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Abstract: Schizophrenia is a chronic, heterogeneous neurodevelopmental disorder that has complex 
symptoms and uncertain etiology. Mounting evidence indicates the involvement of genetics and 
epigenetic disturbances, alteration in gut microbiome, immune system abnormalities, and environ-
mental influence in the disease, but a single root cause and mechanism involved has yet to be con-
clusively determined. Consequently, the identification of diagnostic markers and the development 
of psychotic drugs for the treatment of schizophrenia faces a high failure rate. This article surveys 
the etiology of schizophrenia with a particular focus on gut microbiota regulation and the microbial 
signaling system that correlates with the brain through the vagus nerve, enteric nervous system, 
immune system, and production of postbiotics. Gut microbially produced molecules may lay the 
groundwork for further investigations into the role of gut microbiota dysbiosis and the pathophys-
iology of schizophrenia. Current treatment of schizophrenia is limited to psychotherapy and anti-
psychotic drugs that have significant side effects. Therefore, alternative therapeutic options merit 
exploration. The use of psychobiotics alone or in combination with antipsychotics may promote the 
development of novel therapeutic strategies. In view of the individual gut microbiome structure 
and personalized response to antipsychotic drugs, a tailored and targeted manipulation of gut mi-
crobial diversity naturally by novel prebiotics (non-digestible fiber) may be a successful alternative 
therapeutic for the treatment of schizophrenia patients. 

Keywords: gut microbiome; postbiotics; schizophrenia; antipsychotics; dysbiosis; probiotics; prebi-
otics 
 

1. Introduction 
Schizophrenia (SCZ) is a severe neurodevelopmental disorder affecting 20 million 

people worldwide annually. The word “schizo” means split and “phrenia” refers to mind 
(Greek origin). This term does not imply a splitting personality or mind; instead, it is a 
disintegrated or scattered form of thoughts, emotions, and behavior. Schizophrenia is 
highly debilitating socially and economically [1] and has been ranked in the top 15 prin-
cipal causes of disability in 2016 [2]. It is characterized by continuous or discontinuous 
episodes of psychosis [3], having positive, negative, and cognitive symptoms. Positive 
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symptoms include delusions, hallucinations, disorganized speech, and catatonic behav-
iors, which have been attributed to the excess expression of normal function. On the other 
hand, negative symptoms include a decrease in normal physiological processes such as 
lack of emotions or interest, poverty of speech, and aimlessness. Additionally, cognitive 
impairments comprise confusion and poor retention of verbal information. Most of the 
symptoms start developing in early adolescence and may be comorbid with other psy-
chotic disorders such as depression and anxiety, leading to difficulty in diagnosis. The 
current treatment of the disease employs antipsychotics that target type 2 dopamine re-
ceptor pathways and have proved largely ineffective in improving attention and memory 
defects [4]. The development of new therapeutic strategies for schizophrenia is allied with 
a clear understanding of the complex etiology of the disease. 

For the past few decades, enormous efforts have been made to understand the neu-
robiology of schizophrenia, as its genetics and epigenetic factors can shed light on the 
pathology of the disease [5–7]. Only 4% of known genetic variances associated with schiz-
ophrenia has been mapped to distinct loci that has failed to highlight the potent genetic 
risk factors in the pathogenesis of SCZ. The identification of rare-loss-of-function in his-
tone H3 methyltransferase SETD1A [8], missense variants in γ-aminobutyric acid (GABA) 
transporter protein type 1 (GAT1) encoding gene SLC6A1 [9] variations in Disrupted-in-
Schizophrenia 1 (DISC1) gene [10,11], and transcriptional changes in 157 genes [12] also 
implicate epigenetic and some other mechanisms in this disease. 

Another significant advancement in schizophrenia research is identifying alteration 
in the composition and function of the gut microbiome that is frequently found in the gut 
of patients with schizophrenia [13]. Recent advances in schizophrenia preclinical research 
have revealed that the gut microbiome communicate with the brain through the gut–brain 
axis involving the tryptophan metabolism [14], neurotransmitter synthesis, immune-reg-
ulating pathways, and the production of bioactive microbial metabolites and soluble by-
products (postbiotics) [15,16]. The specific gut microbial structure interacts with host ge-
netics [17–20] to play a vital role in human diseases, suggesting that deteriorated gut–host 
regulation might hold a possible mechanism for the emergence and development of SCZ. 
On the other hand, variations in the gut microbiome in every individual in the human 
population mark the possibility that the composition and maintenance of microbial com-
munities is controlled by the host genetics [21–23]. This suggests a complex and bidirec-
tional interaction between genetic expression and the precise regulation of gut microbial 
diversity that needs to be monitored carefully in health and diseases. No doubt, continu-
ous research on different aspects of the disease has enhanced our understanding of schiz-
ophrenia. Still, at the same time, the complex interactions of events of variations in genet-
ics, epigenetics, environmental influences, and person-to-person variable symptoms are 
the bottleneck in understanding the exact mechanism of pathogenicity of schizophrenia 
and establishing therapeutic strategies to control it. 

The search for an accurate and improved understanding of the mechanism underly-
ing the schizophrenia disease that will hold therapeutic promise is ongoing. In this article, 
we review current knowledge of genetics and epigenetics factors related to schizophrenia 
and an emerging key concept linking gut microbial diversity to the central nervous system 
(CNS). Additionally, we discuss the perspective of gut microbiota dysbiosis and immun-
ity targeted approach to reveal potential schizophrenia pathogenesis and the use of anti-
psychotics and psychobiotics to develop new therapeutic strategies (Figure 1). 
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Figure 1. Symptoms, factors involved, and current therapeutics in schizophrenia. A combination of genetics, epigenetics, 
environmental factors, including gut microbiota, resulting in the prognosis of the illness. Schizophrenia involves variable 
symptoms having limited therapeutic options. On the left side of the figure, solid arrows indicate the potential etiology 
(genetics, epigenetics and gut microbiota dysbiosis) of schizophrenia and the dotted arrows are representing bi-directional 
relation of gut microbiota in health and disease. 

2. Etiology of Schizophrenia 
Despite the advancements in science and technology, the exact etiology of schizo-

phrenia is still not elucidated and assumed to result from a combination of genetic, phys-
ical, physiological, and environmental influences. This disorder is thought to begin in 
utero. Poor maternal pregnancy conditions, emergency cesarean section, and low birth 
weight have been linked to the higher risk of schizophrenia in adulthood [13,24–26]. Nev-
ertheless, some individuals are more prone to developing schizophrenia and may experi-
ence symptoms after any kind of physical, emotional, or mental trauma. It is difficult to 
draw a definite conclusion from all the data acquired in genetics, epigenetics, neurotrans-
mitter abnormalities, and gut–brain communications in schizophrenia. We assume there 
might be a link between all these factors that plays a role in developing schizophrenia at 
any stage of life. For example, evidence from recent studies indicates that dynamic 
changes in gut microbiota composition are associated with metabolic changes in the host 
[16,27] that might be responsible for epigenetic changes and, consequently, genetic varia-
tions, leading to psychosis or vice versa. In that context, it would be highly significant to 
identify new areas of research that explore a tri-directional link between all the above fac-
tors to unveil some valid hidden aspects of this severe mental disorder. Therefore, we 
have evaluated genetics, epigenetics, and gut microbial interaction through the neuro-
transmitter, metabolites, and immune response with the central nervous system (CNS) to 
understand the possible risk factors in the development of schizophrenia. 

2.1. Genetics 
While the risk of schizophrenia development in individuals is associated with family 

history with a high heritability rate between 64 and 81%, early investigations to determine 
the cause of schizophrenia pathogenesis were restricted to the human genome analysis 
[6,28,29]. With the help of genomic wide analysis, it is clearly known that alterations in 
DNA sequence and several risk alleles contribute to its emergence. Three facts have 
emerged from various research studies: (i) schizophrenia is a polygenic mental illness, 
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and more than 100 different genetic loci are involved in it [30]. Polygeny refers to a phe-
notype that is influenced by multiple genes. This means that there is a range of single 
nucleotide polymorphism (SNPs) in gene frequency. Apart from SNP, rare and recurring 
copy number variants (CNVs) (CNVs; the genomic region that is deleted or duplicated) 
ranging from 2 to 30 have found to be potentially involved in schizophrenia [31–33]. De-
novo CNVs have also been found to play a significant role in the high-risk development 
of schizophrenia [34,35]. Additionally, it was reported via whole-exome sequencing that 
rare de novo SNPs along with the insertion and deletion (indels) of genetic variants lead 
to schizophrenia [9,36,37]. 

(ii) A second important conclusion that has been drawn from the research is that 
these genetic risks are also pleiotropic, meaning that one gene may influence multiple 
phenotypic traits. Pleiotropy has been observed for common variants at the single risk 
allele level and whole-body level. Studies have shown the distribution of some common 
variant (risk alleles) overlaps between major mental disorders such as depression and 
schizophrenia within attention deficit hyperactivity disorder (ADHD) and depression, 
and also within autism and schizophrenia [38]. Other studies have indicated a connection 
of some common risk variants between schizophrenia and ADHD [38–40]. Pleiotropy is 
observed in a few rare variants as well. Copy number variants (CNVs), which hold a po-
tential threat to schizophrenia are also found to affect epilepsy and other childhood neu-
rodevelopmental disorders, including autism, ADHD, and intellectual disability (mental 
retardation) [32,41–43]. All of these make it difficult to differentiate the disorder based on 
risk alleles. Therefore, it is proposed that alleles with non-specific risk factors are easier to 
diagnose [44,45]. 

(iii) Thirdly, even though scientists have gathered an immense amount of knowledge 
at the genetic level, there are many uncertainties regarding biological processes leading to 
schizophrenia. Various rare mutations in DNA, CNVs, SNPs, and indels are present in 
genes that encode synaptic proteins. Some of these also encode for the postsynaptic den-
sity (PSD) proteins and components of the voltage-dependent calcium channel protein 
family [46]. GWAS (genome-wide association studies) have indicated some prevalent var-
iations in genes that encode for glutamate receptor [47], voltage-dependent calcium chan-
nel family proteins [48], microtubule-associated protein (MAP6) [49], and D2 dopamine 
receptors (DRD2 gene) [50]. These protein receptors are the prime targets of neuroleptic 
agents for therapeutic purposes. Neuroimaging studies have proved that the irregularity 
of dopamine signaling and mutations in glutamate receptors are among the many reasons 
that result in psychotic symptoms in schizophrenia as well as other related mental disor-
ders [51,52]. Out of all the studies done using GWAS, the most significant finding is the 
variants of major histocompatibility complex (MHC). Studies have shown a strong asso-
ciation between human leukocyte antigen (HLA) locus and schizophrenia [53]. The HLA 
locus is controlled by the genes present on chromosome 6. It plays a role in cell surface 
proteins used for antigen-presenting peptides for the T-cell receptor (TCR) in acquired 
immunity [54]. Evidently, MHC/HLA directly participates in neurological processes in-
cluding memory development and behavior, which results as a potential cause of schizo-
phrenia. Consequently, there is a correlation between immune and inflammatory pro-
cesses in several progressive stages of neurological disorders, suggesting that schizophre-
nia could also arise from infectious diseases of autoimmune disorders [53]. For this pur-
pose, CNVs using chromosomal microarray analysis (CMA) are considered to be prefera-
ble diagnostic tests. These genetic tests have also proved beneficial for patients and their 
families by decreasing self-accusation and the internalized stigma of mental illness [55]. 
Despite many attempts to identify the genetic risk factors in schizophrenia, only a large 
number of low-risk variants have been discovered with the exception of deletion at 22q11 
(≈25% schizophrenia patients have this deletion) and number of SNPs mapping to the 
major histocompatibility complex [56,57]. According to a rough estimation, only 4% of 
variances in schizophrenia have been estimated through this exercise. Therefore, non-ge-
netic factors must be considered to recognize the vital risk factors involved in the disease. 



Int. J. Mol. Sci. 2021, 22, 7671 5 of 31 
 

 

The very recent identification of Loss-of-Function (LoF) variants in the SLC6A1 gene, 
which encodes a γ-aminobutyric acid (GABA) transporter (a most representative inhibi-
tory neurotransmitter in the adult central nervous system) indicates the involvement of 
abnormalities in neurotransmitter systems in schizophrenia [9]. Another Loss-of-Function 
mutation in the SET1A gene encoded for histone H3 methyltransferases suggests that ep-
igenetic dysregulation, especially in the H3K4 methylation pathway, could be an im-
portant factor contributing to the pathogenesis of schizophrenia [8]. Furthermore, the in-
volvement of gut microorganisms in neurogenerative processes has received vast atten-
tion as one of the potential non-genetic factors involved in schizophrenia. Both epigenetic 
factors and the role of gut microbiota are discussed here. 

2.2. Epigenetics in Schizophrenia 
Epigenetics refers to hereditary phenotypic traits that do not arise from variation in 

DNA. Epigenetic changes do not change the DNA sequence; rather, it refers to mecha-
nisms that influence the expression of genetic loci. Epigenetic changes are reversible, alt-
hough they may pass from generation to generation. However, these could be transferred 
from parents to daughter cells as a molecular memory to regulate gene expression pro-
gram. In mammalian cells, gene regulation and alteration in gene repression and activa-
tion is controlled by dynamic changes in chromatin [58]. Epigenetic regulation is a com-
plex mechanism, and cross-talk between distinct forms of regulators is not fully under-
stood yet. In addition to DNA-associated histone protein modifications, the use of various 
isoforms of chromatin remodeling protein complexes, and direct DNA methylation, epi-
genetics encompasses other mechanisms based on non-coding RNAs, differential expres-
sion of exomes, non-genic DNA, and alternative modification products such as 5-hy-
droxymethyl cytosine, 5-formylcytosine, and 5-carboxylcytosine catalyzed by the Ten-
Eleven Translocation (TET) family of enzymes for gene regulation. Studies have shown 
the impact of various external factors such as geographic variations, time of birth, malnu-
trition, infectious diseases, and gynecological complications on schizophrenia [59]. The 
divergence of developmental trajectories within psychopathologies is believed to be asso-
ciated with transgenerational inheritance [60]. Similarly, the intergenerational phenotypic 
transfer is also linked with psychotic disorders, indicating a direct manifestation of hy-
pertension from the parental generation [61]. Epigenetic factors involved in schizophrenia 
have been reviewed elsewhere [7]; however, three crucial epigenetic processes that are 
involved in the biochemistry of schizophrenia will be evaluated in this article: namely, (i) 
DNA methylation, (ii) non-coding RNAs, and (iii) histone post-translational modifications 
(PTMs) [62,63]. 

2.2.1. DNA Methylation 
DNA methylation in mammals is regulated by the DNA methyltransferase (DNMT) 

enzyme family that catalyzes the transfer of the methyl group to the C5 position of the 
CpG dinucleotide [64]. DNA methylation regulates gene expression by various mecha-
nisms. For example, it can prevent access to transcription factors directly or through the 
recruitment of chromatin-modifying enzymes. DNA methylation is directly measured via 
the bisulfite sequencing method in most studies conducted to find a link between epige-
netics regulation and schizophrenia. A study conducted on 41 individuals with 46 controls 
found that four separate brain regions exhibit the distinct methylation of DNA in many 
genome regions [65]. 

Similarly, many differentially methylated loci have been identified in the blood sam-
ple of patients in another more extensive study (689 patients and 645 controls), suggesting 
the role of DNA methylation in schizophrenia [66]. Other studies support the significance 
of DNA cytosine methylation in schizophrenic patients [67–70]. A genome-wide profiling 
of DNA methylation in three different patient-derived cell types recognized differential 
DNA methylation in five loci in all three cell types, again suggesting a role for epigenetic 
mechanisms in schizophrenia [71]. 
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Using the differential DNA methylation technique, the involvement of major neuro-
transmitter pathways in schizophrenia has been recognized. For example, the hypermeth-
ylation of protomers of the reelin (RELN) and glutamic acid decarboxylase (GAD1) genes 
that are components of the γ-aminobutyric acid-ergic pathway and hypomethylation of 
the promotor of the catechol-O-methyltransferase gene, a component of the dopaminergic 
pathway, in postmortem brains of schizophrenia patients have been observed [72–74]. 
Hypomethylation in the promotor region of the serotonin receptor type-1 gene (HTR1A) 
gene in blood samples of schizophrenia patients has been reported, suggesting the in-
volvement of the serotonin pathway in the disease [75]. In another study, when neurons 
were extracted from the prefrontal cortex of schizophrenic and bipolar individuals (n = 55 
cases and 27 controls), the hypomethylation of an enhancer in insulin-like growth factor 
2 gene (IGF2) was observed to be present in the neurons of psychosis patients. Further-
more, chromatin analysis carried out in this study revealed that this enhancer molecule 
binds to closely present tyrosine hydroxylase gene (TH), which is responsible for the syn-
thesis of dopamine. In schizophrenic individuals, hypomethylation of the IGF2 enhancer 
gene was directly linked to increased production of TH protein. Moreover, when IGF2 
enhancer was deleted in mice models, it disrupted TH protein expression and downreg-
ulated striatal dopamine. Consequently, neurological signaling was affected via induced 
transcriptional and proteomic abnormalities [76]. Additionally, the effect of antipsychotic 
drugs on DNA methylation in bipolar disorder and schizophrenia patients has also been 
reported [77]. 

2.2.2. Non-Coding RNAs 
The second phenomenon is the involvement of non-coding RNA molecules in the 

pathophysiology of schizophrenia. Many genetically distinct RNA molecule families dif-
fering in size have been categorized as non-coding RNAs. Several studies support the po-
tential contribution of non-coding RNAs: microRNAs (miRNA), small nucleolar RNA 
(snoRNA), and long non-coding RNAs (lncRNA) in neurodevelopmental processes and 
schizophrenia are now widely reported [78–83]. For example, low levels of miR-30B 
(miRNA) have been observed in the postmortem prefrontal cortex of individuals with 
schizophrenia. This was the first evidence for altered miRNA profiles in schizophrenia 
[84]. The strong downregulation of miR-185 in the hippocampus and prefrontal cortex 
was observed in the mice model, and single nucleotide polymorphism (SNP) in the 
MIR185 gene was implicated in schizophrenia [85,86]. However, there is no firm evidence 
of alteration of miR-185 levels and SNP in MIR185 associated with schizophrenia in hu-
mans [85]. However, single nucleotide polymorphism (SNP) in the MIR137 gene of miR-
137 has been associated with a high risk of schizophrenia in Han Chinese [87]. Moreover, 
the overexpression of miR-137 in the hippocampus of the mouse model affected synaptic 
plasticity and showed impairments in hippocampal-based learning, suggesting the role of 
miR-137 in cognitive performance [88]. Some small RNAs other than miRNAs may also 
be affected by schizophrenia. For example, a 50% decrease in the level of small nucleolar 
RNAs (snoRNAs) SNORD85 was observed in synaptosomes, isolated from the frontal 
pole, of subjects with schizophrenia as compared to the control [89]. Moreover, decreased 
Y3 (highly conserved Y RNAs component) levels were also found in synaptosomes in 
schizophrenia [90]. Furthermore, promoter methylation microarray revealed an elevated 
methylation level in SNORD115 and SNORD116 of snoRNA gene cluster in two sets of 
female twins who were frictional for schizophrenia [91]. Camkurt et al. [92] claimed that 
an increased level of miR9, miR-29, miR-106B, miR-125A, and miR-125B in plasma of 
schizophrenia patients could be attributed to the illness. High levels of miR125 and miR-
106B target glutamate-receptor-interacting-protein-2 and vesicular glutamate-trans-
porter-1, respectively, in the postmortem cortex, suggesting abnormal glutamate regula-
tion in the central nervous system of schizophrenic patients [84,93]. By contrast, Sun et al. 
[94] suggested that elevated levels of miR-181B, miR-30E, miR-34A, miR-346, and miR-7 
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in plasma of schizophrenia patients could be used as biomarkers of schizophrenia. How-
ever, different miRNA profiles in plasma obtained from venous blood versus arterial 
blood in a rat model show that any single miRNA cannot be proposed as a diagnostic 
marker for schizophrenia. 

