vital roles in development,
homeostasis and remodeling, including via neurogenesis, synaptic
formation and elimination, as well as myelination [reviewed in
(Salter and Beggs, 2014; Hong and Stevens, 2016; Tay et al., 2017;
Hughes and Appel, 2020; Tremblay, 2021)]. Notably, microglia
are involved in brain rewiring via the phagocytosis of less active
synapses (Sierra et al., 2010; Tremblay et al., 2010; Schafer et al,,
2012). Furthermore, microglia can eliminate synapses in a process
named synaptic stripping, where their dynamic processes physically
separate synaptic elements (Trapp et al, 2007). These roles are
crucial for proper brain development and plasticity, and require a
constant neuron-microglia communication (Tremblay et al., 2011;
Eyo and Wu, 2013; Szepesi et al., 2018). Microglia achieve this feat
using their sensomes, which are groups of proteins and binding
sites that facilitate their interactions with neurons, among other cell
types (Hickman et al., 2013). These interactions enable microglia
to fulfill their physiological and immune functions in health and
diseases (Carrier et al., 2021). Microglia-neuron communication is
notably mediated via the fractalkine receptor CX3CR1 (Harrison
et al,, 1998; Ransohoff and Perry, 2009; Paolicelli et al., 2014;
Lauro et al, 2019; Tremblay, 2021). This receptor, but also the
complement receptors, triggering receptor expressed on myeloid
cells 2 and purinergic receptors are all involved in neuron-microglia
signaling and are central for synaptic pruning and phagocytosis
(Schafer et al., 2012; Zhan et al., 2014; Arnoux and Audinat,
2015; Sipe et al., 2016; Filipello et al., 2018; Gunner et al., 2019).
Microglia further express tyrosine kinase receptors like Tyros3, Axl,
and Mer (TAM) which are important for neuronal cell removal
in health and diseases such as Parkinson’s disease (Fourgeaud
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et al., 2016). Microglia act as a damage sensor for the CNS via
TAM-regulated activity, as microglia in TAM-deficient mice exhibit
decreased motility and attraction to sites of injury (Fourgeaud
etal., 2016). However, microglial function is altered upon excessive
release of pro-inflammatory cytokines, as well as activation of
the complement pathway in different brain areas (Fekete et al,
2019). In SCZ, one of the strongest genetic associations is with the
locus at the major histocompatibility complex, originating from
alleles of the complement component C4 (Sekar et al,, 2016). In
animal models, C4 has a central role in microglia-mediated synapse
elimination (Yilmaz et al., 2021), providing a direct evidence for
an immune system involvement in SCZ pathophysiology (Sekar
et al, 2016). C4 polymorphism in microglia was linked to an
up-regulation of pro-inflammatory markers including c-reactive
protein, interleukin (IL)1f and IL-8 (Hepgul et al., 2012; Chiappelli
et al,, 2017; David et al., 2017), as well as strong levels of Nod-
like receptor protein 3 (NLRP3) inflammasome in the brain and
blood of a subset of SCZ patients (Scheiblich et al., 2017; Ventura
et al., 2020). There are evidence that inflammation and accelerated
aging have a complex link, particularly in the context of stress and
mental health (Ben-Azu et al., 2020; Carrier et al.,, 2021). Chronic
inflammation can induce telomere shortening leading to increased
aging process (Jurk et al.,, 2014) or "inflammaging." Inflammaging
is characterized by a chronic inflammation accelerating the brain
aging process where the brain immune system is highly involved,
including microglia (Franceschi and Campisi, 2014; Franceschi
etal., 2018, 2007).

5. Gut-brain axis

The gut-brain axis (GBA) is a term used to describe the
bidirectional relationships between the gastrointestinal (GI) tract
and CNS (Figure 1). The GI tract is home to a plethora
of microorganisms including bacteria, fungi, viruses, archaea,
and protozoa (Morais et al, 2021). Gradually from infancy to
adulthood, the composition of the gut microbiome is established,
from initial maternal microbiota exposure (Yao et al, 2021)
to subsequent environmental inputs (Dominguez-Bello et al,
2019; Qi et al, 2021). Generally, the vast ecosystem inhabiting
the GI tract performs three main functions to the benefit of
both microorganisms and host (Ducarmon et al, 2019; Qi
et al, 2021). The first main function is nutrient absorption,
particularly of substances typically not digestible by the human GI
tract alone. Second, via nutrient absorption, gut microorganisms
create a competitive environment that drastically limits pathogen
colonization. Third, gut microorganisms fortify the gut via
secretion of trophic factors strengthening epithelial barriers.
Additionally, recent research has revealed a fourth critical function
of the gut microbiome in the development, maturation and
maintenance of the immune system including microglia (Morais
et al, 2021). Importantly, the gut microbiota communicate
with the brain via vagal innervation (Forsythe et al, 2014;
Kaczmarczyk et al,, 2017). The vagal nerve projects to the brainstem
locus coeruleus through which the cholinergic and noradrenergic
systems connect different brain regions, including the nucleus
basalis of Meynert, via cholinergic and noradrenergic receptors
which are notably expressed on microglia (Kaczmarczyk et al., 2017;
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Wang et al., 2018). Research into this topic demonstrates GBA’s
critical role in growth and development of the host, indicating
that disruptions to the microbiota balance can have devastating
and global effects for the host including brain health (Erny
et al, 2015, 2021). Overall, recent research has demonstrated
the critical role that the GBA plays in the development and
progression of neuropsychiatric disorders such as, autism spectrum
disorder (ASD), mood disorders, and SCZ, making the microbiome
a very promising novel area of therapeutic intervention. In
the next section, the contributions that the GBA make toward
neurodevelopment are on focus.

6. Evidence of gut-brain microglia
axis connection

The connection of the gut to the brain is a relatively recent
finding, with contemporary research revealing high associations
between negative gut health and psychological conditions. While
these associations are quite profound, this field is still elucidating
the biological mechanisms underlying these complex relationships.
Excitingly, many studies are demonstrating promising therapeutic
interventions. In this section, a brief overview of research
associating the gut microbiota and their microbiome with
psychological disorders will be provided, followed by a discussion
of mechanisms underlying this gut-brain communication.

A distinct association appears to be present between GI tract
disorders, affective disorders, and cognitive dysfunction. Multiple
studies have demonstrated high correlations between GI disorders,
anxiety trait and state, depressive symptoms, and even personality
differences (Tosic-Golubovic et al., 2010; Bercik et al., 2011; Heijtz
et al,, 2011; Schmidtner et al., 2019). Another study revealed that
children with (vs. without) GI disorders are more likely to present
increased symptom severity on measures of irritability, social
withdrawal, and anxiety (Nikolov et al., 2009). Similar findings were
obtained in children with ASD (Mazefsky et al., 2014), while gut
microbiota transferred from humans with ASD to mice triggered
the onset of ASD-related behaviors in an animal model (Sharon
et al., 2019). Further, evidence emphasize that the microbiota can
underlie cognitive dysfunction and affective disorders in patients
with GI tract disorders (Addolorato et al., 2008; Morais et al,
2021). Research is overall increasingly supporting the importance
of modulating the GBA to treat many neuropsychiatric disorders
including SCZ (Wang and Kasper, 2014; Ding et al, 2021).
Although the biological means underpinning the microbiome’s
neurological effects are not fully understood in humans, preclinical
research is gradually shedding light onto these mechanisms.

Various mechanisms connecting the gut and brain involve
a combination of nervous, endocrine, metabolic, and immune
communication pathways (Clapp et al, 2017). The GI tract
and its microbiome are responsible for the digestion of food,
from which the body and brain are provided with energy and
other chemical building blocks like amino acids and vitamins
required for optimal function (Clapp et al, 2017). Although it
is difficult to fully isolate metabolic effects of the gut microbiota
from the effects of other systems, such as nervous or endocrine,
the evidence points toward the metabolic properties of the gut
microbiome as critical for CNS health and disease (Kamdar
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et al, 2016; Yu et al, 2017). Many neurotransmitters and
their precursors are produced in the gut by certain strains
of microorganisms. For example, Bacteroides, Bifidobacterium,
Escherichia, and Lactobacillus spp. produce gamma-aminobutyric
acid (GABA), the major inhibitory neurotransmitter implicated
in SCZ pathogenesis (Barrett et al., 2012; Strandwitz et al., 2019;
Patrono et al., 2021). Oral administration of these microbial
species in mouse models demonstrated increased serum levels
of GABA and brain levels of GABA, receptors (Bravo et al,
2011; Strandwitz et al, 2019; Qi et al., 2021). Other microbial
metabolites generated by the gut microbiota, such as bile acid and
methylamine N-oxide, are critical for host development (Qi et al.,
2021). Further, the enteroendocrine cells (EEC) are specialized
secretory cells found across the stomach, pancreas, and GI tract
which secrete various hormones in response to stimulation (Qi
etal, 2021). Among these hormones are ghrelin and somatostatin,
which are both critical to appetite regulation and exert a global
effect on metabolism and growth (Qi et al., 2021). Additionally,
EECs are responsible for serotonin secretion in the gut (Yu
and Li, 2022). However, serotonergic dysregulation, particularly
in the hippocampus, a highly plastic region linked to cognitive
dysfunction and other behavioral deficits, has been consistently
reported in the pathogenesis of SCZ (Chatterjee et al., 2012; Ben-
Azuetal, 2018b, 2023). This disruption could, in part, be linked to
elevated levels of serotonin and its primary metabolite as observed
in the hippocampus of germ free (GF) male mice (Clarke et al,
2013; Yano et al,, 2015; Morais et al., 2021). Also, increased serum
concentration of tryptophan, the precursor agent for serotonin
synthesis was reported in GF mice (Clarke et al., 2013). These
findings thus suggest possible humoral mechanisms through which
the microbiome could regulate central pathways dependent on
the serotonergic system. Furthermore, it was observed in mice
that changes in gut microbiome alter levels of brain-derived
neurotrophic factor (BDNF), a protein that is highly associated with
synaptic plasticity and neurogenesis (Bercik et al., 20115 Bistoletti
etal, 2019). Several studies further demonstrated reduced synaptic
proteins alongside BDNF and impaired neurogenesis in patients
with SCZ and IBD (Bercik et al., 2011; Szeligowski et al., 2020).
These chemical messengers, crucial for healthy brain function, are
an output of a healthy gut, demonstrating the reliance of the brain
on outside systems to ensure its performance. Thus, these findings
summarized that the intrinsic systems involved in neurochemical
transmission and neuronal development are indeed affected by
changes in gut microbiota diversity.

Another system which is important to the biological
mechanisms underlying the connection of the gut to the brain is
the enteric nervous system (ENS), the GI tract’s nervous system.
The ENS, regulates gut activities such as peristalsis, permeability,
and nutrient absorption (Furness, 2012; Heiss and Olofsson, 2019;
Joly etal., 2021). The ENS, also referred as the “gut brain,” interacts
with the immune and endocrine systems of the gut (Furness, 2012;
Heiss and Olofsson, 2019; Aktar et al., 2020). Gut microbiota play
a crucial role in the development and maintenance of the ENS
(Aktar et al., 2020). For example, enteroglial cells (EGCs), which
are analogous to microglia in the CNS, function as support and
homeostatic cells for the GI tract. Recent evidence suggest that
their development and homeostatic regulation are influenced by
microbiota constitution (Morais et al,, 2021). In adult mice, it
was demonstrated that these EGCs are constantly replenished
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A summary of the epigenetic factors and putative extracellular mechanisms that provide communicative pathways for gut-brain microglia axis. Top
panel shows the myriad of detrimental factors affecting the brain and the gut, which include the diet, genetic and epigenetic changes, pollution,
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through a homeostatic dynamic and contribute to the overall
health of the gut wall and ENS (Obata et al., 2020). However, this
renewal is impacted by the gut microbiota composition which
partially determines gut health on a cellular level (Obata et al,
2020). In patients with SCZ, many studies identified a crossroad
between EGCs depletion, altered epithelial barrier and SCZ-related
gastrointestinal disturbances, influencing SCZ development and
2019; Verdugo-Meza et al., 2020).
Given their trophic role, the alteration of EGCs is also related to the
reduced brain levels of BDNF largely reported in SCZ (Szeligowski
et al,, 2020; Konturek et al.,, 2021). Alterations of EGCs-induced
BDNF depletion have been linked to reduced levels of IL-1f
through phosphorylated-c-Jun ~N-terminal
pathway, and increased phosphorylation of p38 mitogen activated
protein kinase (Fukumoto et al,

progression (Bernstein et al.,

kinase-dependent
2020). Interestingly, recent

research has implicated EGC in the development and progression
of SCZ as basins for misfolded proteins and/or prions which are
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transmitted to the brain through vagus nerve mediated transfer
of endotoxemic molecules owing to disrupted epithelial barrier
2017; Bernstein et al., 2019; Verdugo-Meza
et al., 2020). Notably, misfolded proteins can be transmitted to

(Kaczmarczyk et al.,

the brain in conditions of irritable bowel disease wherein there
are elevated levels of IL-1B and other phlogistic materials that are
transmitted to the brain through communications with vagal nerve
due to disrupted epithelial barrier. The consequence is SCZ-related
gastrointestinal disturbances, thus promoting SCZ-like behavior
(Bernstein et al., 2019; Verdugo-Meza et al.,, 2020). The primary
connection of the nervous system to the GI tract occurs through
the vagus nerve, which innervates the muscle and mucosa layers of
the GI tract, thus linking the gut to the ENS (Morais et al., 2021).
Mechanoreceptors sense and transmit to the CNS information
regarding hormones, neurotransmitter, gut cytokines and other
metabolite levels, as well as overall gut health and function
through the vagus nerve (Aktar et al, 2020; Jolyetal, 20215
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Morais et al.,, 2021). The vagus nerve fibers innervate the muscle
and mucosa layers of the gastrointestinal tract, detect sensory
signals and then relay these signals to the CNS (Wang et al., 2007).
The transmission of signals from the peripheral ends of the vagus
nerve to the CNS occurs though activation of mechanoreceptors
that can sense luminal volume or chemoreceptors triggered
by chemical stimuli such as hormones, neurotransmitters, and
metabolites such as short chain fatty acids produced by EECs,
which may themselves be influenced by the gut microbiota (Morais
etal., 2021).

Microglial sensomes also receive signals from outside the brain
through the GBA, opening microglial implication in many more
processes (Abdel-Haq et al., 2018). To normalize microglia, the
GBA has increasingly emerged as a potent regulator of microglial
function and dysfunction in the pathogenesis of neuropsychiatric
diseases (Chen et al.,, 2021; Huang and Wu, 2021). Of note, the
gut microbiome supplies trophic ingredients derived from the
breakdown of complex carbohydrate products including short
chain fatty acids (SCFAs) that cross the blood-brain barrier (BBB)
through the portal circulation to regulate the maturation and
function of microglia (Erny et al., 2015; Rooks and Garrett, 20165
Vilmaz et al., 2021). Other microbiome metabolites with pattern
recognition receptor (PRR) capacity, such as microbe-associated
molecular patterns (MAMPs), produced by the gut microbiota, can
also permeate the BBB to modulate microglia (Braniste et al., 2014).
The gut microbiota regulates, partially through its communication
with gut-located EGCs and partially through PRRs and gut-
derived MAMPs, the transmission of inflammatory information
throughout the ENS (Furness, 2012). Changes in the concentration
of certain molecules are sensed along the lumen, triggering signal
transmission of inflammatory responses within the gut, in some
cases resulting in acute inflammatory responses, such as colitis or
gut dysbiosis (Kamdar et al., 2016; Qi et al., 2021), a pathological
state linked to increased microglial phagocytosis in SCZ (Erny et al.,
2015, 2021; Munawar et al., 2021). Moreover, the roles of Toll-
like receptors (TLR)-3, 7, and 9 were found to regulate microglial
activities via a series of MAMPs-independent mechanisms (Wang
et al., 2018). Additionally, peripheral macrophages that interact
with gut metabolites or MAMPs via gut flora-mediated signaling
can cross the BBB and target microglia to regulate their activities
(Wang et al.,, 2018).

The continuous GI tract inflammation can lead to systemic
inflammation via chronically high levels of pro-inflammatory
cytokines in circulation, resulting in damage throughout the body’s
organs (Parker B. J. et al, 2020). Increases in systemic pro-
inflammatory cytokines present in the brain causes damage to
the BBB, further raising the inflammatory response as a result
of increasing pathogens and toxins from the deteriorating BBB
(Parker A. et al, 2020). While an imbalanced or abnormal
gut microbiome can result in this runaway inflammation, a
balance of beneficial gut microorganisms promotes the secretion
of anti-inflammatory cytokines resulting in an overall decrease
in inflammation both locally and systemically (Desbonnet et al.,
2008; Dowlati et al., 2010; Sarkar et al., 2016; Peppas et al., 2021).
Thus, these findings suggest that the gut microbiota is a central
figure in the health of the gut, which plays a critical role in
determining changes in metabolism, endocrine system, nervous
system communication, and inflammatory responses, as observed
in the pathophysiology of SCZ.
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/. Emerging epigenetic changes
modulating the gut-brain microglia
axis

Recent studies have investigated the effects of environmental
factors on epigenetic changes during human neurodevelopment.
These outcomes directly modify the transcription and expression
of genes including from the complement pathways— “turning on”
some genes, while “turning off” others (Focking et al., 2021; Ji
et al., 2022). The complement pathway is a vital component of
the immune defense against certain immune stimulating factors
(Focking et al, 2021), which include stress, infection, in- and
out-door pollution, and nutrition (Figure 1; Afighor et al., 2019;
Elizabeth et al., 2020; Oladapo et al., 2021; Osagie et al., 2021;
Ben-Azu et al, 2022). There is emerging evidence that these
environmental factors directly affect the GBA—demonstrating a
mechanism inducing direct alterations during development and
throughout life. Of note, early life stress and infection are key
epigenetic factors that have been largely linked to the emergence of
SCZ-like feature during adulthood (Giovanoli et al., 2016; Ben-Azu
etal., 2019, 2020).

Recently, there has been increasing evidence suggesting
an association between air pollution and intestinal diseases,
specifically inflammatory bowel syndrome, appendicitis, and
colorectal cancer (Li et al, 2019; Feng et al, 2020). Mounting
evidence also suggest that air pollution and stress affect
brain development, adversely through modification of early life
microbiome, and might serve as a risk factor for developing
psychiatric diseases such as SCZ due to mechanisms linked to
modulation of epigenetic codifiers and readers including covalent
histone modification, DNA methylation, and non-coding RNAs
(David et al., 2017; Comer et al.,, 2020; Newbury et al., 2021).
For instance, parental isolation causes phosphorylation of methyl
CpG binding protein and a disassociation of DNA strands from
protein moieties, thus leading to a post-translational modification
of epigenetic modifiers linked to neurodevelopmental disorders
(Chahrour et al., 2008). Hypermethylation of the genes glutamic
acid decarboxylase (GAD) 67 (GADI), which is responsible for the
synthesis of the major inhibitory neurochemical, GABA, as well
as reelin (RELN), an extracellular matrix protein involved in the
regulation of neuronal migration and positioning, were reported
in the brain and periphery of patients with SCZ after post-mortem
investigation (Guidotti et al., 2000; Abdolmaleky et al., 2005; Huang
and Akbarian, 2007; Magwai et al., 2021). Down-regulation of
RELN, GADI, or GADG67 are linked to impaired prefrontal cortical
dendritic arborization and activity related to the working memory
deficits of animals and patients with SCZ (Ben-Azu et al., 2018b;
Magwai et al., 2021; Oshodi et al., 2021).

Certain air pollutants that include ozone, sulfur dioxide, and
carbon monoxide were associated with increased inflammation in
the gut, while their short-term exposure is linked to increased
occurrences of appendicitis (Kaplan et al., 2009) and there seems
to be a relationship between appendicitis and the occurrence
of neuropsychiatric disorders such as SCZ (Isung et al, 2019;
Parker B. J. et al., 2020). Moreover, anecdotal evidence suggest
a high rate of appendiceal perforation in patients with SCZ vs.
controls (Nishihira et al., 2017). Not only does air pollution
seem to have a direct effect on the gut inflammatory status,
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but it was also shown across in vivo and in vitro studies
to disrupt lipid metabolism, commonly resulting in increased
pathological metabolites such as serum cortisol/corticosterone,
monoacylglycerol, glycerol, lysolipids, mitochondrial B-oxidation-
derived metabolites like acylcarnitines and ketone bodies in
the serum as well as hexanoyl-lysine in the serum, liver and
brain (Tomaru et al., 2007; Vesterdal et al., 2014; Miller et al.,
2016). These derangements are linked to a short supply of
short chain fatty acid, consequently leading to depletion of
polyunsaturated fatty acid (PUFA) which are both needed for
normal brain signaling. Another study also revealed that diesel
exhaust particles increase the levels of hexanoyl-lysine in the
liver of obese diabetic subjects as well as levels of aspartate
aminotransferase (AST) and alanine transaminase (ALT) compared
to that to vehicle. Of note, debilitating cerebral edema has been
reported as one of the devastating consequences of acute liver
damage following exposure to hepatoxins which occur due to BBB
breakdown-derived oxidative stress and exacerbation of existing
inflammatory milieu (Jayakumar et al, 2013; Kim et al., 2014).
In addition, air pollution affects microglia-astrocyte interactions
leading to exacerbated brain inflammation and oxidative stress
(Gomez-Budia et al,, 2020). Even though many studies examining
the relationship between air pollutants and intestinal diseases
are epidemiological and comprise uncontrolled, confounding
variables, the general trend observed suggest a relationship between
air pollution and gut diseases. Considering the crucial role of
gut microbiota in determining health of the gut, the effect of
pollutants on the gut microbiome is a worth-while concept of
investigation notably in SCZ (Bernardini and Attademo, 2021).
Many studies have suggested that exposure to chronic air pollution
can up-regulate brain expression of microglial genes and pro-
inflammatory cytokines such as tumor necrosis factor (TNF)a,
IL-1B, and IL-6 in animals and humans following exposure to nano-
particulate matter from traffic-related air pollution (Calderén-
Garciduenas et al., 2015; Gruzieva et al., 2017). It will be important
to develop translational models to elucidate further how air
pollution could adversely affect brain neurons, their microglia-
astrocyte crosstalk, and the influence from the gut microbiota
and microbiome.

Stress was found to be quite impactful in altering gut health and
microbiome development. Stress signaling is primarily mediated
through the hypothalamic-pituitary-adrenal (HPA) axis to the gut
and has been demonstrated to lead to leaky gut, lower gut motility,
and decreased microbial abundance (Keita and Soderholm, 2010;
Yu et al, 2017). Exposure to chronic and acute stress in early
life has been shown to reduce gut biodiversity, notably resulting
in a decrease of human growth hormones in early development
(Qi et al,, 2021). Human studies revealed that prenatal stress and
depression can alter the microbiome composition, in association
with lower birth weight and preterm birth (Rondo et al., 2003;
Zijlmans et al, 2015). These findings emphasize the need for
further research into how to promote healthy gut microbiomes for
both mother and infants, as potential therapeutics to prevent the
development of SCZ.

Diet is an important factor toward microbiome health
throughout the host lifetime (Singh et al., 2017; Hills et al., 2019;
Johnson et al, 2019; Alemao et al, 2021). Diet restrictions
and selectivity are commonly observed in children with SCZ
leading to nutritional limitations and a marked decrease in gut
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microbiome composition (Alemao et al, 2021; Onaolapo and
Onaolapo, 2021). During healthy adulthood, changes in diet can
result in significant alterations of the gut microbiome within
24 h (Wright and Starkweather, 2015). The Mediterranean diet is
commonly considered a healthily balanced diet which primarily
consists of high intake of olive oil, fruits, vegetables, and nuts,
moderate intake of red wine, poultry, and fish, and relatively low
intake of red meat and dairy (Figure 1; De Filippis et al., 2016;
Singh et al., 2017). Several studies have demonstrated associations
between healthy microbiome composition and the Mediterranean
diet, as well as opposite associations with other diets, such as
the Western diet (low fiber, high fat, and animal protein) and
gluten-free diet (Wu et al., 2011; Lopez-Legarrea et al., 2014; De
Filippis et al., 2016; Singh et al, 2017). While examining the
consequences of diet on the gut microbiome can be challenging,
dietary fibers and polyphenols, the main active ingredient in
tea, fruits and vegetables, have consistently demonstrated positive
correlations with a balanced gut microbial environment (Figure 1;
Zhang et al., 2021).

It has been hypothesized that SCFAs which are a chain length
of 1-6 carbon atoms derived from fiber content of foods by
microbiota, regulate activities between the gut microbiome and the
brain (Dalile et al., 2019). Some examples of SCFAs include acetate,
butyrate, propionate, formate, valerate, and caproate. Notably,
acetate, butyrate and propionate are produced in very high amounts
in the ratio of 60:20:20 as the most copious anions in the proximal
bowel, whereas formate, valerate, and caproate are formed in
lower quantities (Macfarlane and Macfarlane, 2003). The levels of
SCFAs produced are based on a variety of factors such as type of
diet, microbiota system and colon transition time (Macfarlane and
Macfarlane, 2003; Dalile et al., 2019). Following absorption from
colonocytes into the systemic circulation, SCFAs play important
role in cellular ATP generation from mitochondrial citric acid
cycle (Schonfeld and Wojtczak, 2016). SCFA anion reaches the
brain via the expression of monocarboxylate transporter-1 by BBB
endothelial cells (Vijay and Morris, 2014; Dalile et al., 2019). In
addition, SCFAs modulate microglial homeostasis via a free fatty
acid receptor (FFAR)-dependent signaling pathway in mice (Erny
et al.,, 2015). Research into the associations between diet and the
gut microbiome composition in determining health will be key to
provide further insight into the therapeutic potential of modifying
the GBA via diet, notably in SCZ.

