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Abstract: Among the pathophysiological correlates of schizophrenia, recent research suggests a
potential role for the Hedgehog (Hh) signalling pathway, which has been traditionally studied in
embryonic development and oncology. Its dysregulation may impact brain homeostasis, neuroplas-
ticity, and potential involvement in neural processes. This systematic review provides an overview
of the involvement of Hh signalling in the pathophysiology of schizophrenia and antipsychotic
responses. We searched the PubMed and Scopus databases to identify peer-reviewed scientific
studies focusing on Hh and schizophrenia, following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses statement, finally including eight studies, including three articles fo-
cused on patients with schizophrenia, two animal models of schizophrenia, two animal embryo
studies, and one cellular differentiation study. The Hh pathway is crucial in the development of
midbrain dopaminergic neurons, neuroplasticity mechanisms, regulating astrocyte phenotype and
function, brain-derived neurotrophic factor expression, brain glutamatergic neural transmission, and
responses to antipsychotics. Overall, results indicate an involvement of Hh in the pathophysiology of
schizophrenia and antipsychotic responses, although an exiguity of studies characterises the literature.
The heterogeneity between animal and human studies is another main limitation. Further research
can lead to better comprehension and the development of novel personalised drug treatments and

therapeutic interventions.

Keywords: Hedgehog proteins; Sonic Hedgehog; schizophrenia; antipsychotic agents; neuronal
plasticity
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1. Introduction

Schizophrenia is a complex mental disorder characterised by various symptoms,
with major ones including hallucinations, delusions, disorganised thinking, and cogni-
tive deficits [1]. The aetiology and pathophysiology of this disorder are not yet fully
understood, and current evidence suggests that genetic, environmental, psychological,
and neurodevelopmental factors are involved in its pathogenesis within a multifacto-
rial framework. Several traditional cellular signalling pathways, including glutamate,
gamma-aminobutyric acid (GABA), and acetylcholine pathways, have been implicated
in schizophrenia pathophysiology. Emerging research has highlighted new pathways
potentially involved, including those related to gene expression in the 22q11 locus, the
Disrupted in Schizophrenia 1 (DISC1) gene, Neuregulin 1/ Erythroblastic leukaemia viral
oncogene homolog 4 (ErbB4) signalling, and components of the Protein kinase B/Glycogen
synthase kinase-3 (Akt/GSK-3) pathway [2].

The Hedgehog (Hh) signalling pathway plays numerous roles in controlling cell pro-
liferation, tissue organisation, stem cell maintenance, and development. In vertebrates, the
primary cilium is the main centre for Hh signal transduction. In the absence of Hh, the
Patched receptor (Ptch) localises to the cilium, inhibiting Smoothened activation (Smo).
Glioma-associated oncogene proteins (Gli) are phosphorylated by Protein Kinase A (PKA),
Casein Kinase I (CKI), and Glycogen Synthase Kinase 3 Beta (GSK3B) and partially de-
graded into the truncated repressor form of Gli (GliR). This repressor targets the cell nucleus,
suppressing the transcription of Hh target genes.

In the presence of Hh, its receptor Ptch [3] disappears from the cilium, and the subse-
quent activation of Smo [4,5] leads to the translocation of the protein complex composed of
Gli, Suppressor of Fused (Sufu), and Kinesin Family Member 7 (Kif7) to the cilium tip. At
this point, Gli dissociates from the negative regulator Sufu, giving rise to the activator form
of Gli (GliA), which accumulates in the nucleus, activating the transcription of Hh target
genes [6]. We summarised these aspects in Figure 1. Other mechanisms are involved in this
complex signalling pathway, which has been extensively reviewed [7,8].

Without Hh With Hh

Hh target Genes Hh target Genes
PTCH1, Gli1 PTCH1, Gli1

Figure 1. Main phases of Hh signalling pathway. Legend. Bold T: inhibition; Dashed line: activation;
Arrow: downstream pathway activation.

Alterations in the Hh signalling pathway, initially studied for its role in embryonic de-
velopment, tissue modelling, and oncogenesis, have recently been implicated as potentially
involved in the neurodevelopmental abnormalities observed in schizophrenia since Hh
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also plays a role in neurogenesis by regulating neural cell proliferation and survival [7,9].
To date, there is evidence supporting intersecting signalling pathways with Hh, such as
Wingless/Integrated (Wnt) [10,11], neurogenic locus notch homolog protein (Notch) [12],
and dopamine pathways [13], indicating a network of interconnected signalling cascades
contributing to schizophrenia pathophysiology. However, the exact mechanisms directly
involving Hh must be thoroughly investigated.

Although the Hh signalling role becomes less predominant after embryogenesis, it
continues to be active in stem cell-rich areas in the brains of adult mammals [14], exerting a
particular influence on stem cell niches in the postnatal and adult brain’s subventricular
zone by modulating precursor cells and controlling their proliferation. Such activity may be
essential in brain homeostasis and neuroplasticity [15]. Investigating these functions could
lead to advancements in treating brain injuries and neuroprotective and neuroregenerative
therapies for adult neurological diseases and mental disorders [16-18]. Moreover, emerging
evidence suggests a possible link between Hh signalling and various neuroinflammatory
processes [19,20], paving the way for a multifaceted role of this pathway in the pathogenesis
of neural alterations associated with schizophrenia risk.

Hypothesising that the Hh signalling pathway might be involved in the neuropatho-
physiology and antipsychotic drug response in schizophrenia, this review aims to provide
an overview of the primary evidence regarding its involvement in schizophrenia and ex-
plore its implications in the neuropathophysiology of the disorder. Two other objectives are
to highlight the potential therapeutic implications of targeting Hh signalling for schizophre-
nia treatment and to identify possible areas of future research to further understand this
pathway’s involvement in schizophrenia and likely developments in pharmacology and
personalised therapies.

2. Methods

We established the inclusion and exclusion criteria for articles to be incorporated into
our review. Our inclusion criteria encompassed research involving human participants
diagnosed with schizophrenia, irrespective of age, gender, ethnicity, or geographical loca-
tion. We sought relevant studies focused on the Hh pathway in the neuropathophysiology
of schizophrenia, including but not limited to molecular mechanisms associated with the
Hh pathway correlated to schizophrenia or schizophrenia models, the potential role of Hh
signalling components in schizophrenia pathogenesis, and the antipsychotic drug response.
Additionally, the inclusion criteria for research type encompassed primary research stud-
ies, such as clinical trials, observational studies, cohort studies, case-control studies, and
cross-sectional studies. We considered other inclusion criteria regarding outcome mea-
sures, encompassing studies reporting relevant outcomes such as changes in Hh pathway
components/activity in schizophrenia patients or schizophrenia models, the correlation
between Hh alterations and schizophrenia or schizophrenia-like symptomatology, and
the influence of Hh modulation on antipsychotic drug efficacy or side effects. The final
inclusion criterion was limited to peer-reviewed articles published in scientific journals.

Our exclusion criteria comprised studies focusing on mental disorders other than
schizophrenia unless it was investigated as a comorbidity or comparison group. We ex-
cluded systematic reviews, meta-analyses, narrative reviews, and opinion articles, although
these may serve as sources of references, which were not included as primary data. Addi-
tionally, studies needing peer review, such as conference abstracts, theses, dissertations,
and preprints, were excluded. We also excluded studies that did not directly address the
involvement of the Hh pathway in schizophrenia neuropathophysiology or antipsychotic
drug response, as well as studies with insufficient data or unclear methodology to assess
their relevance or quality.

After the definition of inclusion/exclusion criteria, we performed a search on PubMed
(https:/ /pubmed.ncbinlm.nih.gov/ (accessed on 23 March 2024)) and Scopus (https://
www.scopus.com/ (accessed on 23 March 2024)) to identify peer-reviewed scientific studies
focusing on Hh and schizophrenia. We followed a stepwise method to identify relevant
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experimental articles using the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) method [21]. We did not follow a predetermined protocol or
register this systematic review in public repositories for several factors. Firstly, our review
included a combination of animal and human studies, reflecting different scopes of research
that extended beyond human studies alone. The integration of animal research, which
is valuable for comprehensive evidence synthesis, has other challenges in positioning
with existing registration criteria, which do not consider mixed studies. Additionally, this
review embraced studies with various research methodologies beyond the restrictions of
randomised controlled trials (RCTs), further complicating its classification within standard
registration criteria.