2.2.3. Histone Modifications 
The third mechanism is associated with histone tail post-translational modifications 

(PTMs) that substantially affect epigenetic regulation of schizophrenia and other neuro-
psychiatric disorders [95]. More than 70 different histone posttranslational modifications 
(PTMs) such as methylation, acetylation, ubiquitination, sumoylation, phosphorylation, 
etc. are associated with gene activation and repression, and hence govern the gene expres-
sion of related genes. Histone PTMs are catalyzed by specific enzymes that are usually 
part of multiprotein complexes. These are one form of a class of enzyme complexes called 
“chromatin remodelers” that alter the structure of chromatin to allow access to the tran-
scriptional machinery. The involvement of any individual epigenetic pathway in schizo-
phrenia has not been reported yet, which could be correlated with the lack of specialized 
technologies and the unavailability of precious samples for detailed epigenetic analysis. 
Therefore, relatively little data have been published so far assessing the involvement of 
histone PTMs [7]. Increased histone deacetylase (HDAC1) enzyme activity has been ob-
served in the frontal cortex, hippocampus, and medial temporal lobe of schizophrenia 
patients [96]. HDACs are involved in removing acetyl groups from lysine residues on his-
tones; hence, they modify DNA epigenetically. Both acetylation and the deacetylation of 
histones can alter the interaction and regulation of genes [97]. It was observed that the 
levels of HDAC2 mRNA were lower in the gray matter tissue of dorsolateral prefrontal 
cortex (DLPFC) studied in schizophrenic individuals compared to controls [98]. 

Additionally, some environmental factors, including maternal immune activation, 
also play an essential role in the physiopathology of schizophrenia [62]. It is a well-estab-
lished fact that external conditions could regulate higher-order DNA structure and epige-
netics within the central nervous system (CNS). Neuro-epigenetics is a well-debated topic 
now in schizophrenia and other mental disorders. With the current knowledge about 
schizophrenia, it is well understood that genetics and epigenetics are not the only cause 
of this disorder. Other factors, including environmental factors, diet, and the gut–brain 
link, are also of utmost importance, and they are currently under consideration. 

2.3. Gut Microbiota and Immunity in Schizophrenia 
2.3.1. Gut Microbiota and Its Significance 

The unique and complex symptoms of the individual schizophrenic patient and non-
conclusive research in genetics and epigenetics led the researchers to explore other aspects 
of this multidirectional disease. In the past few years, gut–brain research has revolution-
ized the link between digestion, gut, immunity, health, and psychotic disorders 
[27,99,100]. Decades of research have revealed the hidden connection of the brain with the 
gut, hosting trillions of microbes including bacteria, protozoa, viruses, fungi, and archaea 
that are collectively known as “gut microbiota”. The gut microbiota affects the health and 
physiology of the host in many ways. They play many essential functions in humans, such 
as metabolizing xenobiotics, synthesizing vitamin B, promoting digestion, accelerating 
nerve functions, and regulating the immunological processes (adaptive and innate). The 
symbiotic relationship between host and gut microbiota is stabilized and controlled by 
sophisticated interactions that affect the host metabolism, neuroendocrine system, and 
immune system. For example, gut microbiota can synthesize metabolites, which act as 
signaling molecules that in turn regulate the gut–neuroimmune–inflammatory axes [101]. 
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2.3.2. Gut Microbial Diversity, Dysbiosis, and CNS 
Healthy digestion has been corelated with healthy brain function from ancient times. 

The hidden fact behind this has turned out to be the microbial diversity in the gut that has 
a disproportionate impact on its host health. The variety of microbiota in the gut is a good 
indicator of health and known to be a potent modulator of brain development and mood 
regulator in adults [102]. Unlike the past, when knowledge about gut microbial diversity 
was obtained by traditional culture-based (labor-intensive) methods, the modern, sensi-
tive, fast, and reliable whole-genome shotgun metagenomics techniques combined with 
bioinformatics tools have provided a high-resolution picture of gut microbial diversity. 
Recently, a catalogue of the functional capability of gut microbiota was obtained that 
shows the identification of 9,879,896 genes from 1018 published and 249 sequenced sam-
ples [103]. Predominantly, the microbiome of the GI tract is composed of four phyla of 
bacteria, namely Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes. The gen-
era of bacteria that are primarily found in the GI tract are Bifidobacterium, Escherichia, 
Prevotella, Eubacterium, Lactobacillus, Clostridium, Porphyromonas, Streptococcus and Rumi-
nococcus [104,105]. In addition to bacteria, yeast, fungi, archaea, and viruses are also com-
pelling contributors to gut microbial diversity [106]. 

Pathogens cannot be blamed for all chronic diseases in humans. Current lifestyle and 
poor diet could also be the primary reasons for many emerging diseases these days. Gut 
microbial diversity, which is decidedly required to maintain human health, is directly af-
fected by several factors such as poor or junk diet, smoking, sleep cycle, physical and 
physiological stress, and the consumption of drugs, alcohol, and antibiotics [107]. Disrup-
tion in the balanced composition of gut microbiota is known as “dysbiosis”, which has 
been proved scientifically to lead to several disorders (Figure 2) [108]. Dysbiosis is related 
to both extra-intestinal pathogenesis and intestinal disorders. Gut microbial dysbiosis dis-
turbs the normal functioning of microbiota. It produces metabolites harmful to the host’s 
health and causing disease states on local, systemic (such as ankylosing spondylitis and 
rheumatoid arthritis), and remote regions. 

 
Figure 2. Gut microbial dysbiosis-related disorders. 
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In recent years, several studies have revealed the pivotal role of intestinal microbes 
in the maintenance of metabolic homeostasis, safeguarding humans against pathogenic 
microbes, regulating host immunity and communication between the gut microbiota and 
the brain known as the microbiota–gut–brain (MGB) axis. In addition, it has been shown 
that the gut microbiota plays a vital role in the development of the neuroimmune system. 
Modifications in the gut microbial diversity have been linked to different neurological and 
neurodevelopmental disorders, including mood disorders, insomnia, Parkinson diseases 
(PD), autism spectrum disorder (ASD), Alzheimer’s disease, and schizophrenia [109]. 

2.3.3. Evidence of Alteration in Gut Microbiota in Schizophrenia 
In recent years, the variation in gut microbiota in schizophrenic patients has been 

compared with healthy individuals’ normal gut microbial diversity. In contrast to the 
healthy gut, facultative anaerobes such as Lactobacillus fermentum, Alkaliphilus oremlandii, 
Cronobacter sakazakii/turicensis, and Enterococcus faecium were found in the guts of ninety 
medication-free schizophrenia patients [110]. Among these findings, one shows an ele-
vated level of phylum Proteobacteria. Particularly, there was a significant abundance of 
genera Succinivibrio, Megasphaera, Collinsella, Clostridium, Klebsiella, and Methanobrevibac-
ter. However, a decrease in Coprococcus, Roseburia, and Blautia was noted [111]. Another 
study based on the metagenomic analysis of normal gut microbiome indicated the in-
creased level of Lactobacillaceae in the early stages of disease prognosis as compared to 
healthy controls [112]. 

Similarly, in another study, the presence of unique bacterial taxa such as Veillonel-
laceae and Lachnospiraceae were related to the severity of schizophrenia when gut microbi-
ota of medicated and unmedicated schizophrenia patients was compared to healthy con-
trols [113]. Another study exhibited a decrease in Proteobacteria and an increase in Anaer-
ococcus, whereas members of genus Haemophilus, Sutterella, and Clostridium were relatively 
decreased compared to control (healthy individuals). Additionally, the author found a 
direct relation of negative symptoms related to the decrease in the Rumimococcaceae family, 
while an increase in the symptoms of depression was directly associated with Bacteroids 
[114]. Furthermore, the frequency of schizophrenia was reported to be higher in the pop-
ulation affected by Clostridium difficile [115]. It was observed that C. difficile produced phe-
nylalanine derivative, which controls the levels of catecholamine. Catecholamine, espe-
cially dopamine, is relatively elevated in schizophrenia [116]. Gut microbial changes in 41 
schizophrenia patients in the first episode after 24 weeks of treatment with risperidone 
have been observed by Yuan et al. [117]. A significant low Bifidobacterium, Escherichia coli, 
and Lactobacillus and a high amount of Clostridium coccoides were observed in feces of pa-
tients with schizophrenia compared to healthy controls. However, a significant increase 
in Bifidobacterium and E. coli and a noteworthy decrease in fecal Clostridium coccoides and 
Lactobacillus was found after 24 weeks of treatment with risperidone, indicating anomalies 
in the composition of gut microbiota in the first episode of the disease. 

Moreover, the other changes after the treatment were allied with metabolic changes 
caused by risperidone. Similarly, patients treated with either olanzapine or risperidone 
showed an altered level of Akkermansia, Sutterella, and Lachnospiraceae compared to healthy 
controls [118]. Gut microbial dysbiosis leads to “postbiotics” dysregulation, metabolites 
and molecules produced by gut microorganisms, that might influence the gut–brain axis 
and consequently cause neurodevelopmental and neurodegenerative conditions. 

2.3.4. Alteration in Metabolites, Neurotransmitters, and Immunity Related to Gut 
Dysbiosis 

Several scientific pieces of evidence prove intestinal microbiota and schizophrenia 
association without knowing precisely the underlying mechanism [13,100,119–123]. The 
lack of a schizophrenia animal model is one of the major limitations in unveiling the key 
factors controlling the microbiota–gut–brain (MGB) axis. Many efforts have been made to 



Int. J. Mol. Sci. 2021, 22, 7671 10 of 31 
 

 

generate animal models of schizophrenia by treating rats or rodents with drugs responsi-
ble for eliciting psychotic symptoms in humans [124,125], by environmental stressors 
[126–128], and by emphasizing the neurodevelopmental risks using toxins [129,130]. Neu-
rological and neurodevelopmental disorders have been associated with alteration in gut 
microbiota [110,131,132]. Very recently, an independent study by Zheng et al. [113] sug-
gested that disruption in the microbiota–gut–brain axis promotes the development of 
schizophrenia. Strong scientific evidence in animal models have proved the role of gut 
microbiota in postnatal development and the maturation of neural, immune, and endo-
crine processes that are normally disturbed in schizophrenia subjects [133]. Schizophre-
nia-related behavior has been observed in mice by Zheng et al. (2019) when fecal matter 
from schizophrenic patients was transferred to germ-free mice, and it also correlated to 
altered levels of glutamate, glutamine, and GABA in the hippocampus [113]. This study 
indicates the strong influence of microbiome modulation in schizophrenia through gut–
brain modules (GBMs). Differences in short-chain fatty acids (SCFs) such as propionate, 
butyrate, acetate and isovaleric acid, tryptophan metabolism, neurotrophins, and synthe-
sis/degradation of neurotransmitters such as GABA, glutamate, and nitric oxide are 
known as schizophrenia-associated GBMs [134]. The variations in GBMs are related to gut 
microbial species and consequently with schizophrenia (Figure 3). For example, the trans-
plantation of Streptococcus vestibularis ATCC 49124, a schizophrenia-associated strain, in 
mice induced abnormal behavior related to altered neurotransmitter levels possessing 11 
GBMs that might be used to screen out functional gut microbes in schizophrenia [110]. 
This study revealed the direct association of a single microbial species and schizophrenia 
pathogenesis. Glutamate is a major excitatory neurotransmitter in the mammalian central 
nervous system (CNS). Glutamate and its receptors, mainly ligand-gated ionotropic glu-
tamate receptors (iGluRs), play fundamental roles in synaptic plasticity. Neurotransmis-
sion dysfunction of glutamate and disruption in iGluRs signaling has been implicated in 
a wide range of neuropathological disorders, including schizophrenia [135]. Changes in 
gut microbiota have been associated with the alteration in glutamate metabolism. For ex-
ample, Campylobacter jejuni activates glutamate synthesis, and its lower abundance in the 
GI tract affects the synthesis of glutamate, which indirectly impacts glutamate metabolism 
[136]. Some gut bacteria such as Corynebacterium glutamicum, Brevibacterium lactofermen-
tum, Bacillus subtilis, and Brevibacterium avium convert L-glutamate into D-glutamate with 
glutamate racemase, thus affecting glutamate metabolism and consequently playing a role 
in neuropsychiatric disorders [137]. However, in contrast to presenting the influence of 
one microbe on neurotransmitters, the exact underlying biological mechanism remains to 
be elucidated. A relationship between tryptophan metabolism modulation and gut micro-
biota alteration in schizophrenia pathogenesis has been documented [138,139]. The very 
recent findings of Zhu et al. [110] agree with these findings by observing low-serum tryp-
tophan levels and higher kynurenic acid (KYNA) levels in schizophrenia patients after 
changes in gut microbiota compared to controls. Similarly, Clarke et al. [133] observed 
significantly higher tryptophan levels and a decreased kynurenine/tryptophan ratio, 
which was increased upon colonization in germ-free mice compared to control, suggest-
ing the role of the gut microbiome in balancing tryptophan metabolism. 

Several studies have suggested that the vagus nerve drives communication between 
gut microbes and the central nervous system through the immune system or neuroactive 
compounds produced by gut microbes. The most common neuroactive compounds pro-
duced by gut microbes are neurotransmitters such as gamma-aminobutyric acid (GABA), 
dopamine, serotonin, and norepinephrine [140–142]. Since the development of a healthy 
microbiome is essential for brain plasticity through the expression of N-methyl-D-aspar-
tate (NMDA) and brain-derived neurotrophic factor (BDNF)/glial-cell derived neu-
rotrophic factor (GDNF) receptors, it has been found that alteration in gut microbiota re-
sults in hypoactivity of these receptors, which have been studied in the schizophrenia pa-
tients [143,144]. 
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Figure 3. Communication between the gut microbiota and brain in schizophrenia. (A): (1) Junk food, frequent use of drugs, 
lack of exercise result in gut microbial dysbiosis. (2) Gut microbial dysbiosis means alteration in gut microbial species. (3) 
Decrease in healthy gut microbiota and increase in pathogenic species. (4) Direct influence of altered gut microbes causes 
the hypoactivity of NMDA and BDNF receptors. (5) Hypoactivity of NMDA and BDNF receptors results in damaged 
synapsis, neurological impairments, and increased intestinal membrane permeability as indicated by solid arrows. Con-
sequently, abolishment of spinogenesis, gastritis, enteritis, colitis, and irritable bowel syndrome occurs (indicated by dot-
ted arrows). (6) Altered microbial products such as indole propionic acid (IPA), lipopolysaccharides (LPS), and short-
chain fatty acids (SCFA). (7) Anomalous expression of microbial products leads to dysfunction of the intestinal barrier as 
well as induces autoimmunity and neuroinflammation. (B): Normal gut microbiota is crucial to maintain the gut–brain 
axis. 

Serotonin (5-HT), a primary signaling neurotransmitter in CNS, gets altered in psy-
chotic disorders, including schizophrenia, thus constituting a potential target of second-
generation antipsychotics. An elevated level of prefrontal 5-HT1A receptors and a reduc-
tion in prefrontal 5-HT2A receptors have been observed in schizophrenia in a meta-anal-
ysis of post mortem studies [145,146]. There also exists a link between the gut–brain axis 
and serotonin levels regulation in the brain. A study with germ-free mice models has 
shown increased dopamine and serotonin levels, which indicated the role of gut microbes 
to influence CNS [99,102]. Similarly, elevated serotonin levels in the hippocampus of 
germ-free mice have also been reported [102,147]. Another study suggested that gut mi-
crobes have been involved in increasing the serotonin level of blood by inducing its pro-
duction in enterochromaffin cells in the GIT [148]. In addition, when rats were adminis-
trated with Bifidobacterium infantis, an increased level of tryptophan was observed, which 
acts as a precursor of serotonin, showing the potential relationship of gut microbes with 
neuroactive compounds and disease pathology [14,149]. Gut bacteria can also modulate 
histamine levels in the blood, subsequently impacting histamine in CNS. Although sev-
eral reports with animal models have demonstrated that a microbiota-mediated modula-
tion of neurotransmitters may impact host physiology, further work is required to connect 
microbiota-mediated manipulation of neurotransmitters with human physiology and 
their systematic relationship with schizophrenia [150]. 
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Very recently, metabolites secreted by gut microbiota (postbiotics) such as short-
chain fatty acids (SCFAs), endotoxin lipopolysaccharides (LPS), bile acids (BAs), trime-
thylamine N-oxide (TMAO), and indole-propionic acid (IPA) have gained broader scien-
tific attraction because of their participation in the cross-talk between microbiota and host 
homeostasis. Short-chain fatty acids (SCFAs), including butyrate, acetate, and propionate, 
are neurohormonal signaling molecules synthesized through the fermentation of non-di-
gestible fiber by the gut microbial population. A wide range of physiological functions 
has been attributed to SCFAs, including maintenance of the intestinal mucosal barrier and 
regulation of the blood–brain barrier (BBB). Butyrate is a potent inhibitor of histone 
deacetylase (HDACs); thus, it modulates host epigenetics. Elevated levels of HDAC1 in 
the prefrontal cortex (PFC) and hippocampus has been observed in postmortem brain tis-
sues of schizophrenia patients [96,151]. Similarly, high levels of HDAC1 mRNA and pro-
tein have been found in the PFC and blood of schizophrenia patients [152], indicating a 
link between HDAC1 overexpression and schizophrenia that can be controlled by butyr-
ate produced by gut microorganisms. The administration of a mixture of acetate, propio-
nate, and butyrate decreased depressive-like behavior in the forced swim test in mice 
[153], showing the significance of SCFs and, indirectly, the influence of gut microbiota in 
regulating gut–brain activity. Moreover, studies have demonstrated the role of SCFA in 
developing the brain’s peripheral immune system and microglia functioning, as it controls 
the regulation of meningeal lymphatic vessels in the brain [154]. Due to intestinal dysbio-
sis, the levels of SCFA decrease, resulting in an impaired blood–brain barrier and intesti-
nal mucosal barrier. It is evident that disturbance in gut microbiota resulting in microglia-
mediated neuroinflammation leads to damaged neurons, synapsis, and gut–brain axis 
(GBA). These might be possible causes of etiopathology of schizophrenia. 