The gut microbiome is a critical factor toward preventing
infection of the GI tract (Ducarmon et al, 2019). Producing
bile acids, bacteriocins and bacteriophages, which contribute to
creating a competitive nutrient environment, and fortifying the
GI tracts epithelial barrier are all part of the gut microbiome’s
repertoire to maintain gut homeostasis (Vollaard and Clasener,
1994; Ducarmon et al., 2019). However, many exogenous agents
can affect the gut microbiome’s ability to counteract pathogens,
such as antipsychotics, proton pump inhibitors, antibiotics,
antidepressants and diabetic medications (Ducarmon et al., 2019;
Flux and Lowry, 2020). Infections can cause a dysbiotic state
of the gut microbiome characterized by a leaky gut and high
inflammatory status (Clapp et al., 2017), which can increase
the host vulnerability to developing neuropsychiatric diseases
such as SCZ. The effects of dysbiosis on the gut and brain
health particularly as it promotes accelerated brain aging and
neuropsychiatric states like SCZ via mechanisms related to
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gut-brain microglia axis will be further investigated in the next
section.

8. Dysbiosis-induced microglial
dysfunction in SCZ and its
accelerated brain aging

The role of the gut microbiome in the development and
regulation of the CNS, especially via EEC-induced synthesis
of neurotransmitters, but also microglial maturation, is well
documented, with outcomes on the control of behavior and
cognition (Erny et al, 2015, 2021; Abdel-Haq et al, 2018).
Consequently, dysbiosis-induced microglial dysfunction has
increasingly become an interesting aspect of the GBA (Chen et al.,
2021; Huang and Wu, 2021). Consecutive administration of broad-
spectrum antibiotics (cefoxitin, gentamicin, and metronidazole) to
male and female mice for a month induced temporal depletion of
host microbiota which was associated with markedly enlarged caeca
and deficits in microglial maturation, as well as neuroimmune
response (Erny et al, 2015). In line with this finding, GF
conditioning was associated with low populations of bone
marrow-derived splenic macrophages and monocytes ([lhosravi
et al., 2014). This outcome was suggested to result from reduced
myeloid survival factor colony stimulated factor 1 (CSF1), thereby
translating into reduced microglial function (Khosravi et al,
20145 Erny et al, 2015). Notably, microglia are seeded elements
from the embryonic hematopoietic yolk sac, which enter the
brain starting at embryonic day 9.5 in mice, thus reinforcing
the relevance of early microbial colonization to effectively
respond to pathogens later in life (Ginhoux and Prinz, 2015). In
adulthood, microbiota ablation was shown to trigger hyperactive
and irregular HPA activity in GF mice exposed to stress (Sudo,
2016). This aberrant response was linked to exacerbated cortisol
release, translocation of gut-derived metabolic-end products
and bacterial antigens across the BBB, which are associated
with the pathogenesis of SCZ, notably in conjunction with
microglial dysfunction (Sudo, 2016; Picard et al., 2021; Rim et al.,
2022).

Gut dysbiosis-induced microglial dysfunction was also shown
to be sex-dependent. For example, Thion et al. (2018) demonstrated
that microglia display age-dependent sex-specific vulnerability
to microbiota ablation, with male showing an early uterine
manifestation and female exhibiting profound changes during
adulthood. Regardless of the life stage, microglia from GF
showed enhanced transcriptomic genetic signatures indicative
of a premature immune state with sex-specific outcomes. The
conceivable influence of the gut dysbiosis as a precursor for SCZ
and accelerated aging stems from the hypothesis that lifelong
cohabitation of the gut microbiota as an immune regulator
can initiate dysfunctional microglia-neuron interactions following
maternal immune activation (Thaiss et al., 2016; Abdel-Hagq et al.,
2018; Reyes et al., 2020). Importantly, identifying genera associated
with increased microglial dysfunction in SCZ and accelerated aging
is important for designing relevant probiotics that could help
maintain a young gut microbiota. This strategy aims to slow down
aging and associated neurological diseases, especially in vulnerable
individuals with SCZ or advanced age groups (Xu et al., 2019).
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8.1. Gut dysbiosis in SCZ

An increasing body of epidemiological reports has provided
significant evidence for a connection between prenatal infections
and increased risk for later development of neuropsychiatric
disorders (Awogbindin et al., 2021). Neuroimmune activity during
the first phase of life (age 1-3 years) is important for cognitive
and social flexibility later in life, especially in adolescence and
adulthood (Allswede et al.,, 2016; Kelly et al., 2021). At birth and
in newborns, vaginal microbes as well as those from maternal
diets and immunological complements from breast milk colonize
different organs including the brain (Al Nabhani et al, 2019).
Perturbations of maternal gut microbiome during early phases of
life from embryonic development until weaning can impact the
immune system, thereby causing a pathological “priming” or an
increased immune responsivity to future challenges of microglia
which are still developing (Al Nabhani et al., 2019; Rosin et al.,
2021). A nationwide study of hospitalized children in Denmark
(N =1,015,447) between 1985 and 2002 showed a close relationship
between treatment with anti-infective agents and a higher risk of
developing SCZ with a hazard rate ratio of 2.05 (95%-Cl = 1.77-2-
38). Evidence suggests that this enhanced vulnerability to SCZ was
mediated by a dysregulated adjustment of the gut microbiome after
treatment of infections with wide-spectrum antibiotics (Yolken
et al,, 2016; Kohler et al, 2017; Kohler-Forsberg et al., 2019).
Experimental work on gut dysbiosis indicates that altered intestinal
barrier coupled with dysregulated microbial populations may
allow for leaking of antigenic gastrointestinal molecules causing
activation of the complement system of immune cells including
microglia (Lambert, 2009; Mossad and Erny, 2020). Experimentally
induced immune alterations during prenatal life with antibiotics
were also shown to alter the microbiota system in mice (Russell
et al.,, 2013; Gonzalez-Perez et al.,, 2016; Benner et al., 2021).
Additionally, studies examining neuronal functioning revealed
that mice exposed to maternal immune activation with viral
mimicry agents display during adolescence and adulthood SCZ-
and autistic-like behavior including reduced communication and
social interactions, together with increased stereotypy, anxiety and
sensorimotor deficits (Coiro et al., 2015; Meechan et al., 2017;
Pendyala et al., 2017; Hui et al., 2018).

8.2. Accelerated aging and gut
microbiota

Aging is a rate-limiting factor that modifies the functional
activities of different body organs. There are numerous pathways
that could influence the aging rate including factors such as
environment and diet, genetics and pathological conditions (Finlay
et al,, 2019; Kim and Benayoun, 2020; Li et al., 2021; Narasimhan
et al., 2021). Increasing evidence is beginning to show that
the diversity of the human gut microbiome is also correlated
with aging, which is based on the aging progression of the
microbiota (Xu et al., 2019). Of note, different multivariate reports
hypothesize that the human aging process is determined by the
continuous aging curve of gut microbiota community, dysbiosis,
and depends on incidence or rate of infection, antibiotic usage,
type of genera, declined metabolic activity and availability of gut
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metabolites including SCFAs (Lovat, 1996; Vatanen et al, 2018;
Xu et al, 2019; Hendriks et al, 2021), which in turn influence
brain aging (Nguyen et al., 2021). Using high throughput whole
genome sequencing and metagenomics, microbial species such as
Bacteroides, Clostridiaceae, and Eubacterium were reported to be
increased during aging (Odamaki et al., 2016; Loughman et al,
2020). These species can influence neurotransmitter synthesis such
as glutamate and GABA, and associated behavioral outcomes
which have been largely implicated in brain aging (Dinan and
Cryan, 2017; Zheng et al, 2019; Chen et al., 2021). Notably,
these findings support the possibility that leaky gut during
dysbiosis may permit a translocation of gut-derived metabolic-
end products, enteric microbes, as well as food and bacterial
antigens into systemic circulation and across the BBB (Abdel-Haq
et al, 2018; Dabke et al, 2019). This potentially contributes to
sustaining an inflammatory gut environment, leading to the brain
physiological and structural anomalies observed in aging (Hsiao
etal, 2013; Nguyen et al,, 2021). Thus, these data indicate that using
proteomics, metabolomics, transcriptomic, DNA methylation and
telomere length analyses, the microbiota ecosystem can be used
to uncover the biochemical landscape underlying the inter-organ
transfer of molecules and gut-brain connections that likely promote
accelerated aging (Lai et al., 2021; Nguyen et al., 2021).
Mechanistically, some correlations were identified between
an increased intestinal bacterial synthesis of 3-deoxy-D-manno-
octulosonic acid-lipid (Kdo2-lipid), TMAO and an accelerated
disease state-induced brain aging (Zeisel and Warrier, 2017; Li
et al, 2018). Notably, it was discovered that Kdo2-lipid and
TMAO biosynthesis are altered in neurodegenerative diseases,
in association with increased inflammatory cytokines and risk
of coronary heart and IBD (Verdugo-Meza et al., 2020; Nguyen
et al, 2021). Kdo2-lipid is an immune stimulant released by
lipopolysaccharide (LPS) in most gut microbial metabolism
that causes host immune stimulation by activating TLR-4.
TMAO is generated from trimethylamine derived from foods
like fish or indirectly from the bacterial breakdown of dietary
phosphatidylcholine, betaine, L-carnitine in the gut as well as
enteric tract cell fragments (Koukouritaki et al., 2002). Colonization
of gut microbiome of gnotobiotic mice with trimethylamine-
forming microbes within the cecum and colon significantly
increased TMAO concentrations via flavin monooxygenases-
mediated metabolism and dramatically reduced dietary choline
levels, which was worsened upon increasing population of
trimethylamine-forming bacteria (Chao and Zeisel, 1990; Romano
et al, 2015). TMAO is an immunologically active gut-bacterial
derived metabolite (Chen et al., 2019), with innate capacity to
up-regulate NLRP3, caspase-1, IL-1B, IL-6, and 1L-18 activities
that could lead to chronic metabolic and neuropsychiatric
diseases characterized of vascular senescence and accelerated
aging (Zeisel and Warrier, 2017; Ke et al., 2018; Brunt et al,
2020). Correlatively, exogenous TMAO systemic administration
for 16 weeks accelerated brain aging in 24-week-old senescence
accelerated prone strain 8 mice, typified by a significant number
of senescent cells mitochondrial death, and oxidative stress
in the hippocampus, accompanied by memory impairment
(Lietal, 2018). These findings suggest possible mechanisms by
which an altered gut microbiota could negatively induce the
accelerated brain aging increasingly observed in neuropsychiatric
diseases like SCZ. These findings also provide insight into the
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functional connection between the gut and brain, also proposing
that TMAO could serve as a useful marker for the diagnosis
accelerated aging in SCZ. Together, these findings provide insights
into the gut microbiota involvement in premature brain aging and
potential mechanisms to slow down senescence by modulating gut
microbiome-derived metabolites acting on microglial functions.

9. Effects of antipsychotics on the
gut microbiome: therapeutic and
adverse effects

Neuroleptic drugs including typical and atypical antipsychotics
are clinically prescribed for the management of SCZ and other
related psychotic diseases such as conduct disorder, oppositional
defiant disorder, ASD and borderline personality disorder (Cheng-
Shannon et al., 2004; De Hert et al, 2011; Olfson et al.,
2012). Different reports have been provided for antipsychotic-
related therapeutic and adverse effects of typical and atypical
antipsychotic drugs during usage in psychotic conditions. Of
pertinence, some therapeutic benefits have been linked to
modulation of neurochemical transmission, as well as inhibition
of oxidative stress and inflammation. However, their adverse
outcomes including extrapyramidal symptoms (like locomotor
impairment, tremor, stiff muscle, and tardive dyskinesia) and
metabolic effects such as weight gain and obesity are attributable
to alterations in neurotransmitter homeostasis (Saddichha et al,
2008). Of increasing interest is the role of the gut microbiome
in the therapeutic and adverse effects of antipsychotic drugs
and the reciprocal influence of the gut microbiome on the
pharmacokinetic profiles of antipsychotic drugs (Kracuter et al,
2020; Singh et al., 2022).

Different studies revealed that many antipsychotic drugs
change the composition of gut microbiota, either by population
or depopulation, by modifying mucosal integrity and membrane
permeability (Tyski, 2003; Dinan and Cryan, 2018; Lima et al., 2019;
Vich Vila et al,, 2020). For example, some phenothiazines including
chlorpromazine, fluphenazine, and thioridazine, second generation
antipsychotic drugs (risperidone, clozapine, aripiprazole, and
olanzapine) exhibit intrinsic antibiotic tendency against bacterial
isolates of Gram-positive and Gram-negative organisms derived
from the mammalian gut (Kristiansen and Mortensen, 1987;
Morgan et al, 2014; Maier et al, 2018). Remarkably, an
immunosuppressive concentration-dependent action of typical
(e.g., haloperidol) and atypical (e.g., clozapine) antipsychotics
possibly linked to IL-1 receptor antagonism was reported (Song
et al., 2000). More recent studies showed that most of these
drugs inhibited similar gut microbiota species irrespective of their
chemical characteristics, thus pointing to the fact that their clinical
application could be dependent on the spectrum of gut microbiotic
specie populated or depopulated (Maier et al., 2018; Singh et al,,
2022).

In terms of pharmacodynamic effects, the gut microbiome
is an important site for the synthesis of different neurohormone
transmitters including dopamine, serotonin, noradrenaline,
acetylcholine, while microbiota diversity may strongly affect these
neurochemical levels (Roshchina, 2010; Gonzdlez-Arancibia et al.,
2019; Saniotis et al., 2020; Szoke et al., 2020). Given that the primary
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mechanism of action for antipsychotic drugs is neurochemical
modulation (Ben-Azu et al., 2018¢, 2023; Gonzdlez-Arancibia et al,,
2019; Szoke et al., 2020), it is unsurprising that the gut microbiome
could significantly impact the action of antipsychotic drugs in
the brain, either by reducing or enhancing their effectiveness
(Seeman, 2021a). Some investigations have shown that GF mice
exhibited reduced neurochemical levels, such as decreased mRNA
expression of NR2 subunit of N-methyl-D-aspartate receptor in
the central amygdala, as well as low serotonin receptor (5-HT)
1A in the hippocampus and histamine levels in the limbic system
(Neufeld et al., 2011; Clarke et al., 2013; Panula and Nuutinen,
2013; Chen and Liu, 2021). These findings reinforce the inter-organ
connectivity between the gut and brain, and the potential influence
of gut microbiota diversity on the pharmacodynamic profile of
antipsychotic drugs. On this ground, Seeman (20212) recommends
avoiding antibiotic treatment during antipsychotic therapy, while
nutritional enhancement with probiotics is recommended to
improve general health and wellbeing during management of
psychotic conditions.

Some preclinical and clinical experiments have also investigated
the role of the gut microbiome in determining the adverse profile of
antipsychotic medication (Davey et al., 2013; Morgan et al., 2014;
Bahr et al.,, 2015). Olanzapine interacts with the gut microbiome
to induce significant weight gain and adiposity in control mice,
while GF mice treated with olanzapine exhibited little or no weight
gain after 7 weeks. Proteomic analysis of fecal pellets of rats
revealed that olanzapine causes a shift toward obesogenic bacterial
phyla including Actinobacteria, Alphaproteobacteria, Clostridia,
and Firmicutes (Davey et al, 2013; Morgan et al, 2014). Oral
co-administration of antibiotic cocktail containing neomycin
(250 mg/kg/day), metronidazole (50 mg/kg/day), and polymyxin B
(9 mg/kg/day) with olanzapine dramatically prevented olanzapine-
induced weight gain, uterine fat decomposition and macrophage
infiltration of adipose tissue (Davey et al, 2013). Also, 16S
ribosomal RNA sequencing of fecal bacteria population in
children treated with risperidone showed compositional shift
toward obesogenic bacteria profile particularly with increased
Bacteroidetes and Firmicutes levels compared to antipsychotic
naive psychiatric group. This outcome suggests a possible link
between high body mass index (BMI), weight gain and deregulated
synthesis of SCFAs, as well as tryptophan metabolism in the gut
during antipsychotic therapy and could be due to blockade of
neurohormone receptors such as muscarinic, H1 and 5-HT2C
(Jumpertz et al., 2011; Bahr et al., 2015).

Nevertheless, variable sex-dependent effects of antipsychotic
drugs-induced metabolic syndrome and gut microbiota alterations
have been postulated, with female rodents having higher rates
of obesity and cognitive symptoms (Rubin et al., 2008; Davey
et al., 2012, 2013; Morgan et al,, 2014; Bahr et al., 2015; Seeman,
2021b). Although the gut microbiome and its composition differ
among humans and gender due to hormonal variations and
route of drug administration (Zhang et al, 2013; Kim et al,
2020; Yuan et al, 2020), microbiome-induced drug metabolism
could negatively impact host’s pharmacokinetic profiles including
metabolic enzymes involved in phases 1 and 2 such as cytochrome
P450s (a hemeprotein involved in the metabolism of drug and
xenobiotics) to determine bioavailability, efficacy and toxicity
(Enright et al., 20165 Cussotto et al., 2021). A typical example is the
activation of the pro-drug or chemical scission of isoxazole in the
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benzisoxazole ring system of risperidone to active metabolites (such
as 9-hydroxy-risperidone and paliperidone) in the presence of gut
microflora under aerobic and anaerobic states (Meuldermans et al.,
1994; Wilson and Nicholson, 2017; Xie et al., 2020). Altogether,
these findings indicate the possible influence of microbiota system
on antipsychotic-induced adverse effects (weight gain, higher BMI).
Thus, widening the scope to include gut microbiota profiling
during antipsychotic therapy may eventually result in improved
therapeutic strategies and outcomes. However, this axis remains
open for elucidation of a clear connection between dysbiosis and
the adverse effects of antipsychotic drugs for efficient clinical
outcomes.

10. Do fecal microbiota transplants
populate microglial sensomes and
affect brain reserves?

The clinical application of the effect of interpersonal variations
of microbiome on pharmacokinetics, pharmacodynamics and
adverse effects of drugs known as “pharmacomicrobiomics”
is increasingly emerging because of the striking evidence
demonstrating that fecal transplantation of healthy microbiota
decoction into dysbiotic gut of ill individuals can be beneficial.
While fecal microbiota transplantation (FMT) (Figure 1) entails
the seeding of healthy bacteria contained in fecal products from
healthy donors to diseased individuals (Zheng et al., 2019; Chinna
Meyyappan et al., 2020; Zhu et al, 2020b; Erny et al., 2021),
pharmacomicrobiomics is the study of the interactions between
drugs and microbiome (Sharma et al, 2019). Gut microbiota
community can regulate CNS activity, which is partly dependent
on genetic and epigenetic factors (Goodrich et al., 2014; Levine
et al., 2018; Montgomery et al., 2020). One possible connection
between the gut microbiome and brain’s immune status is the
role of microglia in regulating neuro-immune responses, and brain
metabolic activity, as well as the reciprocal reprogramming of
microglia by the gut microbiome (Clarke et al., 2013; Abdel-Haq
et al., 2018; Bernier et al., 2020; Carrier et al., 2020; Cornell
et al., 2021). Transplantation of microbiota fecal materials from
SCZ patients to GF mice has been reported to cause SCZ-
like behavior typified by hyperlocomotion, sensorimotor gating
deficit, anhedonia-like symptoms and neurochemical imbalance
characterized by decreased glutamate in the hippocampus,
increased cellular basal dopamine in the prefrontal cortex and
serotonin levels in the hippocampus (Zheng et al., 2019; Zhu et al.,
2020a). Although SCZ-like behaviors were previously linked to
brain inflammation and microglial dysfunction (Morgan et al,
2010; Abdel-Hagq et al.,, 2018), whether the microbiome-microglia
brain axis directly mediates the effects of the FMT on modulating
SCZ-like behavior remains to be investigated in experimental
animal-human models.

Of note, translocator-positron emission tomography (PET)
imaging scans of individuals at ultra-high risk of SCZ demonstrated
a higher binding of radiotracer markers (such as ['!C]PBR28
and ['!'C]®-PK11195 radioligands) for 18 kDa translocator protein
(TSPO), a relatively non-specific marker for immune reactivity, in
gray matter regions, suggesting the implication of microglia and
(neuro) inflammation (Bloomfield et al., 2016; Conen et al., 2021).
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A study showed that GF mice displayed underdeveloped and
immature microglia in the cerebral cortex, corpus callosum,
hippocampus, olfactory bulb, and cerebellum with a wide array of
gene expression changes pertaining to cytokines and chemokines
compared to colonized SPF microglia. Using quantitative real-
time PCR analysis, these changes included $100a4, $100a6, S100a8,
and S100a10 genes following LPS or lymphocytic choriomeningitis
virus (LCMV) inflammatory induction (Erny et al, 2015).
Furthermore, Erny et al. (2015) demonstrated that under GF
conditions, microglial response to pathological insults such as
viral exposure is less severely characterized by up-regulation of
CSF1-receptor, F4/80 and CD31 surface proteins. The study also
found substantial high levels of several other genes involved in
the promotion of cell proliferation [e.g., Iqgapl, DNA-damage
inducible transcript-4 (Ddit4)], cell cycle (e.g., Cdk9 and Ccnd3),
and apoptotic inhibition (Bcl2) in the microglia of GF mice. The
microglia of GF mice displayed altered morphology characterized
of increased cell division, branching, and segments, through
mechanisms linked to metabolic elevated expression of Csflr, Ddit4
and Transforming growth factor beta (Tgf-B) 1 genes (Erny et al.,
2015; Mossad and Erny, 2020; Wang et al., 2022). Of relevance to
microbiome reconstitution, these defects were partially restored by
recolonization with a complex microbiota and microbiota-derived
bacterial fermentation. Also, defective microglia were reversed
by SCFA supplementation, promoting restoration of microglial
process length, number of branching and segments (Erny et al,
2015). These findings further suggest that continuous contribution
of the gut microbiome is critical for microglia-regulated functions,
including neuroimmune response and behavior in steady-state
conditions.

Gut microbes are essential for the release of SCFAs, which
are bacterial fermentation products required to maintain intestinal
immune cell homeostasis through peripheral regulatory T cells
(Tregs)-transcription factor forkhead box P3 signaling (Burzyn
etal., 2013; Smith etal., 2013), G-protein coupled receptor (GPCRs)
or histone deacetylases (HDACs) (Samuel et al., 2008; Soliman
and Rosenberger, 2011). Recent findings illustrated that cerebral
Tregs-Foxp3 in rat cerebrum constitute over 15% of cerebral
CD4(+) T cell compartment and higher Treg cell-associated
signature genes than those present in peripheral counterpart (Xie
etal, 2015). Cerebral Tregs-Foxp3 inhibits LPS-induced microglial
reactivity and brain inflammation via IL-10, IL-35, CTLA4, and
CD39 response pathways, suggesting immuno-surveillance and
immunomodulatory roles of the gut-brain microglia Tregs-Foxp3
pathway in maintaining cerebral homeostasis (Xie et al., 2015).
Furthermore, gut-brain microglia metabolic fitness is driven by
essential bacteria-derived SCFAs specifically acetate through an up-
regulation of brain acetyl-coenzyme (aCoA) (Mezo et al., 2020;
Mossad and Erny, 2020; Erny et al., 2021). Although microbiota-
derived MAMPs and FFAR2 for SCFAs binding have not been
successfully shown to participate in the maintenance of microglia
under homeostatic conditions (Erny et al., 2015), these recent
findings emphasize that microglial maturation, differentiation and
function are strongly controlled by host gut microbiome and
complex molecular signatures, ensuring that their roles serve as
chaperon for quick diagnosis of dysfunctional CNS activity relevant
for SCZ pathogenesis (Erny et al., 2015; Abdel-Haq et al., 2018;
Kelly et al., 2021; Rosin et al., 2021). These findings support the
notions that microglial sensomes can be modulated and brain
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reserves can be increased by acting on the gut microbiome,
thus supporting the gut-brain microglia axis hypothesis. In the
future, other links showing specific gut microbiome complement-
mediated microglia phagocytosis and altered synaptogenesis and
morphogenesis are hereby required to identify novel therapeutic
targets.