First, on 23 March 2024, we identified studies through a standard search with ti-
tle/abstract specification using the terms “schizophrenia” and “Hedgehog”. In total,
23 articles were retrieved from PubMed. Subsequently, we employed the same search terms
to retrieve 39 articles from the Scopus database. Second, we excluded articles focused on
other signalling pathways, mental disorders other than schizophrenia, study protocols,
commentaries, and reviews. Third, we searched for related studies on PubMed via the
“Similar Articles” function and citation searching, and no additional relevant articles arose
for inclusion in this review.

Based on these considerations, we considered 62 studies. After removing 17 duplicated
articles, we excluded 19 reviews, 9 studies focused on Hh physiology, 2 articles unrelated
to the topic, 2 focused on other pathways, 2 on different diagnoses, 2 short surveys, and
1 book chapter.

Finally, we included 8 articles [22-29] focusing on the involvement of the Hh pathway
in the neuropathophysiology of schizophrenia and treatment response to antipsychotic
drugs (see PRISMA flow diagram, Figure 2).

Identification of studies via databases and registers
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Figure 2. PRISMA flow diagram.
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The primary outcomes of this study concerned reported variants of genotypes and
proteins involved in the Hh signalling and schizophrenia, models of schizophrenia, or
antipsychotic response. For the assessment of the risk of bias in the included studies,
we have used the Risk Of Bias In Non-randomised Studies of Interventions (ROBINS-
I) tool [30] for human studies and the Centre for Laboratory Animal Experimentation
(SYRCLE) tool [31] for animal studies.

3. Results
3.1. Included Studies

Our systematic review included 8 studies, encompassing cellular investigations on the
impact of antipsychotics on the Hh pathway, animal experiments exploring schizophrenia
models or genetic factors associated with the disorder and Hh signalling, and human
research on Hh signalling involving patients diagnosed with schizophrenia.

Two cellular studies were focused on the Hh pathway and the effect of antipsychotic
drugs. Lauth et al. [25] investigated the effects of clozapine, chlorpromazine, haloperidol,
and imipramine on 7-dehydrocholesterol reductase (Dhcr7), an enzyme in cholesterol
biosynthesis linked to Hh signalling, in National Institutes of Health 3 Thymidine kinase 3
(NIH3T3) cells and Sufu (—/—) mouse embryonic fibroblasts (MEFs). This study suggested
that the regulation of Hh signalling could be an overlooked biological effect of therapeutics
commonly used to manage schizophrenia and depression. Panizzutti et al. [28] treated
Nerve Teratocarcinoma 2-Neuronal (NT2-N) cells with different antipsychotics, revealing
decreased expression of genes in the Hh pathway, including glioma-associated oncogene
homolog 2 (Gli2) and Cyclin D1 (CCND1), particularly with clozapine treatment. These
studies have demonstrated that amisulpride, aripiprazole, clozapine, and haloperidol are
among the most impactful antipsychotics on the Hh pathway.

Three animal studies were focused on the involvement of the Hh signalling in models
of schizophrenia or on genes correlated with the risk of schizophrenia. Abdelfattah et al. [22]
exposed male Wistar rats to social isolation and treated them with amisulpride or aripiprazole,
finding that treatment reversed cognitive dysfunction induced by social isolation alongside
changes in the Hh pathway and astrocyte activity. Boyd et al. [24] manipulated Sonic
Hedgehog (Shh) signalling in zebrafish embryos, observing disruptions in discl expression
and oligodendrocyte precursor cell specification, suggesting a potential link between aberrant
Hh signalling and mental disorders. Mizoguchi et al. [27] analysed Shh signalling in Nerve
Growth Factor (VGF)-overexpressing mice, finding no changes compared to wild-type mice.

Three human studies were focused on this topic. Betcheva et al. [23] conducted a
GWAS involving 188 patients with schizophrenia or schizoaffective disorder and
376 healthy controls, revealing a significant association between schizophrenia and the
intronic single nucleotide polymorphism (SNP) rs7527939 in the Hedgehog acyltransferase
(HHAT) gene. A post-mortem study on patients with schizophrenia and controls by Re-
ble et al. [29] identified a common variant in the Retinitis Pigmentosa GTPase Regulator
Interacting Protein 1-Like (RPGRIP1L) gene associated with alternative splicing and Hh
signalling, potentially influencing the pathophysiology of schizophrenia. Liu et al. [26]
performed a Pathway-Wide Association Study (PWAS) on 5033 schizophrenia patients and
5332 controls from three different populations, identifying five pathways, including the Hh
pathway, associated with schizophrenia across the analysed populations.

Two human studies [23,26] were conducted on patients with a diagnosis of schizophre-
nia, unrelated to organic aetiologies, based on the Diagnostic and Statistical Manual of
Mental Disorders, 4th ed. [32], and the other post-mortem study [29] was conducted on seven
patients with schizophrenia and four with bipolar disorder (unspecified diagnostic criteria).

The main characteristics of the included study are summarised in Table 1.
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Table 1. The main characteristics of the included studies.

Study

Type of Study

Sample

Main Results

Abdelfattah et al., 2023 [22]

Animal study

60 male Wistar rats grouped in
controls and socially isolated,
treated with amisulpride

or aripiprazole.

Social isolation-induced cognitive dysfunction
alongside disorganised Shh-pathway protein
levels and increased GFAP-stained astrocytes.
Treatment reversed these effects, evidenced by
elevated Shh, Ptch-1, Smo, GLI-1, dopamine-1
receptors, and BDNEF, and decreased GLI-3
protein, GFAP immune reactivity in astrocytes,
and inflammatory markers.

Betcheva et al., 2013 [23]

GWAS on 554,496 SNPs

188 patients with schizophrenia

Significant association between schizophrenia
and the intronic SNP rs7527939 in the

and 376 controls HHAT gene.

Genetic and chemical modulation — The robust expression of discl in

of Shh signalling on discl Olig2-positive midline progenitor cells is

expression in the zebrafish disrupted in Smo mutants, with Cyclopamine
Boyd et al., 2015 [24] Animal study embryo and double-labelling treatment mirroring the effects of discl

methods to characterise
discl-expressing cells in
the hindbrain

knockdown on oligodendrocyte precursor
cells specification by blocking
discl expression.

Lauth et al., 2010 [25]

Animal study

NIH3T3 cells, ShhL.2 cells, and
Sufu (—/—) MEFs

Clozapine, chlorpromazine, haloperidol, and
the antidepressant imipramine modulated
DHCR?, influencing Hh signalling both

in vitro and in vivo.

Liu et al.,, 2017 [26]

PWAS

5033 patients with schizophrenia
and 5332 controls across EA, AA
and CH populations

Five pathways (serotonergic synapse,
ubiquitin-mediated proteolysis, Hh,
adipocytokine, and renin secretion) were
associated with schizophrenia and shared
among the three populations. Their respective
SNP sets showed enrichment for SNPs with
regulatory functions, indicating potential roles
in genetic regulation across

diverse populations.

Mizoguchi et al., 2019 [27]

Animal study

VGF-overexpressing mice

There were no changes in Shh signalling
between Wild-type and
VGF-overexpressing mice.

Panizzutti et al., 2021 [28]

Genome-wide mRNA
expression study

NT2-N cells were treated with
amisulpride, aripiprazole,
clozapine, quetiapine,

and risperidone.

Expression of genes in the Hh signalling
pathway was decreased overall by clozapine
and tended to be reduced by aripiprazole.
Clozapine significantly reduced the expression
of Gli2 and DCCN1 and showed a trend
towards reducing the expression of CXCR4
and CCND1.

Reble et al., 2019 [29]

Post-mortem study

7 patients with schizophrenia,
4 with bipolar disorder, and
79 controls

A common variant in RPGRIP1L, known as
rs7203525 and involved in Hh signalling, has
been identified to influence alternative
splicing, increasing the inclusion of exon 20 of
RPGRIP1L. A minigene assay combined with
in vitro mutagenesis confirmed that this
alternative splicing is directly linked to the
alleles of this variant. The predominant
RPGRIP1L isoform expressed in adult brains
typically lacks exon 20.