In addition to SCFAs, indole and its derivatives, such as indole-3-acetic acid (IAA), 
indoleacrylic acid (IA), indole-3-aldehyde (I3A), and indole-3-propionic acid (IPA) are 
other bioactive metabolites produced by the gut microbiota via dietary tryptophan me-
tabolism. These metabolites are essential in the regulation of gut mucosal homeostasis by 
keeping the integrity of apical junction and actin proteins (myosin IIA and ezrin) [155,156] 
and also the balance of monocytes and T-cells [157]. Furthermore, IPA produced by Clos-
tridium sporogenes [158] regulates gastrointestinal barrier function through Toll-like recep-
tor 4 (TLR4) and xenobiotic sensor pregnane X receptor (PXR) [159]. Alternatively, it was 
observed that during dysbiosis, there is an irregular increased metabolism of tryptophan, 
which affects the microstructure of white matter of the brain in the patients who have 
schizophrenia [160]. IPA administration modulated gut microbiota composition by inhib-
iting microbial dysbiosis and reducing the levels of pro-inflammatory cytokines, such as 
TNFα, IL-1β, and IL-6, in high-fat diet fed rats [161], suggesting their role as a new thera-
peutic agent in gut dysbiosis disorders. 

Using animal model studies, reduced gut microbial diversity (“gut dysbiosis”) has 
been associated with increased gut barrier permeability (“leaky gut”) and the transloca-
tion of bacterial antigens such as endotoxin lipopolysaccharides (LPS) into the blood-
stream, which is known as “endotoxemia” [162,163]. The microbial translocation results 
in neurological impairment and apoptosis, leading to immune-mediated development of 
schizophrenia [164]. In addition, LPS induces autoimmunity in peripheral tolerance mech-
anisms. These mechanisms are the checkpoints to regulate auto-reactive T-cells, and T-
cells (Treg) mediated immune suppression. With the presence of such metabolites, the 
blood–brain barrier (BBB) is destroyed, resulting in neuroinflammation. They are also re-
sponsible for neuroimmune activation by peripheral immune dysfunctioning [165,166]. 
Studies have demonstrated that a bacterial translocation marker sCD14 was elevated, 
while butyrate-producing species such as Roseburia and Coprococcus were reduced in 
schizophrenia patients. These reports revealed that bacterial dysbiosis in schizophrenia 
patients promote increased inflammation and CNS infections [167]. 

Neurotrophic factors (NTFs) are a group of biomolecules including small proteins 
and peptides responsible for the growth, proliferation, and maturation of neurons. Studies 
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have shown that congenital microbial infections in the fetus increase the risk of develop-
ing schizophrenia [168]. Alternatively, schizophrenia may induce gastrointestinal dys-
function, resulting in the deficiency of nutrients. A study conducted on 82 schizophrenic 
individuals found that almost 50% of patients were suffering from gastritis, 88% had en-
teritis, and 92% had colitis [169]. Another report indicated that out of 134 patients, 64 
(48.8%) had irritable bowel syndrome, suggesting that IBS is more common in schizo-
phrenic individuals than in the general population [170]. On the contrary, almost 54 to 
90% of people suffering from IBS simultaneously have a risk of developing psychiatric 
disorders, typically mood swings and anxiety [171,172]. Similarly, for the diagnosis of 
Crohn’s disease, anti-Saccharomyces cerevisiae antibodies (ASCA) are observed [173]. An 
elevation in the rate of ASCA was found in people who have schizophrenia, indicating 
gastrointestinal inflammation and IBS [174]. In addition to providing information about 
the role of gut microbiota in schizophrenia, the above finding prompts us to understand 
the dual relationship of gut microbiota to schizophrenia. The important question arises: 
Does alteration in gut microbiota induce schizophrenia, or do schizophrenia and antipsy-
chotics treatment cause gut microbial alteration? The answer to this question might shed 
light on some critical hidden facts about the etiology of schizophrenia. 

2.4. Immune System and Neuronal Inflammation: An Underlying Cause of Schizophrenia? 
As discussed above, schizophrenia is a complex, devastating neurodevelopmental 

disorder with unknown etiopathology. Over the past few years, chronic low-grade in-
flammatory immune response has provided the most compelling evidence of immuno-
pathogenesis during schizophrenia [175,176]. Mounting evidence suggest a prominent 
role of the immune system in schizophrenia by altering both innate and adaptive defense 
mechanisms. Immune cells can infiltrate the brain and mediate neuroimmune cross-talk 
to ignite neuroinflammation by producing inflammatory cytokines and reactive oxygen 
species, thereby resulting in neurodegenerative and neuroprogressive changes in schizo-
phrenia [177]. The immune system abnormalities shown in schizophrenia and other re-
lated psychoses are diverse and overlapping by involving various immune components. 
However, present knowledge is inconsistent with an immune system role in the patho-
physiology of schizophrenia [178–180]. The immune system comprises two arms, namely 
innate and adaptive immunity. They can malfunction in numerous ways in addition to 
various environmental and genetic alterations converting normal self-molecules into an-
tigenic, allowing immune cells to recognize them as antigens [181]. Microglia are primary 
immune cells of the central nervous system and continuously scan their environment by 
their motile, multiple branches such as protrusions. Microglia activated by environmental, 
immunological, and traumatic stimuli (e.g., neuronal injury) as well as in response to psy-
chosocial stress thereby release inflammatory cytokines or conversely suppress the in-
flammation. Prolonged inflammatory response and over-production of inflammatory cy-
tokines and reactive oxygen species result in synaptic loss and neuronal death, contrib-
uting to schizophrenia pathophysiology [178,182–184]. In vivo imaging and post mortem 
studies from schizophrenia patients have shown increased microglia density, phenotypic 
alteration, degradation, and activation compared to controls, suggesting that the micro-
glial activation may be linked with the active phase of schizophrenia [185–188]. 

Many studies have investigated a potential link between maternal infections during 
pregnancy and schizophrenia in offspring [189–191]. Increased levels of maternal Toxo-
plasma IgG have been linked with an elevated risk of schizophrenia and effective psycho-
ses [192]. Likewise, one study pointed out that maternal influenza during the first tri-
mester of pregnancy increased the risks of schizophrenia by sevenfold in offspring [193]. 
Another study reported a higher risk of schizophrenia later in life if the fetus was exposed 
to genital and reproductive infections during the periconceptional period [194]. Buka et 
al. [195] analyzed the stored blood at the end of pregnancy from mothers of schizophrenia 
patients and linked the presence of maternal antibodies against herpes simplex virus with 
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the disease. A possible mechanism of such increased risk of schizophrenia can be ex-
plained by material antibodies as well as different cytokines produced during infection 
may cross the placenta and disrupts fetal brain development [193,196]. 

T-cells are crucial players of the adaptive immune responses. T-cells are divided into 
CD4+ and CD8+ subsets. Naïve CD4+ T-cells differentiate into a variety of effector T helper 
cells with distinct function and cytokine profile. The role of T-cells in schizophrenia was 
initially proposed three decades ago [197,198], and various studies now show that aber-
rant T-cell-mediated immune functions play an important role in schizophrenia patients. 
They can infiltrate the brain, thereby activating microglia to direct neuroinflammation. 
Activated microglia deposit α-synuclein in the brain, resulting in the production of TNF-
α and IL-1β by microglial cells through Toll-like receptor activation. These processes im-
pair higher-order brain functions. Many studies have documented altered blood T-cell 
numbers as well as different T-cell subsets, altering T-cell-dependent molecular events in 
schizophrenia patients [175,198,199]. Likewise, the increased frequency of lymphocytes in 
the cerebrospinal fluid, as well as T-cell aggregates in the hippocampus in schizophrenia 
patients provide further evidence of impaired blood–brain barrier functions [200,201]. T-
cells have also been associated with psychopathological symptoms of schizophrenia treat-
ment [202]. Cigarette smoking results in increased T-cell proliferation and high mortality 
in schizophrenia patients [203]. 

2.4.1. Innate Immune System in Schizophrenia 

Adaptive Immune System 
The host microbiome is also believed to be involved and diversify various immune 

and neurological responses. Gut microbial translocation arising from leaky gut and innate 
immune imbalance has been observed in schizophrenia [204,205]. Microbial translocation 
can be identified by investigating blood-based biomarkers such as soluble CD14 (sCD14), 
lipopolysaccharide-binding proteins (LBP), antibodies against pathogens and food anti-
gens, and cytokine levels. The pathophysiological effect of Streptococcus vestibularis, a 
schizophrenia-enriched bacterium, was observed by Zhu et al. [110]. The transplantation 
of S. vestibularis ATCC 49124 strain in C57BL/6 mice resulted in the mice showing very 
little sociability and avoidance of social novelty. In contrast to alteration in level of dopa-
mine, GABA, and 5-HT in the serum of transplanted mice, no apparent inflammatory cell 
infiltration was observed. However, alteration in many immune/inflammation gene ex-
pressions related to a defense response and immune-regulating pathways was noticed by 
gene enrichment analysis suggesting the role of S. vestibularis in gut immune homeostasis. 

A link between multiple sources of immune activation and GI inflammation in schiz-
ophrenia was observed in 199 individuals with non-recent onset of schizophrenia, 67 in-
dividuals with a recent onset of schizophrenia, and 207 individuals were healthy controls. 
The author concluded that gastrointestinal inflammation is a relevant pathology in schiz-
ophrenia that might occur by food antigens, microbial infections, or the use of anti-infec-
tive agents that are responsible for gut microbial translocation [174]. Altered gut microbial 
profile and social disruption because of stress in a mouse model presented an increased 
level of the pro-inflammatory cytokines IL-6 [206]. An elevated level of soluble CD14 
(sCD14), a marker of gut translocation, was observed in schizophrenia when compared 
with controls without any alteration in lipopolysaccharides binding proteins (LBP) [204]. 
Furthermore, a link between sCD14 and gluten antibodies in antipsychotic-naïve schizo-
phrenia patients was also demonstrated in this study. Abnormal intestinal permeability 
can arise from disruption to the gut epithelial barrier that occurs due to changes in tight 
junction proteins. A study in the Chinese population revealed a link between tight junc-
tion protein claudin-5 and schizophrenia [207]. The modification in tight junction proteins 
increase intestinal permeability, and epithelial barriers lose their ability to block exoge-
nous pathogenic substrates from entering in the blood and brain [208]. Change in diges-
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tive microbiota has been reported in schizophrenia in clinical studies. Therefore, it is ex-
pected that gut microbiota modulates immune processes [209], and the gut–brain axis 
strongly acts in schizophrenia through immunological devices. 

Toll-like receptors (TLR) and pattern recognition receptors (PRR) recognize the mi-
crobe-associated molecular pattern. For example, TLR4 recognizes Gram-negative bacte-
ria by binding their lipopolysaccharides. On the other hand, TLR2 binds lipoproteins and 
peptidoglycans (PGN) present in Gram-positive bacteria, invoking the production of cy-
tokines. TLRs control resident beneficial bacteria rather than pathogens [210] and have the 
ability to modulate neurodevelopmental processes. Behavior impairment and cognitive 
function have been reported in TLR4 and TLR2 knock out mice [211,212]. Bacterial pepti-
doglycan that can enter in blood and cross the blood–brain barrier can be sensed by spe-
cific pattern-recognition receptors (PRRs) in the developing brain. Moreover, the PGN-
sensing molecules are under the influence of gut microbiota in the striatum, the gut mi-
crobiota sensitive brain region, during brain development [213]. Increased levels of TLR4 
and TLR5 monocytes and TLR5 T reg/Tact cells have been exhibited in drug-naïve schiz-
ophrenia patients compared to controls, correlating with cognitive deficits severity [214]. 
Furthermore, alteration in TLR agonist-mediated cytokines in whole blood has been doc-
umented in psychosis patients and compared to the healthy controls [215]. 

In summary, many studies suggest that translocation of the gut microbiota and its 
metabolic products can regulate neuroinflammatory processes in schizophrenia by some 
mechanism that has to be determined conclusively. However, elusive alterations in gut 
microbiota by dietary inventions and physical activity could be an effective approach to 
manipulate microbes and improve the symptoms of schizophrenia. 

3. Potential Therapeutics: Antipsychotics and Psychobiotics 
Schizophrenia has no proper cure yet—the current treatments center on managing 

the psychotic symptoms to bring patients back to the community. Before the discovery of 
antipsychotic drugs, when patients were hospitalized for decades or even for their entire 
life, short-term and fast treatment facilities are available now. However, the effectiveness 
of these treatments depends on the amenability of the patient. The lack of treatment ame-
nability in schizophrenia patients can be due to the lack of acceptance of being sick. More-
over, negative symptoms hinder the ability of the patient to participate actively in the 
treatment, and positive symptoms such as delusions can lead to patients deliberately 
avoiding the treatment. Symptoms of schizophrenia are typically managed by a combina-
tion of two approaches, psychotherapy and drugs medications. 

Psychotherapy plays a significant role in schizophrenia and is done differently ac-
cording to the severity of symptoms in patients. Psychotherapy involves the following 
three techniques; (i) individual psychotherapy, (ii) cognitive behavior therapy (CBT), i.e., 
dealing with auditory hallucinations and behavior, or (iii) cognitive enhancement therapy 
(CET), which aids in social interactions, attention to memory, and thoughts. However, 
clinicians need to be very careful in choosing a suitable treatment method, since it may 
not be effective for all the patients. Despite the benefits of psychotherapy, a few significant 
adverse effects may potentially harm the patients if it is ineffective or inappropriate. These 
include malignant regression, suicide, psychotic episodes, increased depression and 
hopelessness, increased aggression and assault, cost and inconvenience of weekly ses-
sions, and increased self-doubt. 

Moreover, while dealing with substance misuse patients, psychotherapists need to 
be very cautious, specifically if they use high-risk treatment methods such as criticism, 
confrontation, or techniques related to emotions, as they can trigger increased anxiety, 
anger, and self-harm [216]. Individual heterogenic response to psychotherapy proves it 
trial-and-error based strategy for the treatment of schizophrenia. Antipsychotic medica-
tion with various side effects is used in relevance to the symptoms and their severity. The 
burden of side effects associated with pharmacotherapy (antipsychotic drugs) could be 
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predominately managed with other therapeutic possibilities. Some medicines and psy-
chobiotic treatment options are discussed below. 

3.1. Antipsychotic Drugs 
The medications prescribed by clinicians target the symptoms of schizophrenia to 

decrease its severity. These symptoms are psychosis, hallucinations, delusions, anxiety, 
and mood swings. The drugs target these symptoms by acting upon chemicals such as 
dopamine and serotonin in the patient (Figure 4). Antipsychotic drugs are mainly divided 
into two categories. (i) First-generation antipsychotics (FGA) are known as the conven-
tional or typical antipsychotics. As a result of their ability to produce neurolepsis (psycho-
motor slowing, emotional quieting, and affective indifference), they are also known by the 
term neuroleptics [217]. FGA are high dopamine (D2) and low serotonin (5-HT2A) antago-
nists (Figure 4). However, the exact mechanism of action of these drugs is unknown. It is 
believed that when the mesolimbic pathway (dopaminergic pathway) is overexpressed, 
positive symptoms of schizophrenia start appearing. Substances that can influence dopa-
mine availability (catecholamines, cocaine, caffeine, and alcohol) can trigger similar psy-
chotomimetic effects in individuals, even if they have no history of schizophrenia [218]. 
Additionally, other neurological pathways that control dopamine are mesocortical, tuber-
oinfundibular (hypothalamic), and nigrostriatal (cells of A9 region). When the level of do-
pamine increases via these pathways, negative symptoms, extrapyramidal symptoms, 
and prolactin levels are elevated, respectively [219]. The most commonly used first-gen-
eration antipsychotic for schizophrenia is chlorpromazine (Phenothiazines) [220]. Certain 
side effects have been observed due to chlorpromazine, which ranges from mild to severe. 
Mild side effects include dizziness, restlessness, agitation, weight gain, uncontrolled 
movements of body parts, and dry mouth. Side effects considered serious are muscle stiff-
ness, itching, elevated heartbeat, hyperprolactinemia, flu-like symptoms, tightness in the 
throat, difficulty in breathing and swallowing, loss of vision, and even seizures [221,222]. 
Other neurological side effects of FGA include the extrapyramidal side effects (EPSEs), 
which are characterized by acute dyskinesias and dystonic reactions [223,224]. 

(ii) Second-generation antipsychotics (SGA)/atypical antipsychotics are moderate-to-
high D2 and high 5-HT2A antagonists. In contrast to initial enthusiasm and optimism for 
therapeutic advantage of SGAs over FGAs, The Clinical Antipsychotic Trials of Interven-
tion Effectiveness (CATIE) [225] and the Cost Utility of the Latest Antipsychotic Drugs in 
Schizophrenia Study (CUtLASS) [226] demonstrated no difference in treatment of psy-
chotic symptoms and quality of life by either type of antipsychotic drugs. However, four 
second-generation antipsychotics, amisulpride, clozapine, olanzapine, and risperidone, 
showed more efficacy in schizophrenia than the first-generation antipsychotics tested dur-
ing meta-analysis separation of antipsychotic medications into first and second-genera-
tion groups [227]. They differ from conventional drugs in terms of binding with dopamine 
receptors. Since these antipsychotics have an affinity toward serotonin 5-HT2A receptors, 
they have higher potency for D2 receptors, increasing their total efficacy [228]. SGA have 
fewer risks of neurological side effects such as extrapyramidal side effects (EPSEs) and 
hyperprolactinemia. However, these antipsychotics have a higher risk of metabolic disor-
ders, i.e., hypoglycemia and weight gain [229]. 
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Figure 4. Types, mechanism of action, and side effects of first-generation and second-generation 
antipsychotics. 

Regardless of several side effects, the long-term use of antipsychotic drugs is recom-
mended as maintenance treatment for schizophrenia patients. Moreover, there is emerg-
ing evidence that the use of antipsychotic medication influences gut microbial species 
through their antimicrobial activity [27,230]. A few years back, the gut microbiota has 
emerged as a new player in human health and disease, and it has enormous inter-individ-
ual variations from crib to grave. Alteration in gut microbial composition and function 
directly affect the host’s health via infections, metabolic deregulation, compromised im-
mune homeostasis, and obesity. Therefore, psychobiotics alone or in combination with 
antipsychotics could be alternative therapeutic options to deal with psychotic disorders, 
including schizophrenia. 