11. Experimental and clinical
evidence for the influence of
psychobiotics in SCZ

Psychobiotics, as an intervention that seeks to improve mental
well-being through manipulation of the GB axis, may be in the
form of prebiotics or probiotics. While probiotics are beneficial
live bacteria, prebiotics include substances that encourage the
growth and survival of probiotics. Some variations in microbiota
diversity have been reported in many cases of first episode psychosis
and chronic SCZ compared to healthy controls. Commonly
reported microbiota strains particularly in first episode psychotic
patients include: Brucellaceae, Halothiobacillus, Micrococcineae,
Lachnospiraceae, and Lactobacillaceae which are particularly
elevated in individuals suffering from social deficits due to a weak
global functionality (Schwarz et al., 2018; Nguyen et al., 2021). By
contrast, Veillonellaceae is decreased in these individuals compared
to controls (Schwarz et al, 2018). Additionally, Tropheryma,
Halothiobacillus, Saccharophagus, Deferribacter, Halorubrum, and
Lactobacillus were elevated whereas Nitrosospira, Anabaena, and
Gallionella decreased significantly (Schwarz et al., 2018). These
findings are consistent with other reports from other first episode
SCZ spectrum (He et al, 2018; Shen et al, 2018; Yuan et al,
2018). In the genus levels, patients with chronic SCZ showed
increased Anaerococcus (H = 8.32; p = 0.007) with reduced levels
of Clostridium (H = —15.9; p = 0.002), Haemophilus (H = —11.3;
p = 0.004), and Sutterella (H = —12.0; p = 0.004) compared to
controls (Nguyen et al., 2019). At the taxonomic levels, 35 taxa
were differentially expressed. Among these, 33 sub-operational
taxonomic units (sOTU), an operational classification model
used to classify a group of closely related organisms, were from
Clostridiales order, 1 sOTU from Gammaproteobacteria consisting
of Haemophilus parainfluenzae, and 1 sOTU belonging to class
Erysipelotrichia with unknown genus (Nguyen et al., 2019). In
terms of association of microbial taxa and disease severity in
relation to the psychopathology of SCZ, elevated levels of genus
Bacteroides correlated with more depressive-like behavior, while
low family levels of Ruminococcaceae were linked to heightened
negative symptoms. In general, it is reported that the levels
of phylum Verrucomicrobia are positively interrelated with self-
reported mental wellness (Nguyen et al., 2019). Therefore, these
data underscore the need to conduct more mechanistic clinical
investigations for the possible application of psychobiotic in the
treatment of SCZ (Nguyen et al., 2019; Zhu et al., 2020a).

A randomized double-blind placebo-control trial (N = 65) of
probiotics consisting of a mixture of Lactobacillus rhamnosus strain
GG and Bifidobacterium animalis subp. lactis strain Bb12 was
conducted on DSM-IV confirmed-psychotic patients (Dickerson
et al, 2014). Although no significant changes were observed
in the positive and negative symptoms using their syndrome
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scale (PANSS) relative to control group, male patients were
less vulnerable to bowel immobility during the trial period.
However, another longitudinal pilot study examining the links
between probiotic treatment, bowel distress and SCZ symptoms
specifically reported on the antibody expressions of Candida
albicans and Saccharomyces Cerevisiae which are highly abundant
in SCZ (Severance et al., 2017). Severance et al. (2017) reported
improvement in positive symptoms after PANSS test (N = 56) in
male patients who were seronegative for C. albicans. Additionally,
this study found significant decrease in the antibody levels of
C. albicans only in males after 14 weeks of probiotic treatment.
These findings suggest the possible connection between the severity
of positive psychotic symptoms and seropositivity of C. albicans
as confirmed in over 380 male patients with SCZ (Severance
et al., 2017; Severance and Yolken, 2019). Consequently, this
investigation reinforces the beneficial role of psychobiotics in SCZ
and that repopulation and depopulation of some gut microbiota
phyla might play a vital role in determining the therapeutic
response to antipsychotic drugs (Seeman, 2021b). Elsewhere,
multiplex immunoassay of 47 immune-related proteins in the
serum of patients with chronic SCZ (N = 31) reported the
immunomodulatory effects of probiotics (Lactobacillus rhamnosus
and Bifidobacterium animalis strains) (Tomasik et al, 2015).
Through in silico analysis, it was further demonstrated that
a probiotic add-on therapy modulates the IL-17 group of
cytokines in immune and gut epithelial cells, leading to increased
expressions of BDNE, monocyte chemotactic protein-1 (MCP-1)
and decreased von Willebrand factor, with unchanged expressions
of other inflammatory proteins including T-cells relative to placebo
control (Tomasik et al., 2015). Again, these findings showed the
immunomodulatory potential of probiotics in ameliorating SCZ
symptoms via inhibition of a leaky gut and enhancement of
neurotrophic activity. Of note, the interplay between SCZ and
elevated pro-inflammatory cytokines have been well characterized
over the years (de Pablos et al, 2014; Kohler et al, 2017
Conen et al., 2021). Studies have shown that the gut microbiome
can synthesize bioactive “immunomodulins” in the form of
regulatory cytokines including IL-10 and TNFa that inhibit
brain inflammation (Kemgang et al, 2014; Pendyala et al,
2017). Furthermore, while BDNF is implicated in SCZ pathology
(Angelucci et al, 2005; Ben-Azu et al, 2018a), the microbial
synthesis and regulation of neurotrophic factors such as BDNF
which were shown to modulate synaptogenesis, neurogenesis,
neuronal survival and neurochemical activities is expected to
influence brain functions and clinical outcomes (Tomasik et al.,
2015).

A proof of concept study examining the effect of probiotics on
anxiety and depressive-like behavior associated with SCZ indicated
that administration of Bifidobacterium breve A-1 for 4 weeks
significantly attenuated the Hospital Anxiety and Depression
Scale (HADS) total score by 25% (Okubo et al, 2019). This
finding was associated with reduced PANSS anxiety/depression
episodes and increased levels of Parabacteroides in the gut
microbiome through mechanisms related to elevated expressions
of TNF-dependent activated release of other cytokines such as
IL-22 (Okubo et al, 2019). These findings raise awareness on
the ability of probiotics to attenuate anhedonic-like symptoms
of SCZ via an inhibition of cytokine release, leaky gut, and
prevention of gut-derived bacterial antigens transfer to the brain.
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A preclinical investigation also revealed that treatment with
probiotics containing Akkermansia muciniphila reversed high-fat
diet (HFD)-induced cognitive dysfunction in rats (Higarza et al,
2021) as well as olanzapine-induced weight gain, metabolic and
immune alterations in mice by inhibiting hepatic gluconeogenesis
and reducing serum levels of cytokines (TNFa, IL-6) (Huang
et al, 2021). Besides, another proof of concept exploratory
study (NCT02637115) confirmed the beneficial effect of this
Akkermansia muciniphila in overweight and obese human
volunteers following daily oral administration for 3 months
(Depommier et al, 2019). Thus, for better clinical outcome,
these findings suggest that probiotic supplementation from
dietary intervention could be used to abate metabolic adverse
effects and epithelia barrier dysfunction associated with some
antipsychotic medications.

Remarkably, a mechanistic study showed that post-treatment
with prebiotic (Xylooligosaccharides), probiotic (Lactobacillus
paracasei HII01) or (Xylooligosaccharides and
Lactobacillus paracasei HII01) in male obese-insulin resistant rats,

symbiotic

induced by HFD for 12 weeks, significantly reversed peripheral
insulin sensitivity, gut, and systemic inflammation as well as
oxidative stress and apoptosis in the hippocampus. Although the
superiority of prebiotic vs. probiotic supplementations on the
metabolic benefits remains undecided in the field, interestingly this
study reports that inhibition of gut and systemic inflammation was
associated with decreased microglial reactivity, mitochondrial
dysfunction, increased dendritic spine density, improved
hippocampal plasticity, long-term potentiation and cognitive
functions (Chunchai et al., 2018). While the inability of probiotic
(Lactobacillus rhamnosus, JB-1) to prevent cold pressor-induced
cognitive impairment in males has been reported (Kelly et al,
2017), another investigation proved that probiotics (Lactobacilli,
Lactococci, and Bifidobacteria) in healthy females volunteers
improved cognitive functions by raising the relative abundance
of bacterial taxa known to protect the integrity of the intestine
and BBB (Bloemendaal et al, 2021). These discrepant findings
suggest that certain variables such as sex, health status, disease
chronicity, microbial composition, and duration of treatment
as well as genetic footprints are important factors to consider
when designing studies to modulate the GB axis. Of note, the
research shortcomings of using different microbial strains, genetic
factors and the resilience to short-term course are discussed
in-depth in the following articles (Castro-Nallar et al, 2015;
Montgomery et al.,, 2020; Yuan et al., 2020; Bloemendaal et al.,
2021; Teeuw et al., 2021).

12. Do psychobiotics contribute to
antipsychotic-induced therapeutic
benefits or adverse effects through
the gut-brain microglial axis?

The aim of this review was to explore and summarize how
the gut-resident bacteria can modulate molecular mechanisms
of accelerated aging in SCZ through microglial signaling. While
convincing evidence on the gut-microglia brain axis continue
to emerge, substantial data show that dysbiotic disorders
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can negatively impact the vagal communication with the brain and
activation of the microglial sensomes. The gut-brain microglia axis
hypothesis of SCZ was stimulated by the discovery that GF mice
displayed global microglial defects with abnormal phenotypes in
steady and disease states, which was reversed by the introduction
of a complex microbiota profile. Excessive microglial reactivity
due to disease state can cause behavioral perturbations relevant
to SCZ-like behavior. Definitive changes of gut microbiota and
microbiome compositions may also allow to increase effectiveness
and reduce the adverse effects of antipsychotic drugs by rectifying
defective microglia. However, because the composition of the
gut microbiome is regulated by certain dynamics such as dietary
habits, aging, stress, pollution, infections, as well as other factors
like genetics, sex, disease chronicity, duration of treatment,
and age, the microglial sensomes and its signaling may vary
as well, thus, making the hypothesis difficult to test due to
interpersonal variations.

In the future, the assessment of microbiota and microbiome
markers together with microglial functions can be used
longitudinally as diagnostic judgment for SCZ and therapeutic
benefits of antipsychotic drugs. Measures from microglial
phenotypes and their sensomes can be collected and used to track
the progress of antipsychotic drug idiosyncratic response, the
effectiveness, and severity of adverse effects, as well as the rate of
accelerated brain aging. Investigating gut microbiome-dependent
microglia-mediated modulations of cytokines, chemokines,
complements factors, neurogenesis, synaptic pruning, dendritic
arborization, and brain reserves during treatment of SCZ
patients with antipsychotic drugs may give more insights and
understanding of the overall inter-organ-dependent clinical
symptoms. These studies also hold the potential to provide novel
treatment targets for SCZ and to slow down the accelerated brain
aging. To this end, specific psychobiotic regimen could be used
either as monotherapy or as adjunct or supplemented from dietary
intervention to decelerate disease progression and associated
accelerated brain aging. Development of scientific methods for
absolute and idiosyncratic profiling and identification of the genera
associated with altered gut-brain microglia axis in the pathogenesis
of SCZ would, however, be recommended, to enable treatment
with appropriate psychobiotics. This would be meaningful for
designing relevant psychobiotics either as prebiotic, probiotic or
symbiotic (a mixture of prebiotics and probiotics) as well as related
dietary-enriching products such as ketogenic diets that could help
in reversing SCZ and related diseases or maintain young gut
microbiota system to protect vulnerable SCZ groups and improve
quality of life.

References

Abdel-Hagq, R., Schlachetzki, J. C. M., Glass, C. K., and Mazmanian, S. K. (2018).
Microbiome-microglia connections via the gut-brain axis. J. Exp. Med. 216, 41-59.
doi: 10.1084/jem.20180794

Abdolmaleky, H. M., Cheng, K., Russo, A., Smith, C. L., Faraone, S. V., Wilcox,
M,, et al. (2005). Hypermethylation of the reelin (RELN) promoter in the brain of
schizophrenic patients: A preliminary report. Am. J. Med. Genet. B Neuropsychiatr.
Genet. 134B, 60-66. doi: 10.1002/ajmg.b.30140

Addolorato, G., Mirijello, A., D’Angelo, C., Leggio, L., Ferrulli, A., Abenavoli,
L., et al. (2008). State and trait anxiety and depression in patients affected by

Frontiers in Cellular Neuroscience

10.3389/fncel.2023.1139357

Author contributions

BB-A and M-ET conceptualized the review. BB-A, ER, JV, MKh,
MKe, and MC wrote the manuscript. BB-A, MKh, and M-ET edited
the manuscript. MC designed the figure. All authors contributed to
the article and approved the submitted version.

Funding

This research was supported by Canadian Institutes of Health
Research (CIHR) and ERA-NET Neuron, Synaptic Dysfunction
in Disorders of the Central Nervous System (MicroSynDep)
grant awarded to M-ET. BB-A holds an International Brain
Research Organization African Regional Committee (IBRO-ARC)
2019 Grant for a Post-Doctoral Fellowship at the University
of Victoria. ER and MKe were recipients of the National
Institute of Mental Health (MHI122759 and MH096942). JV
holds a Canadian Graduate Scholarships—Master’s from CIHR
and a Faculty of Graduate Studies (University of Victoria)
Scholarship. M-ET holds a Canada Research Chairs (Tier II)
in Neurobiology of Aging and Cognition. BB-A and M-ET
were joint recipients of the Canadian-Israel Research grant
(IDRC Project 109925) supported by the Canadian Institutes of
Health Research (CIHR), the International Development Research
Center (IDRC), the Israel Science Foundation (ISF), and the
Azrieli Foundation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

gastrointestinal diseases: Psychometric evaluation of 1641 patients referred to an
internal medicine outpatient setting: Affective disorders in gastrointestinal diseases.
Int. J. Clin. Pract. 62, 1063-1069. doi: 10.1111/j.1742-1241.2008.01763.x

Afighor, M., Ben-Azu, B., Ajayi, A. M., and Umukoro, S. (2019). Role of cytochrome
C and tumor necrosis factor-alpha in memory deficit induced by high doses of a
commercial solid air freshener in mice. J. Chem. Health Risks 9, 263-274. doi: 10.
22034/jchr.2019.669291

Aktar, R., Parkar, N., Stentz, R., Baumard, L., Parker, A., Goldson, A., et al. (2020).
Human resident gut microbe Bacteroides thetaiotaomicron regulates colonic neuronal

frontiersin.org


https://doi.org/10.3389/fncel.2023.1139357
https://doi.org/10.1084/jem.20180794
https://doi.org/10.1002/ajmg.b.30140
https://doi.org/10.1111/j.1742-1241.2008.01763.x
https://doi.org/10.22034/jchr.2019.669291
https://doi.org/10.22034/jchr.2019.669291
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Ben-Azu et al.

innervation and neurogenic function. Gut Microbes 11, 1745-1757. doi: 10.1080/
19490976.2020.1766936

Al Nabhani, Z., Dulauroy, S., Marques, R., Cousu, C., Al Bounny, S., Déjardin,
F., et al. (2019). A weaning reaction to microbiota is required for resistance to
immunopathologies in the adult. Immunity 50, 1276-1288.e5. doi: 10.1016/j.immuni.
2019.02.014

Alemao, C. A., Budden, K. F., Gomez, H. M., Rehman, S. F., Marshall, J. E., Shukla,
S. D, et al. (2021). Impact of diet and the bacterial microbiome on the mucous barrier
and immune disorders. Allergy 76, 714-734. doi: 10.1111/all.14548

Alexander-Bloch, A., Giedd, J. N., and Bullmore, E. (2013). Imaging structural co-
variance between human brain regions. Nat. Rev. Neurosci. 14, 322-336. doi: 10.1038/
nrn3465

Allswede, D. M., Buka, S. L., Yolken, R. H,, Torrey, E. F., and Cannon, T. D. (2016).
Elevated maternal cytokine levels at birth and risk for psychosis in adult offspring.
Schizophr. Res. 172, 41-45. doi: 10.1016/j.schres.2016.02.022

Angelucci, F.,, Brene, S., and Mathé, A. A. (2005). BDNF in schizophrenia,
depression and corresponding animal models. Mol. Psychiatry 10, 345-352. doi: 10.
1038/sj.mp.4001637

Arnoux, I, and Audinat, E. (2015). Fractalkine signaling and microglia functions in
the developing brain. Neural Plast. 2015:689404. doi: 10.1155/2015/689404

Awogbindin, I. O., Ben-Azu, B., Olusola, B. A., Akinluyi, E. T., Adeniyi, P. A,, Di
Paolo, T., et al. (2021). Microglial implications in SARS-CoV-2 infection and COVID-
19: Lessons from viral RNA neurotropism and possible relevance to Parkinson’s
disease. Front. Cell. Neurosci. 15:670298. doi: 10.3389/fncel.2021.670298

Bahr, S. M., Tyler, B. C., Wooldridge, N., Butcher, B. D., Burns, T. L., Teesch, L. M.,
et al. (2015). Use of the second-generation antipsychotic, risperidone, and secondary
weight gain are associated with an altered gut microbiota in children. Transl. Psychiatry
5:652. doi: 10.1038/tp.2015.135

Barrett, E., Ross, R. P., O’Toole, P. W., Fitzgerald, G. F., and Stanton, C. (2012).
y-Aminobutyric acid production by culturable bacteria from the human intestine.
J. Appl. Microbiol. 113, 411-417. doi: 10.1111/j.1365-2672.2012.05344.x

Ben-Azu, B, Adebayo, O. G,, Jarikre, T. A., Oyovwi, M. O,, Edje, K. E., Omogbiya,
I. A, et al. (2022). Taurine, an essential f-amino acid insulates against ketamine-
induced experimental psychosis by enhancement of cholinergic neurotransmission,
inhibition of oxidative/nitrergic imbalances, and suppression of COX-2/iNOS
immunoreactions in mice. Metab. Brain Dis. 37, 2807-2826. doi: 10.1007/s11011-022-
01075-5

Ben-Azu, B., Aderibigbe, A. O., Ajayi, A. M., Eneni, A-E. O., Omogbiya,
I. A, Owoeye, O, et al. (2019). Morin decreases cortical pyramidal neuron
degeneration via inhibition of neuroinflammation in mouse model of schizophrenia.
Int. Immunopharmacol. 70, 338-353. doi: 10.1016/j.intimp.2019.02.052

Ben-Azu, B., Aderibigbe, A. O., Ajayi, A. M., Eneni, A.-E. O., Umukoro, S., and
Iwalewa, E. O. (2018a). Involvement of GABAergic, BDNF and Nox-2 mechanisms
in the prevention and reversal of ketamine-induced schizophrenia-like behavior by
morin in mice. Brain Res. Bull. 139, 292-306. doi: 10.1016/j.brainresbull.2018.03.006

Ben-Azu, B., Aderibigbe, A. O., Eneni, A.-E. O., Ajayi, A. M., Umukoro, S., and
Iwalewa, E. O. (2018b). Morin attenuates neurochemical changes and increased
oxidative/nitrergic stress in brains of mice exposed to ketamine: Prevention and
reversal of schizophrenia-like symptoms. Neurochem. Res. 43, 1745-1755. doi: 10.
1007/s11064-018-2590-z

Ben-Azu, B., Aderibigbe, A. O., Omogbiya, I. A., Ajayi, A. M., Owoeye, O., Olonode,
E. T, etal. (2018c). Probable mechanisms involved in the antipsychotic-like activity of
morin in mice. Biomed. Pharmacother. 105, 1079-1090. doi: 10.1016/j.biopha.2018.06.
057

Ben-Azu, B., Omogbiya, I. A., Aderibigbe, A. O., Umukoro, S., Ajayi, A. M.,
and Iwalewa, E. O. (2018d). Doxycycline prevents and reverses schizophrenic-like
behaviors induced by ketamine in mice via modulation of oxidative, nitrergic and
cholinergic pathways. Brain Res. Bull. 139, 114-124. doi: 10.1016/j.brainresbull.2018.
02.007

Ben-Azu, B., Emokpae, O., Ajayi, A. M, Jarikre, T. A, Orhode, V., Aderibigbe, A. O.,
etal. (2020). Repeated psychosocial stress causes glutamic acid decarboxylase isoform-
67, oxidative-Nox-2 changes and neuroinflammation in mice: Prevention by treatment
with a neuroactive flavonoid, morin. Brain Res. 1744:146917. doi: 10.1016/j.brainres.
2020.146917

Ben-Azu, B., Omogbiya, 1., Aderibigbe, A., Umukoro, S., Ajayi, A., Eneni, A., et al.
(2016). Doxycycline ameliorates schizophrenia-like behaviors in experimental models
in mice by targeting underlying oxidative stress. J. Behav. Brain Sci. 6, 539-562.
doi: 10.4236/jbbs.2016.613048

Ben-Azu, B., Uruaka, C. I, Ajayi, A. M., Jarikre, T. A., Nwangwa, K. E., Chilaka,
K. C,, et al. (2023). Reversal and preventive pleiotropic mechanisms involved in the
antipsychotic-like effect of taurine, an essential f-amino acid in ketamine-induced
experimental schizophrenia in mice. Neurochem. Res. 48, 816-829. doi: 10.1007/
s11064-022-03808-5

Benner, M., Lopez-Rincon, A., Thijssen, S., Garssen, J., Ferwerda, G., Joosten, L,
et al. (2021). Antibiotic intervention affects maternal immunity during gestation in
mice. Front. Immunol. 12:3347. doi: 10.3389/fimmu.2021.685742

Frontiers in Cellular Neuroscience

16

10.3389/fncel.2023.1139357

Bercik, P., Denou, E., Collins, J., Jackson, W., Lu, J., Jury, J., et al. (2011).
The intestinal microbiota affect central levels of brain-derived neurotropic factor
and behavior in mice. Gastroenterology 141, 599-609.e3. doi: 10.1053/j.gastro.2011.0
4.052

Bernardini, F., and Attademo, L. (2021). Premature mortality in schizophrenia: The
potential effect of air pollution exposure and urbanicity. Int. J. Soc. Psychiatry 68,
1527-1528. doi: 10.1177/00207640211047616

Bernier, L.-P., York, E. M., Kamyabi, A., Choi, H. B., Weilinger, N. L., and MacVicar,
B. A. (2020). Microglial metabolic flexibility supports immune surveillance of the brain
parenchyma. Nat. Commun. 11:1559. doi: 10.1038/s41467-020-15267-z

Bernstein, C. N., Hitchon, C. A., Walld, R., Bolton, J. M., Sareen, J., Walker, J. R.,
etal. (2019). Increased burden of psychiatric disorders in inflammatory bowel disease.
Inflamm. Bowel Dis. 25, 360-368. doi: 10.1093/ibd/izy235

Bisht, K., Sharma, K. P., Lecours, C., Sdnchez, M. G., El Hajj, H., Milior, G., et al.
(2016). Dark microglia: A new phenotype predominantly associated with pathological
states. Glia 64, 826-839. doi: 10.1002/glia.22966

Bistoletti, M., Caputi, V., Baranzini, N., Marchesi, N., Filpa, V., Marsilio, I, et al.
(2019). Antibiotic treatment-induced dysbiosis differently affects BDNF and TrkB
expression in the brain and in the gut of juvenile mice. PLoS One 14:¢0212856.
doi: 10.1371/journal.pone.0212856

Bloemendaal, M., Szopinska-Tokov, J., Belzer, C., Boverhoff, D., Papalini, S.,
Michels, F., et al. (2021). Probiotics-induced changes in gut microbial composition
and its effects on cognitive performance after stress: Exploratory analyses. Transl.
Psychiatry 11:300. doi: 10.1038/s41398-021-01404-9

Blokland, G. A. M., Mesholam-Gately, R. I, Toulopoulou, T., Del, Re, E. C., Lam,
M., et al. (2017). Heritability of neuropsychological measures in schizophrenia and
nonpsychiatric populations: A systematic review and meta-analysis. Schizophr. Bull.
43, 788-800. doi: 10.1093/schbul/sbw146

Bloomfield, P. S., Selvaraj, S., Veronese, M., Rizzo, G., Bertoldo, A., Owen, D. R,,
et al. (2016). Microglial activity in people at ultra high risk of psychosis and in
schizophrenia; an [11C]PBR28 PET brain imaging study. Am. J. Psychiatry 173, 44-52.
doi: 10.1176/appi.ajp.2015.14101358

Braniste, V., Al-Asmakh, M., Kowal, C., Anuar, F., Abbaspour, A., T6th, M., et al.
(2014). The gut microbiota influences blood-brain barrier permeability in mice. Sci.
Transl. Med. 6:263ra158. doi: 10.1126/scitranslmed.3009759

Bravo, J. A., Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., Dinan, T. G.,
etal. (2011). Ingestion of Lactobacillus strain regulates emotional behavior and central
GABA receptor expression in a mouse via the vagus nerve. Proc. Natl. Acad. Sci. U.S.A.
108, 16050-16055. doi: 10.1073/pnas.1102999108

Brunt, V. E., Gioscia-Ryan, R. A., Casso, A. G., VanDongen, N. S., Ziemba,
B. P, Sapinsley, Z. J., et al. (2020). Trimethylamine-N-oxide promotes age-related
vascular oxidative stress and endothelial dysfunction in mice and healthy humans.
Hypertension 76, 101-112. doi: 10.1161/HYPERTENSIONAHA.120.14759

Burzyn, D., Benoist, C., and Mathis, D. (2013). Regulatory T cells in nonlymphoid
tissues. Nat. Immunol. 14, 1007-1013. doi: 10.1038/ni.2683

Calder6n-Garciduefias, L., Franco-Lira, M., D’Angiulli, A., Rodriguez-Diaz, J.,
Blaurock-Busch, E., Busch, Y., et al. (2015). Mexico City normal weight children
exposed to high concentrations of ambient PM2.5 show high blood leptin and
endothelin-1, vitamin D deficiency, and food reward hormone dysregulation versus
low pollution controls. Relevance for obesity and Alzheimer disease. Environ. Res. 140,
579-592. doi: 10.1016/j.envres.2015.05.012

Campisi, J. (2005). Senescent cells, tumor suppression, and organismal aging: Good
citizens, bad neighbors. Cell 120, 513-522. doi: 10.1016/j.cell.2005.02.003