Table legend. A.A.: African American; B.D.N.F.: Brain-Derived Neurotrophic Factor; CH: Han Chinese;
CCNDI1: Cyclin D1; CXCR4: C-X-C Chemokine Receptor Type 4, DHCR?: 7-Dehydrocholesterol Reductase;
DCCN1: Discoidin Domain Receptor Tyrosine Kinase 1; E.A.: European-American; G.E.A.P.: Glial Fibrillary
Acidic Protein; Glil: Glioma-Associated Oncogene Homolog 1; Gli2: Glioma-Associated Oncogene Homolog 2;
GWAS: Genome-Wide Association Study; Hh: Hedgehog; H.H.A.T.: Hedgehog Acyltransferase; M.E.F.: mouse
embryonic fibroblast; mRNA: Messenger Ribonucleic Acid; NIH3T3: National Institutes of Health 3 Thymi-
dine kinase 3; NT2-N; Nerve Teratocarcinoma 2-Neuronal; Olig-2: Oligodendrocyte Transcription Factor 2;
Ptch-1: Patched-1; PW.A.S.: Pathway-Wide Association Study; RPGRIP1L: Retinitis Pigmentosa GTPase Regulator
Interacting Protein 1-Like; Shh: Sonic Hedgehog; ShhL2: Sonic Hedgehog Light 2; Smo: Smoothened; SNP: Single
Nucleotide Polymorphism; Sufu: Suppressor of Fused; V.G.F.: Nerve Growth Factor.
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3.2. Causes of Heterogeneity among Study Results

Among human studies, all studies addressed an appropriate and focused question.
One study had a high risk of bias, a post-mortem study that included two diagnoses in
the sample. In all human studies, the analysed samples were selected from comparable
populations in investigated outcomes. These are clearly defined in each study, and the
diagnosis assessment method is reliable. In conclusion, the ROBINS-I risk of bias in the
included human studies is generally moderate. Nevertheless, the results from these studies
can be considered trustworthy.

Among animal studies, all studies addressed an appropriate and focused question.
The SYRCLE risk of bias was generally low.

3.3. Causes of Heterogeneity among Study Results

The main heterogeneities are due to the study type, design, and methods. The in-
cluded studies were on human subjects, animals, differentiated neuronal human cells, and
differentiated cells from animal embryos. Among these, three pharmacological studies
were conducted on an animal model of schizophrenia and animal embryos.

4. Discussion
4.1. Hh Signalling and Schizophrenia Pathophysiology

A Genome-Wide Association Study (GWAS) by Betcheva et al. demonstrated a sig-
nificant association between schizophrenia and the intronic SNP rs7527939 in the Hh
HHAT gene in a Bulgarian sample [23]. The precursor proteins of Hh must undergo
amino-terminal palmitoylation by the HHAT protein before they can function as signalling
molecules. HHAT overcomes the challenges of bringing together substrates with different
physicochemical properties from opposite sides of the endoplasmic reticulum membrane
within a membrane-embedded active site for catalysis [33]. The SNP rs7527939 is located
in intron 2 of the HHAT gene, spanning 347,342 bp on chromosome 1q32.2. In vitro and
in vivo studies have identified its function as an essential acyltransferase for the N-terminal
palmitoylation of the Shh homologue product in embryonic and adult tissue precursor cells
expressing the Hh gene.

In summary, HHAT controls the activity of Shh by catalysing its post-transcriptional
modification, namely N-terminal palmitoylation [33,34]. The neurodevelopmental hypoth-
esis of schizophrenia suggests that alterations in the integrity of interneural networking, as
part of disrupted neurodevelopment, underlie the disease with a long-term consequence
of neuronal vulnerability to harmful environmental factors [35]. Errors in neuronal cell
migration and interaction during embryonic development may stem from altered activity
in the Hh pathway [23]. Shh, whose activity is controlled by HHAT, plays an essential role
in inducing the differentiation of dopaminergic neuroblasts and in cell migration towards
specific sites of dopaminergic neurons in the mammalian brain. It has been proposed
that the regulation of HHAT-Shh could be involved in the complex multifactorial patho-
physiology of schizophrenia, also based on dysregulations in the neurodevelopment and
neurotransmission of dopaminergic circuits. However, it is not yet clear whether specific
genotypes of rs7527939 have any functional effect on HHAT or the etiopathogenesis of
schizophrenia [23]. In addition to the biological role of the HHAT gene, the region of its
chromosomal localisation has been suggested as a candidate region for schizophrenia by
several genetic linkage studies and cytogenetic findings. Some studies have identified
different genes or nearby chromosomal regions potentially involved (mainly 1q32.2-g4) in
the pathophysiology of schizophrenia, although not always with consistent results [36-38].

The RPGRIP1L gene encodes a ciliary protein crucial for brain development processes,
including Shh signalling, neural tube formation, and the formation of left-right asymmetry.
This gene has been implicated in telencephalic development, with complex functions of
primary cilia in telencephalic morphogenesis through region-specific modulation of the Hh
pathway [39], hypothalamic arcuate neuron development [40], telencephalic developmental
disorders [41], and pathophysiology of bipolar disorder and high body mass index [42].
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In line with this background, a post-mortem study on 7 patients with schizophrenia,
4 with bipolar disorder, and 79 controls showed variation in the levels of two transcripts of
the RPGRIP1L gene among the groups, possibly correlated with the genotypes of rs8050354
and rs7203525. When these two isoforms were quantified in each brain tissue sample
using Droplet Digital Polymerase Chain Reaction, the RPGRIPI1L transcript with exon 20
spliced out was significantly decreased in the dorsolateral prefrontal cortex and hippocam-
pus of individuals with schizophrenia and bipolar disorder risk alleles rs8050354(T) and
rs7203525(T) [29]. These findings support the hypothesis of Hh signalling involvement in
altered neurodevelopment in schizophrenia.

Furthermore, the Hh signal has recently been identified as a promoter of discl protein
expression in the zebrafish brain [24]. This discovery raises the hypothesis that Hh could
be involved in the pathophysiology of schizophrenia through its role in discl expression.
Previous studies have established that DISC1 has been extensively studied as a genetic risk
factor for mental illnesses. Although no common variants at the DISC1 locus associated with
schizophrenia have been found in broader populations, this does not exclude the possibility
that DISC1 indicates central biological pathways for mental health issues. Observing
a loss of discl expression in smoothened mutants lacking Hh signal transduction and
elevated expression in patched mutants with constitutive Hh signalling activation suggests
its significant involvement in regulating discl and, consequently, in possible mechanisms
underlying schizophrenia [24].

The genetic evidence regarding the association between DISC1 and schizophrenia
shows inconsistencies [43]. However, there is evidence that the D2R-DISC1 protein complex
and associated proteins are altered in schizophrenia and that such alterations regress with
treatment with atypical antipsychotics [44]. In this regard, DISC1 may impact developmen-
tal pathways and pathophysiological mechanisms related to schizophrenia, among which
modifications in the Hh signalling pathway appear to be an exciting candidate deserving
further investigation.