3.2. Psychobiotics: Probiotics and Prebiotics 
3.2.1. Probiotics 

In recent years, the therapeutic potential of pro and prebiotics has been well docu-
mented [231] in psychotic disorders. The common term “psychobiotic” has been intro-
duced to describe probiotics and prebiotics when used to treat neuropsychiatric symp-
toms. While the exact mechanism of action of therapeutic effect of pro/prebiotic supple-
ments is still unknown, many studies show the potency of supplements to decrease the 
severity of psychotic symptoms, as discussed above. Probiotics are live bacteria that are 
frequently prescribed for the treatment of gastrointestinal disorders. Furthermore, probi-
otics have shown anti-inflammatory properties, suggesting their potential role in gut in-
flammations [232,233]. A study showed that probiotic supplements could induce vagus 
nerve stimulation [234] and immunomodulatory effects of cytokines [235]. When Lactoba-
cillus rhamnosus (JB-1) was administered to mice, reduced levels of stress-induced corti-
costerone were observed, significantly decreasing the level of depressive behavior and 
suggesting a downregulation of HPA axis activity by probiotics induction. Moreover, the 
changes in depressive and anxious behavior were related to altered expression of GABA 
receptors in the brains of mice fed probiotics. Reduced expression of GABAB1b mRNA was 
observed in the hippocampus and amygdala, but prelimbic and cingulate regions had 
high expression levels of GABA inhibitor receptors. Such effects were not observed in va-
gotomized mice, indicating that the vagus afferent nerve is important in gut–brain com-
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munication [236]. The author suggested the role of probiotics in regional excitation-inhi-
bition balance in the brain that may be associated with a reduction in depression and anx-
iety-related behavior and responses. In another study, reduced anxiety in the maze-learn-
ing task has been observed in Mycobacterium vaccae-fed healthy adult male BALB/c mice 
[237]. Moreover, Bifidobacteria infantis-fed male Sprague–Dawley rats had a significantly 
high level of tryptophan and serotonin precursor in the plasma but decreased concentra-
tion of 5-hydroxyindoleacetic acid and serotonin metabolites in the brain. Additionally, 
low levels of the pro-inflammatory cytokines tumor necrosis factor-α, interferon-γ, and 
interleukin-6 were observed in the blood of probiotics-fed rats as compared to vehicle-fed 
rats. This suggests the importance of probiotics in modulating physiological variables, in-
cluding inflammatory markers in psychological disorders [149]. In a study published in 
2015, the author investigated the effects of probiotics during the stressful experience in 
rats [238]. The healthy male Sprague–Dawley rats fed with Lactobacillus helveticus NS8 
showed lower levels of post-restraint anxiety and enhanced post-restraint object-recogni-
tion memory when assessed through an elevated plus maze and the open-field test. The 
author reported lower corticosterone and adrenocorticotropic hormones and increased 
levels of an anti-inflammatory cytokine interleukin-10, and in hippocampal BDNF 
mRNA, serotonin and noradrenaline in probiotic supplemented rats. These results show 
the antidepressant activity of probiotics that could be related to low anxiety and enhanced 
memory in rats. Janik et al. [239] showed in vivo changes in central neurotransmitter con-
centrations using magnetic resonance spectroscopy (MRS) in Lactobacillus rhamnosus JB-1-
fed healthy adult male BALB/c mice. Very interestingly, elevated concentrations of gluta-
mate and glutamine in addition to GABA and total N-acetyl aspartate + N-acetyl aspartyl 
glutamic acid (tNAA) were observed. The author used alterations in the concentration of 
tNAA as a marker of changes in neural metabolism. However, the elevated level of two 
antagonistic molecules, glutamate (excitatory neurotransmitter) and GABA (inhibitory 
neurotransmitter) might hold a regional excitation–inhibition balance during neural me-
tabolism. The exciting fact observed during this study was the influence of probiotics to 
modulate the concentration of glutamate that is known to be a potent excitatory neuro-
transmitter in CNS [240]. During periodic MRS studies, the author observed that gluta-
mate and glutamine levels were elevated after 2 weeks of probiotics supplements and 
sustained for six weeks, including four weeks after the supplementation. On the other 
hand, GABA concentrations were elevated just after four weeks of intervention of probi-
otics. Moreover, an increased level of NAA was observed after two weeks of probiotics 
feeding and remained elevated during the time of supplementation and returned back to 
baseline after four weeks of intervention. These findings strongly suggest that the effect 
of probiotics is transient and does not have a long-lasting impact. 

The investigation of probiotics effect in psychotic disorders is not limited to rats. The 
relationship between gastrointestinal inflammation and food antigen-associated immune 
activation in schizophrenic patients has been observed by Severance et al. [174]. They re-
ported food antigen antibodies and gastrointestinal inflammation in schizophrenia pa-
tients as compared to the control group, suggesting that gastrointestinal inflammation-
associated immune activation plays a role in schizophrenia that the same research group 
further investigated in 2015. To explore the link between dietary agents and immune re-
sponse, the effect of bovine milk casein and wheat gluten was observed on 105 schizo-
phrenic patients and 61 controls. The author observed significant high levels of IgG re-
sponse to dietary proteins in schizophrenic patients as compared to control. The clinical 
trials of schizophrenia patients treated with probiotics provided some preliminary yet in-
teresting information [241]. However, detailed metabolic and immunological analysis of 
probiotics-treated patients would be recommended because different studies show that 
probiotics in stress and mood modulation could be strain-specific [240]. For example, the 
consumption of fermented milk containing Lactobacillus casei Shirota for three weeks by 
male and female participants (n = 124) exhibited a significant happy self-rating rather than 
depressed as compared to the control group having a placebo. The improved mood has 
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been observed in healthy male and female volunteers when they consumed a mixture of 
Lactobacillus helveticus R0052 and Bifidobacterium longum over 30 days. A decreased level 
of free cortisol in the urine of probiotics-treated participants indicates reduced stress in 
this study [242]. Similarly, the consumption of a complex mixture of probiotics (Lactococ-
cus lactis W19 and W58, Lactobacillus casei W56, Lactobacillus salivarius W24, Lactobacillus 
brevis W63, Lactobacillus acidophilus W37, Bifidobacterium bifidum W23, and Bifidobacterium 
lactis W52) by 40 healthy male and female volunteers exhibited a reduction in rumination 
and aggressive cognition as compared to the people that consumed placebo products 
[243]. However, the probiotic strain responsible for these changes in behavior is not 
known exactly. Reduction in academic stress in students and elevated mood in student-
athletes was observed by the consumption of Lactobacillus casei Shirota and Lactobacillus 
gasseri OLL2809 LG2809, respectively. The academic group of students fed on probiotics 
had low plasma cortisol, showing less stress levels than the placebo group. The enhanced 
performance of a probiotics-fed athletic group of students indicates the impact of probi-
otics on essential life activities. In another study, it was observed that Bifidobacterium 
longum could lower the excitability of enteric neurons [244]. Interestingly, when Vitamin 
D was co-supplemented with probiotics, Lactobacillus acidophilus, Bifidobacterium bifidum, 
Lactobacillus reuteri, and Lactobacillus fermentum (each 2 × 109), for 12 weeks to chronic schiz-
ophrenic patients, an increase in PANSS (Positive and Negative Syndrome Scale) score 
was documented [245]. 

The immunomodulatory effects of probiotics are known to be strain-specific [246]. 
Irritable bowel syndrome (IBS) is generally associated with gut dysbiosis [247] and dis-
turbance in the gut–brain axis [248] and consequently results in depression and anxiety 
[249]. A strain-specific immunological effect of probiotics in IBS has been observed in male 
and female participants fed Lactobacillus salivarius UCC4331, Bifidobacterium infantis 35624, 
or a placebo. An abnormal ratio of interleukin-10 to interleukin 12 was detected at baseline 
in probiotics-fed participants, except those who consumed Bifidobacterium infantis 35624 
that showed normal post-treatment interleukin 10 and 12 ratios, suggesting that probiotics 
are potent cytokine modulators; however, the changes are strain-specific. 

Including the research mentioned above, several studies on animal models suggest 
that probiotics may improve neural activity and signaling and consequently play a role in 
the improvement of psychological disorders [236,250–252]. However, detailed studies are 
required to demonstrate the efficacy of probiotics in schizophrenia and their ability to 
reduce symptoms of the disease. Moreover, strain-specific and transient effects of probi-
otics might be considered before prescribing probiotics as a therapeutic agent of schizo-
phrenia. The probiotics’ transient effect could be because microorganisms do not get 
enough nutrition to grow fast and maintain their population in the gut. Moreover, it is 
always difficult for a new strain to get established in a microbial ecosystem in equilibrium 
because it would need to displace the autochthonous strains with probably higher adap-
tive advantages in their specific niche. Gut microbiota fluctuates transiently daily, but 
their population and diversity could be maintained by supplying them dietary fiber 
(prebiotics), which is a source of nutrition for the propagation and activity of gut micro-
organisms. 

3.2.2. Prebiotics 
The relationship between food, immune dysregulation, and schizophrenia has been 

well documented [231]. Prebiotics are the fibrous substrates naturally present in several 
vegetables, fruits, nuts, and pulses having abilities to confer health benefits when selec-
tively utilized by beneficial gut microorganisms of the host. The gut microbiota is a com-
plex ecosystem that can be altered within 24–48 h of diet interventions [253]. Prebiotics 
have been proposed as a modulator of human gut microbiota composition and activity 
[254]. Less dietary fiber or lack of variety of fiber in the food strongly alter gut microbial 
composition (dysbiosis) that is thought to be related to several diseases, including psy-
chotic issues [255]. 
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The use of psychobiotics to treat psychiatric symptoms have been proposed by sev-
eral studies [121]. Many researchers have observed probiotics’ direct and indirect influ-
ence on psychotic and schizophrenic patients; however, the studies on the use of prebiot-
ics and their psychophysiological effects are scarce. High salivary cortisol level could be 
used as a marker of psychotic’s disorders [256]. The literature has reported that with 
galacto-oligosaccharides supplements, there was relatively low salivary cortisol com-
pared to healthy individuals, suggesting the significance of gut microbiota in mental 
health [257]. When mice were given prebiotics (oligosaccharides) for three weeks, sero-
tonergic receptor (5-hydroxytyptamine, 5-HT) and cortical IL-1β were elevated, conclud-
ing that prebiotics have anxiolytic effects and are useful for treating mental illness [258]. 

Moreover, prebiotics showed a significant positive change in schizophrenic patients 
suffering from inflammatory stress and lactose malabsorption [119,259]. Approximately 
50% of patients with schizophrenia also suffer from constipation in response to certain 
antipsychotics (clozapine). Many studies have shown the efficacy of prebiotics for treating 
constipation [260]. Prebiotic supplements in neonatal rats enhanced the expression of 
BDNF and N-methyl-D-aspartate receptor (NMDAR) subunit GluN2A in the hippocam-
pus that persisted for 26 days post-intervention [261]. The increased level of BDNF and 
NMDAR subunits in the hippocampus and frontal cortex has also been observed in male 
Sprague–Dawley rats when fed with Bimuno formulation of galacto-oligosaccharides 
(BGOS) and fructo-oligosaccharides (FOS). The optimal memory function and synaptic 
plasticity are customarily related to the NMDAR receptors expression in the brain. Very 
interestingly, human milk oligosaccharides-fed rats from lactation showed enhanced ob-
ject recognition and maze-learning activity even after one year of the treatment, suggest-
ing very long-lasting benefits of prebiotics in contrast to probiotics interventions. 

Nevertheless, some research studies raised concerns about the efficacy of psycobiot-
ics by indicating that there is no direct effect of pro/prebiotics in treating schizophrenia 
[119]. This might be because of inadequate dose and species, inappropriate timing used 
for probiotics interventions, and lack of a standard trial design to yield their full potential. 
Present data, on the other hand, suggest that pro and prebiotics hold a tremendous ther-
apeutic significance. However, in our opinion, the methodologies applied so far to study 
the effect of prebiotics in schizophrenia neither elucidate the molecular mechanism of ac-
tion nor provide a valid conclusion. 

Two groups of prebiotics/non-digestible fiber or fructans, galacto-oligosacchrides 
(GOS) and fructo-oligosachharides (FOS), are well known for their health benefits in hu-
mans. Both GOS and FOS have different biochemical properties and structural composi-
tion, such as the type of glycosidic bond in different fructan units and their chain 
length/degree of polymerization (DP). Some investigations show that fructans’ chain 
length (DP) is an important criterion to determine which gut bacteria can ferment them. 
There are 1010–1012 live microorganisms per gram in the human colon, and it is still unclear 
which fructans are the most suitable substrates for the selective growth of specific benefi-
cial species or strains. Therefore, it is directly needed to explore a diverse range of prebi-
otic resources to acquire unique prebiotic compounds that could support maximum gut 
microbial diversity. As mentioned earlier, the number of microbial species goes up and 
down in schizophrenia; it is of utmost importance to investigate what type of prebiotics 
can stabilize the growth of rare microbiota related to schizophrenia. We emphasize un-
derstanding the relationship of specific prebiotics and probiotics species and, conse-
quently, the bidirectional pathway of CNS and the gut microbiota in developing treat-
ments for mental illnesses such as schizophrenia. 

4. Conclusions and Future Consideration 
Immense efforts have been made so far in characterizing, diagnosis, and finding a 

promising treatment of schizophrenia. Despite the fact of exploring the genetics, epige-
netics, environmental factors, and more recently, dysbiosis of gut microbiome involved in 
schizophrenia, an incessant effort is required to understand the reason and mechanism of 
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action of this multifactorial disease. The role of gut microbiome-related immune factors 
has been demonstrated by various experiments in animal models and humans, and many 
potential pathways have been proposed to explain the gut–brain axis connection in schiz-
ophrenia. However, there are still many questions to answer in this regard: Is the initial 
alteration in microbiome composition a potent reason or a booster for the manifestation 
of the disease? Which chemical repertoire of altered microbial species has a strong link to 
the diseases? Does any interspecies communication play a role in controlling genetics and 
epigenetics in the illness that makes it complex to understand? Could reprogramming of 
gut microbiota ecosystem be a good therapeutic strategy? Answering these questions may 
lead to a meaningful conclusion of the gut–schizophrenia link and medical outcome, in-
cluding beneficial treatment and personalized medicine. 

The treatment of schizophrenia is limited to the suppression of psychotic symptoms 
using antipsychotics drugs that have their adverse side effects, including weight gain. The 
weight gain occurs via alteration of the gut microbiome composition [262]. The continu-
ous use of pro and prebiotics is typically suggested to prevent alteration in gut microbiota 
and boost natural immunity; however, extensive and detailed studies to investigate the 
efficacy, identification of most effective microbial strains, and an appropriate dose of fi-
ber/prebiotics for their proliferation are highly recommended as the future direction in 
the field. The use of physiobiotics to treat schizophrenia symptoms could be challenging 
because of several psychophysiological variables, with only a few valid reasons for the 
disease. The lack of false positive and false negative symptoms investigation and power-
ful statistical resolution to analyze data and explore technical and conceptual issues could 
also be a hurdle in the mechanistic insight of the disease and conclusive effects of psycho-
biotics. In addition to the issues mentioned above, the side effect of probiotics/prebiotics 
must be investigated in depth. It is crucial to bear in mind that diet and exercise have a 
high impact on microbiome alteration [263,264] and consequently on mood and cognition; 
therefore, psychobiotics therapies in clinical trials must be expanded to exploit the maxi-
mum gut–psychobiotics–brain relationship. Since the long-term effect of prebiotics has 
been proved thus, the investigation of the impact of novel prebiotics would be highly sug-
gested to enhance the rare gut microbial species to maintain the gut microbial diversity 
naturally. 

Moreover, the efficacy of probiotics and prebiotics as an add-on treatment to eluci-
date the related mechanism, gastrointestinal function, metabolic variations, and cognitive 
impairment in schizophrenia patients must be done through modern technologies of gen-
otype identification, epigenetic markers focusing, neuropsychology, biochemical markers 
evaluation, and other methods. Overall, exploring prebiotics’ role in strengthening probi-
otics, maintaining their natural diversity, and its impact on immunity in health and psy-
chosis requires more mechanistic studies. However, all research efforts offer a strong 
background for further investigation into the role of the gut microbiome in the develop-
ment, progression, and treatment of schizophrenia. 

Author Contributions: N.M. conceptualized and conveyed the layout of manuscript; N.M., K.A., 
K.M., A.A., M.A.A., I.S., A.K.A.A., and F.A.M. were involved in writing, drafting, and critically 
revising the manuscript. All authors have read and agreed to the published version of the manu-
script. 

Funding: N.M.’s research is funded by United Arab Emirates University (UAEU) research grant 
number 31S414. 

Institutional Review Board Statement: Not applicable.  

Informed Consent Statement: Not applicable.  

Data Availability Statement: Not applicable.  

Acknowledgments: The author acknowledges United Arabs Emirates University for financial 
support for this publication. All the figures used in this manuscript were created by BioRender 
software. 



Int. J. Mol. Sci. 2021, 22, 7671 22 of 31 
 

 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Kahn, R.S.; Sommer, I.E.; Murray, R.M.; Meyer-Lindenberg, A.; Weinberger, D.R.; Cannon, T.D.; O'Donovan, M.; Correll, C.U.; 

Kane, J.M.; van Os, J.; et al. Schizophrenia. Nat. Rev. Dis Primers 2015, 1, 15067. 
2. Disease, G.B.D.; Injury, I.; Prevalence, C. Global, regional, and national incidence, prevalence, and years lived with disability 

for 328 diseases and injuries for 195 countries, 1990–2016: A systematic analysis for the Global Burden of Disease Study 2016. 
Lancet 2017, 390, 1211–1259. 

3. Owen, M.J.; Sawa, A.; Mortensen, P.B. Schizophrenia. Lancet 2016, 388, 86–97. 
4. Lally, J.; MacCabe, J.H. Antipsychotic medication in schizophrenia: A review. Br. Med. Bull. 2015, 114, 169–179. 
5. Ota, V.K.; Moretti, P.N.; Santoro, M.L.; Talarico, F.; Spindola, L.M.; Xavier, G.; Carvalho, C.M.; Marques, D.F.; Costa, G.O.; 

Pellegrino, R.; et al. Gene expression over the course of schizophrenia: From clinical high-risk for psychosis to chronic stages. 
NPJ Schizophr. 2019, 5, 5. 

6. Schizophrenia Psychiatric Genome-Wide Association Study, C. Genome-wide association study identifies five new schizophre-
nia loci. Nat. Genet. 2011, 43, 969–976. 

7. Focking, M.; Doyle, B.; Munawar, N.; Dillon, E.T.; Cotter, D.; Cagney, G. Epigenetic Factors in Schizophrenia: Mechanisms and 
Experimental Approaches. Mol. Neuropsychiatry 2019, 5, 6–12. 