Candlish, M., and Hefendehl, J. K. (2021). Microglia phenotypes converge in aging
and neurodegenerative disease. Front. Neurol. 12:660720. doi: 10.3389/fneur.2021.
660720

Cannon, T. D,, Chung, Y., He, G., Sun, D,, Jacobson, A., van Erp, T. G. M., et al.
(2015). Progressive reduction in cortical thickness as psychosis develops: A multisite
longitudinal neuroimaging study of youth at elevated clinical risk. Biol. Psychiatry 77,
147-157. doi: 10.1016/j.biopsych.2014.05.023

Carrier, M., Guilbert, J., Lévesque, J.-P., Tremblay, M.-E., and Desjardins, M.
(2020). Structural and functional features of the developing brain capillaries, and their
alteration in schizophrenia. Front. Cell. Neurosci. 14:595002. doi: 10.3389/fncel.2020.
595002

Carrier, M., Simonéiéova, E., St-Pierre, M.-K., McKee, C., and Tremblay, M. (2021).
Psychological stress as a risk factor for accelerated cellular aging and cognitive decline:
The involvement of microglia-neuron crosstalk. Front. Mol. Neurosci. 14:749737. doi:
10.3389/fnmol.2021.749737

Castro-Nallar, E., Bendall, M. L., Pérez-Losada, M., Sabuncyan, S., Severance, E. G.,
Dickerson, F. B., et al. (2015). Composition, taxonomy and functional diversity of
the oropharynx microbiome in individuals with schizophrenia and controls. Peer]
3:€1140. doi: 10.7717/peerj.1140

Chahrour, M., Jung, S. Y., Shaw, C., Zhou, X., Wong, S. T. C, Qin, J., et al.
(2008). MeCP2, a key contributor to neurological disease, activates and represses
transcription. Science 320, 1224-1229. doi: 10.1126/science.1153252

frontiersin.org


https://doi.org/10.3389/fncel.2023.1139357
https://doi.org/10.1080/19490976.2020.1766936
https://doi.org/10.1080/19490976.2020.1766936
https://doi.org/10.1016/j.immuni.2019.02.014
https://doi.org/10.1016/j.immuni.2019.02.014
https://doi.org/10.1111/all.14548
https://doi.org/10.1038/nrn3465
https://doi.org/10.1038/nrn3465
https://doi.org/10.1016/j.schres.2016.02.022
https://doi.org/10.1038/sj.mp.4001637
https://doi.org/10.1038/sj.mp.4001637
https://doi.org/10.1155/2015/689404
https://doi.org/10.3389/fncel.2021.670298
https://doi.org/10.1038/tp.2015.135
https://doi.org/10.1111/j.1365-2672.2012.05344.x
https://doi.org/10.1007/s11011-022-01075-5
https://doi.org/10.1007/s11011-022-01075-5
https://doi.org/10.1016/j.intimp.2019.02.052
https://doi.org/10.1016/j.brainresbull.2018.03.006
https://doi.org/10.1007/s11064-018-2590-z
https://doi.org/10.1007/s11064-018-2590-z
https://doi.org/10.1016/j.biopha.2018.06.057
https://doi.org/10.1016/j.biopha.2018.06.057
https://doi.org/10.1016/j.brainresbull.2018.02.007
https://doi.org/10.1016/j.brainresbull.2018.02.007
https://doi.org/10.1016/j.brainres.2020.146917
https://doi.org/10.1016/j.brainres.2020.146917
https://doi.org/10.4236/jbbs.2016.613048
https://doi.org/10.1007/s11064-022-03808-5
https://doi.org/10.1007/s11064-022-03808-5
https://doi.org/10.3389/fimmu.2021.685742
https://doi.org/10.1053/j.gastro.2011.04.052
https://doi.org/10.1053/j.gastro.2011.04.052
https://doi.org/10.1177/00207640211047616
https://doi.org/10.1038/s41467-020-15267-z
https://doi.org/10.1093/ibd/izy235
https://doi.org/10.1002/glia.22966
https://doi.org/10.1371/journal.pone.0212856
https://doi.org/10.1038/s41398-021-01404-9
https://doi.org/10.1093/schbul/sbw146
https://doi.org/10.1176/appi.ajp.2015.14101358
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1161/HYPERTENSIONAHA.120.14759
https://doi.org/10.1038/ni.2683
https://doi.org/10.1016/j.envres.2015.05.012
https://doi.org/10.1016/j.cell.2005.02.003
https://doi.org/10.3389/fneur.2021.660720
https://doi.org/10.3389/fneur.2021.660720
https://doi.org/10.1016/j.biopsych.2014.05.023
https://doi.org/10.3389/fncel.2020.595002
https://doi.org/10.3389/fncel.2020.595002
https://doi.org/10.3389/fnmol.2021.749737
https://doi.org/10.3389/fnmol.2021.749737
https://doi.org/10.7717/peerj.1140
https://doi.org/10.1126/science.1153252
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Ben-Azu et al.

Chao, C. K., and Zeisel, S. H. (1990). Formation of trimethylamine from dietary
choline by Streptococcus sanguis 1, which colonizes the mouth. J. Nutr. Biochem. 1,
89-97. doi: 10.1016/0955-2863(90)90055-p

Chatterjee, M., Verma, R., Ganguly, S., and Palit, G. (2012). Neurochemical and
molecular characterization of ketamine-induced experimental psychosis model in
mice. Neuropharmacology 63, 1161-1171. doi: 10.1016/j.neuropharm.2012.05.041

Chen, H.-J,, and Liu, Y.-W. (2021). The impacts of probiotics on microbiota in
patients with autism spectrum disorder. Amsterdam: Elsevier. doi: 10.1016/B978-0-12-
819265-8.00101-7

Chen, P. H,, Tsai, S. Y., Pan, C. H,, Chang, C. K,, Su, S. S., Chen, C. C,, et al. (2020).
Age effect of antipsychotic medications on the risk of sudden cardiac death in patients
with schizophrenia: A nationwide case-crossover study. Psychiatry Clin. Neurosci. 74,
594-601. doi: 10.1111/pcn.13116

Chen, S., Henderson, A., Petriello, M. C., Romano, K. A., Gearing, M., Miao, .,
etal. (2019). Trimethylamine N-oxide binds and activates PERK to Promote metabolic
dysfunction. Cell Metab. 30, 1141-1151. doi: 10.1016/j.cmet.2019.08.021

Chen, Y., Xu, J., and Chen, Y. (2021). Regulation of neurotransmitters by the
gut microbiota and effects on cognition in neurological disorders. Nutrients 13:2099.
doi: 10.3390/nu13062099

Chen, Y., Zhang, F,, Yan, Y., Wang, S., Zhang, L., and Yan, F. (2022). Sudden
cardiac death in schizophrenia during hospitalization: An autopsy-based study. Front.
Psychiatry 13:933025. doi: 10.3389/fpsyt.2022.933025

Cheng-Shannon, J., McGough, J. J., Pataki, C., and McCracken, J. T. (2004). Second-
generation antipsychotic medications in children and adolescents. J Child Adolesc.
Psychopharmacol. 14, 372-394. doi: 10.1089/cap.2004.14.372

Chiappelli, J., Kochunov, P., Savransky, A., Fisseha, F., Wisner, K, Du, X,
et al. (2017). Allostatic load and reduced cortical thickness in schizophrenia.
Psychoneuroendocrinology 77, 105-111. doi: 10.1016/j.psyneuen.2016.11.021

Chinna Meyyappan, A., Forth, E., Wallace, C. J. K., and Milev, R. (2020). Effect of
fecal microbiota transplant on symptoms of psychiatric disorders: A systematic review.
BMC Psychiatry 20:299. doi: 10.1186/512888-020-02654-5

Chunchai, T., Thunapong, W., Yasom, S., Wanchai, K., Eaimworawuthikul, S.,
Metzler, G., et al. (2018). Decreased microglial activation through gut-brain axis
by prebiotics, probiotics, or synbiotics effectively restored cognitive function in
obese-insulin resistant rats. J. Neuroinflammation 15:11. doi: 10.1186/s12974-018-1
055-2

Clapp, M., Aurora, N., Herrera, L., Bhatia, M., Wilen, E., and Wakefield, S. (2017).
Gut microbiota’s effect on mental health: The gut-brain axis. Clin. Pract. 7:987. doi:
10.4081/cp.2017.987

Clarke, G., Grenham, S., Scully, P., Fitzgerald, P., Moloney, R. D., Shanahan, F., et al.
(2013). The microbiome-gut-brain axis during early life regulates the hippocampal
serotonergic system in a sex-dependent manner. Mol. Psychiatry 18, 666-673. doi:
10.1038/mp.2012.77

Cloutier, M., Aigbogun, M. S., Guerin, A., Nitulescu, R., Ramanakumar, A. V.,
Kamat, S. A, et al. (2016). The economic burden of schizophrenia in the United States
in 2013. J. Clin. Psychiatry 77, 764-771. doi: 10.4088/JCP.15m10278

Coiro, P., Padmashri, R., Suresh, A., Spartz, E., Pendyala, G., Chou, S,, et al. (2015).
Impaired synaptic development in a maternal immune activation mouse model of
neurodevelopmental disorders. Brain Behav. Immun. 50, 249-258. doi: 10.1016/j.bbi.
2015.07.022

Cole, J. H., and Franke, K. (2017). Predicting age using neuroimaging: Innovative
brain ageing biomarkers. Trends Neurosci. 40, 681-690. doi: 10.1016/j.tins.2017.10.001

Cole, J. H.,, Poudel, R. P. K., Tsagkrasoulis, D., Caan, M. W. A, Steves, C., Spector,
T. D,, et al. (2017). Predicting brain age with deep learning from raw imaging data
results in a reliable and heritable biomarker. Neuroimage 163, 115-124. doi: 10.1016/j.
neuroimage.2017.07.059

Colonna, M., and Butovsky, O. (2017). Microglia function in the central nervous
system during health and neurodegeneration. Annu. Rev. Immunol. 35, 441-468.
doi: 10.1146/annurev-immunol-051116-052358

Comer, A. L., Carrier, M., Tremblay, M.-E., and Cruz-Martin, A. (2020). The
inflamed brain in schizophrenia: The convergence of genetic and environmental risk
factors that lead to uncontrolled neuroinflammation. Front. Cell. Neurosci. 14:274.
doi: 10.3389/fncel.2020.00274

Conen, S., Gregory, C. J., Hinz, R, Smallman, R., Corsi-Zuelli, F., Deakin, B.,
et al. (2021). Neuroinflammation as measured by positron emission tomography in
patients with recent onset and established schizophrenia: Implications for immune
pathogenesis. Mol. Psychiatry 26, 5398-5406. doi: 10.1038/s41380-020-0829-y

Cornell, J., Salinas, S., Huang, H.-Y., and Zhou, M. (2021). Microglia regulation
of synaptic plasticity and learning and memory. Neural Regen. Res. 17, 705-716.
doi: 10.4103/1673-5374.322423

Cryan, J. F,, and Dinan, T. G. (2012). Mind-altering microorganisms: The impact
of the gut microbiota on brain and behaviour. Nat. Rev. Neurosci. 13, 701-712. doi:
10.1038/nrn3346

Cussotto, S., Walsh, J., Golubeva, A. V., Zhdanov, A. V., Strain, C. R., Fouhy, F,,

et al. (2021). The gut microbiome influences the bioavailability of olanzapine in rats.
EBioMedicine 66:103307. doi: 10.1016/j.ebiom.2021.103307

Frontiers in Cellular Neuroscience

17

10.3389/fncel.2023.1139357

Czepielewski, L. S., Massuda, R., Panizzutti, B., da Rosa, E. D., de Lucena, D.,
Macédo, D., et al. (2016). Telomere length in subjects with schizophrenia, their
unaffected siblings and healthy controls: Evidence of accelerated aging. Schizophr. Res.
174, 39-42. doi: 10.1016/j.schres.2016.04.004

Czepielewski, L. S., Massuda, R., Panizzutti, B., Grun, L. K., Barbé-Tuana, F. M.,
Teixeira, A. L., et al. (2018). Telomere length and CCL11 levels are associated with
gray matter volume and episodic memory performance in schizophrenia: Evidence
of pathological accelerated aging. Schizophr. Bull. 44, 158-167. doi: 10.1093/schbul/
sbx015

Dabke, K., Hendrick, G., and Devkota, S. (2019). The gut microbiome and metabolic
syndrome. J. Clin. Invest. 129, 4050-4057. doi: 10.1172/JCI129194

Dalile, B., Van Oudenhove, L., Vervliet, B., and Verbeke, K. (2019). The role of short-
chain fatty acids in microbiota-gut-brain communication. Nat. Rev. Gastroenterol.
Hepatol. 16, 461-478. doi: 10.1038/s41575-019-0157-3

Davey, K. J., Cotter, P. D., O’Sullivan, O., Crispie, F., Dinan, T. G., Cryan, J. F,,
et al. (2013). Antipsychotics and the gut microbiome: Olanzapine-induced metabolic
dysfunction is attenuated by antibiotic administration in the rat. Transl. Psychiatry
3:e309. doi: 10.1038/tp.2013.83

Davey, K. J., O’'Mahony, S. M., Schellekens, H., O’Sullivan, O., Bienenstock, J.,
Cotter, P. D., et al. (2012). Gender-dependent consequences of chronic olanzapine in
the rat: Effects on body weight, inflammatory, metabolic and microbiota parameters.
Psychopharmacology 22, 155-169. doi: 10.1007/s00213-011-2555-2

David, J., Measelle, J., Ostlund, B., and Ablow, J. (2017). Association between early
life adversity and inflammation during infancy. Dev. Psychobiol. 59, 696-702. doi:
10.1002/dev.21538

De Filippis, F., Pellegrini, N., Vannini, L., Jeffery, I. B., La Storia, A., Laghi, L.,
et al. (2016). High-level adherence to a mediterranean diet beneficially impacts the
gut microbiota and associated metabolome. Gut 65, 1812-1821. doi: 10.1136/gutjnl-
2015-309957

De Hert, M., Dobbelaere, M., Sheridan, E. M., Cohen, D., and Correll, C. U.
(2011). Metabolic and endocrine adverse effects of second-generation antipsychotics
in children and adolescents: A systematic review of randomized, placebo controlled
trials and guidelines for clinical practice. Eur. Psychiatry 26, 144-158. doi: 10.1016/j.
eurpsy.2010.09.011

de Pablos, R. M., Herrera, A. J., Espinosa-Oliva, A. M., Sarmiento, M., Muioz,
M. F., Machado, A,, et al. (2014). Chronic stress enhances microglia activation and
exacerbates death of nigral dopaminergic neurons under conditions of inflammation.
J. Neuroinflammation 11:34. doi: 10.1186/1742-2094-11-34

del, Re, E. C., Bergen, S. E., Mesholam-Gately, R. I, Niznikiewicz, M. A., Goldstein,
J. M., et al. (2014). Analysis of schizophrenia-related genes and electrophysiological
measures reveals ZNF804A association with amplitude of P300b elicited by novel
sounds. Transl. Psychiatry 4:e346. doi: 10.1038/tp.2013.117

Del, Re, E. C., Stone, W. S, Bouix, S., Seitz, J., Zeng, V., et al. (2021). Baseline cortical
thickness reductions in clinical high risk for psychosis: Brain regions associated with
conversion to psychosis versus non-conversion as assessed at one-year follow-up in
the shanghai-at-risk-for-psychosis (SHARP) study. Schizophr. Bull. 47, 562-574. doi:
10.1093/schbul/sbaal27

Demaria, M., Ohtani, N., Youssef, S. A., Rodier, F., Toussaint, W., Mitchell,
J. R, et al. (2014). An essential role for senescent cells in optimal wound healing
through secretion of PDGF-AA. Dev. Cell 31, 722-733. doi: 10.1016/j.devcel.2014.1
1.012

Dennison, C. A., Legge, S. E., Pardifias, A. F., and Walters, J. T. R. (2020). Genome-
wide association studies in schizophrenia: Recent advances, challenges and future
perspective. Schizophr. Res. 217, 4-12. doi: 10.1016/j.schres.2019.10.048

Depommier, C., Everard, A., Druart, C., Plovier, H., Van Hul, M., Vieira-Silva, S.,
etal. (2019). Supplementation with Akkermansia muciniphila in overweight and obese
human volunteers: A proof-of-concept exploratory study. Nat. Med. 25, 1096-1103.
doi: 10.1038/541591-019-0495-2

Desbonnet, L., Garrett, L., Clarke, G., Bienenstock, J., and Dinan, T. G. (2008). The
probiotic Bifidobacteria infantis: An assessment of potential antidepressant properties
in the rat. J. Psychiatr. Res. 43, 164-174. doi: 10.1016/j.jpsychires.2008.03.009

Dickerson, F. B., Stallings, C., Origoni, A., Katsafanas, E., Savage, C. L. G,
Schweinfurth, L. A. B., et al. (2014). Effect of probiotic supplementation
on schizophrenia symptoms and association with gastrointestinal functioning:
A randomized, placebo-controlled trial. Prim. Care Companion CNS Disord.
16:PCC.13m01579. doi: 10.4088/PCC.13m01579

Dinan, T. G., and Cryan, J. F. (2017). The microbiome-gut-brain axis in health and
disease. Gastroenterol. Clin. North Am. 46, 77-89. doi: 10.1016/j.gtc.2016.09.007

Dinan, T. G., and Cryan, J. F. (2018). Schizophrenia and the microbiome: Time to
focus on the impact of antipsychotic treatment on the gut microbiota. World J. Biol.
Psychiatry 19, 568-570. doi: 10.1080/15622975.2018.1540793

Ding, M., Lang, Y., Shu, H., Shao, J., and Cui, L. (2021). Microbiota-gut-brain axis
and epilepsy: A review on mechanisms and potential therapeutics. Front. Immunol.
12:742449. doi: 10.3389/fimmu.2021.742449

Dominguez-Bello, M. G., Godoy-Vitorino, F., Knight, R., and Blaser, M. J. (2019).
Role of the microbiome in human development. Gut 68, 1108-1114. doi: 10.1136/
gutjnl-2018-317503

frontiersin.org


https://doi.org/10.3389/fncel.2023.1139357
https://doi.org/10.1016/0955-2863(90)90055-p
https://doi.org/10.1016/j.neuropharm.2012.05.041
https://doi.org/10.1016/B978-0-12-819265-8.00101-7
https://doi.org/10.1016/B978-0-12-819265-8.00101-7
https://doi.org/10.1111/pcn.13116
https://doi.org/10.1016/j.cmet.2019.08.021
https://doi.org/10.3390/nu13062099
https://doi.org/10.3389/fpsyt.2022.933025
https://doi.org/10.1089/cap.2004.14.372
https://doi.org/10.1016/j.psyneuen.2016.11.021
https://doi.org/10.1186/s12888-020-02654-5
https://doi.org/10.1186/s12974-018-1055-2
https://doi.org/10.1186/s12974-018-1055-2
https://doi.org/10.4081/cp.2017.987
https://doi.org/10.4081/cp.2017.987
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.4088/JCP.15m10278
https://doi.org/10.1016/j.bbi.2015.07.022
https://doi.org/10.1016/j.bbi.2015.07.022
https://doi.org/10.1016/j.tins.2017.10.001
https://doi.org/10.1016/j.neuroimage.2017.07.059
https://doi.org/10.1016/j.neuroimage.2017.07.059
https://doi.org/10.1146/annurev-immunol-051116-052358
https://doi.org/10.3389/fncel.2020.00274
https://doi.org/10.1038/s41380-020-0829-y
https://doi.org/10.4103/1673-5374.322423
https://doi.org/10.1038/nrn3346
https://doi.org/10.1038/nrn3346
https://doi.org/10.1016/j.ebiom.2021.103307
https://doi.org/10.1016/j.schres.2016.04.004
https://doi.org/10.1093/schbul/sbx015
https://doi.org/10.1093/schbul/sbx015
https://doi.org/10.1172/JCI129194
https://doi.org/10.1038/s41575-019-0157-3
https://doi.org/10.1038/tp.2013.83
https://doi.org/10.1007/s00213-011-2555-2
https://doi.org/10.1002/dev.21538
https://doi.org/10.1002/dev.21538
https://doi.org/10.1136/gutjnl-2015-309957
https://doi.org/10.1136/gutjnl-2015-309957
https://doi.org/10.1016/j.eurpsy.2010.09.011
https://doi.org/10.1016/j.eurpsy.2010.09.011
https://doi.org/10.1186/1742-2094-11-34
https://doi.org/10.1038/tp.2013.117
https://doi.org/10.1093/schbul/sbaa127
https://doi.org/10.1093/schbul/sbaa127
https://doi.org/10.1016/j.devcel.2014.11.012
https://doi.org/10.1016/j.devcel.2014.11.012
https://doi.org/10.1016/j.schres.2019.10.048
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1016/j.jpsychires.2008.03.009
https://doi.org/10.4088/PCC.13m01579
https://doi.org/10.1016/j.gtc.2016.09.007
https://doi.org/10.1080/15622975.2018.1540793
https://doi.org/10.3389/fimmu.2021.742449
https://doi.org/10.1136/gutjnl-2018-317503
https://doi.org/10.1136/gutjnl-2018-317503
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Ben-Azu et al.

Dowlati, Y., Herrmann, N., Swardfager, W., Liu, H., Sham, L., Reim, E. K,, et al.
(2010). A meta-analysis of cytokines in major depression. Biol. Psychiatry 67, 446-457.
doi: 10.1016/j.biopsych.2009.09.033

Ducarmon, Q. R., Zwittink, R. D., Hornung, B. V. H., van Schaik, W., Young, V. B,,
and Kuijper, E. J. (2019). Gut microbiota and colonization resistance against bacterial
enteric infection. Microbiol. Mol. Biol. Rev. 83:e00007-19. doi: 10.1128/ MMBR.00
007-19

Ducharme, S., Albaugh, M. D., Nguyen, T.-V., Hudziak, J. J., Mateos-Pérez, J. M.,
Labbe, A., et al. (2016). Trajectories of cortical thickness maturation in normal
brain development-The importance of quality control procedures. Neuroimage 125,
267-279. doi: 10.1016/j.neuroimage.2015.10.010

Elizabeth, A., Adegbuyi, A., Olusegun, A., Benneth, B.-A., Anthony, E., Abayomi,
A, etal. (2020). Morin hydrate attenuates chronic stress-induced memory impairment
and degeneration of hippocampal subfields in mice: The role of oxidative, nitrergic and
neuroinflammatory pathways. Metab. Brain Dis. 35, 1145-1156. doi: 10.1007/s11011-
020-00595-2

Enright, E. F., Gahan, C. G. M,, Joyce, S. A, and Griffin, B. T. (2016). The impact
of the gut microbiota on drug metabolism and clinical outcome. Yale J. Biol. Med. 89,
375-382.