In line with this hypothetical involvement, a recent Pathway-wide Association Study
(PWAS) has unearthed five commonly implicated pathways linked to schizophrenia sus-
ceptibility across three distinct ancestral populations [26]. While GWASs have highlighted
the polygenic nature of schizophrenia, with numerous alleles associated with increased vul-
nerability, the utility of any single allelic marker remains limited, prompting a shift towards
considering schizophrenia as a disorder influenced by multiple pathways. To empirically
explore this notion, a PWAS encompassing 255 Kyoto Encyclopedia of Genes and Genomes
pathways was conducted among 5033 individuals diagnosed with schizophrenia and
5332 unrelated healthy controls from European-American (EA), African American (AA),
and Han Chinese (CH) populations. The results unveiled 103, 74, and 87 pathways associ-
ated with schizophrenia susceptibility in EA, CH, and AA populations. Noteworthily, Hh
signalling was among the pathways (serotonergic synapse, ubiquitin-mediated proteolysis,
adipocytokine signalling, and renin secretion) that exhibited shared relevance across all
three populations. The sets of single-nucleotide polymorphisms representing these path-
ways were found to be enriched for regulatory functions. These findings empirically bolster
the notion of schizophrenia as a poly-pathway disorder characterised by both genetic and
pathway heterogeneity [26]. In the context of this evidence, it has been emphasised that
Hh signalling interacts with the ubiquitin-mediated proteolysis pathway [45] and that the
most characterised ligand of the pathway, Shh, is widely distributed in the adult human
central nervous system and regulates the generation of functional synaptic contacts [46,47],
thus being involved in neuroplasticity phenomena. Furthermore, oligodendrocyte and
white matter abnormalities have been widely documented in schizophrenia, and the im-
portance of Hh signalling in oligodendrocyte development is well documented [48,49].
Therefore, it could be hypothesised that dysfunction in Hh signalling in the midbrain
may adversely influence dopaminergic neuron development, potentially increasing sus-
ceptibility to schizophrenia, in the context of the ‘two-hit” hypothesis of schizophrenia,
which suggested that disruption of the Hh pathway during brain development may pre-
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dispose the central nervous system to a pathological response in the event of a second hit
in adulthood [35].

4.2. Hh Pathway and Antipsychotics

Existing antipsychotic medications target dopamine receptors, and it has long been dis-
covered that Hh signalling is essential for developing midbrain dopaminergic neurons [50].
A recent study investigated the effects of the antipsychotics amisulpride and/or aripipra-
zole on the Hh signalling pathway and its relation to cognitive functions and neurogenesis
in a rat model of schizophrenia. Behavioural, biochemical, and histopathological tests were
conducted on male Wistar rats and allocated to control, socially isolated, amisulpride, and
aripiprazole-treated groups. Cognitive dysfunction, evidenced in socially isolated rats, was
associated with disorganised Hh signalling pathway protein levels and increased astrocyte
activity. Treatment with amisulpride and/or aripiprazole reversed these changes, enhanc-
ing Hh pathway components, dopamine-1 receptors, and BDNF and decreasing astrocyte
activity and inflammatory markers. These findings suggest a favourable role for amisul-
pride and aripiprazole in regulating the expression of D1 receptors and BDNF and the Hh
signalling pathway activation, leading to cognitive and neurogenesis improvements [22].
Amisulpride and/or aripiprazole were found to stimulate the Hh signalling pathway, as
their administration resulted in a significant increase in concentrations of Patched (Ptch),
Glioma-associated oncogene homolog 1 (Glil), BDNF levels, and D1 receptor mRNA, along
with a significant decrease in Glioma-associated oncogene homolog 3 (Gli3) concentrations.

Additionally, their administration was associated with reduced neuroinflammation,
as indicated by decreased levels of interleukin-1 beta (IL-1f3), interleukin-6 (IL-6), and
tumour necrosis factor-alpha (TNF-«), whose effects were correlated with Hh levels. These
findings were demonstrated in animal models of schizophrenia with associated cogni-
tive dysfunction induced by a social isolation protocol [22]. Furthermore, Hh signalling
has been associated with neurogenesis, as it enhances BDNF secretion, which has been
considered a neuropathophysiological correlate of psychosis since reduced BDNF levels
have been reported in the serum of patients with first-episode psychosis compared to
healthy subjects [51,52].

However, even though VGF is a neuropeptide precursor induced by BDNF and
elevated levels of VGF have been detected in the prefrontal cortex and cerebrospinal
fluid of individuals with schizophrenia, a study conducted on VGF-overexpressing mice
exhibiting schizophrenia-like behaviours revealed no alterations in the Hh pathway [27].

Another central aspect of Hh is its astrocyte function and phenotype regulation, as
astrocytes are highly responsive to Shh. Therefore, the physiological maintenance of this
pathway can reflect the arrangements of neuroprotective mechanisms in the central nervous
system [53,54]. Consistent with this evidence, impairment and dysregulated expression of
the Sonic Hh and alterations in BDNF and astrocytes have been associated with various
neurodevelopmental disorders, including schizophrenia [51,55,56]. Additionally, post-
mortem studies on patients with schizophrenia have highlighted altered astrocytic activity,
reporting significant changes in astrocyte morphology, density, and dysregulated expression
of astrocyte-defining cellular markers associated with a significant increase in the levels
of glial fibrillary acidic protein (GFAP) [57,58]. These results may be linked to studies
demonstrating that social isolation correlates with the dysregulation of GFAP, BDNEF, and
D1 receptors, which are highly expressed in the prefrontal cortex and involved in controlling
working memory and cognitive functions [22]. Reduced activation of D1 receptors has
been associated with cognitive dysfunction and negative symptoms of schizophrenia [59].
The connection between the Sonic Hh pathway and D1 receptor functionality has been
recognised and supported by the fact that the activation of this pathway increases glutamate,
which induces N-methyl-D-aspartate (NMDA) receptors, which in turn influence the
density of D1 receptors [60]. The activation of NMDA receptors recruits D1 receptors to the
plasma membrane and shifts the balance of dopamine signalling toward the D1 receptors
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and away from the D2 receptors [61]. This evidence related to the Hh signalling pathway
could be incorporated into the context of the glutamatergic hypothesis of schizophrenia [62].

It has been highlighted that antipsychotics may induce an in vivo modification in
the transcription of the DHCRY? gene, consequently altering the formation of the enzyme
Dhcr7, responsible for the final step in cholesterol production, which is associated, in
turn, with the activation of the Hh signalling pathway [63,64]. In this context, it has been
noted that the Gli antagonist 61 (Gant61), a small-molecule antagonist of Gli transcription
factors involved in Hh signalling, shares structural similarities with AY9944, an inhibitor of
Dhcr7. Treatment with the diamine Gant61, AY9944, or overexpression of Dhcr7 attenuates
Hh signalling. Antipsychotic treatments have increased Hh signalling activation with
Glil activation in vitro and in vivo [63]. Correlating with the in vivo downregulation of
Dhcr7, Hh signalling following clozapine, chlorpromazine, or haloperidol administration
is increased with upregulation of Glil expression and activity, further supporting the
existence of an inverse correlation between Dhcr7 and Glil levels [63].

The evidence presented may be linked to reported myelin aberrations in schizophre-
nia. Oligodendrocyte-derived myelin membranes in the central nervous system are highly
enriched with various lipids, including cholesterol, phospholipids, and glycosphingolipids.
This observation underscores the importance of considering lipid homeostasis as a relevant
target for studying the genetics, pathophysiology, and drug treatment of schizophrenia [65].
In a similar context, the involvement of Hh signalling may be related to both the patho-
physiology of schizophrenia (such as changes in myelin homeostasis, axonal development,
and neural plasticity in general), mechanisms of action of antipsychotic drugs (such as the
induction of NMDA receptors, the shift of dopamine towards D1 receptors, and Dhcr7
modifications), and potential pharmacological side effects.

Furthermore, drugs used to treat schizophrenia also modulate the Hippo signalling
pathway, known to interact with Hh signalling. Treatment with amisulpride, aripiprazole,
clozapine, quetiapine, or risperidone reduced genes associated with the Hippo signalling
pathway. These drugs also modulated genes involved in interacting pathways, suggesting
a potential reduction in pro-inflammatory signalling. Connectivity map analysis identified
compounds that may act similarly to these antipsychotics, including nine compounds
whose mechanisms are, in turn, associated with a reduction in nuclear factor kappa-light-
chain-enhancer of activated B cells (NFkB) signalling, namely ursolic acid, carbimazole,
NS-398, sodium phenylbutyrate, furazolidone, iloprost, ergocalciferol, clozapine, and tri-
flupromazine, revealing potential targets for drug repurposing [28]. In particular, the
expression of proteins coded by genes in the Hh signalling pathway was decreased over-
all by clozapine. This drug significantly reduced the expression of CCND1, cyclin D2
(CCND2), and Gli2, which are involved in cellular processes, including cell proliferation,
differentiation, and development [28]. This effect may align with the evidence of cerebral
morphometric changes induced by clozapine [66]. The mechanisms by which clozapine
might modulate the Hh signalling pathway are not fully understood, and clarifying these
aspects could have significant clinical implications for the treatment of schizophrenia.