8. Singh, T.; Kurki, M.I.; Curtis, D.; Purcell, S.M.; Crooks, L.; McRae, J.; Suvisaari, J.; Chheda, H.; Blackwood, D.; Breen, G.; et al. 
Rare loss-of-function variants in SETD1A are associated with schizophrenia and developmental disorders. Nat. Neurosci. 2016, 
19, 571–577. 

9. Rees, E.; Han, J.; Morgan, J.; Carrera, N.; Escott-Price, V.; Pocklington, A.J.; Duffield, M.; Hall, L.S.; Legge, S.E.; Pardinas, A.F.; 
et al. De novo mutations identified by exome sequencing implicate rare missense variants in SLC6A1 in schizophrenia. Nat. 
Neurosci. 2020, 23, 179–184. 

10. Blackwood, D.H.; Fordyce, A.; Walker, M.T.; St Clair, D.M.; Porteous, D.J.; Muir, W.J. Schizophrenia and affective disorders--
cosegregation with a translocation at chromosome 1q42 that directly disrupts brain-expressed genes: Clinical and P300 findings 
in a family. Am. J. Hum. Genet. 2001, 69, 428–433. 

11. Millar, J.K.; Wilson-Annan, J.C.; Anderson, S.; Christie, S.; Taylor, M.S.; Semple, C.A.; Devon, R.S.; St Clair, D.M.; Muir, W.J.; 
Blackwood, D.H.; et al. Disruption of two novel genes by a translocation co-segregating with schizophrenia. Hum. Mol. Genet. 
2000, 9, 1415–1423. 

12. Gusev, A.; Mancuso, N.; Won, H.; Kousi, M.; Finucane, H.K.; Reshef, Y.; Song, L.; Safi, A.; Schizophrenia Working Group of the 
Psychiatric Genomics, C.; McCarroll, S.; et al. Transcriptome-wide association study of schizophrenia and chromatin activity 
yields mechanistic disease insights. Nat. Genet. 2018, 50, 538–548. 

13. Golofast, B.; Vales, K. The connection between microbiome and schizophrenia. Neurosci. Biobehav. Rev. 2020, 108, 712–731. 
14. O'Mahony, S.M.; Clarke, G.; Borre, Y.E.; Dinan, T.G.; Cryan, J.F. Serotonin, tryptophan metabolism and the brain-gut-microbi-

ome axis. Behav. Brain Res. 2015, 277, 32–48. 
15. Stilling, R.M.; van de Wouw, M.; Clarke, G.; Stanton, C.; Dinan, T.G.; Cryan, J.F. The neuropharmacology of butyrate: The bread 

and butter of the microbiota-gut-brain axis? Neurochem. Int. 2016, 99, 110–132. 
16. Kelly, J.R.; Minuto, C.; Cryan, J.F.; Clarke, G.; Dinan, T.G. The role of the gut microbiome in the development of schizophrenia. 

Schizophr. Res. 2020, 20, 30086–94 . 
17. Herbert, A.; Gerry, N.P.; McQueen, M.B.; Heid, I.M.; Pfeufer, A.; Illig, T.; Wichmann, H.E.; Meitinger, T.; Hunter, D.; Hu, F.B.; 

et al. A common genetic variant is associated with adult and childhood obesity. Science 2006, 312, 279–283. 
18. Frayling, T.M.; Timpson, N.J.; Weedon, M.N.; Zeggini, E.; Freathy, R.M.; Lindgren, C.M.; Perry, J.R.; Elliott, K.S.; Lango, H.; 

Rayner, N.W.; et al. A common variant in the FTO gene is associated with body mass index and predisposes to childhood and 
adult obesity. Science 2007, 316, 889–894. 

19. Qin, J.; Li, Y.; Cai, Z.; Li, S.; Zhu, J.; Zhang, F.; Liang, S.; Zhang, W.; Guan, Y.; Shen, D.; et al. A metagenome-wide association 
study of gut microbiota in type 2 diabetes. Nature 2012, 490, 55–60. 

20. Karlsson, F.H.; Tremaroli, V.; Nookaew, I.; Bergstrom, G.; Behre, C.J.; Fagerberg, B.; Nielsen, J.; Backhed, F. Gut metagenome in 
European women with normal, impaired and diabetic glucose control. Nature 2013, 498, 99–103. 

21. Kolde, R.; Franzosa, E.A.; Rahnavard, G.; Hall, A.B.; Vlamakis, H.; Stevens, C.; Daly, M.J.; Xavier, R.J.; Huttenhower, C. Host 
genetic variation and its microbiome interactions within the Human Microbiome Project. Genome Med. 2018, 10, 6. 

22. David, L.A.; Materna, A.C.; Friedman, J.; Campos-Baptista, M.I.; Blackburn, M.C.; Perrotta, A.; Erdman, S.E.; Alm, E.J. Host 
lifestyle affects human microbiota on daily timescales. Genome Biol. 2014, 15, R89. 

23. Oh, J.; Byrd, A.L.; Park, M.; Program, N.C.S.; Kong, H.H.; Segre, J.A. Temporal Stability of the Human Skin Microbiome. Cell 
2016, 165, 854–866. 

24. Crismon L.; Argo, T.R.; Buckley,. P.F. Schizophrenia. In: DiPiro, J.T.; Talbert, R.L.; Yee, G.C., et al, eds. Pharmacotherapy: A 
Pathophysiologic Approach. 9th ed. New York, New York: McGraw-Hill; 2014, 1019–1046. 

25. Jentsch, J.D.; Roth, R.H. The neuropsychopharmacology of phencyclidine: From NMDA receptor hypofunction to the dopamine 
hypothesis of schizophrenia. Neuropsychopharmacology 1999, 20, 201–225. 



Int. J. Mol. Sci. 2021, 22, 7671 23 of 31 
 

 

26. Rector, N.A.; Stolar, N.; Grant, P. Biological Contributions. In Schizophrenia: Cognitive Theory, Research and Therapy; Guilford 
Press, New York 2009, 30–61. 

27. Halverson, T.; Alagiakrishnan, K. Gut microbes in neurocognitive and mental health disorders. Ann. Med. 2020, 52, 423–443. 
28. Sullivan, P.F.; Kendler, K.S.; Neale, M.C. Schizophrenia as a complex trait: Evidence from a meta-analysis of twin studies. Arch. 

Gen. Psychiatry 2003, 60, 1187–1192. 
29. Lichtenstein, P.; Yip, B.H.; Bjork, C.; Pawitan, Y.; Cannon, T.D.; Sullivan, P.F.; Hultman, C.M. Common genetic determinants of 

schizophrenia and bipolar disorder in Swedish families: A population-based study. Lancet 2009, 373, 234–239. 
30. Schizophrenia Working Group of the Psychiatric Genomics, C. Biological insights from 108 schizophrenia-associated genetic 

loci. Nature 2014, 511, 421–427. 
31. Rees, E.; Walters, J.T.; Chambert, K.D.; O'Dushlaine, C.; Szatkiewicz, J.; Richards, A.L.; Georgieva, L.; Mahoney-Davies, G.; 

Legge, S.E.; Moran, J.L.; et al. CNV analysis in a large schizophrenia sample implicates deletions at 16p12.1 and SLC1A1 and 
duplications at 1p36.33 and CGNL1. Hum. Mol. Genet. 2014, 23, 1669–1676. 

32. Malhotra, D.; Sebat, J. CNVs: Harbingers of a rare variant revolution in psychiatric genetics. Cell 2012, 148, 1223–1241. 
33. Thygesen, J.H.; Presman, A.; Harju-Seppänen, J.; Irizar, H.; Jones, R.; Kuchenbaecker, K.; Lin, K.; Alizadeh, B.Z.; Austin-Zim-

merman, I.; Bartels-Velthuis, A.; et al. Genetic copy number variants, cognition and psychosis: A meta-analysis and a family 
study. Mol. Psychiatry 2020, 1-13. doi.org/10.1038/s41380-020-0820-7. 

34. Kirov, G.; Pocklington, A.J.; Holmans, P.; Ivanov, D.; Ikeda, M.; Ruderfer, D.; Moran, J.; Chambert, K.; Toncheva, D.; Georgieva, 
L.; et al. De novo CNV analysis implicates specific abnormalities of postsynaptic signalling complexes in the pathogenesis of 
schizophrenia. Mol. Psychiatry 2012, 17, 142–153. 

35. Fromer, M.; Pocklington, A.J.; Kavanagh, D.H.; Williams, H.J.; Dwyer, S.; Gormley, P.; Georgieva, L.; Rees, E.; Palta, P.; Ruderfer, 
D.M.; et al. De novo mutations in schizophrenia implicate synaptic networks. Nature 2014, 506, 179–184. 

36. Tang, J.; Fan, Y.; Li, H.; Xiang, Q.; Zhang, D.F.; Li, Z.; He, Y.; Liao, Y.; Wang, Y.; He, F.; et al. Whole-genome sequencing of 
monozygotic twins discordant for schizophrenia indicates multiple genetic risk factors for schizophrenia. J. Genet. Genom. 2017, 
44, 295–306. 

37. Purcell, S.M.; Moran, J.L.; Fromer, M.; Ruderfer, D.; Solovieff, N.; Roussos, P.; O'Dushlaine, C.; Chambert, K.; Bergen, S.E.; 
Kahler, A.; et al. A polygenic burden of rare disruptive mutations in schizophrenia. Nature 2014, 506, 185–190. 

38. Cross-Disorder Group of the Psychiatric Genomics, C.; Lee, S.H.; Ripke, S.; Neale, B.M.; Faraone, S.V.; Purcell, S.M.; Perlis, R.H.; 
Mowry, B.J.; Thapar, A.; Goddard, M.E.; et al. Genetic relationship between five psychiatric disorders estimated from genome-
wide SNPs. Nat. Genet. 2013, 45, 984–994. 

39. Hamshere, M.L.; Stergiakouli, E.; Langley, K.; Martin, J.; Holmans, P.; Kent, L.; Owen, M.J.; Gill, M.; Thapar, A.; O'Donovan, 
M.; et al. Shared polygenic contribution between childhood attention-deficit hyperactivity disorder and adult schizophrenia. 
Br. J. Psychiatry 2013, 203, 107–111. 

40. Brikell, I.; Larsson, H.; Lu, Y.; Pettersson, E.; Chen, Q.; Kuja-Halkola, R.; Karlsson, R.; Lahey, B.B.; Lichtenstein, P.; Martin, J. The 
contribution of common genetic risk variants for ADHD to a general factor of childhood psychopathology. Mol. Psychiatry 2020, 
25, 1809–1821. 

41. Kirov, G.; Rees, E.; Walters, J.T.; Escott-Price, V.; Georgieva, L.; Richards, A.L.; Chambert, K.D.; Davies, G.; Legge, S.E.; Moran, 
J.L.; et al. The penetrance of copy number variations for schizophrenia and developmental delay. Biol. Psychiatry 2014, 75, 378–
385. 

42. Zhuo, C.; Hou, W.; Lin, C.; Hu, L.; Li, J. Potential Value of Genomic Copy Number Variations in Schizophrenia. Front. Mol. 
Neurosci. 2017, 10, 204. 

43. Warland, A.; Kendall, K.M.; Rees, E.; Kirov, G.; Caseras, X. Schizophrenia-associated genomic copy number variants and sub-
cortical brain volumes in the UK Biobank. Mol. Psychiatry 2020, 25, 854–862. 

44. Ruderfer, D.M.; Fanous, A.H.; Ripke, S.; McQuillin, A.; Amdur, R.L.; Schizophrenia Working Group of the Psychiatric Ge-
nomics, C.; Bipolar Disorder Working Group of the Psychiatric Genomics, C.; Cross-Disorder Working Group of the Psychiatric 
Genomics, C.; Gejman, P.V.; O'Donovan, M.C.; et al. Polygenic dissection of diagnosis and clinical dimensions of bipolar disor-
der and schizophrenia. Mol. Psychiatry 2014, 19, 1017–1024. 

45. Grozeva, D.; Kirov, G.; Ivanov, D.; Jones, I.R.; Jones, L.; Green, E.K.; St Clair, D.M.; Young, A.H.; Ferrier, N.; Farmer, A.E.; et al. 
Rare copy number variants: A point of rarity in genetic risk for bipolar disorder and schizophrenia. Arch. Gen. Psychiatry 2010, 
67, 318–327. 

46. Hall, J.; Trent, S.; Thomas, K.L.; O'Donovan, M.C.; Owen, M.J. Genetic risk for schizophrenia: Convergence on synaptic path-
ways involved in plasticity. Biol. Psychiatry 2015, 77, 52–58. 

47. Egerton, A.; Grace, A.A.; Stone, J.; Bossong, M.G.; Sand, M.; McGuire, P. Glutamate in schizophrenia: Neurodevelopmental 
perspectives and drug development. Schizophr. Res. 2020, 223, 59–70. 

48. Andrade, A.; Brennecke, A.; Mallat, S.; Brown, J.; Gomez-Rivadeneira, J.; Czepiel, N.; Londrigan, L. Genetic Associations be-
tween Voltage-Gated Calcium Channels and Psychiatric Disorders. Int. J. Mol. Sci. 2019, 20, 3537. 

49. Bouet, V.; Percelay, S.; Leroux, E.; Diarra, B.; Leger, M.; Delcroix, N.; Andrieux, A.; Dollfus, S.; Freret, T.; Boulouard, M. A new 
3-hit mouse model of schizophrenia built on genetic, early and late factors. Schizophr. Res. 2021, 228, 519–528. 

50. Seeman, P. Schizophrenia and dopamine receptors. Eur. Neuropsychopharmacol. 2013, 23, 999–1009. 
51. Howes, O.; McCutcheon, R.; Stone, J. Glutamate and dopamine in schizophrenia: An update for the 21st century. J. Psychophar-

macol. 2015, 29, 97–115. 



Int. J. Mol. Sci. 2021, 22, 7671 24 of 31 
 

 

52. McCutcheon, R.A.; Krystal, J.H.; Howes, O.D. Dopamine and glutamate in schizophrenia: Biology, symptoms and treatment. 
World Psychiatry 2020, 19, 15–33. 

53. Mokhtari, R.; Lachman, H.M. The Major Histocompatibility Complex (MHC) in Schizophrenia: A Review. J. Clin. Cell Immunol. 
2016, 7, 479. 

54. van Kesteren, C.F.; Gremmels, H.; de Witte, L.D.; Hol, E.M.; Van Gool, A.R.; Falkai, P.G.; Kahn, R.S.; Sommer, I.E. Immune 
involvement in the pathogenesis of schizophrenia: A meta-analysis on postmortem brain studies. Transl. Psychiatry 2017, 7, 
e1075. 

55. Baker, K.; Costain, G.; Fung, W.L.; Bassett, A.S. Chromosomal microarray analysis-a routine clinical genetic test for patients 
with schizophrenia. Lancet Psychiatry 2014, 1, 329–331. 

56. McDonald-McGinn, D.M.; Sullivan, K.E.; Marino, B.; Philip, N.; Swillen, A.; Vorstman, J.A.; Zackai, E.H.; Emanuel, B.S.; Ver-
meesch, J.R.; Morrow, B.E.; et al. 22q11.2 deletion syndrome. Nat. Rev. Dis. Primers 2015, 1, 15071. 

57. International Schizophrenia, C.; Purcell, S.M.; Wray, N.R.; Stone, J.L.; Visscher, P.M.; O'Donovan, M.C.; Sullivan, P.F.; Sklar, P. 
Common polygenic variation contributes to risk of schizophrenia and bipolar disorder. Nature 2009, 460, 748–752. 

58. Srivastava, S.; Mishra, R.K.; Dhawan, J. Regulation of cellular chromatin state: Insights from quiescence and differentiation. 
Organogenesis 2010, 6, 37–47. 

59. Opler, M.; Charap, J.; Greig, A.; Stein, V.; Polito, S.; Malaspina, D. Environmental Risk Factors and Schizophrenia. Int. J. Ment. 
Health 2013, 42, 23–32. 

60. Wu, W.; Wu, P.; Tang, Q.; Lu, C. Transgenerational Epigenetic Inheritance of Developmental Origins of Health and Disease in Early-
Life Environmental Exposure and Disease; Springer: Singapore, 2020; pp. 229–239. 

61. Klengel, T.; Dias, B.G.; Ressler, K.J. Models of Intergenerational and Transgenerational Transmission of Risk for Psychopathol-
ogy in Mice. Neuropsychopharmacology 2016, 41, 219–231. 

62. Delgado-Morales, R.; Agís-Balboa, R.C.; Esteller, M.; Berdasco, M. Epigenetic mechanisms during ageing and neurogenesis as 
novel therapeutic avenues in human brain disorders. Clin. Epigenetics 2017, 9, 67. 

63. Rodrigues-Amorim, D.; Rivera-Baltanás, T.; López, M.; Spuch, C.; Olivares, J.M.; Agís-Balboa, R.C. Schizophrenia: A review of 
potential biomarkers. J. Psychiatr. Res. 2017, 93, 37–49. 

64. Grayson, D.R.; Guidotti, A. The dynamics of DNA methylation in schizophrenia and related psychiatric disorders. Neuropsy-
chopharmacology 2013, 38, 138–166. 

65. Viana, J.; Hannon, E.; Dempster, E.; Pidsley, R.; Macdonald, R.; Knox, O.; Spiers, H.; Troakes, C.; Al-Saraj, S.; Turecki, G.; et al. 
Schizophrenia-associated methylomic variation: Molecular signatures of disease and polygenic risk burden across multiple 
brain regions. Hum. Mol. Genet. 2017, 26, 210–225. 

66. Montano, C.; Taub, M.A.; Jaffe, A.; Briem, E.; Feinberg, J.I.; Trygvadottir, R.; Idrizi, A.; Runarsson, A.; Berndsen, B.; Gur, R.C.; 
et al. Association of DNA Methylation Differences With Schizophrenia in an Epigenome-Wide Association Study. JAMA Psy-
chiatry 2016, 73, 506–514. 

67. Numata, S.; Ye, T.; Herman, M.; Lipska, B.K. DNA methylation changes in the postmortem dorsolateral prefrontal cortex of 
patients with schizophrenia. Front. Genet. 2014, 5, 280. 

68. Mill, J.; Tang, T.; Kaminsky, Z.; Khare, T.; Yazdanpanah, S.; Bouchard, L.; Jia, P.; Assadzadeh, A.; Flanagan, J.; Schumacher, A.; 
et al. Epigenomic profiling reveals DNA-methylation changes associated with major psychosis. Am. J. Hum. Genet. 2008, 82, 696–
711. 