Erny, D., Dokalis, N., Mezd, C., Castoldi, A., Mossad, O., Staszewski, O., et al. (2021).
Microbiota-derived acetate enables the metabolic fitness of the brain innate immune
system during health and disease. Cell Metab. 33, 2260-2276. doi: 10.1016/j.cmet.2021.
10.010

Erny, D., Hrabi de Angelis, A. L., Jaitin, D., Wieghofer, P., Staszewski, O., David, E.,
etal. (2015). Host microbiota constantly control maturation and function of microglia
in the CNS. Nat. Neurosci. 18, 965-977. doi: 10.1038/nn.4030

Eyo, U. B., and Wu, L.-]. (2013). Bidirectional microglia-neuron communication in
the healthy brain. Neural Plast. 2013:456857. doi: 10.1155/2013/456857

Fekete, C., Vastagh, C., Dénes, A., Hrabovszky, E., Nyiri, G., Kallo, I, et al. (2019).
Chronic amyloid B oligomer infusion evokes sustained inflammation and microglial
changes in the rat hippocampus via NLRP3. Neuroscience 405, 35-46. doi: 10.1016/j.
neuroscience.2018.02.046

Feng, J., Cavallero, S., Hsiai, T., and Li, R. (2020). Impact of air pollution on
intestinal redox lipidome and microbiome. Free Radic. Biol. Med. 151, 99-110. doi:
10.1016/j.freeradbiomed.2019.12.044

Filipello, F., Morini, R., Corradini, I, Zerbi, V., Canzi, A., Michalski, B., et al. (2018).
The microglial innate immune receptor TREM2 is required for synapse elimination
and normal brain connectivity. Immunity 48, 979-991. doi: 10.1016/j.immuni.2018.
04.016

Finlay, B. B., Pettersson, S., Melby, M. K., and Bosch, T. C. G. (2019). The
microbiome mediates environmental effects on aging. Bioessays 41:1800257. doi: 10.
1002/bies.201800257

Fjell, A. M., Grydeland, H., Krogsrud, S. K., Amlien, L, Rohani, D. A., Ferschmann,
L., et al. (2015). Development and aging of cortical thickness correspond to genetic
organization patterns. Proc. Natl. Acad. Sci. U.S.A. 112, 15462-15467. doi: 10.1073/
pnas.1508831112

Flux, M. C,, and Lowry, C. A. (2020). Finding intestinal fortitude: Integrating the
microbiome into a holistic view of depression mechanisms, treatment, and resilience.
Neurobiol. Dis. 135:104578. doi: 10.1016/j.nbd.2019.104578

Focking, M., Sabherwal, S., Cates, H. M., Scaife, C., Dicker, P., Hryniewiecka, M.,
et al. (2021). Complement pathway changes at age 12 are associated with psychotic
experiences at age 18 in a longitudinal population-based study: Evidence for a role of
stress. Mol. Psychiatry 26, 524-533. doi: 10.1038/s41380-018-0306-z

Forsythe, P., Bienenstock, J., and Kunze, W. A. (2014). Vagal pathways for
microbiome-brain-gut axis communication. Adv. Exp. Med. Biol. 817, 115-133. doi:
10.1007/978-1-4939-0897-4_5

Fourgeaud, L., Través, P. G, Tufail, Y., Leal-Bailey, H., Lew, E. D., Burrola, P. G,,
etal. (2016). TAM receptors regulate multiple features of microglial physiology. Nature
532, 240-244. doi: 10.1038/nature17630

Franceschi, C., and Campisi, J. (2014). Chronic inflammation (inflammaging) and
its potential contribution to age-associated diseases. J. Gerontol. A Biol. Sci. Med. Sci.
69(Suppl. 1), S4-S9. doi: 10.1093/gerona/glu057

Franceschi, C., Capri, M., Monti, D., Giunta, S., Olivieri, F., Sevini, F., et al. (2007).
Inflammaging and anti-inflammaging: A systemic perspective on aging and longevity
emerged from studies in humans. Mech. Ageing Dev. 128, 92-105. doi: 10.1016/j.mad.
2006.11.016

C., and Santoro,
viewpoint for age-
10.1038/s41574-018-

Parini, P., Giuliani,
immune-metabolic
14, 576-590. doi:

Franceschi, C., Garagnani, P,
A. (2018). Inflammaging: A new
related diseases. Nat. Rev. Endocrinol.
0059-4

Fukumoto, M., Takeuchi, T., Koubayashi, E., Harada, S., Ota, K., Kojima, Y., et al.
(2020). Induction of brain-derived neurotrophic factor in enteric glial cells stimulated
by interleukin-1p via a c-Jun N-terminal kinase pathway. J. Clin. Biochem. Nutr. 66,
103-109. doi: 10.3164/jcbn.19-55

Furness, J. B. (2012). The enteric nervous system and neurogastroenterology. Nat.
Rev. Gastroenterol. Hepatol. 9, 286-294. doi: 10.1038/nrgastro.2012.32

Frontiers in Cellular Neuroscience

18

10.3389/fncel.2023.1139357

Galkin, F., Mamoshina, P., Aliper, A., Putin, E., Moskalev, V., Gladyshev, V. N, et al.
(2020). Human gut microbiome aging clock based on taxonomic profiling and deep
learning. iScience 23:101199. doi: 10.1016/j.is¢i.2020.101199

Gilmore, J. H., Shi, F., Woolson, S. L., Knickmeyer, R. C., Short, S. J., Lin, W, et al.
(2012). Longitudinal development of cortical and subcortical gray matter from birth
to 2 years. Cereb. Cortex 22, 2478-2485. doi: 10.1093/cercor/bhr327

Ginhoux, F., Greter, M., Leboeuf, M., Nandj, S., See, P., Gokhan, S., et al. (2010).
Fate mapping analysis reveals that adult microglia derive from primitive macrophages.
Science 330, 841-845. doi: 10.1126/science.1194637

Ginhoux, F., and Prinz, M. (2015). Origin of microglia: Current concepts and past
controversies. Cold Spring Harb. Perspect. Biol. 7:a020537. doi: 10.1101/cshperspect.
2020537

Giovanoli, S., Engler, H., Engler, A., Richetto, J., Feldon, J., Riva, M. A,, et al.
(2016). Preventive effects of minocycline in a neurodevelopmental two-hit model with
relevance to schizophrenia. Transl. Psychiatry 6:772. doi: 10.1038/tp.2016.38

Goff, D. C,, Sullivan, L. M., McEvoy, J. P., Meyer, J. M., Nasrallah, H. A., Daumit,
G. L, et al. (2005). A comparison of ten-year cardiac risk estimates in schizophrenia
patients from the CATIE study and matched controls. Schizophr. Res. 80, 45-53.
doi: 10.1016/j.schres.2005.08.010

Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., Vaituzis, A. C.,
et al. (2004). Dynamic mapping of human cortical development during childhood
through early adulthood. Proc. Natl. Acad. Sci. U.S.A. 101, 8174-8179. doi: 10.1073/
pnas.0402680101

Go6mez-Budia, M., Konttinen, H., Saveleva, L., Korhonen, P., Jalava, P. I., Kanninen,
K. M., etal. (2020). Glial smog: Interplay between air pollution and astrocyte-microglia
interactions. Neurochem. Int. 136:104715. doi: 10.1016/j.neuint.2020.104715

Gonzélez-Arancibia, C., Urrutia-Pifiones, J., Illanes-Gonzalez, J., Martinez-Pinto,
J., Sotomayor-Zarate, R., Julio-Pieper, M., et al. (2019). Do your gut microbes affect
your brain dopamine? Psychopharmacology 236, 1611-1622. doi: 10.1007/s00213-019-
05265-5

Gonzalez-Perez, G., Hicks, A. L., Tekieli, T. M., Radens, C. M., Williams, B. L., and
Lamousé-Smith, E. S. N. (2016). Maternal antibiotic treatment impacts development
of the neonatal intestinal microbiome and antiviral immunity. J. Immunol. 196,
3768-3779. doi: 10.4049/jimmunol.1502322

Goodrich, J. K., Waters, J. L., Poole, A. C., Sutter, J. L., Koren, O., Blekhman, R.,
et al. (2014). Human genetics shape the gut microbiome. Cell 159, 789-799. doi:
10.1016/j.cell.2014.09.053

Grove, E. A, and Fukuchi-Shimogori, T. (2003). Generating the cerebral cortical
area map. Annu. Rev. Neurosci. 26, 355-380. doi: 10.1146/annurev.neuro.26.041002.
131137

Gruzieva, O., Merid, S. K., Gref, A., Gajulapuri, A., Lemonnier, N., Ballereau, S., et al.
(2017). Exposure to traffic-related air pollution and serum inflammatory cytokines in
children. Environ. Health Perspect. 125:067007. doi: 10.1289/EHP460

Guidotti, A., Auta, J., Davis, J. M., Di-Giorgi-Gerevini, V., Dwivedi, Y., Grayson,
D. R,, et al. (2000). Decrease in reelin and glutamic acid decarboxylase67 (GAD67)
expression in schizophrenia and bipolar disorder: A postmortem brain study. Arch.
Gen. Psychiatry 57, 1061-1069. doi: 10.1001/archpsyc.57.11.1061

Gunner, G., Cheadle, L., Johnson, K. M., Ayata, P., Badimon, A., Mondo, E,, et al.
(2019). Sensory lesioning induces microglial synapse elimination via ADAM10 and
fractalkine signaling. Nat. Neurosci. 22, 1075-1088. doi: 10.1038/s41593-019-0419-y

Guo, S, Liu, J,, Li, W,, Yang, Y., Lv, L., Xiao, X,, et al. (2021). Genome wide
association study identifies four loci for early onset schizophrenia. Transl. Psychiatry
11:248. doi: 10.1038/541398-021-01360-4

Gurin, L., and Blum, S. (2017). Delusions and the right hemisphere: A review of the
case for the right hemisphere as a mediator of reality-based belief. J. Neuropsychiatry
Clin. Neurosci. 29, 225-235. doi: 10.1176/appi.neuropsych.16060118

Hajek, T., Franke, K., Kolenic, M., Capkova, J., Matejka, M., Propper, L., et al. (2019).
Brain age in early stages of bipolar disorders or schizophrenia. Schizophr. Bull. 45,
190-198. doi: 10.1093/schbul/sbx172

Harrison, J. K., Jiang, Y., Chen, S., Xia, Y., Maciejewski, D., McNamara, R. K.,
etal. (1998). Role for neuronally derived fractalkine in mediating interactions between
neurons and CX3CR1-expressing microglia. Proc. Natl. Acad. Sci. U.S.A. 95, 10896—
10901.

Hastrup, L. H., Simonsen, E., Ibsen, R., Kjellberg, J., and Jennum, P. (2020). Societal
costs of schizophrenia in denmark: A nationwide matched controlled study of patients
and spouses before and after initial diagnosis. Schizophr. Bull. 46, 68-77. doi: 10.1093/
schbul/sbz041

He, S., and Sharpless, N. E. (2017). Senescence in health and disease. Cell 169,
1000-1011. doi: 10.1016/j.cell.2017.05.015

He, Y., Kosciolek, T., Tang, J., Zhou, Y., Li, Z., Ma, X,, et al. (2018). Gut microbiome
and magnetic resonance spectroscopy study of subjects at ultra-high risk for psychosis
may support the membrane hypothesis. Eur. Psychiatry 53, 37-45. doi: 10.1016/j.
eurpsy.2018.05.011

Heijtz, R. D., Wang, S., Anuar, F, Qian, Y. Bjorkholm, B. Samuelsson,
A., et al. (2011). Normal gut microbiota modulates brain development and

frontiersin.org


https://doi.org/10.3389/fncel.2023.1139357
https://doi.org/10.1016/j.biopsych.2009.09.033
https://doi.org/10.1128/MMBR.00007-19
https://doi.org/10.1128/MMBR.00007-19
https://doi.org/10.1016/j.neuroimage.2015.10.010
https://doi.org/10.1007/s11011-020-00595-2
https://doi.org/10.1007/s11011-020-00595-2
https://doi.org/10.1016/j.cmet.2021.10.010
https://doi.org/10.1016/j.cmet.2021.10.010
https://doi.org/10.1038/nn.4030
https://doi.org/10.1155/2013/456857
https://doi.org/10.1016/j.neuroscience.2018.02.046
https://doi.org/10.1016/j.neuroscience.2018.02.046
https://doi.org/10.1016/j.freeradbiomed.2019.12.044
https://doi.org/10.1016/j.freeradbiomed.2019.12.044
https://doi.org/10.1016/j.immuni.2018.04.016
https://doi.org/10.1016/j.immuni.2018.04.016
https://doi.org/10.1002/bies.201800257
https://doi.org/10.1002/bies.201800257
https://doi.org/10.1073/pnas.1508831112
https://doi.org/10.1073/pnas.1508831112
https://doi.org/10.1016/j.nbd.2019.104578
https://doi.org/10.1038/s41380-018-0306-z
https://doi.org/10.1007/978-1-4939-0897-4_5
https://doi.org/10.1007/978-1-4939-0897-4_5
https://doi.org/10.1038/nature17630
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1016/j.mad.2006.11.016
https://doi.org/10.1016/j.mad.2006.11.016
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.3164/jcbn.19-55
https://doi.org/10.1038/nrgastro.2012.32
https://doi.org/10.1016/j.isci.2020.101199
https://doi.org/10.1093/cercor/bhr327
https://doi.org/10.1126/science.1194637
https://doi.org/10.1101/cshperspect.a020537
https://doi.org/10.1101/cshperspect.a020537
https://doi.org/10.1038/tp.2016.38
https://doi.org/10.1016/j.schres.2005.08.010
https://doi.org/10.1073/pnas.0402680101
https://doi.org/10.1073/pnas.0402680101
https://doi.org/10.1016/j.neuint.2020.104715
https://doi.org/10.1007/s00213-019-05265-5
https://doi.org/10.1007/s00213-019-05265-5
https://doi.org/10.4049/jimmunol.1502322
https://doi.org/10.1016/j.cell.2014.09.053
https://doi.org/10.1016/j.cell.2014.09.053
https://doi.org/10.1146/annurev.neuro.26.041002.131137
https://doi.org/10.1146/annurev.neuro.26.041002.131137
https://doi.org/10.1289/EHP460
https://doi.org/10.1001/archpsyc.57.11.1061
https://doi.org/10.1038/s41593-019-0419-y
https://doi.org/10.1038/s41398-021-01360-4
https://doi.org/10.1176/appi.neuropsych.16060118
https://doi.org/10.1093/schbul/sbx172
https://doi.org/10.1093/schbul/sbz041
https://doi.org/10.1093/schbul/sbz041
https://doi.org/10.1016/j.cell.2017.05.015
https://doi.org/10.1016/j.eurpsy.2018.05.011
https://doi.org/10.1016/j.eurpsy.2018.05.011
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Ben-Azu et al.

behavior. Proc. Natl. Acad. Sci. U.S.A. 108, 3047-3052. doi: 10.1073/pnas.101052
9108

Heiss, C. N., and Olofsson, L. E. (2019). The role of the gut microbiota in
development, function and disorders of the central nervous system and the enteric
nervous system. J. Neuroendocrinol. 31:e12684. doi: 10.1111/jne.12684

Hendriks, S., Stokmans, S. C., Plas, M., Buurman, W. A., Spoorenberg, S. L. W.,
Wynia, K., et al. (2021). Compromised intestinal integrity in older adults during daily
activities: A pilot study. BMC Geriatr. 21:628. doi: 10.1186/s12877-021-02573-4

Hennekens, C. H., Hennekens, A. R, Hollar, D., and Casey, D. E. (2005).
Schizophrenia and increased risks of cardiovascular disease. Am. Heart J. 150, 1115-
1121. doi: 10.1016/j.ahj.2005.02.007

Hepgul, N, Pariante, C. M., Dipasquale, S., DiForti, M., Taylor, H., Marques, T. R.,
et al. (2012). Childhood maltreatment is associated with increased body mass index
and increased C-reactive protein levels in first-episode psychosis patients. Psychol.
Med. 42, 1893-1901. doi: 10.1017/S0033291711002947

Hickman, S. E., Kingery, N. D., Ohsumi, T. K., Borowsky, M. L., Wang, L., Means,
T. K, et al. (2013). The microglial sensome revealed by direct RNA sequencing. Nat.
Neurosci. 16, 1896-1905. doi: 10.1038/nn.3554

Higarza, S. G., Arboleya, S., Arias, J. L, Gueimonde, M., and Arias, N.
(2021). Akkermansia muciniphila and environmental enrichment reverse cognitive
impairment associated with high-fat high-cholesterol consumption in rats. Gut
Microbes 13, 1-20. doi: 10.1080/19490976.2021.1880240

Hills, R., Pontefract, B., Mishcon, H., Black, C., Sutton, S., and Theberge, C. (2019).
Gut microbiome: Profound implications for diet and disease. Nutrients 11:1613. doi:
10.3390/nul11071613

Hong, S., and Stevens, B. (2016). Microglia: Phagocytosing to clear, sculpt, and
eliminate. Dev. Cell 38, 126-128. doi: 10.1016/j.devcel.2016.07.006

Hsiao, E. Y., McBride, S. W., Hsien, S., Sharon, G., Hyde, E. R., McCue, T., et al.
(2013). Microbiota modulate behavioral and physiological abnormalities associated
with neurodevelopmental disorders. Cell 155, 1451-1463. doi: 10.1016/j.cell.2013.1
1.024

Huang, D., Gao, J., Li, C., Nong, C., Huang, W., Zheng, X., et al. (2021). A potential
probiotic bacterium for antipsychotic-induced metabolic syndrome: Mechanisms
underpinning how Akkermansia muciniphila subtype improves olanzapine-induced
glucose homeostasis in mice. Psychopharmacology 238, 2543-2553. doi: 10.1007/
s00213-021-05878-9

Huang, F., and Wu, X. (2021). Brain neurotransmitter modulation by gut microbiota
in anxiety and depression. Front. Cell Dev. Biol. 9:649103. doi: 10.3389/fcell.2021.
649103

Huang, H.-S., and Akbarian, S. (2007). GAD1 mRNA expression and DNA
methylation in prefrontal cortex of subjects with schizophrenia. PLoS One 2:e809.
doi: 10.1371/journal.pone.0000809

Hudson, Z. D., and Miller, B. J. (2018). Meta-analysis of cytokine and chemokine
genes in schizophrenia. Clin. Schizophr. Relat. Psychoses 12, 121B-129B. doi: 10.3371/
CSRP.HUMIL070516

Hughes, A. N., and Appel, B. (2020). Microglia phagocytose myelin sheaths to
modify developmental myelination. Nat. Neurosci. 23, 1055-1066. doi: 10.1038/
541593-020-0654-2

Hui, C. W., St-Pierre, A., El Hajj, H., Remy, Y., Hébert, S. S., Luheshi, G. N, et al.
(2018). Prenatal immune challenge in mice leads to partly sex-dependent behavioral,
microglial, and molecular abnormalities associated with schizophrenia. Front. Mol.
Neurosci. 11:13. doi: 10.3389/fnmol.2018.00013

Ishola, I. O., Ben-Azu, B., Adebayo, O. A., Ajayi, A. M., Omorodion, I. L., Edje, K. E.,
et al. (2021). Prevention and reversal of ketamine-induced experimental psychosis in
mice by the neuroactive flavonoid, hesperidin: The role of oxidative and cholinergic
mechanisms. Brain Res. Bull. 177, 239-251. doi: 10.1016/j.brainresbull.2021.10.007

Islam, F., Mulsant, B. H., Voineskos, A. N., and Rajji, T. K. (2017). Brain-derived
neurotrophic factor expression in individuals with schizophrenia and healthy aging:
Testing the accelerated aging hypothesis of schizophrenia. Curr. Psychiatry Rep. 19:36.
doi: 10.1007/s11920-017-0794-6

Isung, J., Isomura, K., Almgvist, C., Lichtenstein, P., Larsson, H., Wester, T., et al.
(2019). Association of chronic and acute inflammation of the mucosa-associated
lymphoid tissue with psychiatric disorders and suicidal behavior. Transl. Psychiatry
9:227. doi: 10.1038/s41398-019-0568-5

Jayakumar, A. R., Ruiz-Cordero, R., Tong, X. Y., and Norenberg, M. D. (2013).
Brain edema in acute liver failure: Role of neurosteroids. Arch. Biochem. Biophys. 536,
171-175. doi: 10.1016/j.abb.2013.03.007

Ji, E., Boerrigter, D., Cai, H. Q., Lloyd, D., Bruggemann, J., O’Donnell, M., et al.
(2022). Peripheral complement is increased in schizophrenia and inversely related to
cortical thickness. Brain Behav. Immun. 101, 423-434. doi: 10.1016/j.bbi.2021.11.014

Johnson, A. J., Vangay, P., Al-Ghalith, G. A., Hillmann, B. M., Ward, T. L., Shields-
Cutler, R. R, et al. (2019). Daily sampling reveals personalized diet-microbiome
associations in humans. Cell Host Microbe 25, 789-802.e5. doi: 10.1016/j.chom.2019.
05.005

Frontiers in Cellular Neuroscience

19

10.3389/fncel.2023.1139357

Joly, A., Leulier, F., and De Vadder, F. (2021). Microbial modulation of the
development and physiology of the enteric nervous system. Trends Microbiol. 29,
686-699. doi: 10.1016/j.tim.2020.11.007

Jumpertz, R., Le, D. S., Turnbaugh, P. J., Trinidad, C., Bogardus, C., Gordon,
J. L, et al. (2011). Energy-balance studies reveal associations between gut microbes,
caloric load, and nutrient absorption in humans. Am. J. Clin. Nutr. 94, 58-65. doi:
10.3945/ajcn.110.010132

Jurk, D., Wilson, C., Passos, J. F., Oakley, F., Correia-Melo, C., Greaves, L., et al.
(2014). Chronic inflammation induces telomere dysfunction and accelerates ageing in
mice. Nat. Commun. 5:4172. doi: 10.1038/ncomms5172

Kabba, J. A., Xu, Y., Christian, H., Ruan, W., Chenai, K., Xiang, Y., et al. (2018).
Microglia: Housekeeper of the central nervous system. Cell. Mol. Neurobiol. 38, 53-71.
doi: 10.1007/s10571-017-0504-2

Kaczmarczyk, R., Tejera, D., Simon, B. J., and Heneka, M. T. (2017). Microglia
modulation through external vagus nerve stimulation in a murine model of
Alzheimer’s disease. J. Neurochem. doi: 10.1111/jnc.14284 [Epub ahead of print].

Kamdar, K., Khakpour, S., Chen, J., Leone, V., Brulc, J., Mangatu, T., et al.
(2016). Genetic and metabolic signals during acute enteric bacterial infection alter the
microbiota and drive progression to chronic inflammatory disease. Cell Host Microbe
19, 21-31. doi: 10.1016/j.chom.2015.12.006

Kaplan, G. G., Dixon, E., Panaccione, R., Fong, A., Chen, L., Szyszkowicz, M., et al.
(2009). Effect of ambient air pollution on the incidence of appendicitis. Can. Med.
Assoc. J. 181, 591-597. doi: 10.1503/cmaj.082068

Karimian, S. S., Akbari, M. T., Sadr, S. S., and Javadi, G. (2020). Association of
candidate single nucleotide polymorphisms related to candidate genes in patients with
schizophrenia. Basic Clin. Neurosci. 11, 595-608. doi: 10.32598/bcn.9.10.470

Kashani, S. A., Mari, M. U, Ilyas, M., Rasool, G., Rumi, J., Ali, H, et al.
(2017). Frequency of subtypes of irritable bowel syndrome in subtypes of
schizophrenia. J. Psychol. Clin. Psychiatry 7:00458. doi: 10.15406/jpcpy.2017.07.
00458

Kaufmann, T., van der Meer, D., Doan, N. T., Schwarz, E., Lund, M. J., Agartz,
I, et al. (2019). Common brain disorders are associated with heritable patterns of
apparent aging of the brain. Nat. Neurosci. 22, 1617-1623. doi: 10.1038/s41593-019-
0471-7

Ke, Y., Li, D., Zhao, M., Liu, C,, Liu, J., Zeng, A,, et al. (2018). Gut flora-
dependent metabolite Trimethylamine-N-oxide accelerates endothelial cell senescence
and vascular aging through oxidative stress. Free Radic. Biol. Med. 116, 88-100. doi:
10.1016/j.freeradbiomed.2018.01.007

Keita, A. V., and Séderholm, J. D. (2010). The intestinal barrier and its
regulation by neuroimmune factors: Intestinal barrier and neuroimmune regulation.
Neurogastroenterol. Motil. 22, 718-733. doi: 10.1111/§.1365-2982.2010.01498.x

Kelly, J. R., Allen, A. P., Temko, A., Hutch, W., Kennedy, P.]., Farid, N., et al. (2017).
Lost in translation? The potential psychobiotic Lactobacillus rhamnosus (JB-1) fails
to modulate stress or cognitive performance in healthy male subjects. Brain Behav.
Immun. 61, 50-59. doi: 10.1016/j.bbi.2016.11.018

Kelly, J. R., Minuto, C,, Cryan, J. F., Clarke, G., and Dinan, T. G. (2021). The role
of the gut microbiome in the development of schizophrenia. Schizophr. Res. 234, 4-23.
doi: 10.1016/j.schres.2020.02.010

Kemgang, T. S., Kapila, S., Shanmugam, V. P., and Kapila, R. (2014). Cross-
talk between probiotic lactobacilli and host immune system. J. Appl. Microbiol. 117,
303-319. doi: 10.1111/jam.12521

Keshavan, M. S., Eack, S. M., Wojtalik, J. A., Prasad, K. M. R, Francis, A. N.,
Bhojraj, T. S., et al. (2011a). A broad cortical reserve accelerates response to cognitive
enhancement therapy in early course schizophrenia. Schizophr. Res. 130, 123-129.
doi: 10.1016/j.schres.2011.05.001

Keshavan, M. S., Nasrallah, H. A., and Tandon, R. (2011b). Schizophrenia, “Just
the Facts” 6. Moving ahead with the schizophrenia concept: From the elephant to the
mouse. Schizophr. Res. 127, 3-13. doi: 10.1016/j.schres.2011.01.011

Keshavan, M. S., and Paus, T.
disconnection, and  schizophrenia
doi: 10.1001/jamapsychiatry.2015.1119

Khosravi, A., Yanez, A, Price, J. G., Chow, A., Merad, M., Goodridge, H. S., et al.
(2014). Gut microbiota promote hematopoiesis to control bacterial infection. Cell Host
Microbe 15, 374-381. doi: 10.1016/j.chom.2014.02.006

Kim, J. W., Park, S., Limm, C. W., Lee, K., and Kim, B. (2014). The role of air
pollutants in initiating liver disease. Toxicol. Res. 30, 65-70. doi: 10.5487/TR.2014.30.
2.065

(2015). Neurodevelopmental trajectories,
risk. JAMA  Psychiatry 72, 943-945.