Furthermore, evidence suggests that the Hh and Wnt pathways are interconnected.
For instance, the Hh signalling pathway attenuates Wnt activity through activated Se-
creted Frizzled Related Protein 1 (SFRP1), while the Wnt/ 3-catenin pathway provides
feedback to regulate Hh activity through the transcriptional regulation of Gli3 [67]. Based
on this premise, antipsychotics affecting a specific pathway may subsequently influence the
other pathway.

We have highlighted in Figure 3 the main involvements of the Hh pathway in the
pathophysiology of schizophrenia and the mechanism of action of some antipsychotics.
Considering the limited number of studies on the subject, further research is needed to
elucidate the specific mechanisms involved and to determine whether targeting the Hh
pathway could be a viable therapeutic strategy for schizophrenia.



Curr. Issues Mol. Biol. 2024, 46

5332

Hh precursors

RPGRIP1L

* telencephalic development

« primary cilia functioning

* left-right asymmetry

* &4 in DLPFC and hippocampus in
schizophrenia and bipolar disorder

* Shh
G « Ptch
. Gli1 a +Gli3
« BDNF
+ D1 mRNA
Amisulpride
Aripiprazole

« integrity of interneural networking
« differentiation of dopaminergic neuroblasts

HHAT * cell migration

(N-terminal palmitoylation)

* d2r-discl protein
complex and

Hh signalling DISC1 :Istseo:::t;d proteins

schizophrenia

* regulation of functional synaptic contacts .

* oligodendrocyte development disc1
* dopaminergic neuron development

* astrocyte functioning

— Serotonergic synapse pathway

Ubiquitin-mediated proteolysis pathway

Adipocytokine signalling pathway

Renin secretion pathway
Wnt pathway
R —

Clozapine O " D1
_ « CCND2
Haloperidol «Gli2

Figure 3. The main body of evidence of the involvement of Hh signalling in the pathophysiology
of schizophrenia and the mechanism of action of antipsychotics. Legend: BDNEF: Brain-Derived
Neurotrophic Factor; CCND1: Cyclin D1; CCND2: Cyclin D2; D1: Cyclin D1; d2r: Dopamine
D2 receptor; DISC1: Disrupted in Schizophrenia 1 gene; discl: Disrupted in Schizophre-
nia 1 protein; Dhcr7: 7-Dehydrocholesterol Reductase; DLPFC: Dorsolateral Prefrontal Cortex;
Glil: Glioma-Associated Oncogene Homolog 1; Gli2: Glioma-Associated Oncogene Homolog 2;
Gli3: Glioma-Associated Oncogene Homolog 3; HHAT: Hedgehog Acyltransferase; Hh: Hedge-
hog; mRNA: Messenger Ribonucleic Acid; Ptch: Patched; RPGRIP1L: Retinitis Pigmentosa GTPase
Regulator Interacting Protein 1-Like; Shh: Sonic Hedgehog; SUFU: Suppressor of Fused; Wnt: Wing-
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4.3. Limitations

The limited number of studies included could reduce the generalizability of reported
evidence and the detection of actual effects. Additionally, combining findings from animal,
embryo, and human studies requires cautious interpretation due to potential species and
developmental differences. However, because of the limited number and heterogeneity
of the current pioneering studies in this area, our objective is to assess the potential role
of the Hedgehog pathway in the neuropathophysiology of schizophrenia. These insights
can potentially advance diagnostic procedures, inform clinical management strategies, and
facilitate drug discovery efforts in this field.

5. Conclusions

In summary, the multifaceted role of Hh signalling in the pathophysiology of schizo-
phrenia may either consist of its direct involvement or include intricate interactions with
various cellular signalling pathways, such as Wnt, Hippo, dopamine, and NFkB. These
interactions highlight the complexity of the molecular framework related to schizophrenia
and likely the underlying neurodevelopmental alterations, emphasising the potential im-
portance of Hh pathway dysregulation in the disorder’s pathophysiology. Furthermore,
recent evidence of the ability of antipsychotic drugs to modulate the Hh pathway under-
scores the therapeutic relevance of targeting this pathway in the treatment of schizophrenia.
In addition to their best-known mechanisms of action, these drugs may exert additional
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effects on cellular signalling pathways, enabling another precision approach to address the
various biological mechanisms implicated in schizophrenia.

Based on the limited evidence, the potential of modulating the Hh pathway in mitigat-
ing neuroinflammation and promoting neuronal plasticity appears to be a relevant aspect
implicated in the pathophysiology of schizophrenia. By targeting neuroinflammatory
processes and neuronal plasticity, modulation of the Hh pathway could be a promising
strategy for treating the molecular and cellular correlates of schizophrenia. Future studies
in this field could increase knowledge of the intricate interplay between Hh signalling and
the pathophysiology of schizophrenia, paving the way for the development of innovative
and precise therapeutic strategies. Furthermore, elucidation of the molecular underpin-
nings of Hh dysregulation in specific subtypes of schizophrenia, such as those possibly
associated with neuroinflammation, could facilitate the identification of personalised ther-
apeutic approaches aimed at improving outcomes and enhancing the quality of life of
affected individuals.

Author Contributions: Conceptualization: A.D.C. and M.N.M.; methodology: A.D.C. and M.B.;
validation: A.D.C., M.N.M,, and G.G.; formal analysis: A.D.C. and M.N.M.; writing—original
draft: A.D.C. and M.N.M.; writing—review and editing: A.D.C.,, M.\N.M., G.G,, C.G,,S.E, M.S,, and
M.B.; supervision: A.D.C. and M.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This study did not receive any funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest related to the study matter.

References

1. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric Association:
Washington, DC, USA, 2022. [CrossRef]

2. Karam, C.S.; Ballon, J.S.; Bivens, N.M.; Freyberg, Z.; Girgis, R.R.; Lizardi-Ortiz, ].E.; Markx, S.; Lieberman, J.A.; Javitch, J.A.
Signaling Pathways in Schizophrenia: Emerging Targets and Therapeutic Strategies. Trends Pharmacol. Sci. 2010, 31, 381-390.
[CrossRef]

3. Marigo, V.; Davey, R.A.; Zuo, Y.; Cunningham, ].M.; Tabin, C.J. Biochemical Evidence That Patched Is the Hedgehog Receptor.
Nature 1996, 384, 176-179. [CrossRef]

4. Zhao, Y.;; Tong, C,; Jiang, ]J. Hedgehog Regulates Smoothened Activity by Inducing a Conformational Switch. Nature 2007,
450, 252-258. [CrossRef]

5. Deshpande, I; Liang, J.; Hedeen, D.; Roberts, K.J.; Zhang, Y.; Ha, B.; Latorraca, N.R.; Faust, B.; Dror, R.O.; Beachy, P.A,; et al.
Smoothened Stimulation by Membrane Sterols Drives Hedgehog Pathway Activity. Nature 2019, 571, 284-288. [CrossRef]

6. Hui, C.-C.; Angers, S. Gli Proteins in Development and Disease. Annu. Rev. Cell Dev. Biol. 2011, 27, 513-537. [CrossRef]

7. Zhang, Y.,; Beachy, P.A. Cellular and Molecular Mechanisms of Hedgehog Signalling. Nat. Rev. Mol. Cell Biol. 2023, 24, 668—687.
[CrossRef]

8. Briscoe, J.; Thérond, PP. The Mechanisms of Hedgehog Signalling and Its Roles in Development and Disease. Nat. Rev. Mol. Cell
Biol. 2013, 14, 416-429. [CrossRef]

9.  Shim, S.; Goyal, R.; Panoutsopoulos, A.A.; Balashova, O.A.; Lee, D.; Borodinsky, L.N. Calcium Dynamics at the Neural Cell
Primary Cilium Regulate Hedgehog Signaling-Dependent Neurogenesis in the Embryonic Neural Tube. Proc. Natl. Acad. Sci.
USA 2023, 120, €2220037120. [CrossRef]

10. Panaccione, I.; Napoletano, F.; Forte, A.M.; Kotzalidis, G.D.; Del Casale, A.; Rapinesi, C.; Brugnoli, C.; Serata, D.; Caccia, F.;
Cuomo, L; et al. Neurodevelopment in Schizophrenia: The Role of the Wnt Pathways. Curr. Neuropharmacol. 2013, 11, 535-558.
[CrossRef]

11. Hoseth, E.Z.; Krull, F; Dieset, I.; Morch, R H.; Hope, S.; Gardsjord, E.S.; Steen, N.E.; Melle, I.; Brattbakk, H.-R.; Steen, VM.; et al.
Exploring the Wnt Signaling Pathway in Schizophrenia and Bipolar Disorder. Transl. Psychiatry 2018, 8, 55. [CrossRef]

12.  Hoseth, E.Z.; Krull, F; Dieset, I.; Merch, R.H.; Hope, S.; Gardsjord, E.S.; Steen, N.E.; Melle, L; Brattbakk, H.-R.; Steen, V.M.; et al.