69. Ikegame, T.; Bundo, M.; Sunaga, F.; Asai, T.; Nishimura, F.; Yoshikawa, A.; Kawamura, Y.; Hibino, H.; Tochigi, M.; Kakiuchi, 
C.; et al. DNA methylation analysis of BDNF gene promoters in peripheral blood cells of schizophrenia patients. Neurosci. Res. 
2013, 77, 208–214. 

70. Abdolmaleky, H.M.; Nohesara, S.; Ghadirivasfi, M.; Lambert, A.W.; Ahmadkhaniha, H.; Ozturk, S.; Wong, C.K.; Shafa, R.; Mo-
stafavi, A.; Thiagalingam, S. DNA hypermethylation of serotonin transporter gene promoter in drug naive patients with schiz-
ophrenia. Schizophr. Res. 2014, 152, 373–380. 

71. Vitale, A.M.; Matigian, N.A.; Cristino, A.S.; Nones, K.; Ravishankar, S.; Bellette, B.; Fan, Y.; Wood, S.A.; Wolvetang, E.; Mackay-
Sim, A. DNA methylation in schizophrenia in different patient-derived cell types. NPJ Schizophr. 2017, 3, 6. 

72. Abdolmaleky, H.M.; Cheng, K.H.; Russo, A.; Smith, C.L.; Faraone, S.V.; Wilcox, M.; Shafa, R.; Glatt, S.J.; Nguyen, G.; Ponte, J.F.; 
et al. Hypermethylation of the reelin (RELN) promoter in the brain of schizophrenic patients: A preliminary report. Am. J. Med. 
Genet. B Neuropsychiatr. Genet. 2005, 134B, 60–66. 

73. Huang, H.S.; Akbarian, S. GAD1 mRNA expression and DNA methylation in prefrontal cortex of subjects with schizophrenia. 
PLoS ONE 2007, 2, e809. 

74. Abdolmaleky, H.M.; Cheng, K.H.; Faraone, S.V.; Wilcox, M.; Glatt, S.J.; Gao, F.; Smith, C.L.; Shafa, R.; Aeali, B.; Carnevale, J.; et 
al. Hypomethylation of MB-COMT promoter is a major risk factor for schizophrenia and bipolar disorder. Hum. Mol. Genet. 
2006, 15, 3132–3145. 

75. Carrard, A.; Salzmann, A.; Malafosse, A.; Karege, F. Increased DNA methylation status of the serotonin receptor 5HTR1A gene 
promoter in schizophrenia and bipolar disorder. J. Affect. Disord. 2011, 132, 450–453. 

76. Pai, S.; Li, P.; Killinger, B.; Marshall, L.; Jia, P.; Liao, J.; Petronis, A.; Szabo, P.E.; Labrie, V. Differential methylation of enhancer 
at IGF2 is associated with abnormal dopamine synthesis in major psychosis. Nat. Commun. 2019, 10, 2046. 

77. Burghardt, K.J.; Khoury, A.S.; Msallaty, Z.; Yi, Z.; Seyoum, B. Antipsychotic Medications and DNA Methylation in Schizophre-
nia and Bipolar Disorder: A Systematic Review. Pharmacotherapy 2020, 40, 331–342. 



Int. J. Mol. Sci. 2021, 22, 7671 25 of 31 
 

 

78. Gibbons, A.; Udawela, M.; Dean, B. Non-Coding RNA as Novel Players in the Pathophysiology of Schizophrenia. Noncoding 
RNA 2018, 4, 11. 

79. Moszynska, A.; Gebert, M.; Collawn, J.F.; Bartoszewski, R. SNPs in microRNA target sites and their potential role in human 
disease. Open Biol. 2017, 7, 170019. 

80. Fineberg, S.K.; Kosik, K.S.; Davidson, B.L. MicroRNAs potentiate neural development. Neuron 2009, 64, 303–309. 
81. Smith, B.; Treadwell, J.; Zhang, D.; Ly, D.; McKinnell, I.; Walker, P.R.; Sikorska, M. Large-scale expression analysis reveals 

distinct microRNA profiles at different stages of human neurodevelopment. PLoS ONE 2010, 5, e11109. 
82. Hollins, S.L.; Goldie, B.J.; Carroll, A.P.; Mason, E.A.; Walker, F.R.; Eyles, D.W.; Cairns, M.J. Ontogeny of small RNA in the 

regulation of mammalian brain development. BMC Genom. 2014, 15, 777. 
83. Li, X.; Gao, Y.; Meng, Z.; Zhang, C.; Qi, Q. Regulatory role of microRNA-30b and plasminogen activator inhibitor-1 in the 

pathogenesis of cognitive impairment. Exp. Med. 2016, 11, 1993–1998. 
84. Perkins, D.O.; Jeffries, C.D.; Jarskog, L.F.; Thomson, J.M.; Woods, K.; Newman, M.A.; Parker, J.S.; Jin, J.; Hammond, S.M. mi-

croRNA expression in the prefrontal cortex of individuals with schizophrenia and schizoaffective disorder. Genome Biol. 2007, 
8, R27. 

85. Forstner, A.J.; Basmanav, F.B.; Mattheisen, M.; Bohmer, A.C.; Hollegaard, M.V.; Janson, E.; Strengman, E.; Priebe, L.; Degen-
hardt, F.; Hoffmann, P.; et al. Investigation of the involvement of MIR185 and its target genes in the development of schizo-
phrenia. J. Psychiatry Neurosci. 2014, 39, 386–396. 

86. Stark, K.L.; Xu, B.; Bagchi, A.; Lai, W.S.; Liu, H.; Hsu, R.; Wan, X.; Pavlidis, P.; Mills, A.A.; Karayiorgou, M.; et al. Altered brain 
microRNA biogenesis contributes to phenotypic deficits in a 22q11-deletion mouse model. Nat. Genet. 2008, 40, 751–760. 

87. Guan, F.; Zhang, B.; Yan, T.; Li, L.; Liu, F.; Li, T.; Feng, Z.; Zhang, B.; Liu, X.; Li, S. MIR137 gene and target gene CACNA1C of 
miR-137 contribute to schizophrenia susceptibility in Han Chinese. Schizophr. Res. 2014, 152, 97–104. 

88. Siegert, S.; Seo, J.; Kwon, E.J.; Rudenko, A.; Cho, S.; Wang, W.; Flood, Z.; Martorell, A.J.; Ericsson, M.; Mungenast, A.E.; et al. 
The schizophrenia risk gene product miR-137 alters presynaptic plasticity. Nat. Neurosci. 2015, 18, 1008–1016. 

89. Smalheiser, N.R.; Lugli, G.; Zhang, H.; Rizavi, H.; Cook, E.H.; Dwivedi, Y. Expression of microRNAs and other small RNAs in 
prefrontal cortex in schizophrenia, bipolar disorder and depressed subjects. PLoS ONE 2014, 9, e86469. 

90. Kohn, M.; Ihling, C.; Sinz, A.; Krohn, K.; Huttelmaier, S. The Y3** ncRNA promotes the 3' end processing of histone mRNAs. 
Genes Dev. 2015, 29, 1998–2003. 

91. Castellani, C.A.; Laufer, B.I.; Melka, M.G.; Diehl, E.J.; O'Reilly, R.L.; Singh, S.M. DNA methylation differences in monozygotic 
twin pairs discordant for schizophrenia identifies psychosis related genes and networks. BMC Med. Genom. 2015, 8, 17. 

92. Camkurt, M.A.; Karababa, F.; Erdal, M.E.; Bayazit, H.; Kandemir, S.B.; Ay, M.E.; Kandemir, H.; Ay, O.I.; Cicek, E.; Selek, S.; et 
al. Investigation of Dysregulation of Several MicroRNAs in Peripheral Blood of Schizophrenia Patients. Clin. Psychopharmacol. 
Neurosci. 2016, 14, 256–260. 

93. Beveridge, N.J.; Gardiner, E.; Carroll, A.P.; Tooney, P.A.; Cairns, M.J. Schizophrenia is associated with an increase in cortical 
microRNA biogenesis. Mol. Psychiatry 2010, 15, 1176–1189. 

94. Sun, X.Y.; Zhang, J.; Niu, W.; Guo, W.; Song, H.T.; Li, H.Y.; Fan, H.M.; Zhao, L.; Zhong, A.F.; Dai, Y.H.; et al. A preliminary 
analysis of microRNA as potential clinical biomarker for schizophrenia. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2015, 168B, 
170–178. 

95. Thomas, E.A. Histone Posttranslational Modifications in Schizophrenia. Adv. Exp. Med. Biol. 2017, 978, 237–254. 
96. Benes, F.M.; Lim, B.; Matzilevich, D.; Walsh, J.P.; Subburaju, S.; Minns, M. Regulation of the GABA cell phenotype in hippo-

campus of schizophrenics and bipolars. Proc. Natl. Acad. Sci. USA 2007, 104, 10164–10169. 
97. Alenghat, T. Epigenomics and the microbiota. Toxicol. Pathol. 2015, 43, 101–106. 
98. Gilbert, T.M.; Zurcher, N.R.; Wu, C.J.; Bhanot, A.; Hightower, B.G.; Kim, M.; Albrecht, D.S.; Wey, H.Y.; Schroeder, F.A.; Rodri-

guez-Thompson, A.; et al. PET neuroimaging reveals histone deacetylase dysregulation in schizophrenia. J. Clin. Investig. 2019, 
129, 364–372. 

99. Sharon, G.; Sampson, T.R.; Geschwind, D.H.; Mazmanian, S.K. The Central Nervous System and the Gut Microbiome. Cell 2016, 
167, 915–932. 

100. Szeligowski, T.; Yun, A.L.; Lennox, B.R.; Burnet, P.W.J. The Gut Microbiome and Schizophrenia: The Current State of the Field 
and Clinical Applications. Front. Psychiatry 2020, 11, 156. 

101. Kho, Z.Y.; Lal, S.K. The Human Gut Microbiome—A Potential Controller of Wellness and Disease. Front. Microbiol. 2018, 9, 1835. 
102. Diaz Heijtz, R.; Wang, S.; Anuar, F.; Qian, Y.; Bjorkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.; Pettersson, S. Normal 

gut microbiota modulates brain development and behavior. Proc. Natl. Acad. Sci. USA 2011, 108, 3047–3052. 
103. Thursby, E.; Juge, N. Introduction to the human gut microbiota. Biochem. J. 2017, 474, 1823–1836. 
104. Valdes, A.M.; Walter, J.; Segal, E.; Spector, T.D. Role of the gut microbiota in nutrition and health. BMJ 2018, 361, k2179. 
105. Azad, M.A.K.; Sarker, M.; Li, T.; Yin, J. Probiotic Species in the Modulation of Gut Microbiota: An Overview. Biomed. Res. Int. 

2018, 2018, 9478630. 
106. Gagliardi, A.; Totino, V.; Cacciotti, F.; Iebba, V.; Neroni, B.; Bonfiglio, G.; Trancassini, M.; Passariello, C.; Pantanella, F.; Schippa, 

S. Rebuilding the Gut Microbiota Ecosystem. Int. J. Env. Res. Public Health 2018, 15, 1679. 
107. Tsuruya, A.; Kuwahara, A.; Saito, Y.; Yamaguchi, H.; Tsubo, T.; Suga, S.; Inai, M.; Aoki, Y.; Takahashi, S.; Tsutsumi, E.; et al. 

Ecophysiological consequences of alcoholism on human gut microbiota: Implications for ethanol-related pathogenesis of colon 
cancer. Sci. Rep. 2016, 6, 27923. 



Int. J. Mol. Sci. 2021, 22, 7671 26 of 31 
 

 

108. Ogunrinola, G.A.; Oyewale, J.O.; Oshamika, O.O.; Olasehinde, G.I. The Human Microbiome and Its Impacts on Health. Int. J. 
Microbiol. 2020, 2020, 8045646. 

109. Cenit, M.C.; Sanz, Y.; Codoner-Franch, P. Influence of gut microbiota on neuropsychiatric disorders. World J. Gastroenterol. 2017, 
23, 5486–5498. 

110. Zhu, F.; Guo, R.; Wang, W.; Ju, Y.; Wang, Q.; Ma, Q.; Sun, Q.; Fan, Y.; Xie, Y.; Yang, Z.; et al. Transplantation of microbiota from 
drug-free patients with schizophrenia causes schizophrenia-like abnormal behaviors and dysregulated kynurenine metabolism 
in mice. Mol. Psychiatry 2020, 25, 2905–2918. 

111. Shen, Y.; Xu, J.; Li, Z.; Huang, Y.; Yuan, Y.; Wang, J.; Zhang, M.; Hu, S.; Liang, Y. Analysis of gut microbiota diversity and 
auxiliary diagnosis as a biomarker in patients with schizophrenia: A cross-sectional study. Schizophr. Res. 2018, 197, 470–477. 

112. Schwarz, E.; Maukonen, J.; Hyytiainen, T.; Kieseppa, T.; Oresic, M.; Sabunciyan, S.; Mantere, O.; Saarela, M.; Yolken, R.; Su-
visaari, J. Analysis of microbiota in first episode psychosis identifies preliminary associations with symptom severity and treat-
ment response. Schizophr. Res. 2018, 192, 398–403. 

113. Zheng, P.; Zeng, B.; Liu, M.; Chen, J.; Pan, J.; Han, Y.; Liu, Y.; Cheng, K.; Zhou, C.; Wang, H.; et al. The gut microbiome from 
patients with schizophrenia modulates the glutamate-glutamine-GABA cycle and schizophrenia-relevant behaviors in mice. 
Sci. Adv. 2019, 5, eaau8317. 

114. Nguyen, T.T.; Kosciolek, T.; Eyler, L.T.; Knight, R.; Jeste, D.V. Overview and systematic review of studies of microbiome in 
schizophrenia and bipolar disorder. J. Psychiatr. Res. 2018, 99, 50–61. 

115. Argou-Cardozo, I.; Zeidán-Chuliá, F. Clostridium Bacteria and Autism Spectrum Conditions: A Systematic Review and Hypo-
thetical Contribution of Environmental Glyphosate Levels. Med. Sci (Basel) 2018, 6, 29. 

116. Maas, J.W.; Contreras, S.A.; Miller, A.L.; Berman, N.; Bowden, C.L.; Javors, M.A.; Seleshi, E.; Weintraub, S. Studies of catechol-
amine metabolism in schizophrenia/psychosis--I. Neuropsychopharmacology 1993, 8, 97–109. 

117. Yuan, X.; Zhang, P.; Wang, Y.; Liu, Y.; Li, X.; Kumar, B.U.; Hei, G.; Lv, L.; Huang, X.F.; Fan, X.; et al. Changes in metabolism 
and microbiota after 24-week risperidone treatment in drug naive, normal weight patients with first episode schizophrenia. 
Schizophr. Res. 2018, 201, 299–306. 

118. Flowers, S.A.; Evans, S.J.; Ward, K.M.; McInnis, M.G.; Ellingrod, V.L. Interaction Between Atypical Antipsychotics and the Gut 
Microbiome in a Bipolar Disease Cohort. Pharmacotherapy 2017, 37, 261–267. 

119. Dickerson, F.B.; Stallings, C.; Origoni, A.; Katsafanas, E.; Savage, C.L.; Schweinfurth, L.A.; Goga, J.; Khushalani, S.; Yolken, R.H. 
Effect of probiotic supplementation on schizophrenia symptoms and association with gastrointestinal functioning: A random-
ized, placebo-controlled trial. Prim. Care Companion CNS Disord. 2014, 16, doi: 10.4088/PCC.13m01579. 

120. Dickerson, F.; Severance, E.; Yolken, R. The microbiome, immunity, and schizophrenia and bipolar disorder. Brain Behav. Im-
mun. 2017, 62, 46–52. 

121. Liu, J.C.W.; Gorbovskaya, I.; Hahn, M.K.; Muller, D.J. The Gut Microbiome in Schizophrenia and the Potential Benefits of Prebi-
otic and Probiotic Treatment. Nutrients 2021, 13, 1152. 

122. Castro-Nallar, E.; Bendall, M.L.; Perez-Losada, M.; Sabuncyan, S.; Severance, E.G.; Dickerson, F.B.; Schroeder, J.R.; Yolken, R.H.; 
Crandall, K.A. Composition, taxonomy and functional diversity of the oropharynx microbiome in individuals with schizophre-
nia and controls. PeerJ 2015, 3, e1140. 

123. Tomasik, J.; Yolken, R.H.; Bahn, S.; Dickerson, F.B. Immunomodulatory Effects of Probiotic Supplementation in Schizophrenia 
Patients: A Randomized, Placebo-Controlled Trial. Biomark. Insights 2015, 10, 47–54. 

124. Enomoto, T.; Noda, Y.; Nabeshima, T. Phencyclidine and genetic animal models of schizophrenia developed in relation to the 
glutamate hypothesis. Methods Find. Exp. Clin. Pharm. 2007, 29, 291–301. 

125. Keilhoff, G.; Becker, A.; Grecksch, G.; Wolf, G.; Bernstein, H.G. Repeated application of ketamine to rats induces changes in the 
hippocampal expression of parvalbumin, neuronal nitric oxide synthase and cFOS similar to those found in human schizophre-
nia. Neuroscience 2004, 126, 591–598. 

126. Day-Wilson, K.M.; Jones, D.N.; Southam, E.; Cilia, J.; Totterdell, S. Medial prefrontal cortex volume loss in rats with isolation 
rearing-induced deficits in prepulse inhibition of acoustic startle. Neuroscience 2006, 141, 1113–1121. 

127. Silva-Gomez, A.B.; Rojas, D.; Juarez, I.; Flores, G. Decreased dendritic spine density on prefrontal cortical and hippocampal 
pyramidal neurons in postweaning social isolation rats. Brain Res. 2003, 983, 128–136. 

128. Cerqueira, J.J.; Pego, J.M.; Taipa, R.; Bessa, J.M.; Almeida, O.F.; Sousa, N. Morphological correlates of corticosteroid-induced 
changes in prefrontal cortex-dependent behaviors. J. Neurosci. 2005, 25, 7792–7800. 

129. Lipska, B.K.; Jaskiw, G.E.; Weinberger, D.R. Postpubertal emergence of hyperresponsiveness to stress and to amphetamine after 
neonatal excitotoxic hippocampal damage: A potential animal model of schizophrenia. Neuropsychopharmacology 1993, 9, 67–75. 

130. Jaaro-Peled, H.; Ayhan, Y.; Pletnikov, M.V.; Sawa, A. Review of pathological hallmarks of schizophrenia: Comparison of genetic 
models with patients and nongenetic models. Schizophr. Bull. 2010, 36, 301–313. 

131. Hsiao, E.Y.; McBride, S.W.; Hsien, S.; Sharon, G.; Hyde, E.R.; McCue, T.; Codelli, J.A.; Chow, J.; Reisman, S.E.; Petrosino, J.F.; et 
al. Microbiota modulate behavioral and physiological abnormalities associated with neurodevelopmental disorders. Cell 2013, 
155, 1451–1463. 