Kim, M., and Benayoun, B. A. (2020). The microbiome: An emerging key player in
aging and longevity. Transl. Med. Aging 4, 103-116. doi: 10.1016/j.tma.2020.07.004

Kim, Y. S., Unno, T., Kim, B.-Y., and Park, M.-S. (2020). Sex differences in gut
microbiota. World J. Mens Health 38, 48-60. doi: 10.5534/wjmh.190009

Kirkpatrick, B., and Kennedy, B. K. (2018). Accelerated aging in schizophrenia and
related disorders: Future research. Schizophr. Res. 196, 4-8. doi: 10.1016/j.schres.2017.
06.034

frontiersin.org


https://doi.org/10.3389/fncel.2023.1139357
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1111/jne.12684
https://doi.org/10.1186/s12877-021-02573-4
https://doi.org/10.1016/j.ahj.2005.02.007
https://doi.org/10.1017/S0033291711002947
https://doi.org/10.1038/nn.3554
https://doi.org/10.1080/19490976.2021.1880240
https://doi.org/10.3390/nu11071613
https://doi.org/10.3390/nu11071613
https://doi.org/10.1016/j.devcel.2016.07.006
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1007/s00213-021-05878-9
https://doi.org/10.1007/s00213-021-05878-9
https://doi.org/10.3389/fcell.2021.649103
https://doi.org/10.3389/fcell.2021.649103
https://doi.org/10.1371/journal.pone.0000809
https://doi.org/10.3371/CSRP.HUMI.070516
https://doi.org/10.3371/CSRP.HUMI.070516
https://doi.org/10.1038/s41593-020-0654-2
https://doi.org/10.1038/s41593-020-0654-2
https://doi.org/10.3389/fnmol.2018.00013
https://doi.org/10.1016/j.brainresbull.2021.10.007
https://doi.org/10.1007/s11920-017-0794-6
https://doi.org/10.1038/s41398-019-0568-5
https://doi.org/10.1016/j.abb.2013.03.007
https://doi.org/10.1016/j.bbi.2021.11.014
https://doi.org/10.1016/j.chom.2019.05.005
https://doi.org/10.1016/j.chom.2019.05.005
https://doi.org/10.1016/j.tim.2020.11.007
https://doi.org/10.3945/ajcn.110.010132
https://doi.org/10.3945/ajcn.110.010132
https://doi.org/10.1038/ncomms5172
https://doi.org/10.1007/s10571-017-0504-2
https://doi.org/10.1111/jnc.14284
https://doi.org/10.1016/j.chom.2015.12.006
https://doi.org/10.1503/cmaj.082068
https://doi.org/10.32598/bcn.9.10.470
https://doi.org/10.15406/jpcpy.2017.07.00458
https://doi.org/10.15406/jpcpy.2017.07.00458
https://doi.org/10.1038/s41593-019-0471-7
https://doi.org/10.1038/s41593-019-0471-7
https://doi.org/10.1016/j.freeradbiomed.2018.01.007
https://doi.org/10.1016/j.freeradbiomed.2018.01.007
https://doi.org/10.1111/j.1365-2982.2010.01498.x
https://doi.org/10.1016/j.bbi.2016.11.018
https://doi.org/10.1016/j.schres.2020.02.010
https://doi.org/10.1111/jam.12521
https://doi.org/10.1016/j.schres.2011.05.001
https://doi.org/10.1016/j.schres.2011.01.011
https://doi.org/10.1001/jamapsychiatry.2015.1119
https://doi.org/10.1016/j.chom.2014.02.006
https://doi.org/10.5487/TR.2014.30.2.065
https://doi.org/10.5487/TR.2014.30.2.065
https://doi.org/10.1016/j.tma.2020.07.004
https://doi.org/10.5534/wjmh.190009
https://doi.org/10.1016/j.schres.2017.06.034
https://doi.org/10.1016/j.schres.2017.06.034
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Ben-Azu et al.

Kirkpatrick, B., Messias, E., Harvey, P. D., Fernandez-Egea, E., and Bowie, C. R.
(2008). Is schizophrenia a syndrome of accelerated aging? Schizophr. Bull. 34, 1024-
1032. doi: 10.1093/schbul/sbm140

Kohler, O., Petersen, L., Mors, O., Mortensen, P. B., Yolken, R. H., Gasse, C., et al.
(2017). Infections and exposure to anti-infective agents and the risk of severe mental
disorders: A nationwide study. Acta Psychiatr. Scand. 135, 97-105. doi: 10.1111/acps.
12671

Kohler-Forsberg, O., Petersen, L., Gasse, C., Mortensen, P. B, Dalsgaard, S., Yolken,
R. H, et al. (2019). A nationwide study in Denmark of the association between
treated infections and the subsequent risk of treated mental disorders in children and
adolescents. JAMA Psychiatry 76, 271-279. doi: 10.1001/jamapsychiatry.2018.3428

Konturek, T. J., Martinez, C., Niesler, B., van der Voort, I., Ménnikes, H., Stengel,
A., et al. (2021). The role of brain-derived neurotrophic factor in irritable bowel
syndrome. Front. Psychiatry 11:531385. doi: 10.3389/fpsyt.2020.531385

Koukouritaki, S. B., Simpson, P., Yeung, C. K, Rettie, A. E., and Hines,
R. N. (2002). Human hepatic flavin-containing monooxygenases 1 (FMO1) and 3
(FMO3) developmental expression. Pediatr. Res. 51, 236-243. doi: 10.1203/00006450-
200202000-00018

Koutsouleris, N., Davatzikos, C., Borgwardt, S., Gaser, C., Bottlender, R, Frodl, T,
etal. (2014). Accelerated brain aging in schizophrenia and beyond: A neuroanatomical
marker of psychiatric disorders. Schizophr. Bull. 40, 1140-1153. doi: 10.1093/schbul/
sbt142

Kraeuter, A.-K,, Phillips, R., and Sarnyai, Z. (2020). The gut microbiome in psychosis
from mice to men: A systematic review of preclinical and clinical studies. Front.
Psychiatry 11:799. doi: 10.3389/fpsyt.2020.00799

Kristiansen, J. E., and Mortensen, 1. (1987). Antibacterial effect of four
phenothiazines. Pharmacol. Toxicol. 60, 100-103. doi: 10.1111/j.1600-0773.1987.
tb01504.x

Lai, Y., Liu, C.-W,, Yang, Y., Hsiao, Y.-C., Ru, H., and Lu, K. (2021). High-coverage
metabolomics uncovers microbiota-driven biochemical landscape of interorgan
transport and gut-brain communication in mice. Nat. Commun. 12:6000. doi: 10.1038/
541467-021-26209-8

Lambert, G. P. (2009). Stress-induced gastrointestinal barrier dysfunction and its
inflammatory effects. J. Anim. Sci. 87, E101-E108. doi: 10.2527/jas.2008- 1339

Lauro, C., Chece, G., Monaco, L., Antonangeli, F., Peruzzi, G., Rinaldo, S., et al.
(2019). Fractalkine modulates microglia metabolism in brain ischemia. Front. Cell.
Neurosci. 13:414. doi: 10.3389/fncel.2019.00414

Leboyer, M., Oliveira, J., Tamouza, R., and Groc, L. (2016). Is it time for
immunopsychiatry in psychotic disorders? Psychopharmacology 233, 1651-1660. doi:
10.1007/500213-016-4266-1

Lee, J., Green, M. F., Nuechterlein, K. H., Swerdlow, N. R., Greenwood, T. A.,
Hellemann, G. S., et al. (2020). The effects of age and sex on cognitive impairment
in schizophrenia: Findings from the consortium on the genetics of schizophrenia
(COGS) study. PLoS One 15:€0232855. doi: 10.1371/journal.pone.0232855

Levine, M. E., Lu, A. T., Quach, A., Chen, B. H., Assimes, T. L., Bandinelli, S.,
et al. (2018). An epigenetic biomarker of aging for lifespan and healthspan. Aging 10,
573-591. doi: 10.18632/aging. 101414

Li, D, Ke, Y., Zhan, R, Liu, C., Zhao, M., Zeng, A., et al. (2018). Trimethylamine-N-
oxide promotes brain aging and cognitive impairment in mice. Aging Cell 17:¢12768.
doi: 10.1111/acel.12768

Li, H, Ni, J, and Qing, H. (2021). Gut microbiota: Critical controller and
intervention target in brain aging and cognitive impairment. Front. Aging Neurosci.
13:671142. doi: 10.3389/fnagi.2021.671142

Li, X,, Cui, J.,, Yang, H., Sun, H,, Lu, R, Gao, N,, et al. (2019). Colonic injuries
induced by inhalational exposure to particulate-matter air pollution. Adv. Sci.
6:1900180. doi: 10.1002/advs.201900180

Lichtenstein, P., Yip, B. H., Bjérk, C., Pawitan, Y., Cannon, T. D., Sullivan, P. F,,
et al. (2009). Common genetic determinants of schizophrenia and bipolar disorder in
Swedish families: A population-based study. Lancet 373, 234-239. doi: 10.1016/S0140-
6736(09)60072-6

Lima, W. G., Ramos-Alves, M. C., and Soares, A. C. (2019). Dos distrbios
psiquiatricos a antibioticoterapia: Reposicionamento da clorpromazina como agente
antibacteriano. Rev. Colomb. Cienc. Quim. Farm. 48, 5-28. doi: 10.15446/rcciquifa.
v48n1.80062

Lindqvist, D., Epel, E. S., Mellon, S. H., Penninx, B. W., Révész, D., Verhoeven,
J. E., et al. (2015). Psychiatric disorders and leukocyte telomere length: Underlying
mechanisms linking mental illness with cellular aging. Neurosci. Biobehav. Rev. 55,
333-364. doi: 10.1016/j.neubiorev.2015.05.007

Lizano, P., Lutz, O., Xu, Y., Rubin, L. H., Paskowitz, L., Lee, A. M., et al. (2021).
Multivariate relationships between peripheral inflammatory marker subtypes and
cognitive and brain structural measures in psychosis. Mol. Psychiatry 26, 3430-3443.
doi: 10.1038/s41380-020-00914-0

Lopez-Legarrea, P., Fuller, N. R., Zulet, M. A., Martinez, J. A., and Caterson, L. D.
(2014). The influence of Mediterranean, carbohydrate and high protein diets on gut
microbiota composition in the treatment of obesity and associated inflammatory state.
Asia Pac. ]. Clin. Nutr. 23, 360-368. doi: 10.6133/apjcn.2014.23.3.16

Frontiers in Cellular Neuroscience

10.3389/fncel.2023.1139357

Loughman, A., Ponsonby, A.-L., O’'Hely, M., Symeonides, C., Collier, F., Tang,
M. L. K, et al. (2020). Gut microbiota composition during infancy and subsequent
behavioural outcomes. EBioMedicine 52:102640. doi: 10.1016/j.ebiom.2020.102640

Lovat, L. B. (1996). Age related changes in gut physiology and nutritional status. Gut
38, 306-309.

Lyall, A. E., Shi, F., Geng, X., Woolson, S., Li, G., Wang, L., et al. (2015). Dynamic
development of regional cortical thickness and surface area in early childhood. Cereb.
Cortex 25, 2204-2212. doi: 10.1093/cercor/bhu027

Macfarlane, S., and Macfarlane, G. T. (2003). Regulation of short-chain fatty acid
production. Proc. Nutr. Soc. 62, 67-72. doi: 10.1079/PNS2002207

Magwai, T., Shangase, K. B., Oginga, F. O., Chiliza, B., Mpofana, T., and Xulu,
K. R. (2021). DNA methylation and schizophrenia: Current literature and future
perspective. Cells 10:2890. doi: 10.3390/cells10112890

Maier, L., Pruteanu, M., Kuhn, M., Zeller, G., Telzerow, A., Anderson, E. E., et al.
(2018). Extensive impact of non-antibiotic drugs on human gut bacteria. Nature 555,
623-628. doi: 10.1038/nature25979

Mazefsky, C. A., Schreiber, D. R, Olino, T. M., and Minshew, N. J. (2014).
The association between emotional and behavioral problems and gastrointestinal
symptoms among children with high-functioning autism. Autism 18, 493-501. doi:
10.1177/1362361313485164

Mazereel, V., Detraux, J., Vancampfort, D., van Winkel, R., and De Hert, M. (2020).
Impact of psychotropic medication effects on obesity and the metabolic syndrome in
people with serious mental illness. Front. Endocrinol. 11:573479. doi: 10.3389/fendo.
2020.573479

McKinney, B. C,, Lin, H., Ding, Y., Lewis, D. A,, and Sweet, R. A. (2017). DNA
methylation evidence against the accelerated aging hypothesis of schizophrenia. NPJ
Schizophr. 3:13. doi: 10.1038/s41537-017-0017-5

Meehan, C., Harms, L., Frost, J. D., Barreto, R., Todd, J., Schall, U, et al. (2017).
Effects of immune activation during early or late gestation on schizophrenia-related
behaviour in adult rat offspring. Brain Behav. Immun. 63, 8-20. doi: 10.1016/j.bbi.2016.
07.144

Meuldermans, W., Hendricks, J., Mannens, G., Lavrijsen, K., Janssen, C., Bracke, J.,
etal. (1994). The metabolism and excretion of risperidone after oral administration in
rats and dogs. Drug Metab. Dispos. 22, 129-138.

Mezé, C., Dokalis, N., Mossad, O., Staszewski, O., Neuber, J., Yilmaz, B., et al. (2020).
Different effects of constitutive and induced microbiota modulation on microglia
in a mouse model of Alzheimer’s disease. Acta Neuropathol. Commun. 8:119. doi:
10.1186/540478-020-00988-5

Miller, D. B., Ghio, A. J., Karoly, E. D., Bell, L. N,, Snow, S. J., Madden, M. C,, et al.
(2016). Ozone exposure increases circulating stress hormones and lipid metabolites
in humans. Am. J. Respir. Crit. Care Med. 193, 1382-1391. doi: 10.1164/rccm.201508-
15990C

Molofsky, A. V., Slutsky, S. G., Joseph, N. M., He, S., Pardal, R., Krishnamurthy,
J., et al. (2006). Increasing p16INK4a expression decreases forebrain progenitors and
neurogenesis during ageing. Nature 443, 448-452. doi: 10.1038/nature05091

Montgomery, T. L., Kiinstner, A., Kennedy, J. J., Fang, Q., Asarian, L., Culp-Hill,
R, et al. (2020). Interactions between host genetics and gut microbiota determine
susceptibility to CNS autoimmunity. Proc. Natl. Acad. Sci. U.S.A. 117, 27516-27527.
doi: 10.1073/pnas.2002817117

Morais, L. H., Schreiber, H. L., and Mazmanian, S. K. (2021). The gut microbiota—
brain axis in behaviour and brain disorders. Nat. Rev. Microbiol. 19, 241-255. doi:
10.1038/s41579-020-00460-0

Morgan, A. P., Crowley, J. ], Nonneman, R. J., Quackenbush, C. R., Miller,
C. N, Ryan, A. K, et al. (2014). The antipsychotic olanzapine interacts with the gut
microbiome to cause weight gain in mouse. PLoS One 9:¢115225. doi: 10.1371/journal.
pone.0115225

Morgan, J. T., Chana, G., Pardo, C. A., Achim, C., Semendeferi, K., Buckwalter, J.,
et al. (2010). Microglial activation and increased microglial density observed in the
dorsolateral prefrontal cortex in autism. Biol. Psychiatry 68, 368-376. doi: 10.1016/j.
biopsych.2010.05.024

Mossad, O., and Erny, D. (2020). The microbiota-microglia axis in central nervous
system disorders. Brain Pathol. 30, 1159-1177. doi: 10.1111/bpa.12908

Mullin, G. E., Chey, W. D., Crowe, S. E., Freston Conference, and Faculty. (2020).
The 2019 James W. Freston conference: Food at the intersection of gut health and
disease. Gastroenterology 159, 20-25. doi: 10.1053/j.gastro.2020.03.036

Munawar, N., Ahsan, K., Muhammad, K., Ahmad, A., Anwar, M. A,, Shah, L, et al.
(2021). Hidden Role of gut microbiome dysbiosis in schizophrenia: Antipsychotics
or psychobiotics as therapeutics? Int. J. Mol. Sci. 22:7671. doi: 10.3390/ijms2214
7671

Muiioz-Espin, D., and Serrano, M. (2014). Cellular senescence: From physiology to
pathology. Nat. Rev. Mol. Cell Biol. 15, 482-496. doi: 10.1038/nrm3823

Murray, R. M., Bhavsar, V., Tripoli, G., and Howes, O. (2017). 30 years on: How
the neurodevelopmental hypothesis of schizophrenia morphed into the developmental
risk factor model of psychosis. Schizophr. Bull. 43, 1190-1196. doi: 10.1093/schbul/
sbx121

frontiersin.org


https://doi.org/10.3389/fncel.2023.1139357
https://doi.org/10.1093/schbul/sbm140
https://doi.org/10.1111/acps.12671
https://doi.org/10.1111/acps.12671
https://doi.org/10.1001/jamapsychiatry.2018.3428
https://doi.org/10.3389/fpsyt.2020.531385
https://doi.org/10.1203/00006450-200202000-00018
https://doi.org/10.1203/00006450-200202000-00018
https://doi.org/10.1093/schbul/sbt142
https://doi.org/10.1093/schbul/sbt142
https://doi.org/10.3389/fpsyt.2020.00799
https://doi.org/10.1111/j.1600-0773.1987.tb01504.x
https://doi.org/10.1111/j.1600-0773.1987.tb01504.x
https://doi.org/10.1038/s41467-021-26209-8
https://doi.org/10.1038/s41467-021-26209-8
https://doi.org/10.2527/jas.2008-1339
https://doi.org/10.3389/fncel.2019.00414
https://doi.org/10.1007/s00213-016-4266-1
https://doi.org/10.1007/s00213-016-4266-1
https://doi.org/10.1371/journal.pone.0232855
https://doi.org/10.18632/aging.101414
https://doi.org/10.1111/acel.12768
https://doi.org/10.3389/fnagi.2021.671142
https://doi.org/10.1002/advs.201900180
https://doi.org/10.1016/S0140-6736(09)60072-6
https://doi.org/10.1016/S0140-6736(09)60072-6
https://doi.org/10.15446/rcciquifa.v48n1.80062
https://doi.org/10.15446/rcciquifa.v48n1.80062
https://doi.org/10.1016/j.neubiorev.2015.05.007
https://doi.org/10.1038/s41380-020-00914-0
https://doi.org/10.6133/apjcn.2014.23.3.16
https://doi.org/10.1016/j.ebiom.2020.102640
https://doi.org/10.1093/cercor/bhu027
https://doi.org/10.1079/PNS2002207
https://doi.org/10.3390/cells10112890
https://doi.org/10.1038/nature25979
https://doi.org/10.1177/1362361313485164
https://doi.org/10.1177/1362361313485164
https://doi.org/10.3389/fendo.2020.573479
https://doi.org/10.3389/fendo.2020.573479
https://doi.org/10.1038/s41537-017-0017-5
https://doi.org/10.1016/j.bbi.2016.07.144
https://doi.org/10.1016/j.bbi.2016.07.144
https://doi.org/10.1186/s40478-020-00988-5
https://doi.org/10.1186/s40478-020-00988-5
https://doi.org/10.1164/rccm.201508-1599OC
https://doi.org/10.1164/rccm.201508-1599OC
https://doi.org/10.1038/nature05091
https://doi.org/10.1073/pnas.2002817117
https://doi.org/10.1038/s41579-020-00460-0
https://doi.org/10.1038/s41579-020-00460-0
https://doi.org/10.1371/journal.pone.0115225
https://doi.org/10.1371/journal.pone.0115225
https://doi.org/10.1016/j.biopsych.2010.05.024
https://doi.org/10.1016/j.biopsych.2010.05.024
https://doi.org/10.1111/bpa.12908
https://doi.org/10.1053/j.gastro.2020.03.036
https://doi.org/10.3390/ijms22147671
https://doi.org/10.3390/ijms22147671
https://doi.org/10.1038/nrm3823
https://doi.org/10.1093/schbul/sbx121
https://doi.org/10.1093/schbul/sbx121
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Ben-Azu et al.

Murray, R. M., and Lewis, S. W. (1987). Is schizophrenia a neurodevelopmental
disorder? Br. Med. J. 295, 681-682. doi: 10.1136/bmj.295.6600.681

Mwangi, B., Hasan, K. M., and Soares, J. C. (2013). Prediction of individual subject’s
age across the human lifespan using diffusion tensor imaging: A machine learning
approach. Neuroimage 75, 58-67. doi: 10.1016/j.neuroimage.2013.02.055

Narasimhan, H., Ren, C. C., Deshpande, S., and Sylvia, K. E. (2021). Young at gut-
turning back the clock with the gut microbiome. Microorganisms 9:555. doi: 10.3390/
microorganisms9030555

Narr, K. L., Bilder, R. M., Toga, A. W., Woods, R. P,, Rex, D. E,, Szeszko, P. R,,
et al. (2005). Mapping cortical thickness and gray matter concentration in first episode
schizophrenia. Cereb. Cortex 15, 708-719. doi: 10.1093/cercor/bhh172

Neufeld, K. M., Kang, N., Bienenstock, J., and Foster, J. A. (2011). Reduced
anxiety-like behavior and central neurochemical change in germ-free mice.
Neurogastroenterol. ~ Motil. 23, 255-264. doi:  10.1111/j.1365-2982.2010.0
1620.x

Newbury, J. B., Stewart, R., Fisher, H. L., Beevers, S., Dajnak, D., Broadbent, M.,
et al. (2021). Association between air pollution exposure and mental health service
use among individuals with first presentations of psychotic and mood disorders:
Retrospective cohort study. Br. J. Psychiatry 219, 678-685. doi: 10.1192/bjp.2021.119

Newcomer, J. W. (2007). Metabolic syndrome and mental illness. Am. J. Manag.
Care 13, S170-S177.

Nguyen, T. T., Eyler, L. T, and Jeste, D. V. (2018). Systemic biomarkers of
accelerated aging in schizophrenia: A critical review and future directions. Schizophr.
Bull. 44, 398-408. doi: 10.1093/schbul/sbx069

Nguyen, T. T., Kosciolek, T., Daly, R. E., Vazquez-Baeza, Y., Swafford, A., Knight, R.,
et al. (2021). Gut microbiome in schizophrenia: Altered functional pathways related
to immune modulation and atherosclerotic risk. Brain Behav. Immun. 91, 245-256.
doi: 10.1016/j.bbi.2020.10.003

Nguyen, T. T., Kosciolek, T., Maldonado, Y., Daly, R. E., Martin, A. S., McDonald,
D., et al. (2019). Differences in gut microbiome composition between persons with
chronic schizophrenia and healthy comparison subjects. Schizophr. Res. 204, 23-29.
doi: 10.1016/j.schres.2018.09.014

Nikolov, R. N., Bearss, K. E., Lettinga, J., Erickson, C., Rodowski, M., Aman,
M. G, et al. (2009). Gastrointestinal symptoms in a sample of children with pervasive
developmental disorders. J. Autism Dev. Disord. 39, 405-413. doi: 10.1007/s10803-
008-0637-8

Nishihira, Y., McGill, R. L., and Kinjo, M. (2017). Perforated appendicitis in patients
with schizophrenia: A retrospective cohort study. BMJ Open 7:¢017150. doi: 10.1136/
bmjopen-2017-017150

Obata, Y., Castafio, A., Boeing, S., Bon-Frauches, A. C., Fung, C., and Fallesen, T.
(2020). Neuronal programming by microbiota regulates intestinal physiology. Nature
578, 284-289. doi: 10.1038/541586-020-1975-8

Odamaki, T., Kato, K., Sugahara, H., Hashikura, N., Takahashi, S., Xiao, J.,
et al. (2016). Age-related changes in gut microbiota composition from newborn to
centenarian: A cross-sectional study. BMC Microbiol. 16:90. doi: 10.1186/s12866-016-
0708-5

Ohtani, T., Del, Re, E., Levitt, J. J., Niznikiewicz, M., Konishi, J., et al. (2018).
Progressive symptom-associated prefrontal volume loss occurs in first-episode
schizophrenia but not in affective psychosis. Brain Struct. Funct. 223, 2879-2892.
doi: 10.1007/s00429-018-1634-0

Okazaki, S., Otsuka, 1., Numata, S., Horai, T., Mouri, K., Boku, S., et al. (2019).
Epigenetic clock analysis of blood samples from Japanese schizophrenia patients. NPJ
Schizophr. 5:4. doi: 10.1038/s41537-019-0072-1

Okubo, R., Koga, M., Katsumata, N., Odamaki, T., Matsuyama, S., Oka, M., et al.
(2019). Effect of bifidobacterium breve A-1 on anxiety and depressive symptoms in
schizophrenia: A proof-of-concept study. J. Affect. Disord. 245, 377-385. doi: 10.1016/
jjad.2018.11.011

Okubo Eneni, A. E., Ben-Azu, B., Ajayi, A., and Aderibigbe, A. M. (2020). Diosmin
attenuates schizophrenia-like behavior, oxidative stress, and acetylcholinesterase
activity in mice. Drug Metab. Pers. Ther. doi: 10.1515/dmpt-2020-0119 [Epub ahead
of print].