Attenuated Notch Signaling in Schizophrenia and Bipolar Disorder. Sci. Rep. 2018, 8, 5349. [CrossRef] [PubMed]


https://doi.org/10.1176/appi.books.9780890425787
https://doi.org/10.1016/j.tips.2010.05.004
https://doi.org/10.1038/384176a0
https://doi.org/10.1038/nature06225
https://doi.org/10.1038/s41586-019-1355-4
https://doi.org/10.1146/annurev-cellbio-092910-154048
https://doi.org/10.1038/s41580-023-00591-1
https://doi.org/10.1038/nrm3598
https://doi.org/10.1073/pnas.2220037120
https://doi.org/10.2174/1570159X113119990037
https://doi.org/10.1038/s41398-018-0102-1
https://doi.org/10.1038/s41598-018-23703-w
https://www.ncbi.nlm.nih.gov/pubmed/29593239

Curr. Issues Mol. Biol. 2024, 46 5334

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Castellani, C.A.; Melka, M.G.; Gui, J.L.; Gallo, A.J.; O'Reilly, R.L.; Singh, S.M. Post-Zygotic Genomic Changes in Glutamate and
Dopamine Pathway Genes May Explain Discordance of Monozygotic Twins for Schizophrenia. Clin. Transl. Med. 2017, 6, 43.
[CrossRef] [PubMed]

Machold, R.; Hayashi, S.; Rutlin, M.; Muzumdar, M.D.; Nery, S.; Corbin, J.G.; Gritli-Linde, A.; Dellovade, T.; Porter, ].A.; Rubin,
L.L.; et al. Sonic Hedgehog Is Required for Progenitor Cell Maintenance in Telencephalic Stem Cell Niches. Neuron 2003,
39, 937-950. [CrossRef]

Palma, V,; Lim, D.A.; Dahmane, N.; Sanchez, P.; Brionne, T.C.; Herzberg, C.D.; Gitton, Y.; Carleton, A.; Alvarez-Buylla, A.; Ruiz
i Altaba, A. Sonic Hedgehog Controls Stem Cell Behavior in the Postnatal and Adult Brain. Development 2005, 132, 335-344.
[CrossRef] [PubMed]

Zhang, H.; Younsi, A.; Zheng, G.; Tail, M.; Harms, A.-K.; Roth, J.; Hatami, M.; Skutella, T.; Unterberg, A.; Zweckberger, K. Sonic
Hedgehog Modulates the Inflammatory Response and Improves Functional Recovery after Spinal Cord Injury in a Thoracic
Contusion-Compression Model. Eur. Spine J. 2021, 30, 1509-1520. [CrossRef] [PubMed]

Yousefifard, M.; Rahimi-Movaghar, V.; Nasirinezhad, F.; Baikpour, M.; Safari, S.; Saadat, S.; Moghadas Jafari, A.; Asady, H.; Razavi
Tousi, S.M.T.; Hosseini, M. Neural Stem/Progenitor Cell Transplantation for Spinal Cord Injury Treatment; A Systematic Review
and Meta-Analysis. Neuroscience 2016, 322, 377-397. [CrossRef] [PubMed]

Chen, S.-D,; Yang, J.-L.; Hwang, W.-C.; Yang, D.-I. Emerging Roles of Sonic Hedgehog in Adult Neurological Diseases: Neurogen-
esis and Beyond. Int. . Mol. Sci. 2018, 19, 2423. [CrossRef] [PubMed]

Benallegue, N.; Kebir, H.; Kapoor, R.; Crockett, A.; Li, C.; Cheslow, L.; Abdel-Hakeem, M.S.; Gesualdi, ].; Miller, M.C.; Wherry,
E.J.; et al. The Hedgehog Pathway Suppresses Neuropathogenesis in CD4 T Cell-Driven Inflammation. Brain 2021, 144, 1670-1683.
[CrossRef] [PubMed]

Tail, M.; Zhang, H.; Zheng, G.; Hatami, M.; Skutella, T.; Unterberg, A.; Zweckberger, K.; Younsi, A. The Sonic Hedgehog Pathway
Modulates Survival, Proliferation, and Differentiation of Neural Progenitor Cells under Inflammatory Stress In Vitro. Cells 2022,
11, 736. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. J. Clin. Epidemiol.
2021, 134, 178-189. [CrossRef]

Abdelfattah, A.M.; Abuelezz, S.A.; Hendawy, N.; Negm, E.A.; Nawishy, S.A.E.K.; Khalil, A.M.M. Sonic Hedgehog Pathway as a
New Target of Atypical Antipsychotics: Revisiting of Amisulpride and Aripiprazole Effects in a Rat Model of Schizophrenia. Life
Sci. 2023, 316, 121366. [CrossRef]

Betcheva, E.T.; Yosifova, A.G.; Mushiroda, T.; Kubo, M.; Takahashi, A.; Karachanak, S.K.; Zaharieva, L.T.; Hadjidekova, S.P;
Dimova, LL; Vazharova, R.V.; et al. Whole-Genome-Wide Association Study in the Bulgarian Population Reveals HHAT as
Schizophrenia Susceptibility Gene. Psychiatr. Genet. 2013, 23, 11-19. [CrossRef] [PubMed]

Boyd, PJ.; Cunliffe, V.T.; Roy, S.; Wood, J.D. Sonic Hedgehog Functions Upstream of Disrupted-in-Schizophrenia 1 (Discl):
Implications for Mental Illness. Biol. Open 2015, 4, 1336-1343. [CrossRef] [PubMed]

Lauth, M.; Bergstrom, A.; Shimokawa, T.; Tostar, U.; Jin, Q.; Fendrich, V.; Guerra, C.; Barbacid, M.; Toftgard, R. DYRK1B-
Dependent Autocrine-to-Paracrine Shift of Hedgehog Signaling by Mutant RAS. Nat. Struct. Mol. Biol. 2010, 17, 718-725.
[CrossRef] [PubMed]

Liu, C,; Bousman, C.A ; Pantelis, C.; Skafidas, E.; Zhang, D.; Yue, W.; Everall, I.P. Pathway-Wide Association Study Identifies
Five Shared Pathways Associated with Schizophrenia in Three Ancestral Distinct Populations. Transl. Psychiatry 2017, 7, €1037.
[CrossRef] [PubMed]

Mizoguchi, T.; Shimazawa, M.; Ohuchi, K.; Kuse, Y.; Nakamura, S.; Hara, H. Impaired Cerebellar Development in Mice
Overexpressing V.G.F. Neurochem. Res. 2019, 44, 374-387. [CrossRef] [PubMed]

Panizzutti, B.; Bortolasci, C.C.; Spolding, B.; Kidnapillai, S.; Connor, T.; Richardson, M.F,; Truong, T.T.T.; Liu, Z.S.].; Morris,
G.; Gray, L.; et al. Transcriptional Modulation of the Hippo Signaling Pathway by Drugs Used to Treat Bipolar Disorder and
Schizophrenia. Int. J. Mol. Sci. 2021, 22, 7164. [CrossRef] [PubMed]

Reble, E.; Feng, Y.; Wigg, K.G.; Barr, C.L. DNA Variant in the RPGRIP1L Gene Influences Alternative Splicing. Mol. Neuropsychiatry
2020, 5, 97-106. [CrossRef]

Sterne, J.A.; Hernan, M.A_; Reeves, B.C.; Savovig, J.; Berkman, N.D.; Viswanathan, M.; Henry, D.; Altman, D.G.; Ansari, M.T,;
Boutron, I.; et al. ROBINS-I: A Tool for Assessing Risk of Bias in Non-Randomised Studies of Interventions. BM] 2016, 355, i4919.
[CrossRef]

Hooijmans, C.R.; Rovers, M.M.; de Vries, R.B.M.; Leenaars, M.; Ritskes-Hoitinga, M.; Langendam, M.W. SYRCLE'’s Risk of Bias
Tool for Animal Studies. BMC Med. Res. Methodol. 2014, 14, 43. [CrossRef]

American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 4th ed.; American Psychiatric Association:
Washington, DC, USA, 1994.