132. Buffington, S.A.; Di Prisco, G.V.; Auchtung, T.A.; Ajami, N.J.; Petrosino, J.F.; Costa-Mattioli, M. Microbial Reconstitution Re-
verses Maternal Diet-Induced Social and Synaptic Deficits in Offspring. Cell 2016, 165, 1762–1775. 



Int. J. Mol. Sci. 2021, 22, 7671 27 of 31 
 

 

133. Clarke, G.; Grenham, S.; Scully, P.; Fitzgerald, P.; Moloney, R.D.; Shanahan, F.; Dinan, T.G.; Cryan, J.F. The microbiome-gut-
brain axis during early life regulates the hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry 2013, 18, 
666–673. 

134. Valles-Colomer, M.; Falony, G.; Darzi, Y.; Tigchelaar, E.F.; Wang, J.; Tito, R.Y.; Schiweck, C.; Kurilshikov, A.; Joossens, M.; 
Wijmenga, C.; et al. The neuroactive potential of the human gut microbiota in quality of life and depression. Nat. Microbiol. 2019, 
4, 623–632. 

135. Lin, C.H.; Lane, H.Y. Early Identification and Intervention of Schizophrenia: Insight from Hypotheses of Glutamate Dysfunction 
and Oxidative Stress. Front. Psychiatry 2019, 10, 93. 

136. van der Stel, A.-X.; van Mourik, A.; Lanniewski, P.; van der Putten, J.; Jagusztyn-Krynicka, E.; Wosten, M. The Campylobacter 
jejuni RacRS two-component system activates the glutamate synthesis by directly upregulating γ-glutamyltranspeptidase 
(GGT). Front. Microbiol. 2015, 6, 567. 

137. Chang, C.H.; Lin, C.H.; Lane, H.Y. d-glutamate and Gut Microbiota in Alzheimer's Disease. Int. J. Mol. Sci. 2020, 21, 2676. 
138. Plitman, E.; Iwata, Y.; Caravaggio, F.; Nakajima, S.; Chung, J.K.; Gerretsen, P.; Kim, J.; Takeuchi, H.; Chakravarty, M.M.; Re-

mington, G.; et al. Kynurenic Acid in Schizophrenia: A Systematic Review and Meta-analysis. Schizophr. Bull. 2017, 43, 764–777. 
139. Erhardt, S.; Schwieler, L.; Imbeault, S.; Engberg, G. The kynurenine pathway in schizophrenia and bipolar disorder. Neurophar-

macology 2017, 112, 297–306. 
140. Thomas, C.M.; Hong, T.; van Pijkeren, J.P.; Hemarajata, P.; Trinh, D.V.; Hu, W.; Britton, R.A.; Kalkum, M.; Versalovic, J. Hista-

mine derived from probiotic Lactobacillus reuteri suppresses TNF via modulation of PKA and ERK signaling. PLoS ONE 2012, 
7, e31951. 

141. Asano, Y.; Hiramoto, T.; Nishino, R.; Aiba, Y.; Kimura, T.; Yoshihara, K.; Koga, Y.; Sudo, N. Critical role of gut microbiota in 
the production of biologically active, free catecholamines in the gut lumen of mice. Am. J. Physiol. Gastrointest. Liver Physiol. 
2012, 303, G1288–1295. 

142. Barrett, E.; Ross, R.P.; O'Toole, P.W.; Fitzgerald, G.F.; Stanton, C. gamma-Aminobutyric acid production by culturable bacteria 
from the human intestine. J. Appl. Microbiol. 2012, 113, 411–417. 

143. Coyle, J.T. NMDA receptor and schizophrenia: A brief history. Schizophr. Bull. 2012, 38, 920–926. 
144. Nieto, R.; Kukuljan, M.; Silva, H. BDNF and schizophrenia: From neurodevelopment to neuronal plasticity, learning, and 

memory. Front. Psychiatry 2013, 4, 45. 
145. Asan, E.; Steinke, M.; Lesch, K.P. Serotonergic innervation of the amygdala: Targets, receptors, and implications for stress and 

anxiety. Histochem. Cell Biol. 2013, 139, 785–813. 
146. Dayan, P.; Huys, Q.J. Serotonin, inhibition, and negative mood. PLoS Comput. Biol. 2008, 4, e4. 
147. Bercik, P.; Denou, E.; Collins, J.; Jackson, W.; Lu, J.; Jury, J.; Deng, Y.; Blennerhassett, P.; Macri, J.; McCoy, K.D.; et al. The 

intestinal microbiota affect central levels of brain-derived neurotropic factor and behavior in mice. Gastroenterology 2011, 141, 
599–609. 

148. Yano, J.M.; Yu, K.; Donaldson, G.P.; Shastri, G.G.; Ann, P.; Ma, L.; Nagler, C.R.; Ismagilov, R.F.; Mazmanian, S.K.; Hsiao, E.Y. 
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell 2015, 161, 264–276. 

149. Desbonnet, L.; Garrett, L.; Clarke, G.; Bienenstock, J.; Dinan, T.G. The probiotic Bifidobacteria infantis: An assessment of poten-
tial antidepressant properties in the rat. J. Psychiatr. Res. 2008, 43, 164–174. 

150. Yarandi, S.S.; Peterson, D.A.; Treisman, G.J.; Moran, T.H.; Pasricha, P.J. Modulatory Effects of Gut Microbiota on the Central 
Nervous System: How Gut Could Play a Role in Neuropsychiatric Health and Diseases. J. Neurogastroenterol. Motil. 2016, 22, 
201–212. 

151. Sharma, R.P.; Grayson, D.R.; Gavin, D.P. Histone deactylase 1 expression is increased in the prefrontal cortex of schizophrenia 
subjects: Analysis of the National Brain Databank microarray collection. Schizophr. Res. 2008, 98, 111–117. 

152. Bahari-Javan, S.; Varbanov, H.; Halder, R.; Benito, E.; Kaurani, L.; Burkhardt, S.; Anderson-Schmidt, H.; Anghelescu, I.; Budde, 
M.; Stilling, R.M.; et al. HDAC1 links early life stress to schizophrenia-like phenotypes. Proc. Natl. Acad. Sci. USA 2017, 114, 
E4686–E4694. 

153. van de Wouw, M.; Lyte, J.M.; Boehme, M.; Sichetti, M.; Moloney, G.; Goodson, M.S.; Kelley-Loughnane, N.; Dinan, T.G.; Clarke, 
G.; Cryan, J.F. The role of the microbiota in acute stress-induced myeloid immune cell trafficking. Brain Behav. Immun. 2020, 84, 
209–217. 

154. Louveau, A.; Smirnov, I.; Keyes, T.J.; Eccles, J.D.; Rouhani, S.J.; Peske, J.D.; Derecki, N.C.; Castle, D.; Mandell, J.W.; Lee, K.S.; et 
al. Structural and functional features of central nervous system lymphatic vessels. Nature 2015, 523, 337–341. 

155. Shimada, Y.; Kinoshita, M.; Harada, K.; Mizutani, M.; Masahata, K.; Kayama, H.; Takeda, K. Commensal bacteria-dependent 
indole production enhances epithelial barrier function in the colon. PLoS ONE 2013, 8, e80604. 

156. Wang, R.X.; Lee, J.S.; Campbell, E.L.; Colgan, S.P. Microbiota-derived butyrate dynamically regulates intestinal homeostasis 
through regulation of actin-associated protein synaptopodin. Proc. Natl. Acad. Sci. USA 2020, 117, 11648–11657. 

157. Dodd, D.; Spitzer, M.H.; Van Treuren, W.; Merrill, B.D.; Hryckowian, A.J.; Higginbottom, S.K.; Le, A.; Cowan, T.M.; Nolan, 
G.P.; Fischbach, M.A.; et al. A gut bacterial pathway metabolizes aromatic amino acids into nine circulating metabolites. Nature 
2017, 551, 648–652. 

158. Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G.; Lesley, S.A.; Peters, E.C.; Siuzdak, G. Metabolomics analysis reveals large 
effects of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. USA 2009, 106, 3698–3703. 



Int. J. Mol. Sci. 2021, 22, 7671 28 of 31 
 

 

159. Venkatesh, M.; Mukherjee, S.; Wang, H.; Li, H.; Sun, K.; Benechet, A.P.; Qiu, Z.; Maher, L.; Redinbo, M.R.; Phillips, R.S.; et al. 
Symbiotic bacterial metabolites regulate gastrointestinal barrier function via the xenobiotic sensor PXR and Toll-like receptor 4. 
Immunity 2014, 41, 296–310. 

160. Chiappelli, J.; Postolache, T.T.; Kochunov, P.; Rowland, L.M.; Wijtenburg, S.A.; Shukla, D.K.; Tagamets, M.; Du, X.; Savransky, 
A.; Lowry, C.A.; et al. Tryptophan Metabolism and White Matter Integrity in Schizophrenia. Neuropsychopharmacology 2016, 41, 
2587–2595. 

161. Zhao, Z.H.; Xin, F.Z.; Xue, Y.; Hu, Z.; Han, Y.; Ma, F.; Zhou, D.; Liu, X.L.; Cui, A.; Liu, Z.; et al. Indole-3-propionic acid inhibits 
gut dysbiosis and endotoxin leakage to attenuate steatohepatitis in rats. Exp. Mol. Med. 2019, 51, 1–14. 

162. Alhasson, F.; Das, S.; Seth, R.; Dattaroy, D.; Chandrashekaran, V.; Ryan, C.N.; Chan, L.S.; Testerman, T.; Burch, J.; Hofseth, L.J.; 
et al. Altered gut microbiome in a mouse model of Gulf War Illness causes neuroinflammation and intestinal injury via leaky 
gut and TLR4 activation. PLoS ONE 2017, 12, e0172914. 

163. Fasano, A. Zonulin, regulation of tight junctions, and autoimmune diseases. Ann. New York Acad. Sci. 2012, 1258, 25–33. 
164. Yuan, X.; Kang, Y.; Zhuo, C.; Huang, X.F.; Song, X. The gut microbiota promotes the pathogenesis of schizophrenia via multiple 

pathways. Biochem. Biophys. Res. Commun. 2019, 512, 373–380. 
165. Cao, H.; Pradhan, A.; Karns, J.; Wolfgang, D.; Hovingh, E.; Vinyard, B.; Van Kessel, J. 266 Prevalence and risk factors for anti-

microbial resistance on US dairy operations. J. Anim. Sci. 2017, 95, 131–132. 
166. Tang, W.; Zhu, H.; Feng, Y.; Guo, R.; Wan, D. The Impact of Gut Microbiota Disorders on the Blood-Brain Barrier. Infect. Drug 

Resist. 2020, 13, 3351–3363. 
167. Machiels, K.; Joossens, M.; Sabino, J.; De Preter, V.; Arijs, I.; Eeckhaut, V.; Ballet, V.; Claes, K.; Van Immerseel, F.; Verbeke, K.; 

et al. A decrease of the butyrate-producing species Roseburia hominis and Faecalibacterium prausnitzii defines dysbiosis in 
patients with ulcerative colitis. Gut 2014, 63, 1275–1283. 

168. Brown, A.S.; Derkits, E.J. Prenatal infection and schizophrenia: A review of epidemiologic and translational studies. Am. J. 
Psychiatry 2010, 167, 261–280. 

169. Hemmings, G. Schizophrenia. Lancet 2004, 364, 1312–1313. 
170. Kashani, S.A.; Mari, M.U.; Ilyas, M.; Rasool, G.; Rumi, J.; Ali, H.; Nasir, A.; Kakar, Z.; Chand, R. Frequency of Subtypes of 

Irritable Bowel Syndrome in Subtypes of Schizophrenia. Psychol. Clin. Psychiatry 2017, 7, 00458. 
171. Gupta, S.; Masand, P.S.; Kaplan, D.; Bhandary, A.; Hendricks, S. The relationship between schizophrenia and irritable bowel 

syndrome (IBS). Schizophr. Res. 1997, 23, 265–268. 
172. Vu, J.; Kushnir, V.; Cassell, B.; Gyawali, C.P.; Sayuk, G.S. The impact of psychiatric and extraintestinal comorbidity on quality 

of life and bowel symptom burden in functional GI disorders. Neurogastroenterol. Motil. 2014, 26, 1323–1332. 
173. Desplat-Jego, S.; Johanet, C.; Escande, A.; Goetz, J.; Fabien, N.; Olsson, N.; Ballot, E.; Sarles, J.; Baudon, J.J.; Grimaud, J.C.; et al. 

Update on Anti-Saccharomyces cerevisiae antibodies, anti-nuclear associated anti-neutrophil antibodies and antibodies to exo-
crine pancreas detected by indirect immunofluorescence as biomarkers in chronic inflammatory bowel diseases: Results of a 
multicenter study. World J. Gastroenterol. 2007, 13, 2312–2318. 

174. Severance, E.G.; Alaedini, A.; Yang, S.; Halling, M.; Gressitt, K.L.; Stallings, C.R.; Origoni, A.E.; Vaughan, C.; Khushalani, S.; 
Leweke, F.M.; et al. Gastrointestinal inflammation and associated immune activation in schizophrenia. Schizophr. Res. 2012, 138, 
48–53. 

175. Debnath, M. Adaptive Immunity in Schizophrenia: Functional Implications of T Cells in the Etiology, Course and Treatment. J. 
Neuroimmune Pharm. 2015, 10, 610–619. 

176. Agorastos, A.; Bozikas, V.P. Gut microbiome and adaptive immunity in schizophrenia. Psychiatriki 2019, 30, 189–192. 
177. Pape, K.; Tamouza, R.; Leboyer, M.; Zipp, F. Immunoneuropsychiatry—Novel perspectives on brain disorders. Nat. Rev. Neurol. 

2019, 15, 317–328. 
178. Howes, O.D.; McCutcheon, R. Inflammation and the neural diathesis-stress hypothesis of schizophrenia: A reconceptualization. 

Transl. Psychiatry 2017, 7, e1024. 
179. Khandaker, G.M.; Cousins, L.; Deakin, J.; Lennox, B.R.; Yolken, R.; Jones, P.B. Inflammation and immunity in schizophrenia: 

Implications for pathophysiology and treatment. Lancet Psychiatry 2015, 2, 258–270. 
180. Richard, M.D.; Brahm, N.C. Schizophrenia and the immune system: Pathophysiology, prevention, and treatment. Am. J. Health 

Syst. Pharm. 2012, 69, 757–766. 
181. Goldsmith, C.A.; Rogers, D.P. The case for autoimmunity in the etiology of schizophrenia. Pharmacotherapy 2008, 28, 730–741. 
182. Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Resting microglial cells are highly dynamic surveillants of brain parenchyma in 

vivo. Science 2005, 308, 1314–1318. 
183. Hinwood, M.; Morandini, J.; Day, T.A.; Walker, F.R. Evidence that microglia mediate the neurobiological effects of chronic 

psychological stress on the medial prefrontal cortex. Cereb. Cortex 2012, 22, 1442–1454. 
184. Tynan, R.J.; Naicker, S.; Hinwood, M.; Nalivaiko, E.; Buller, K.M.; Pow, D.V.; Day, T.A.; Walker, F.R. Chronic stress alters the 

density and morphology of microglia in a subset of stress-responsive brain regions. Brain Behav. Immun. 2010, 24, 1058–1068. 
185. Hercher, C.; Chopra, V.; Beasley, C.L. Evidence for morphological alterations in prefrontal white matter glia in schizophrenia 

and bipolar disorder. J. Psychiatry Neurosci. 2014, 39, 376–385. 
186. Wierzba-Bobrowicz, T.; Lewandowska, E.; Kosno-Kruszewska, E.; Lechowicz, W.; Pasennik, E.; Schmidt-Sidor, B. Degeneration 

of microglial cells in frontal and temporal lobes of chronic schizophrenics. Folia Neuropathol. 2004, 42, 157–165. 



Int. J. Mol. Sci. 2021, 22, 7671 29 of 31 
 

 

187. Wierzba-Bobrowicz, T.; Lewandowska, E.; Lechowicz, W.; Stepien, T.; Pasennik, E. Quantitative analysis of activated microglia, 
ramified and damage of processes in the frontal and temporal lobes of chronic schizophrenics. Folia Neuropathol. 2005, 43, 81–
89. 

188. Trepanier, M.O.; Hopperton, K.E.; Mizrahi, R.; Mechawar, N.; Bazinet, R.P. Postmortem evidence of cerebral inflammation in 
schizophrenia: A systematic review. Mol. Psychiatry 2016, 21, 1009–1026. 

189. Dalman, C.; Allebeck, P.; Gunnell, D.; Harrison, G.; Kristensson, K.; Lewis, G.; Lofving, S.; Rasmussen, F.; Wicks, S.; Karlsson, 
H. Infections in the CNS during childhood and the risk of subsequent psychotic illness: A cohort study of more than one million 
Swedish subjects. Am. J. Psychiatry 2008, 165, 59–65. 

190. Sorensen, H.J.; Mortensen, E.L.; Reinisch, J.M.; Mednick, S.A. Association between prenatal exposure to bacterial infection and 
risk of schizophrenia. Schizophr. Bull. 2009, 35, 631–637. 

191. Selten, J.P.; Frissen, A.; Lensvelt-Mulders, G.; Morgan, V.A. Schizophrenia and 1957 pandemic of influenza: Meta-analysis. 
Schizophr. Bull. 2010, 36, 219–228. 

192. Brown, A.S.; Schaefer, C.A.; Quesenberry, C.P., Jr.; Liu, L.; Babulas, V.P.; Susser, E.S. Maternal exposure to toxoplasmosis and 
risk of schizophrenia in adult offspring. Am. J. Psychiatry 2005, 162, 767–773. 

193. Brown, A.S.; Begg, M.D.; Gravenstein, S.; Schaefer, C.A.; Wyatt, R.J.; Bresnahan, M.; Babulas, V.P.; Susser, E.S. Serologic evi-
dence of prenatal influenza in the etiology of schizophrenia. Arch. Gen. Psychiatry 2004, 61, 774–780. 

194. Babulas, V.; Factor-Litvak, P.; Goetz, R.; Schaefer, C.A.; Brown, A.S. Prenatal exposure to maternal genital and reproductive 
infections and adult schizophrenia. Am. J. Psychiatry 2006, 163, 927–929. 

195. Buka, S.L.; Tsuang, M.T.; Torrey, E.F.; Klebanoff, M.A.; Bernstein, D.; Yolken, R.H. Maternal infections and subsequent psycho-
sis among offspring. Arch. Gen. Psychiatry 2001, 58, 1032–1037. 

196. Klyushnik, T.P.; Turkova, I.L.; Danilovskaya, E.V.; Kozlova, I.A.; Bashina, V.M.; Simashkova, N.V.; Babishchevich, N.K. Corre-
lation between levels of autoantibodies to nerve growth factor and the clinical features of schizophrenia in children. Neurosci. 
Behav. Physiol. 2000, 30, 119–121. 