Okusaga, O. O. (2013). Accelerated aging in schizophrenia patients: The potential
role of oxidative stress. Aging Dis. 5, 256-262. doi: 10.14336/AD.2014.0500256

Oladapo, O. M., Ben-Azu, B., Ajayi, A. M., Emokpae, O., Eneni, A.-E. O., Omogbiya,
I. A, et al. (2021). Naringin confers protection against psychosocial defeat stress-
induced neurobehavioral deficits in mice: Involvement of glutamic acid decarboxylase
isoform-67, oxido-nitrergic stress, and neuroinflammatory mechanisms. J. Mol.
Neurosci. 71, 431-445. doi: 10.1007/s12031-020-01664-y

Olfson, M., Blanco, C., Liu, S.-M., Wang, S., and Correll, C. U. (2012). National
trends in the office-based treatment of children, adolescents, and adults with
antipsychotics. Arch. Gen. Psychiatry 69, 1247-1256. doi: 10.1001/archgenpsychiatry.
2012.647

Olivieri, F., Prattichizzo, F., Grillari, J., and Balistreri, C. R. (2018). Cellular
senescence and inflammaging in age-related diseases. Mediators Inflamm.
2018:9076485. doi: 10.1155/2018/9076485

Frontiers in Cellular Neuroscience

21

10.3389/fncel.2023.1139357

Omidpanah, N., Darvishi, F. Z., and Saadat, M. (2019). No alteration in leukocyte
telomere length in schizophrenia; evidence from a meta-analysis. Schizophr. Res. 208,
447-448. doi: 10.1016/j.schres.2019.04.004

Onaolapo, O. ., and Onaolapo, A. Y. (2021). Nutrition, nutritional deficiencies, and
schizophrenia: An association worthy of constant reassessment. World J. Clin. Cases 9,
8295-8311. doi: 10.12998/wjcc.v9.i28.8295

Osagie, E., Osemwenkhae, P., Odigie, O., Omoregie, O., Benedicta, E., and Benneth,
B.-A. (2021). Modulating inflammation in COVID-19 viral disease: The emerging role
for dexamethasone. Niger. J. Pharm. 55, 1-6. doi: 10.51412/psnnjp.2021.16

Oshodi, T. O., Ben-Azu, B., Ishola, I. O., Ajayi, A. M., Emokpae, O., and Umukoro,
S.(2021). Molecular mechanisms involved in the prevention and reversal of ketamine-
induced schizophrenia-like behavior by rutin: The role of glutamic acid decarboxylase
isoform-67, cholinergic. Nox-2-oxidative stress pathways in mice. Mol. Biol. Rep. 48,
2335-2350. doi: 10.1007/s11033-021-06264-6

Panula, P., and Nuutinen, S. (2013). The histaminergic network in the brain: Basic
organization and role in disease. Nat. Rev. Neurosci. 14, 472-487. doi: 10.1038/nrn3526

Paolicelli, R. C., Bisht, K., and Tremblay, M. -E. (2014). Fractalkine regulation
of microglial physiology and consequences on the brain and behavior. Front. Cell.
Neurosci. 8:129. doi: 10.3389/fncel.2014.00129

Parker, A., Fonseca, S., and Carding, S. R. (2020). Gut microbes and metabolites
as modulators of blood-brain barrier integrity and brain health. Gut Microbes 11,
135-157. doi: 10.1080/19490976.2019.1638722

Parker, B. J., Wearsch, P. A., Veloo, A. C. M., and Rodriguez-Palacios, A. (2020). The
genus Alistipes: Gut bacteria with emerging implications to inflammation, cancer, and
mental health. Front. Immunol. 11:906. doi: 10.3389/fimmu.2020.00906

Patrono, E., Svoboda, J., and Stuchlik, A. (2021). Schizophrenia, the gut microbiota,
and new opportunities from optogenetic manipulations of the gut-brain axis. Behav.
Brain Funct. 17:7. doi: 10.1186/s12993-021-00180-2

Paus, T., Keshavan, M., and Giedd, J. N. (2008). Why do many psychiatric disorders
emerge during adolescence? Nat. Rev. Neurosci. 9, 947-957. doi: 10.1038/nrn2513

Pendyala, G., Chou, S., Jung, Y., Coiro, P., Spartz, E., Padmashri, R, et al. (2017).
Maternal immune activation causes behavioral impairments and altered cerebellar
cytokine and synaptic protein expression. Neuropsychopharmacology 42, 1435-1446.
doi: 10.1038/npp.2017.7

Penninx, B. W.J. H,, and Lange, S. M. M. (2018). Metabolic syndrome in psychiatric
patients: Overview, mechanisms, and implications. Dialogues Clin. Neurosci. 20,
63-73.

Peppas, S., Pansieri, C., Piovani, D., Danese, S., Peyrin-Biroulet, L., Tsantes, A. G.,
et al. (2021). The brain-gut axis: Psychological functioning and inflammatory bowel
diseases. J. Clin. Med. 10:377. doi: 10.3390/jcm10030377

Picard, K., St-Pierre, M.-K., Vecchiarelli, H. A., Bordeleau, M., and Tremblay, M. -
E. (2021). Neuroendocrine, neuroinflammatory and pathological outcomes of chronic
stress: A story of microglial remodeling. Neurochem. Int. 145:104987. doi: 10.1016/j.
neuint.2021.104987

Qi, M., Tan, B., Wang, J., Liao, S., Deng, Y., Ji, P., et al. (2021). The microbiota-
gut-brain axis: A novel nutritional therapeutic target for growth retardation. Crit. Rev.
Food Sci. Nutr. 62, 4867-4892. doi: 10.1080/10408398.2021.1879004

Ransohoff, R. M., and Perry, V. H. (2009). Microglial physiology: Unique stimuli,
specialized responses. Annu. Rev. Immunol. 27, 119-145. doi: 10.1146/annurev.
immunol.021908.132528

Rebougas, D. B., Sartori, J. M., Librenza-Garcia, D., Rabelo-da-Ponte, F. D,
Massuda, R., Czepielewski, L. S., et al. (2021). Accelerated aging signatures in subjects
with schizophrenia and their unaffected siblings. J. Psychiatr. Res. 139, 30-37. doi:
10.1016/j.jpsychires.2021.04.029

Renteria, M. E. (2012). Cerebral asymmetry: A quantitative, multifactorial, and
plastic brain phenotype. Twin Res. Hum. Genet. 15, 401-413. doi: 10.1017/thg.2012.13

Reyes, R. E. N, Zhang, Z., Gao, L., and Asatryan, L. (2020). Microbiome
meets microglia in neuroinflammation and neurological disorders. Neuroimmunol.
Neuroinflamm. 7, 215-233. doi: 10.20517/2347-8659.2020.13

Ribolsi, M., Daskalakis, Z. J., Siracusano, A., and Koch, G. (2014). Abnormal
asymmetry of brain connectivity in schizophrenia. Front. Hum. Neurosci. 8:1010.
doi: 10.3389/fnhum.2014.01010

Rim, C,, Park, H.-S., You, M.-]., Yang, B., Kim, H.-],, Sung, S., et al. (2022). Microglia
involvement in sex-dependent behaviors and schizophrenia occurrence in offspring
with maternal dexamethasone exposure. Schizophrenia 8:71. doi: 10.1038/s41537-022-
00280-6

Rimol, L. M., Nesvag, R., Hagler, D. J., Bergmann, @., Fennema-Notestine, C.,
Hartberg, C. B., et al. (2012). Cortical volume, surface area, and thickness in
schizophrenia and bipolar disorder. Biol. Psychiatry 71, 552-560. doi: 10.1016/j.
biopsych.2011.11.026

Romano, K. A, Vivas, E. I, Amador-Noguez, D., and Rey, F. E. (2015). Intestinal
microbiota composition modulates choline bioavailability from diet and accumulation
of the proatherogenic metabolite trimethylamine-N-oxide. mBio 6:¢02481. doi: 10.
1128/mBi0.02481-14

frontiersin.org


https://doi.org/10.3389/fncel.2023.1139357
https://doi.org/10.1136/bmj.295.6600.681
https://doi.org/10.1016/j.neuroimage.2013.02.055
https://doi.org/10.3390/microorganisms9030555
https://doi.org/10.3390/microorganisms9030555
https://doi.org/10.1093/cercor/bhh172
https://doi.org/10.1111/j.1365-2982.2010.01620.x
https://doi.org/10.1111/j.1365-2982.2010.01620.x
https://doi.org/10.1192/bjp.2021.119
https://doi.org/10.1093/schbul/sbx069
https://doi.org/10.1016/j.bbi.2020.10.003
https://doi.org/10.1016/j.schres.2018.09.014
https://doi.org/10.1007/s10803-008-0637-8
https://doi.org/10.1007/s10803-008-0637-8
https://doi.org/10.1136/bmjopen-2017-017150
https://doi.org/10.1136/bmjopen-2017-017150
https://doi.org/10.1038/s41586-020-1975-8
https://doi.org/10.1186/s12866-016-0708-5
https://doi.org/10.1186/s12866-016-0708-5
https://doi.org/10.1007/s00429-018-1634-0
https://doi.org/10.1038/s41537-019-0072-1
https://doi.org/10.1016/j.jad.2018.11.011
https://doi.org/10.1016/j.jad.2018.11.011
https://doi.org/10.1515/dmpt-2020-0119
https://doi.org/10.14336/AD.2014.0500256
https://doi.org/10.1007/s12031-020-01664-y
https://doi.org/10.1001/archgenpsychiatry.2012.647
https://doi.org/10.1001/archgenpsychiatry.2012.647
https://doi.org/10.1155/2018/9076485
https://doi.org/10.1016/j.schres.2019.04.004
https://doi.org/10.12998/wjcc.v9.i28.8295
https://doi.org/10.51412/psnnjp.2021.16
https://doi.org/10.1007/s11033-021-06264-6
https://doi.org/10.1038/nrn3526
https://doi.org/10.3389/fncel.2014.00129
https://doi.org/10.1080/19490976.2019.1638722
https://doi.org/10.3389/fimmu.2020.00906
https://doi.org/10.1186/s12993-021-00180-2
https://doi.org/10.1038/nrn2513
https://doi.org/10.1038/npp.2017.7
https://doi.org/10.3390/jcm10030377
https://doi.org/10.1016/j.neuint.2021.104987
https://doi.org/10.1016/j.neuint.2021.104987
https://doi.org/10.1080/10408398.2021.1879004
https://doi.org/10.1146/annurev.immunol.021908.132528
https://doi.org/10.1146/annurev.immunol.021908.132528
https://doi.org/10.1016/j.jpsychires.2021.04.029
https://doi.org/10.1016/j.jpsychires.2021.04.029
https://doi.org/10.1017/thg.2012.13
https://doi.org/10.20517/2347-8659.2020.13
https://doi.org/10.3389/fnhum.2014.01010
https://doi.org/10.1038/s41537-022-00280-6
https://doi.org/10.1038/s41537-022-00280-6
https://doi.org/10.1016/j.biopsych.2011.11.026
https://doi.org/10.1016/j.biopsych.2011.11.026
https://doi.org/10.1128/mBio.02481-14
https://doi.org/10.1128/mBio.02481-14
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Ben-Azu et al.

Rondd, P. H. C,, Ferreira, R. F., Nogueira, F., Ribeiro, M. C. N., Lobert, H., and Artes,
R. (2003). Maternal psychological stress and distress as predictors of low birth weight,
prematurity and intrauterine growth retardation. Eur. J. Clin. Nutr. 57, 266-272.
doi: 10.1038/sj.ejcn. 1601526

Rooks, M. G., and Garrett, W. S. (2016). Gut microbiota, metabolites and host
immunity. Nat. Rev. Immunol. 16, 341-352. doi: 10.1038/nri.2016.42

Roshchina, V. V. (2010). “Evolutionary considerations of neurotransmitters in
microbial, plant, and animal cells,” in Microbial endocrinology, eds M. Lyte and P. P. E.
Freestone (New York, NY: Springer), 17-52. doi: 10.1007/978- 1-4419-5576-0_2

Rosin, J. M., Marsters, C. M., Malik, F., Far, R, Adnani, L., Schuurmans, C.,
et al. (2021). Embryonic microglia interact with hypothalamic radial glia during
development and upregulate the TAM receptors MERTK and AXL following an insult.
Cell Rep. 34:108587. doi: 10.1016/j.celrep.2020.108587

Rubin, L. H., Haas, G. L., Keshavan, M. S., Sweeney, J. A., and Maki, P. M.
(2008). Sex difference in cognitive response to antipsychotic treatment in first episode
schizophrenia. Neuropsychopharmacology 33, 290-297. doi: 10.1038/sj.npp.1301395

Russell, S. L., Gold, M. J.,, Willing, B. P., Thorson, L., McNagny, K. M., and
Finlay, B. B. (2013). Perinatal antibiotic treatment affects murine microbiota,
immune responses and allergic asthma. Gut Microbes 4, 158-164. doi: 10.4161/gmic.2
3567

Saddichha, S., Ameen, S., and Akhtar, S. (2008). Predictors of antipsychotic-induced
weight gain in first-episode psychosis: Conclusions from a randomized, double-blind,
controlled prospective study of olanzapine, risperidone, and haloperidol. J. Clin.
Psychopharmacol. 28, 27-31. doi: 10.1097/jcp.0b013e3181602fe6

Salter, M. W., and Beggs, S. (2014). Sublime microglia: Expanding roles for the
guardians of the CNS. Cell 158, 15-24. doi: 10.1016/j.cell.2014.06.008

Samuel, B. S., Shaito, A., Motoike, T., Rey, F. E., Backhed, F., Manchester, J. K.,
et al. (2008). Effects of the gut microbiota on host adiposity are modulated by the
short-chain fatty-acid binding G protein-coupled receptor, Gpr4l. Proc. Natl. Acad.
Sci. U.S.A. 105, 16767-16772. doi: 10.1073/pnas.0808567105

Saniotis, A., Grantham, J. P., Kumaratilake, J., and Henneberg, M. (2020). Neuro-
hormonal regulation is a better indicator of human cognitive abilities than brain
anatomy: The need for a new paradigm. Front. Neuroanat. 13:101. doi: 10.3389/fnana.
2019.00101

Sanoff, H. K., Deal, A. M., Krishnamurthy, J., Torrice, C., Dillon, P., Sorrentino, J.,
etal. (2014). Effect of cytotoxic chemotherapy on markers of molecular age in patients
with breast cancer. J. Natl. Cancer Inst. 106:dju057. doi: 10.1093/jnci/dju057

Sarkar, A., Lehto, S. M., Harty, S., Dinan, T. G, Cryan, J. F., and Burnet, P. W. J.
(2016). Psychobiotics and the manipulation of bacteria-gut-brain signals. Trends
Neurosci. 39, 763-781. doi: 10.1016/j.tins.2016.09.002

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R,, Mardinly, A. R,,
Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits in an activity and
complement-dependent manner. Neuron 74, 691-705. doi: 10.1016/j.neuron.2012.0
3.026

Scheiblich, H., Schliitter, A., Golenbock, D. T., Latz, E., Martinez-Martinez, P., and
Heneka, M. T. (2017). Activation of the NLRP3 inflammasome in microglia: The role
of ceramide. J. Neurochem. 143, 534-550. doi: 10.1111/jnc.14225

Schmidtner, A. K,, Slattery, D. A., Glasner, J., Hiergeist, A., Gryksa, K., Malik, V. A.,
et al. (2019). Minocycline alters behavior, microglia and the gut microbiome in a
trait-anxiety-dependent manner. Transl. Psychiatry 9:223. doi: 10.1038/541398-019-0
556-9

Schnack, H. G., van Haren, N. E. M., Nieuwenhuis, M., Hulshoff Pol, H. E., Cahn,
W., and Kahn, R. S. (2016). Accelerated brain aging in schizophrenia: A longitudinal
pattern recognition study. Am. J. Psychiatry 173, 607-616. doi: 10.1176/appi.ajp.2015.
15070922

Schénfeld, P., and Wojtczak, L. (2016). Short- and medium-chain fatty acids in
energy metabolism: The cellular perspective. J. Lipid Res. 57, 943-954. doi: 10.1194/
jlr.R067629

Schubert, D., Martens, G. J. M., and Kolk, S. M. (2015). Molecular underpinnings
of prefrontal cortex development in rodents provide insights into the etiology of
neurodevelopmental disorders. Mol. Psychiatry 20, 795-809. doi: 10.1038/mp.20
14.147

Schwarz, E., Maukonen, J., Hyytidinen, T., Kiesepp4, T., Oresi¢, M., Sabunciyan, S.,
et al. (2018). Analysis of microbiota in first episode psychosis identifies preliminary
associations with symptom severity and treatment response. Schizophr. Res. 192,
398-403. doi: 10.1016/j.schres.2017.04.017

Seeman, M. V. (2021a). The gut microbiome and antipsychotic treatment response.
Behav. Brain Res. 396:112886. doi: 10.1016/j.bbr.2020.112886

Seeman, M. V. (2021b). The pharmacodynamics of antipsychotic drugs in women
and men. Front. Psychiatry 12:650904. doi: 10.3389/fpsyt.2021.650904

Sekar, A., Bialas, A. R., de Rivera, H., Davis, A., Hammond, T. R., Kamitaki, N.,
et al. (2016). Schizophrenia risk from complex variation of complement component 4.
Nature 530, 177-183. doi: 10.1038/nature16549

Sender, R., Fuchs, S., and Milo, R. (2016). Revised estimates for the number of
human and bacteria cells in the body. PLoS Biol. 14:¢1002533. doi: 10.1371/journal.
pbio.1002533

Frontiers in Cellular Neuroscience

10.3389/fncel.2023.1139357

Severance, E. G., Gressitt, K. L., Stallings, C. R., Katsafanas, E., Schweinfurth,
L. A, Savage, C. L. G,, et al. (2017). Probiotic normalization of Candida albicans
in schizophrenia: A randomized, placebo-controlled, longitudinal pilot study. Brain
Behav. Immun. 62, 41-45. doi: 10.1016/j.bbi.2016.11.019

Severance, E. G., and Yolken, R. H. (2019). From infection to the microbiome:
An evolving role of microbes in schizophrenia. Neuroinflamm. Schizophr. 44, 67-84.
doi: 10.1007/7854_2018_84

Shahab, S., Mulsant, B. H., Levesque, M. L., Calarco, N., Nazeri, A., Wheeler,
A. L, etal. (2019). Brain structure, cognition, and brain age in schizophrenia, bipolar
disorder, and healthy controls. Neuropsychopharmacology 44, 898-906. doi: 10.1038/
541386-018-0298-2z

Shahidehpour, R. K., Higdon, R. E., Crawford, N. G., Neltner, J. H., Ighodaro, E. T.,
Patel, E., et al. (2021). Dystrophic microglia are associated with neurodegenerative
disease and not healthy aging in the human brain. Neurobiol. Aging 99, 19-27. doi:
10.1016/j.neurobiolaging.2020.12.003

Sharma, A., Buschmann, M. M., and Gilbert, J. A. (2019). Pharmacomicrobiomics:
The holy grail to variability in drug response? Clin. Pharmacol. Ther. 106, 317-328.
doi: 10.1002/cpt.1437

Sharon, G., Cruz, N. J., Kang, D.-W., Gandal, M. J., Wang, B., Kim, Y.-M,, et al.
(2019). Human gut microbiota from autism spectrum disorder promote behavioral
symptoms in mice. Cell 177, 1600-1618.e17. doi: 10.1016/j.cell.2019.05.004

Sheffield, J. M., Repovs, G., Harms, M. P., Carter, C. S., Gold, J. M., MacDonald,
A. W. 11, et al. (2016). Evidence for accelerated decline of functional brain network
efficiency in schizophrenia. Schizophr. Bull. 42, 753-761. doi: 10.1093/schbul/sbv148

Shen, Y., Xu, J., Li, Z,, Huang, Y., Yuan, Y., Wang, J., et al. (2018). Analysis
of gut microbiota diversity and auxiliary diagnosis as a biomarker in patients with
schizophrenia: A cross-sectional study. Schizophr. Res. 197, 470-477. doi: 10.1016/j.
schres.2018.01.002

Shenton, M. E,, Dickey, C. C., Frumin, M., and McCarley, R. W. (2001). A review of
MRI findings in schizophrenia. Schizophr. Res. 49, 1-52. doi: 10.1016/50920-9964(01)
00163-3

Sierra, A., Encinas, J. M., Deudero, J. . P., Chancey, J. H., Enikolopov, G., Overstreet-
Wadiche, L. S., et al. (2010). Microglia shape adult hippocampal neurogenesis through
apoptosis-coupled phagocytosis. Cell Stem Cell 7, 483-495. doi: 10.1016/j.stem.2010.
08.014

Singh, R., Stogios, N., Smith, E., Lee, J., Maksyutynsk, K., Au, E., et al. (2022).
Gut microbiome in schizophrenia and antipsychotic-induced metabolic alterations:
A scoping review. Ther. Adv. Psychopharmacol. 12:20451253221096524. doi: 10.1177/
20451253221096525

Singh, R. K., Chang, H.-W,, Yan, D., Lee, K. M., Ucmak, D., Wong, K,, et al. (2017).
Influence of diet on the gut microbiome and implications for human health. J. Transl.
Med. 15:73. doi: 10.1186/s12967-017-1175-y

Sipe, G. O., Lowery, R. L., Tremblay, M., Kelly, E. A., Lamantia, C. E., and Majewska,
A. K. (2016). Microglial P2Y12 is necessary for synaptic plasticity in mouse visual
cortex. Nat. Commun. 7:10905. doi: 10.1038/ncomms10905

Smith, P. M., Howitt, M. R., Panikov, N., Michaud, M., Gallini, C. A., Bohlooly-Y,
M, et al. (2013). The microbial metabolites, short-chain fatty acids, regulate colonic
Treg cell homeostasis. Science 341, 569-573. doi: 10.1126/science.1241165

Soliman, M. L., and Rosenberger, T. A. (2011). Acetate supplementation increases
brain histone acetylation and inhibits histone deacetylase activity and expression. Mol.
Cell. Biochem. 352, 173-180. doi: 10.1007/s11010-011-0751-3

Song, C,, Lin, A., Kenis, G., Bosmans, E., and Maes, M. (2000). Imnmunosuppressive
effects of clozapine and haloperidol: Enhanced production of the interleukin-1
receptor antagonist. Schizophr. Res. 42, 157-164. doi: 10.1016/S0920-9964(99)00116- 4

Song, J., Yao, S., Kowalec, K., Lu, Y., Sariaslan, A., Szatkiewicz, J. P., et al. (2022).
The impact of educational attainment, intelligence and intellectual disability on
schizophrenia: A Swedish population-based register and genetic study. Mol. Psychiatry
27, 2439-2447. doi: 10.1038/s41380-022-01500-2

Sorensen, H. J., Mortensen, E. L., Schiffman, J., Reinisch, ]J. M., Maeda, J., and
Mednick, S. A. (2010). Early developmental milestones and risk of schizophrenia: A
45-year follow-up of the Copenhagen perinatal cohort. Schizophr. Res. 118, 41-47.
doi: 10.1016/j.schres.2010.01.029

Sousa-Victor, P., Gutarra, S., Garcia-Prat, L., Rodriguez-Ubreva, J., Ortet, L., Ruiz-
Bonilla, V., et al. (2014). Geriatric muscle stem cells switch reversible quiescence into
senescence. Nature 506, 316-321. doi: 10.1038/nature13013

Sowell, E. R., Thompson, P. M., and Toga, A. W. (2004). Mapping changes in the
human cortex throughout the span of life. Neuroscientist 10, 372-392. doi: 10.1177/
1073858404263960

Stern, Y., Barnes, C. A., Grady, C., Jones, R. N., and Raz, N. (2019). Brain reserve,
cognitive reserve, compensation, and maintenance: Operationalization, validity, and
mechanisms of cognitive resilience. Neurobiol. Aging 83, 124-129. doi: 10.1016/j.
neurobiolaging.2019.03.022

Stiles, J., and Jernigan, T. L. (2010). The basics of brain development. Neuropsychol.
Rev. 20, 327-348. doi: 10.1007/s11065-010-9148-4

Stone, W. S., Cai, B., Liu, X,, Grivel, M. M.-R.,, Yu, G., Xu, Y., et al.
(2020). Association between the duration of untreated psychosis and selective

frontiersin.org


https://doi.org/10.3389/fncel.2023.1139357
https://doi.org/10.1038/sj.ejcn.1601526
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1007/978-1-4419-5576-0_2
https://doi.org/10.1016/j.celrep.2020.108587
https://doi.org/10.1038/sj.npp.1301395
https://doi.org/10.4161/gmic.23567
https://doi.org/10.4161/gmic.23567
https://doi.org/10.1097/jcp.0b013e3181602fe6
https://doi.org/10.1016/j.cell.2014.06.008
https://doi.org/10.1073/pnas.0808567105
https://doi.org/10.3389/fnana.2019.00101
https://doi.org/10.3389/fnana.2019.00101
https://doi.org/10.1093/jnci/dju057
https://doi.org/10.1016/j.tins.2016.09.002
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1111/jnc.14225
https://doi.org/10.1038/s41398-019-0556-9
https://doi.org/10.1038/s41398-019-0556-9
https://doi.org/10.1176/appi.ajp.2015.15070922
https://doi.org/10.1176/appi.ajp.2015.15070922
https://doi.org/10.1194/jlr.R067629
https://doi.org/10.1194/jlr.R067629
https://doi.org/10.1038/mp.2014.147
https://doi.org/10.1038/mp.2014.147
https://doi.org/10.1016/j.schres.2017.04.017
https://doi.org/10.1016/j.bbr.2020.112886
https://doi.org/10.3389/fpsyt.2021.650904
https://doi.org/10.1038/nature16549
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1016/j.bbi.2016.11.019
https://doi.org/10.1007/7854_2018_84
https://doi.org/10.1038/s41386-018-0298-z
https://doi.org/10.1038/s41386-018-0298-z
https://doi.org/10.1016/j.neurobiolaging.2020.12.003
https://doi.org/10.1016/j.neurobiolaging.2020.12.003
https://doi.org/10.1002/cpt.1437
https://doi.org/10.1016/j.cell.2019.05.004
https://doi.org/10.1093/schbul/sbv148
https://doi.org/10.1016/j.schres.2018.01.002
https://doi.org/10.1016/j.schres.2018.01.002
https://doi.org/10.1016/s0920-9964(01)00163-3
https://doi.org/10.1016/s0920-9964(01)00163-3
https://doi.org/10.1016/j.stem.2010.08.014
https://doi.org/10.1016/j.stem.2010.08.014
https://doi.org/10.1177/20451253221096525
https://doi.org/10.1177/20451253221096525
https://doi.org/10.1186/s12967-017-1175-y
https://doi.org/10.1038/ncomms10905
https://doi.org/10.1126/science.1241165
https://doi.org/10.1007/s11010-011-0751-3
https://doi.org/10.1016/S0920-9964(99)00116-4
https://doi.org/10.1038/s41380-022-01500-2
https://doi.org/10.1016/j.schres.2010.01.029
https://doi.org/10.1038/nature13013
https://doi.org/10.1177/1073858404263960
https://doi.org/10.1177/1073858404263960
https://doi.org/10.1016/j.neurobiolaging.2019.03.022
https://doi.org/10.1016/j.neurobiolaging.2019.03.022
https://doi.org/10.1007/s11065-010-9148-4
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Ben-Azu et al.