Jiang, Y.; Benz, T.L.; Long, S.B. Substrate and Product Complexes Reveal Mechanisms of Hedgehog Acylation by HHAT. Science
2021, 372, 1215-1219. [CrossRef]

Chamoun, Z.; Mann, R.K.; Nellen, D.; von Kessler, D.P; Bellotto, M.; Beachy, P.A ; Basler, K. Skinny Hedgehog, an Acyltransferase
Required for Palmitoylation and Activity of the Hedgehog Signal. Science 2001, 293, 2080-2084. [CrossRef]


https://doi.org/10.1186/s40169-017-0174-1
https://www.ncbi.nlm.nih.gov/pubmed/29181591
https://doi.org/10.1016/s0896-6273(03)00561-0
https://doi.org/10.1242/dev.01567
https://www.ncbi.nlm.nih.gov/pubmed/15604099
https://doi.org/10.1007/s00586-021-06796-2
https://www.ncbi.nlm.nih.gov/pubmed/33704579
https://doi.org/10.1016/j.neuroscience.2016.02.034
https://www.ncbi.nlm.nih.gov/pubmed/26917272
https://doi.org/10.3390/ijms19082423
https://www.ncbi.nlm.nih.gov/pubmed/30115884
https://doi.org/10.1093/brain/awab083
https://www.ncbi.nlm.nih.gov/pubmed/33723591
https://doi.org/10.3390/cells11040736
https://doi.org/10.1016/j.jclinepi.2021.03.001
https://doi.org/10.1016/j.lfs.2022.121366
https://doi.org/10.1097/YPG.0b013e3283586343
https://www.ncbi.nlm.nih.gov/pubmed/23142968
https://doi.org/10.1242/bio.012005
https://www.ncbi.nlm.nih.gov/pubmed/26405049
https://doi.org/10.1038/nsmb.1833
https://www.ncbi.nlm.nih.gov/pubmed/20512148
https://doi.org/10.1038/tp.2017.8
https://www.ncbi.nlm.nih.gov/pubmed/28221366
https://doi.org/10.1007/s11064-018-2684-7
https://www.ncbi.nlm.nih.gov/pubmed/30460640
https://doi.org/10.3390/ijms22137164
https://www.ncbi.nlm.nih.gov/pubmed/34281223
https://doi.org/10.1159/000502199
https://doi.org/10.1136/bmj.i4919
https://doi.org/10.1186/1471-2288-14-43
https://doi.org/10.1126/science.abg4998
https://doi.org/10.1126/science.1064437

Curr. Issues Mol. Biol. 2024, 46 5335

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

Maynard, T.M.; Sikich, L.; Lieberman, J.A.; LaMantia, A.S. Neural Development, Cell-Cell Signaling, and the “Two-Hit”
Hypothesis of Schizophrenia. Schizophr. Bull. 2001, 27, 457-476. [CrossRef]

Hovatta, L; Varilo, T.; Suvisaari, J.; Terwilliger, J.D.; Ollikainen, V.; Arajérvi, R.; Juvonen, H.; Kokko-Sahin, M.L.; Vidisdnen, L.;
Mannila, H.; et al. A Genomewide Screen for Schizophrenia Genes in an Isolated Finnish Subpopulation, Suggesting Multiple
Susceptibility Loci. Am. . Hum. Genet. 1999, 65, 1114-1124. [CrossRef]

Takeshita, M.; Yamada, K.; Hattori, E.; Iwayama, Y.; Toyota, T.; Iwata, Y.; Tsuchiya, K.J.; Sugihara, G.; Hashimoto, K.; Watanabe,
H.; et al. Genetic Examination of the PLXNA2 Gene in Japanese and Chinese People with Schizophrenia. Schizophr. Res. 2008,
99, 359-364. [CrossRef]

Betcheva, E.T.; Mushiroda, T.; Takahashi, A.; Kubo, M.; Karachanak, S.K.; Zaharieva, I.T.; Vazharova, R.V.; Dimova, L.1.; Milanova,
VK,; Tolev, T.; et al. Case-Control Association Study of 59 Candidate Genes Reveals the DRD2 SNP Rs6277 (C957T) as the Only
Susceptibility Factor for Schizophrenia in the Bulgarian Population. J. Hum. Genet. 2009, 54, 98-107. [CrossRef]
Andreu-Cervera, A.; Anselme, I.; Karam, A.; Laclef, C.; Catala, M.; Schneider-Maunoury, S. The Ciliopathy Gene Ftm/Rpgrip1l
Controls Mouse Forebrain Patterning via Region-Specific Modulation of Hedgehog/Gli Signaling. J. Neurosci. 2019, 39, 2398-2415.
[CrossRef]

Wang, L.; De Solis, A.].; Goffer, Y.; Birkenbach, K.E.; Engle, S.E.; Tanis, R.; Levenson, ].M.; Li, X,; Rausch, R.; Purohit, M.; et al.
Ciliary Gene RPGRIP1L Is Required for Hypothalamic Arcuate Neuron Development. JCI Insight 2019, 4, €123337. [CrossRef]
Andreu-Cervera, A.; Catala, M.; Schneider-Maunoury, S. Cilia, Ciliopathies and Hedgehog-Related Forebrain Developmental
Disorders. Neurobiol. Dis. 2021, 150, 105236. [CrossRef]

Pisanu, C.; Williams, M.].; Ciuculete, D.M.; Olivo, G.; Del Zompo, M.; Squassina, A.; Schioth, H.B. Evidence That Genes Involved
in Hedgehog Signaling Are Associated with Both Bipolar Disorder and High BMI. Transl. Psychiatry 2019, 9, 315. [CrossRef]
Sullivan, PF. Questions about DISC1 as a Genetic Risk Factor for Schizophrenia. Mol. Psychiatry 2013, 18, 1050-1052. [CrossRef]
Wang, J.; Su, P; Yang, J.; Xu, L.; Yuan, A.; Li, C.; Zhang, T.; Dong, F.; Zhou, ].; Samsom, ].; et al. The D2R-DISC1 protein complex
and associated proteins are altered in schizophrenia and normalised with antipsychotic treatment. |. Psychiatry Neurosci. 2022,
47,E134-E147. [CrossRef]

Maniatis, T. A Ubiquitin Ligase Complex Essential for the NF-kappaB, Wnt/Wingless, and Hedgehog Signaling Pathways. Genes
Dev. 1999, 13, 505-510. [CrossRef]

Angot, E.; Loulier, K.; Nguyen-Ba-Charvet, K.T.; Gadeau, A.-P.; Ruat, M.; Traiffort, E. Chemoattractive Activity of Sonic Hedgehog
in the Adult Subventricular Zone Modulates the Number of Neural Precursors Reaching the Olfactory Bulb. Stem Cells 2008,
26,2311-2320. [CrossRef]

Hor, C.H.H.; Tang, B.L. Sonic Hedgehog as a Chemoattractant for Adult NPCs. Cell Adhes. Migr. 2010, 4, 1-3. [CrossRef]
Bernstein, H.-G.; Steiner, J.; Guest, P.C.; Dobrowolny, H.; Bogerts, B. Glial Cells as Key Players in Schizophrenia Pathology: Recent
Insights and Concepts of Therapy. Schizophr. Res. 2015, 161, 4-18. [CrossRef]

Takahashi, N.; Sakurai, T.; Davis, K.L.; Buxbaum, J.D. Linking Oligodendrocyte and Myelin Dysfunction to Neurocircuitry
Abnormalities in Schizophrenia. Prog. Neurobiol. 2011, 93, 13-24. [CrossRef]

Sillitoe, R.V.; Vogel, M.W. Desire, Disease, and the Origins of the Dopaminergic System. Schizophr. Bull. 2008, 34, 212-219.
[CrossRef]

Fu, X;; Wang, J.; Du, J.; Sun, J.; Baranova, A.; Zhang, F. BDNF Gene’s Role in Schizophrenia: From Risk Allele to Methylation
Implications. Front. Psychiatry 2020, 11, 564277. [CrossRef]

Rizos, E.N.; Siafakas, N.; Stefanis, N.; Douzenis, A.; Kontaxakis, V.; Laskos, E.; Kastania, A.; Zoumbourlis, V.; Lykouras, L.
Association of Serum BDNF and Val66met Polymorphism of the Brain-Derived Neurotrophic Factor in a Sample of First Psychotic
Episode Patients. Psychiatriki 2009, 20, 297-304.