197. Nyland, H.; Naess, A.; Lunde, H. Lymphocyte subpopulations in peripheral blood from schizophrenic patients. Acta Psychiatr. 
Scand. 1980, 61, 313–318. 

198. Smith, R.S.; Maes, M. The macrophage-T-lymphocyte theory of schizophrenia: Additional evidence. Med. Hypotheses 1995, 45, 
135–141. 

199. Ding, M.; Song, X.; Zhao, J.; Gao, J.; Li, X.; Yang, G.; Wang, X.; Harrington, A.; Fan, X.; Lv, L. Activation of Th17 cells in drug 
naive, first episode schizophrenia. Prog. Neuropsychopharmacol. Biol. Psychiatry 2014, 51, 78–82. 

200. Nikkila, H.; Muller, K.; Ahokas, A.; Miettinen, K.; Andersson, L.C.; Rimon, R. Abnormal distributions of T-lymphocyte subsets 
in the cerebrospinal fluid of patients with acute schizophrenia. Schizophr. Res. 1995, 14, 215–221. 

201. Busse, S.; Busse, M.; Schiltz, K.; Bielau, H.; Gos, T.; Brisch, R.; Mawrin, C.; Schmitt, A.; Jordan, W.; Muller, U.J.; et al. Different 
distribution patterns of lymphocytes and microglia in the hippocampus of patients with residual versus paranoid schizophre-
nia: Further evidence for disease course-related immune alterations? Brain Behav. Immun. 2012, 26, 1273–1279. 

202. Muller, N.; Hofschuster, E.; Ackenheil, M.; Eckstein, R. T-cells and psychopathology in schizophrenia: Relationship to the out-
come of neuroleptic therapy. Acta Psychiatr. Scand. 1993, 87, 66–71. 

203. Herberth, M.; Krzyszton, D.N.; Koethe, D.; Craddock, M.R.; Bulger, E.; Schwarz, E.; Guest, P.; Leweke, F.M.; Bahn, S. Differential 
effects on T-cell function following exposure to serum from schizophrenia smokers. Mol. Psychiatry 2010, 15, 364–371. 

204. Severance, E.G.; Gressitt, K.L.; Stallings, C.R.; Origoni, A.E.; Khushalani, S.; Leweke, F.M.; Dickerson, F.B.; Yolken, R.H. Dis-
cordant patterns of bacterial translocation markers and implications for innate immune imbalances in schizophrenia. Schizophr. 
Res. 2013, 148, 130–137. 

205. Maes, M.; Sirivichayakul, S.; Kanchanatawan, B.; Vodjani, A. Upregulation of the Intestinal Paracellular Pathway with Break-
down of Tight and Adherens Junctions in Deficit Schizophrenia. Mol. Neurobiol. 2019, 56, 7056–7073. 

206. Bailey, M.T.; Dowd, S.E.; Galley, J.D.; Hufnagle, A.R.; Allen, R.G.; Lyte, M. Exposure to a social stressor alters the structure of 
the intestinal microbiota: Implications for stressor-induced immunomodulation. Brain Behav. Immun. 2011, 25, 397–407. 

207. Wu, N.; Zhang, X.; Jin, S.; Liu, S.; Ju, G.; Wang, Z.; Liu, L.; Ye, L.; Wei, J. A weak association of the CLDN5 locus with schizo-
phrenia in Chinese case-control samples. Psychiatry Res. 2010, 178, 223. 

208. Wei, Q.; Huang, H. Insights into the role of cell-cell junctions in physiology and disease. Int. Rev. Cell Mol. Biol. 2013, 306, 187–
221. 

209. Lopetuso, L.R.; Scaldaferri, F.; Franceschi, F.; Gasbarrini, A. The gastrointestinal microbiome—functional interference between 
stomach and intestine. Best Pract. Res. Clin. Gastroenterol. 2014, 28, 995–1002, 

210. Bosch, T.C. Rethinking the role of immunity: Lessons from Hydra. Trends Immunol. 2014, 35, 495–502. 
211. Too, L.K.; McGregor, I.S.; Baxter, A.G.; Hunt, N.H. Altered behaviour and cognitive function following combined deletion of 

Toll-like receptors 2 and 4 in mice. Behav. Brain Res. 2016, 303, 1–8. 
212. Park, S.J.; Lee, J.Y.; Kim, S.J.; Choi, S.Y.; Yune, T.Y.; Ryu, J.H. Toll-like receptor-2 deficiency induces schizophrenia-like behaviors 

in mice. Sci. Rep. 2015, 5, 8502. 
213. Arentsen, T.; Qian, Y.; Gkotzis, S.; Femenia, T.; Wang, T.; Udekwu, K.; Forssberg, H.; Diaz Heijtz, R. The bacterial peptidoglycan-

sensing molecule Pglyrp2 modulates brain development and behavior. Mol. Psychiatry 2017, 22, 257–266. 
214. Keri, S.; Szabo, C.; Kelemen, O. Antipsychotics influence Toll-like receptor (TLR) expression and its relationship with cognitive 

functions in schizophrenia. Brain Behav. Immun. 2017, 62, 256–264. 



Int. J. Mol. Sci. 2021, 22, 7671 30 of 31 
 

 

215. McKernan, D.P.; Dennison, U.; Gaszner, G.; Cryan, J.F.; Dinan, T.G. Enhanced peripheral toll-like receptor responses in psycho-
sis: Further evidence of a pro-inflammatory phenotype. Transl. Psychiatry 2011, 1, e36. 

216. Berk, M.; Parker, G. The elephant on the couch: Side-effects of psychotherapy. Aust. New Zealand J. Psychiatry 2009, 43, 787–794. 
217. Psychopharmacology Instituite. First-Generation Antipsychotics: An Introduction.  https://psychopharmacologyinsti-

tute.com/publication/first-generation-antipsychotics-an-introduction-2110. 
218. Job, M.O. Cocaine-and Amphetamine-Regulated Transcript (CART) Peptide and Drug Addiction. Neuropathology of Drug Ad-

dictions and Substance Misuse 2016,3, 196–205. 
219. Boyd, K.N.; Mailman, R.B. Dopamine receptor signaling and current and future antipsychotic drugs. Handb. Exp. Pharmacol. 

2012, 212, 53–86. 
220. Adams, C.E.; Rathbone, J.; Thornley, B.; Clarke, M.; Borrill, J.; Wahlbeck, K.; Awad, A.G. Chlorpromazine for schizophrenia: A 

Cochrane systematic review of 50 years of randomised controlled trials. BMC Med. 2005, 3, 15. 
221. Conley, R.R.; Tamminga, C.A.; Bartko, J.J.; Richardson, C.; Peszke, M.; Lingle, J.; Hegerty, J.; Love, R.; Gounaris, C.; Zaremba, 

S. Olanzapine compared with chlorpromazine in treatment-resistant schizophrenia. Am. J. Psychiatry 1998, 155, 914–920. 
222. Lindenmayer, J.P.; Liu-Seifert, H.; Kulkarni, P.M.; Kinon, B.J.; Stauffer, V.; Edwards, S.E.; Chen, L.; Adams, D.H.; Ascher-

Svanum, H.; Buckley, P.F.; et al. Medication nonadherence and treatment outcome in patients with schizophrenia or schizoaf-
fective disorder with suboptimal prior response. J. Clin. Psychiatry 2009, 70, 990–996. 

223. Pierre, J.M. Extrapyramidal symptoms with atypical antipsychotics: Incidence, prevention and management. Drug Saf. 2005, 28, 
191–208. 

224. Patel, K.R.; Cherian, J.; Gohil, K.; Atkinson, D. Schizophrenia: Overview and treatment options. Pharm. Ther. 2014, 39, 638–645. 
225. Lieberman, J.A.; Stroup, T.S.; McEvoy, J.P.; Swartz, M.S.; Rosenheck, R.A.; Perkins, D.O.; Keefe, R.S.; Davis, S.M.; Davis, C.E.; 

Lebowitz, B.D.; et al. Effectiveness of antipsychotic drugs in patients with chronic schizophrenia. New Engl. J. Med. 2005, 353, 
1209–1223. 

226. Jones, P.B.; Barnes, T.R.; Davies, L.; Dunn, G.; Lloyd, H.; Hayhurst, K.P.; Murray, R.M.; Markwick, A.; Lewis, S.W. Randomized 
controlled trial of the effect on Quality of Life of second- vs first-generation antipsychotic drugs in schizophrenia: Cost Utility 
of the Latest Antipsychotic Drugs in Schizophrenia Study (CUtLASS 1). Arch. Gen. Psychiatry 2006, 63, 1079–1087. 

227. Leucht, S.; Cipriani, A.; Spineli, L.; Mavridis, D.; Orey, D.; Richter, F.; Samara, M.; Barbui, C.; Engel, R.R.; Geddes, J.R.; et al. 
Comparative efficacy and tolerability of 15 antipsychotic drugs in schizophrenia: A multiple-treatments meta-analysis. Lancet 
2013, 382, 951–962. 

228. Jibson M.D.Second-Generation Antipsychotic Medications: Pharmacology, Administration, and Side Effects.  https://www.up-
todate.com/contents/second-generation-antipsychotic-medications-pharmacology-administration-and-side-effects. 

229. Leucht, S.; Corves, C.; Arbter, D.; Engel, R.R.; Li, C.; Davis, J.M. Second-generation versus first-generation antipsychotic drugs 
for schizophrenia: A meta-analysis. Lancet 2009, 373, 31–41. 

230. Cussotto, S.; Clarke, G.; Dinan, T.G.; Cryan, J.F. Psychotropics and the Microbiome: A Chamber of Secrets. Psychopharmacology 
(Berl) 2019, 236, 1411–1432. 

231. Ghomi, R.; Nemani, K. The Influence of Diet and the Gut Microbiota in Schizophrenia. The Gut-Brain Axis 2016, 339–362. 
232. Frei, R.; Akdis, M.; O'Mahony, L. Prebiotics, probiotics, synbiotics, and the immune system: Experimental data and clinical 

evidence. Curr. Opin. Gastroenterol. 2015, 31, 153–158. 
233. Rondanelli, M.; Faliva, M.A.; Perna, S.; Giacosa, A.; Peroni, G.; Castellazzi, A.M. Using probiotics in clinical practice: Where are 

we now? A review of existing meta-analyses. Gut Microbes 2017, 8, 521–543. 
234. Breit, S.; Kupferberg, A.; Rogler, G.; Hasler, G. Vagus Nerve as Modulator of the Brain-Gut Axis in Psychiatric and Inflammatory 

Disorders. Front. Psychiatry 2018, 9, 44. 
235. Azad, M.A.K.; Sarker, M.; Wan, D. Immunomodulatory Effects of Probiotics on Cytokine Profiles. Biomed. Res. Int. 2018, 2018, 

8063647. 
236. Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, H.M.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F. Ingestion of Lac-

tobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the vagus nerve. Proc. Natl 
Acad. Sci. USA 2011, 108, 16050–16055. 

237. Matthews, D.M.; Jenks, S.M. Ingestion of Mycobacterium vaccae decreases anxiety-related behavior and improves learning in 
mice. Behav. Process. 2013, 96, 27–35. 

238. Liang, S.; Wang, T.; Hu, X.; Luo, J.; Li, W.; Wu, X.; Duan, Y.; Jin, F. Administration of Lactobacillus helveticus NS8 improves 
behavioral, cognitive, and biochemical aberrations caused by chronic restraint stress. Neuroscience 2015, 310, 561–577. 

239. Janik, R.; Thomason, L.A.M.; Stanisz, A.M.; Forsythe, P.; Bienenstock, J.; Stanisz, G.J. Magnetic resonance spectroscopy reveals 
oral Lactobacillus promotion of increases in brain GABA, N-acetyl aspartate and glutamate. Neuroimage 2016, 125, 988–995. 

240. Sarkar, A.; Lehto, S.M.; Harty, S.; Dinan, T.G.; Cryan, J.F.; Burnet, P.W.J. Psychobiotics and the Manipulation of Bacteria-Gut-
Brain Signals. Trends Neurosci. 2016, 39, 763–781. 

241. Bruce-Keller, A.J.; Salbaum, J.M.; Berthoud, H.R. Harnessing Gut Microbes for Mental Health: Getting from Here to There. Biol. 
Psychiatry 2018, 83, 214–223. 

242. Messaoudi, M.; Violle, N.; Bisson, J.F.; Desor, D.; Javelot, H.; Rougeot, C. Beneficial psychological effects of a probiotic formu-
lation (Lactobacillus helveticus R0052 and Bifidobacterium longum R0175) in healthy human volunteers. Gut Microbes 2011, 2, 
256–261. 



Int. J. Mol. Sci. 2021, 22, 7671 31 of 31 
 

 

243. Steenbergen, L.; Sellaro, R.; van Hemert, S.; Bosch, J.A.; Colzato, L.S. A randomized controlled trial to test the effect of multi-
species probiotics on cognitive reactivity to sad mood. Brain Behav. Immun. 2015, 48, 258–264. 

244. Bercik, P.; Park, A.J.; Sinclair, D.; Khoshdel, A.; Lu, J.; Huang, X.; Deng, Y.; Blennerhassett, P.A.; Fahnestock, M.; Moine, D.; et 
al. The anxiolytic effect of Bifidobacterium longum NCC3001 involves vagal pathways for gut-brain communication. Neurogas-
troenterol. Motil. 2011, 23, 1132–1139. 

245. Ghaderi, A.; Banafshe, H.R.; Mirhosseini, N.; Moradi, M.; Karimi, M.A.; Mehrzad, F.; Bahmani, F.; Asemi, Z. Clinical and met-
abolic response to vitamin D plus probiotic in schizophrenia patients. BMC Psychiatry 2019, 19, 77. 

246. Wu, D.; Lewis, E.D.; Pae, M.; Meydani, S.N. Nutritional Modulation of Immune Function: Analysis of Evidence, Mechanisms, 
and Clinical Relevance. Front. Immunol. 2018, 9, 3160. 

247. Kassinen, A.; Krogius-Kurikka, L.; Makivuokko, H.; Rinttila, T.; Paulin, L.; Corander, J.; Malinen, E.; Apajalahti, J.; Palva, A. The 
fecal microbiota of irritable bowel syndrome patients differs significantly from that of healthy subjects. Gastroenterology 2007, 
133, 24–33. 

248. Mayer, E.A.; Tillisch, K. The brain-gut axis in abdominal pain syndromes. Annu. Rev. Med. 2011, 62, 381–396. 
249. Clarke, G.; Quigley, E.M.; Cryan, J.F.; Dinan, T.G. Irritable bowel syndrome: Towards biomarker identification. Trends Mol. Med. 

2009, 15, 478–489. 
250. Smith, C.J.; Emge, J.R.; Berzins, K.; Lung, L.; Khamishon, R.; Shah, P.; Rodrigues, D.M.; Sousa, A.J.; Reardon, C.; Sherman, P.M.; 

et al. Probiotics normalize the gut-brain-microbiota axis in immunodeficient mice. Am. J. Physiol. Gastrointest. Liver Physiol. 2014, 
307, G793–802. 

251. Desbonnet, L.; Garrett, L.; Clarke, G.; Kiely, B.; Cryan, J.F.; Dinan, T.G. Effects of the probiotic Bifidobacterium infantis in the 
maternal separation model of depression. Neuroscience 2010, 170, 1179–1188. 

252. Sudo, N.; Chida, Y.; Aiba, Y.; Sonoda, J.; Oyama, N.; Yu, X.N.; Kubo, C.; Koga, Y. Postnatal microbial colonization programs the 
hypothalamic-pituitary-adrenal system for stress response in mice. J. Physiol. 2004, 558, 263–275. 

253. Sonnenburg, J.L.; Backhed, F. Diet-microbiota interactions as moderators of human metabolism. Nature 2016, 535, 56–64. 
254. Davani-Davari, D.; Negahdaripour, M.; Karimzadeh, I.; Seifan, M.; Mohkam, M.; Masoumi, S.J.; Berenjian, A.; Ghasemi, Y. 

Prebiotics: Definition, Types, Sources, Mechanisms, and Clinical Applications. Foods 2019, 8, 92. 
255. Carding, S.; Verbeke, K.; Vipond, D.T.; Corfe, B.M.; Owen, L.J. Dysbiosis of the gut microbiota in disease. Microb. Ecol. Health 

Dis. 2015, 26, 26191. 
256. Walker, E.F.; Trotman, H.D.; Pearce, B.D.; Addington, J.; Cadenhead, K.S.; Cornblatt, B.A.; Heinssen, R.; Mathalon, D.H.; Per-

kins, D.O.; Seidman, L.J.; et al. Cortisol levels and risk for psychosis: Initial findings from the North American prodrome longi-
tudinal study. Biol. Psychiatry 2013, 74, 410–417. 

257. Schmidt, K.; Cowen, P.J.; Harmer, C.J.; Tzortzis, G.; Errington, S.; Burnet, P.W. Prebiotic intake reduces the waking cortisol 
response and alters emotional bias in healthy volunteers. Psychopharmacology (Berl) 2015, 232, 1793–1801. 

258. Savignac, H.M.; Couch, Y.; Stratford, M.; Bannerman, D.M.; Tzortzis, G.; Anthony, D.C.; Burnet, P.W.J. Prebiotic administration 
normalizes lipopolysaccharide (LPS)-induced anxiety and cortical 5-HT2A receptor and IL1-beta levels in male mice. Brain Be-
hav. Immun. 2016, 52, 120–131. 

259. Oak, S.J.; Jha, R. The effects of probiotics in lactose intolerance: A systematic review. Crit. Rev. Food Sci. Nutr. 2019, 59, 1675–
1683. 

260. Naseer, M.; Poola, S.; Uraz, S.; Tahan, V. Therapeutic Effects of Prebiotics on Constipation: A Schematic Review. Curr. Clin. 
Pharm. 2020, 15, 207–215. 

261. Williams, S.; Chen, L.; Savignac, H.M.; Tzortzis, G.; Anthony, D.C.; Burnet, P.W. Neonatal prebiotic (BGOS) supplementation 
increases the levels of synaptophysin, GluN2A-subunits and BDNF proteins in the adult rat hippocampus. Synapse 2016, 70, 
121–124. 

262. Bretler, T.; Weisberg, H.; Koren, O.; Neuman, H. The effects of antipsychotic medications on microbiome and weight gain in 
children and adolescents. BMC Med. 2019, 17, 112. 

263. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.; 
Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559–563. 

264. Kang, S.S.; Jeraldo, P.R.; Kurti, A.; Miller, M.E.; Cook, M.D.; Whitlock, K.; Goldenfeld, N.; Woods, J.A.; White, B.A.; Chia, N.; et 
al. Diet and exercise orthogonally alter the gut microbiome and reveal independent associations with anxiety and cognition. 
Mol. Neurodegener. 2014, 9, 36. 