cognitive performance in community-dwelling individuals with chronic untreated
schizophrenia in rural China. JAMA Psychiatry 77, 1116-1126. doi: 10.1001/
jamapsychiatry.2020.1619

Strandwitz, P., Kim, K. H., Terekhova, D., Liu, J. K., Sharma, A., Levering, J., et al.
(2019). GABA-modulating bacteria of the human gut microbiota. Nat. Microbiol. 4,
396-403. doi: 10.1038/s41564-018-0307-3

Sudo, N. (2016). “The hypothalamic-pituitary-adrenal axis and gut microbiota: A
target for dietary intervention?,” in The gut-brain axis dietary, probiotic, and prebiotic
interventions on the microbiota, eds N. Hyland and C. Stanton (Amsterdam: Elsevier
Inc.), 293-304. doi: 10.1016/B978-0-12-802304-4.00013-X

Sullivan, P. F., Kendler, K. S., and Neale, M. C. (2003). Schizophrenia as a complex
trait: Evidence from a meta-analysis of twin studies. Arch. Gen. Psychiatry 60, 1187-
1192. doi: 10.1001/archpsyc.60.12.1187

Szeligowski, T., Yun, A. L., Lennox, B. R,, and Burnet, P. W. J. (2020). The gut
microbiome and schizophrenia: The current state of the field and clinical applications.
Front. Psychiatry 11:156. doi: 10.3389/fpsyt.2020.00156

Szepesi, Z., Manouchehrian, O., Bachiller, S., and Deierborg, T. (2018). Bidirectional
microglia-neuron communication in health and disease. Front. Cell. Neurosci. 12:323.
doi: 10.3389/fncel.2018.00323

Szoke, H., Kovacs, Z., Bokkon, I, Vagedes, J., Szabo, A. E., Hegyi, G., et al. (2020).
Gut dysbiosis and serotonin: Intestinal 5-HT as a ubiquitous membrane permeability
regulator in host tissues, organs, and the brain. Rev. Neurosci. 31, 415-425. doi:
10.1515/revneuro-2019-0095

Tamnes, C. K., Walhovd, K. B., Engvig, A., Grydeland, H., Krogsrud, S. K,
Ostby, Y., et al. (2014). Regional hippocampal volumes and development
predict learning and memory. Dev. Neurosci. 36, 161-174. doi: 10.1159/00036
2445

Tay, T. L., Savage, J. C., Hui, C. W., Bisht, K., and Tremblay, M. -E. (2017). Microglia
across the lifespan: From origin to function in brain development, plasticity and
cognition. J. Physiol. 595, 1929-1945. doi: 10.1113/JP272134

Teeuw, J., Ori, A. P. S., Brouwer, R. M., de Zwarte, S. M. C., Schnack, H. G., Hulshoff
Pol, H. E,, et al. (2021). Accelerated aging in the brain, epigenetic aging in blood, and
polygenic risk for schizophrenia. Schizophr. Res. 231, 189-197. doi: 10.1016/j.schres.
2021.04.005

Thaiss, C. A., Zmora, N., Levy, M., and Elinav, E. (2016). The microbiome and innate
immunity. Nature 535, 65-74. doi: 10.1038/nature18847

Thion, M. S., Low, D,, Silvin, A., Chen, J., Grisel, P., Schulte-Schrepping, J., et al.
(2018). Microbiome influences prenatal and adult microglia in a sex-specific manner.
Cell 172, 500-516.¢16. doi: 10.1016/j.cell.2017.11.042

Tomaru, M., Takano, H., Inoue, K.-I., Yanagisawa, R., Osakabe, N., Yasuda, A., et al.
(2007). Pulmonary exposure to diesel exhaust particles enhances fatty change of the
liver in obese diabetic mice. Int. J. Mol. Med. 19, 17-22.

Tomasik, J., Yolken, R. H., Bahn, S., and Dickerson, F. B. (2015).
Immunomodulatory effects of probiotic supplementation in schizophrenia
patients: A randomized, placebo-controlled trial. Biomark. Insights 10, 47-54.
doi: 10.4137/BMI.522007

Tosic-Golubovic, S., Miljkovic, S., Nagorni, A., Lazarevic, D., and Nikolic, G.
(2010). Irritable bowel syndrome, anxiety, depression and personality characteristics.
Psychiatr. Danub. 22, 418-424.

Toulopoulou, T., van Haren, N., Zhang, X., Sham, P. C., Cherny, S. S., Campbell,
D. D, et al. (2015). Reciprocal causation models of cognitive vs volumetric cerebral
intermediate phenotypes for schizophrenia in a pan-European twin cohort. Mol.
Psychiatry 20, 1386-1396. doi: 10.1038/mp.2014.152

Trapp, B. D., Wujek, J. R, Criste, G. A., Jalabi, W., Yin, X,, Kidd, G. J., et al.
(2007). Evidence for synaptic stripping by cortical microglia. Glia 55, 360-368. doi:
10.1002/glia.20462

Tremblay, M. -E. (2021). Microglial functional alteration and increased diversity in
the challenged brain: Insights into novel targets for intervention. Brain Behav. Immun.
16:100301. doi: 10.1016/j.bbih.2021.100301

Tremblay, M. -E., Lowery, R. L., and Majewska, A. K. (2010). Microglial interactions
with synapses are modulated by visual experience. PLoS Biol. 8:¢1000527. doi: 10.1371/
journal.pbio.1000527

Tremblay, M. -E., Stevens, B., Sierra, A., Wake, H., Bessis, A., and Nimmerjahn,
A. (2011). The role of microglia in the healthy brain. J. Neurosci. 31, 16064-16069.
doi: 10.1523/J]NEUROSCI.4158-11.2011

Tyski, S. (2003). Non-antibiotics—drugs with additional antimicrobial activity. Acta
Pol. Pharm. 60, 401-404.

van Haren, N. E. M., Schnack, H. G., Cahn, W, van den Heuvel, M. P., Lepage,
C., Collins, L., et al. (2011). Changes in cortical thickness during the course of illness
in schizophrenia. Arch. Gen. Psychiatry 68, 871-880. doi: 10.1001/archgenpsychiatry.
2011.88

van Noord, C., Sturkenboom, M. C., Straus, S. M., Witteman, J. C., and Stricker, B. H.
(2011). Non-cardiovascular drugs that inhibit hERG-encoded potassium channels and
risk of sudden cardiac death. Heart 97, 215-220.

Frontiers in Cellular Neuroscience

10.3389/fncel.2023.1139357

Vatanen, T., Franzosa, E. A., Schwager, R, Tripathi, S., Arthur, T. D., Vehik, K., et al.
(2018). The human gut microbiome in early-onset type 1 diabetes from the TEDDY
study. Nature 562, 589-594. doi: 10.1038/541586-018-0620-2

Velligan, D. I, and Rao, S. (2023). The epidemiology and global burden
of schizophrenia. J. Clin. Psychiatry 84:MS21078COM5. doi: 10.4088/JCP.
MS21078COMS5

Ventura, L., Freiberger, V., Thiesen, V. B., Dias, P., Dutra, M. L,, Silva, B. B., et al.
(2020). Involvement of NLRP3 inflammasome in schizophrenia-like behaviour in
young animals after maternal immune activation. Acta Neuropsychiatr. 32, 321-327.
doi: 10.1017/neu.2020.27

Verdugo-Meza, A., Ye, J., Dadlani, H., Ghosh, S., and Gibson, D. L. (2020).
Connecting the dots between inflammatory bowel disease and metabolic syndrome:
A focus on gut-derived metabolites. Nutrients 12:1434. doi: 10.3390/nul205
1434

Vesterdal, L. K., Danielsen, P. H., Folkmann, J. K., Jespersen, L. F., Aguilar-Pelaez,
K., Roursgaard, M., et al. (2014). Accumulation of lipids and oxidatively damaged
DNA in hepatocytes exposed to particles. Toxicol. Appl. Pharmacol. 274, 350-360.
doi: 10.1016/j.taap.2013.10.001

Vich Vila, A, Collij, V., Sanna, S., Sinha, T., Imhann, F., Bourgonje, A. R,, et al.
(2020). Impact of commonly used drugs on the composition and metabolic function
of the gut microbiota. Nat. Commun. 11:362. doi: 10.1038/s41467-019-14177-z

Vijay, N., and Morris, M. E. (2014). Role of monocarboxylate transporters in drug
delivery to the brain. Curr. Pharm. Des. 20, 1487-1498.

Voisey, J., Lawford, B. R., Morris, C. P., Wockner, L. F., Noble, E. P, Young, R. M.,
etal. (2017). Epigenetic analysis confirms no accelerated brain aging in schizophrenia.
NPJ Schizophr. 3:26. doi: 10.1038/s41537-017-0026-4

Vollaard, E. J., and Clasener, H. A. (1994). Colonization resistance. Antimicrob.
Agents Chemother. 38, 409-414. doi: 10.1128/AAC.38.3.409

Walsh, T., McClellan, J. M., McCarthy, S. E., Addington, A. M., Pierce, S. B,
Cooper, G. M., et al. (2008). Rare structural variants disrupt multiple genes in
neurodevelopmental pathways in schizophrenia. Science 320, 539-543. doi: 10.1126/
science.1155174

Walton, E., Hibar, D. P., van Erp, T. G. M., Potkin, S. G., Roiz-Santiafez, R., Crespo-
Facorro, B., et al. (2017). Positive symptoms associate with cortical thinning in the
superior temporal gyrus via the ENIGMA schizophrenia consortium. Acta Psychiatr.
Scand. 135, 439-447. doi: 10.1111/acps.12718

Walton, E., Hibar, D. P., van Erp, T. G. M., Potkin, S. G., Roiz-Santiafez, R., Crespo-
Facorro, B., et al. (2018). Prefrontal cortical thinning links to negative symptoms in
schizophrenia via the ENIGMA consortium. Psychol. Med. 48, 82-94. doi: 10.1017/
$0033291717001283

Wang, D. M., Dy, Y. X,, Zhu, R. R, Tian, Y., Chen, J. J., Chen, D. C,, et al. (2021).
The relationship between cognitive impairment and superoxide dismutase activity
in untreated first-episode patients with schizophrenia. World J. Biol. Psychiatry 23,
517-524. doi: 10.1080/15622975.2021.2013093

Wang, F. B., and Powley, T. L. (2007). Vagal innervation of intestines: Afferent
pathways mapped with new en bloc horseradish peroxidase adaptation. Cell Tissue Res.
329, 221-230. doi: 10.1007/s00441-007-0413-7

Wang, Q., Lu, M., Zhu, X,, Gu, X,, Zhang, T., Xia, C,, et al. (2022). The
role of microglia immunometabolism in neurodegeneration: Focus on molecular
determinants and metabolic intermediates of metabolic reprogramming. Biomed.
Pharmacother. 153:113412. doi: 10.1016/j.biopha.2022.113412

Wang, Y., and Kasper, L. H. (2014). The role of microbiome in central nervous
system disorders. Brain Behav. Immun. 38, 1-12. doi: 10.1016/j.bbi.2013.12.015

Wang, Y., Wang, Z., Wang, Y., Li, F,, Jia, J., Song, X., et al. (2018). The gut-microglia
connection: Implications for central nervous system diseases. Front. Immunol. 9:2325.
doi: 10.3389/fimmu.2018.02325

Whittemore, K., Vera, E., Martinez-Nevado, E., Sanpera, C., and Blasco, M. A.
(2019). Telomere shortening rate predicts species life span. Proc. Natl. Acad. Sci. U.S.A.
116, 15122-15127. doi: 10.1073/pnas.1902452116

Wilson, 1. D., and Nicholson, J. K. (2017). Gut microbiome interactions with drug
metabolism, efficacy, and toxicity. Transl. Res. 179, 204-222. doi: 10.1016/j.trs1.2016.
08.002

Wilson, P. W., D’Agostino, R. B., Levy, D., Belanger, A. M., Silbershatz, H., and
Kannel, W. B. (1998). Prediction of coronary heart disease using risk factor categories.
Circulation 97, 1837-1847. doi: 10.1161/01.¢ir.97.18.1837

Woodberry, K. A., Giuliano, A. J., and Seidman, L. J. (2008). Premorbid IQ in
schizophrenia: A meta-analytic review. Am. J. Psychiatry 165, 579-587. doi: 10.1176/
appi.ajp.2008.07081242

Wright, M. L., and Starkweather, A. R. (2015). Antenatal microbiome: Potential
contributor to fetal programming and establishment of the microbiome in offspring.
Nurs. Res. 64, 306-319. doi: 10.1097/NNR.0000000000000101

Wu, G. D,, Chen, J., Hoffmann, C,, Bittinger, K., Chen, Y.-Y., Keilbaugh, S. A, et al.
(2011). Linking long-term dietary patterns with gut microbial enterotypes. Science 334,
105-108. doi: 10.1126/science.1208344

frontiersin.org


https://doi.org/10.3389/fncel.2023.1139357
https://doi.org/10.1001/jamapsychiatry.2020.1619
https://doi.org/10.1001/jamapsychiatry.2020.1619
https://doi.org/10.1038/s41564-018-0307-3
https://doi.org/10.1016/B978-0-12-802304-4.00013-X
https://doi.org/10.1001/archpsyc.60.12.1187
https://doi.org/10.3389/fpsyt.2020.00156
https://doi.org/10.3389/fncel.2018.00323
https://doi.org/10.1515/revneuro-2019-0095
https://doi.org/10.1515/revneuro-2019-0095
https://doi.org/10.1159/000362445
https://doi.org/10.1159/000362445
https://doi.org/10.1113/JP272134
https://doi.org/10.1016/j.schres.2021.04.005
https://doi.org/10.1016/j.schres.2021.04.005
https://doi.org/10.1038/nature18847
https://doi.org/10.1016/j.cell.2017.11.042
https://doi.org/10.4137/BMI.S22007
https://doi.org/10.1038/mp.2014.152
https://doi.org/10.1002/glia.20462
https://doi.org/10.1002/glia.20462
https://doi.org/10.1016/j.bbih.2021.100301
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.1523/JNEUROSCI.4158-11.2011
https://doi.org/10.1001/archgenpsychiatry.2011.88
https://doi.org/10.1001/archgenpsychiatry.2011.88
https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.4088/JCP.MS21078COM5
https://doi.org/10.4088/JCP.MS21078COM5
https://doi.org/10.1017/neu.2020.27
https://doi.org/10.3390/nu12051434
https://doi.org/10.3390/nu12051434
https://doi.org/10.1016/j.taap.2013.10.001
https://doi.org/10.1038/s41467-019-14177-z
https://doi.org/10.1038/s41537-017-0026-4
https://doi.org/10.1128/AAC.38.3.409
https://doi.org/10.1126/science.1155174
https://doi.org/10.1126/science.1155174
https://doi.org/10.1111/acps.12718
https://doi.org/10.1017/S0033291717001283
https://doi.org/10.1017/S0033291717001283
https://doi.org/10.1080/15622975.2021.2013093
https://doi.org/10.1007/s00441-007-0413-7
https://doi.org/10.1016/j.biopha.2022.113412
https://doi.org/10.1016/j.bbi.2013.12.015
https://doi.org/10.3389/fimmu.2018.02325
https://doi.org/10.1073/pnas.1902452116
https://doi.org/10.1016/j.trsl.2016.08.002
https://doi.org/10.1016/j.trsl.2016.08.002
https://doi.org/10.1161/01.cir.97.18.1837
https://doi.org/10.1176/appi.ajp.2008.07081242
https://doi.org/10.1176/appi.ajp.2008.07081242
https://doi.org/10.1097/NNR.0000000000000101
https://doi.org/10.1126/science.1208344
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Ben-Azu et al.

Xie, L., Choudhury, G. R., Winters, A., Yang, S.-H., and Jin, K. (2015). Cerebral
regulatory T cells restrain microglia/macrophage-mediated inflammatory responses
via IL-10. Eur. J. Immunol. 45, 180-191. doi: 10.1002/eji.201444823

Xie, Y., Hu, F,, Xiang, D., Lu, H., Li, W., Zhao, A, et al. (2020). The metabolic effect
of gut microbiota on drugs. Drug Metab. Rev. 52, 139-156. doi: 10.1080/03602532.
2020.1718691

Xu, C., Zhu, H., and Qiu, P. (2019). Aging progression of human gut microbiota.
BMC Microbiol. 19:236. doi: 10.1186/s12866-019-1616-2

Yano, J. M., Yu, K., Donaldson, G. P., Shastri, G. G., Ann, P., Ma, L., et al. (2015).
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell
161, 264-276. doi: 10.1016/j.cell.2015.02.047

Yao, Y., Cai, X,, Ye, Y., Wang, F., Chen, F.,, and Zheng, C. (2021). The role of
microbiota in infant health: From early life to adulthood. Front. Immunol. 12:708472.
doi: 10.3389/fimmu.2021.708472

Yilmaz, M., Yalcin, E., Presumey, J., Aw, E., Ma, M., Whelan, C. W, et al.
(2021). Overexpression of schizophrenia susceptibility factor human complement
C4A promotes excessive synaptic loss and behavioral changes in mice. Nat. Neurosci.
24, 214-224. doi: 10.1038/s41593-020-00763-8

Yolken, R., Adamos, M., Katsafanas, E., Khushalani, S., Origoni, A., Savage, C.,
et al. (2016). Individuals hospitalized with acute mania have increased exposure
to antimicrobial medications. Bipolar Disord. 18, 404-409. doi: 10.1111/bdi.
12416

Young, J. J., Bruno, D., and Pomara, N. (2014). A review of the relationship
between proinflammatory cytokines and major depressive disorder. J. Affect. Disord.
169, 15-20. doi: 10.1016/j.jad.2014.07.032

Yu, L., and Li, Y. (2022). Involvement of intestinal enteroendocrine cells
in neurological and psychiatric disorders. Biomedicines 10:2577. doi: 10.3390/
biomedicines10102577

Yu, M, Jia, H., Zhou, C., Yang, Y., Zhao, Y., Yang, M,, et al. (2017). Variations
in gut microbiota and fecal metabolic phenotype associated with depression by 16S
rRNA gene sequencing and LC/MS-based metabolomics. J. Pharm. Biomed. Anal. 138,
231-239. doi: 10.1016/j.jpba.2017.02.008

Yuan, X, Chen, R., Zhang, Y., Lin, X., and Yang, X. (2020). Sexual dimorphism of gut
microbiota at different pubertal status. Microb. Cell Fact. 19:152. doi: 10.1186/s12934-
020-01412-2

Yuan, X,, Zhang, P., Wang, Y., Liu, Y., Li, X., Kumar, B. U, et al. (2018). Changes
in metabolism and microbiota after 24-week risperidone treatment in drug naive,

Frontiers in Cellular Neuroscience

24

10.3389/fncel.2023.1139357

normal weight patients with first episode schizophrenia. Schizophr. Res. 201, 299-306.
doi: 10.1016/j.schres.2018.05.017

Zeisel, S. H., and Warrier, M. (2017). Trimethylamine N-oxide, the microbiome, and
heart and kidney disease. Annu. Rev. Nutr. 37, 157-181. doi: 10.1146/annurev-nutr-
071816-064732

Zhan, Y., Paolicelli, R. C., Sforazzini, F., Weinhard, L., Bolasco, G., Pagani, F.,
et al. (2014). Deficient neuron-microglia signaling results in impaired functional
brain connectivity and social behavior. Nat. Neurosci. 17, 400-406. doi: 10.1038/nn.
3641

Zhang, J., Rane, G., Dai, X., Shanmugam, M. K., Arfuso, F.,, Samy, R. P, et al. (2016).
Ageing and the telomere connection: An intimate relationship with inflammation.
Ageing Res. Rev. 25, 55-69. doi: 10.1016/j.arr.2015.11.006

Zhang, L., Huang, Y., Zhou, Y., Buckley, T., and Wang, H. H. (2013). Antibiotic
administration routes significantly influence the levels of antibiotic resistance in
gut microbiota. Antimicrob. Agents Chemother. 57, 3659-3666. doi: 10.1128/AAC.00
670-13

Zhang, L., Zhang, Z., Xu, L., and Zhang, X. (2021). Maintaining the balance of
intestinal flora through the diet: Effective prevention of illness. Foods 10:2312. doi:
10.3390/foods10102312

Zhang, R., Wei, Q., Kang, Z., Zalesky, A., Li, M., Xu, Y., et al. (2015). Disrupted brain
anatomical connectivity in medication-naive patients with first-episode schizophrenia.
Brain Struct. Funct. 220, 1145-1159. doi: 10.1007/s00429-014-0706-z

Zheng, P., Zeng, B, Liu, M., Chen, J.,, Pan, J., Han, Y., et al. (2019). The gut
microbiome from patients with schizophrenia modulates the glutamate-glutamine-
GABA cycle and schizophrenia-relevant behaviors in mice. Sci. Adv. 5:eaau8317. doi:
10.1126/sciadv.aau8317

Zhu, F., Guo, R., Wang, W., Ju, Y., Wang, Q., Ma, Q,, et al. (2020a). Transplantation
of microbiota from drug-free patients with schizophrenia causes schizophrenia-like
abnormal behaviors and dysregulated kynurenine metabolism in mice. Mol. Psychiatry
25,2905-2918. doi: 10.1038/s41380-019-0475-4

Zhu, F., Ju, Y., Wang, W., Wang, Q., Guo, R,, Ma, Q,, et al. (2020b). Metagenome-
wide association of gut microbiome features for schizophrenia. Nat. Commun.
11:1612. doi: 10.1038/s41467-020-15457-9

Zijlmans, M. A. C., Korpela, K., Riksen-Walraven, J. M., de Vos, W. M., and de
Weerth, C. (2015). Maternal prenatal stress is associated with the infant intestinal
microbiota. Psychoneuroendocrinology 53, 233-245. doi: 10.1016/j.psyneuen.2015.0
1.006

frontiersin.org


https://doi.org/10.3389/fncel.2023.1139357
https://doi.org/10.1002/eji.201444823
https://doi.org/10.1080/03602532.2020.1718691
https://doi.org/10.1080/03602532.2020.1718691
https://doi.org/10.1186/s12866-019-1616-2
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.3389/fimmu.2021.708472
https://doi.org/10.1038/s41593-020-00763-8
https://doi.org/10.1111/bdi.12416
https://doi.org/10.1111/bdi.12416
https://doi.org/10.1016/j.jad.2014.07.032
https://doi.org/10.3390/biomedicines10102577
https://doi.org/10.3390/biomedicines10102577
https://doi.org/10.1016/j.jpba.2017.02.008
https://doi.org/10.1186/s12934-020-01412-2
https://doi.org/10.1186/s12934-020-01412-2
https://doi.org/10.1016/j.schres.2018.05.017
https://doi.org/10.1146/annurev-nutr-071816-064732
https://doi.org/10.1146/annurev-nutr-071816-064732
https://doi.org/10.1038/nn.3641
https://doi.org/10.1038/nn.3641
https://doi.org/10.1016/j.arr.2015.11.006
https://doi.org/10.1128/AAC.00670-13
https://doi.org/10.1128/AAC.00670-13
https://doi.org/10.3390/foods10102312
https://doi.org/10.3390/foods10102312
https://doi.org/10.1007/s00429-014-0706-z
https://doi.org/10.1126/sciadv.aau8317
https://doi.org/10.1126/sciadv.aau8317
https://doi.org/10.1038/s41380-019-0475-4
https://doi.org/10.1038/s41467-020-15457-9
https://doi.org/10.1016/j.psyneuen.2015.01.006
https://doi.org/10.1016/j.psyneuen.2015.01.006
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

	Emerging epigenetic dynamics in gut-microglia brain axis: experimental and clinical implications for accelerated brain aging in schizophrenia
	1. Introduction
	2. Brain reserve and morphogenesis in SCZ
	3. Evidence of accelerated aging in SCZ
	4. Microglia and their sensomes
	5. Gut-brain axis
	6. Evidence of gut-brain microglia axis connection
	7. Emerging epigenetic changes modulating the gut-brain microglia axis
	8. Dysbiosis-induced microglial dysfunction in SCZ and its accelerated brain aging
	8.1. Gut dysbiosis in SCZ
	8.2. Accelerated aging and gut microbiota

	9. Effects of antipsychotics on the gut microbiome: therapeutic and adverse effects
	10. Do fecal microbiota transplants populate microglial sensomes and affect brain reserves?
	11. Experimental and clinical evidence for the influence of psychobiotics in SCZ
	12. Do psychobiotics contribute to antipsychotic-induced therapeutic benefits or adverse effects through the gut-brain microglial axis?
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