Ugbode, C.I; Smith, I.; Whalley, B.].; Hirst, W.D.; Rattray, M. Sonic Hedgehog Signalling Mediates Astrocyte Crosstalk with
Neurons to Confer Neuroprotection. J. Neurochem. 2017, 142, 429-443. [CrossRef] [PubMed]

Hill, S.A.; Fu, M.; Garcia, A.D.R. Sonic Hedgehog Signaling in Astrocytes. Cell. Mol. Life Sci. 2021, 78, 1393-1403. [CrossRef]
[PubMed]

Notter, T. Astrocytes in Schizophrenia. Brain Neurosci. Adv. 2021, 5, 23982128211009148. [CrossRef]

Memi, E.; Zecevic, N.; Radonji¢, N. Multiple Roles of Sonic Hedgehog in the Developing Human Cortex Are Suggested by Its
Widespread Distribution. Brain Struct. Funct. 2018, 223, 2361-2375. [CrossRef] [PubMed]

Kim, R.; Healey, K.L.; Sepulveda-Orengo, M.T.; Reissner, K.J. Astroglial Correlates of Neuropsychiatric Disease: From Astrocy-
topathy to Astrogliosis. Prog. Neuropsychopharmacol. Biol. Psychiatry 2018, 87, 126-146. [CrossRef]

Tarasov, V.V,; Svistunov, A.A.; Chubarev, V.N.; Sologova, S.S.; Mukhortova, P.; Levushkin, D.; Somasundaram, S.G.; Kirkland,
C.E.; Bachurin, S.0.; Aliev, G. Alterations of Astrocytes in the Context of Schizophrenic Dementia. Front. Pharmacol. 2019, 10, 1612.
[CrossRef] [PubMed]

Okubo, Y.; Suhara, T.; Suzuki, K.; Kobayashi, K.; Inoue, O.; Terasaki, O.; Someya, Y.; Sassa, T.; Sudo, Y.; Matsushima, E.; et al.
Decreased Prefrontal Dopamine D1 Receptors in Schizophrenia Revealed by PET. Nature 1997, 385, 634-636. [CrossRef] [PubMed]
Feng, S.; Ma, S;; Jia, C.; Su, Y.; Yang, S.; Zhou, K; Liu, Y.; Cheng, J.; Lu, D.; Fan, L,; et al. Sonic Hedgehog Is a Regulator of
Extracellular Glutamate Levels and Epilepsy. EMBO Rep. 2016, 17, 682—-694. [CrossRef] [PubMed]

Scott, L.; Kruse, M.S.; Forssberg, H.; Brismar, H.; Greengard, P.; Aperia, A. Selective Up-Regulation of Dopamine D1 Receptors in
Dendritic Spines by NMDA Receptor Activation. Proc. Natl. Acad. Sci. USA 2002, 99, 1661-1664. [CrossRef] [PubMed]


https://doi.org/10.1093/oxfordjournals.schbul.a006887
https://doi.org/10.1086/302567
https://doi.org/10.1016/j.schres.2007.11.002
https://doi.org/10.1038/jhg.2008.14
https://doi.org/10.1523/JNEUROSCI.2199-18.2019
https://doi.org/10.1172/jci.insight.123337
https://doi.org/10.1016/j.nbd.2020.105236
https://doi.org/10.1038/s41398-019-0652-x
https://doi.org/10.1038/mp.2012.182
https://doi.org/10.1503/jpn.210145
https://doi.org/10.1101/gad.13.5.505
https://doi.org/10.1634/stemcells.2008-0297
https://doi.org/10.4161/cam.4.1.9914
https://doi.org/10.1016/j.schres.2014.03.035
https://doi.org/10.1016/j.pneurobio.2010.09.004
https://doi.org/10.1093/schbul/sbm170
https://doi.org/10.3389/fpsyt.2020.564277
https://doi.org/10.1111/jnc.14064
https://www.ncbi.nlm.nih.gov/pubmed/28485896
https://doi.org/10.1007/s00018-020-03668-8
https://www.ncbi.nlm.nih.gov/pubmed/33079226
https://doi.org/10.1177/23982128211009148
https://doi.org/10.1007/s00429-018-1621-5
https://www.ncbi.nlm.nih.gov/pubmed/29492654
https://doi.org/10.1016/j.pnpbp.2017.10.002
https://doi.org/10.3389/fphar.2019.01612
https://www.ncbi.nlm.nih.gov/pubmed/32116664
https://doi.org/10.1038/385634a0
https://www.ncbi.nlm.nih.gov/pubmed/9024661
https://doi.org/10.15252/embr.201541569
https://www.ncbi.nlm.nih.gov/pubmed/27113760
https://doi.org/10.1073/pnas.032654599
https://www.ncbi.nlm.nih.gov/pubmed/11818555

Curr. Issues Mol. Biol. 2024, 46 5336

62.
63.

64.

65.

66.

67.

Coyle, ].T. The Glutamatergic Dysfunction Hypothesis for Schizophrenia. Harv. Rev. Psychiatry 1996, 3, 241-253. [CrossRef]
Lauth, M.; Rohnalter, V.; Bergstrom, A.; Kooshesh, M.; Svenningsson, P; Toftgard, R. Antipsychotic Drugs Regulate Hedgehog
Signaling by Modulation of 7-Dehydrocholesterol Reductase Levels. Mol. Pharmacol. 2010, 78, 486-496. [CrossRef]

Li, Y,; Zhang, H.; Litingtung, Y.; Chiang, C. Cholesterol Modification Restricts the Spread of Shh Gradient in the Limb Bud. Proc.
Natl. Acad. Sci. USA 2006, 103, 6548-6553. [CrossRef]

Steen, V.M.; Skrede, S.; Polushina, T.; Lopez, M.; Andreassen, O.A.; Ferng, J.; Hellard, S.L. Genetic Evidence for a Role of the
SREBP Transcription System and Lipid Biosynthesis in Schizophrenia and Antipsychotic Treatment. Eur. Neuropsychopharmacol.
2017, 27, 589-598. [CrossRef]

Ozcelik-Eroglu, E.; Ertugrul, A.; Oguz, KK.; Has, A.C; Karahan, S.; Yazici, M.K. Effect of Clozapine on White Matter Integrity in
Patients with Schizophrenia: A Diffusion Tensor Imaging Study. Psychiatry Res. 2014, 223, 226-235. [CrossRef]

Ding, M.; Wang, X. Antagonism between Hedgehog and Wnt signaling pathways regulates tumorigenicity. Oncol. Lett. 2017,
14, 6327-6333. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3109/10673229609017192
https://doi.org/10.1124/mol.110.066431
https://doi.org/10.1073/pnas.0600124103
https://doi.org/10.1016/j.euroneuro.2016.07.011
https://doi.org/10.1016/j.pscychresns.2014.06.001
https://doi.org/10.3892/ol.2017.7030

	Introduction 
	Methods 
	Results 
	Included Studies 
	Causes of Heterogeneity among Study Results 
	Causes of Heterogeneity among Study Results 

	Discussion 
	Hh Signalling and Schizophrenia Pathophysiology 
	Hh Pathway and Antipsychotics 
	Limitations 

	Conclusions 
	References

