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Spatial and functional profiles distinguish target sets of
Parkinson’s disease and antipsychotic drugs with different

clinical effects
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Several studies have examined the genetic factors shared between Parkinson’s disease (PD) and schizophrenia (SZ), but the
biological themes underlying their clinical relationships remain less explored. We employed systematic transcriptomic and network
analyses to examine the genes targeted by two sets of antipsychotic drugs (APDs) - first-generation APDs inducing Parkinsonism
and second-generation APDs typically effective against psychotic symptoms in PD — and two sets of PD drugs, one at risk of
psychosis and the other with a lower risk of psychosis. Although global brain expression patterns did not effectively differentiate
between the targets of the two sets of APDs, they did differentiate the targets of the two PD drug sets. However, both APD and PD
target sets showed differences in mean expression levels in specific brain regions. Moreover, they showed significant enrichment
for genes highly expressed in distinct adult and prenatal brain structures relative to the overall distribution of such genes among all
brain-expressed genes. Specific neurotransmitter systems, either individually or in combinations, appeared to underlie the clinically
informed drug categories, indicating their differential roles in inducing or not inducing PD and psychosis. Additionally, the target
sets formed distinct network modules representing different biological mechanisms and exhibited differential proximity to putative
PD and SZ risk genes in the human interactome. In summary, our study identified specific spatial and functional features that
distinguish the target sets of PD and antipsychotic drugs with different clinical effects.
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INTRODUCTION

The clinical relationship between Parkinson’s disease (PD) and
schizophrenia (SZ) is complex. Drugs used for treating PD increase
the risk of patients developing psychotic symptoms [1-3], while
those used for treating SZ induce various motor symptoms,
including Parkinsonism, dystonia, and dyskinesia [4]. Drug-
induced Parkinsonism is the second most common cause of
Parkinsonian symptoms in patients, after PD [4, 5]. It is frequently
misdiagnosed as PD, often leading to the use of anti-PD drugs
instead of discontinuation of the antipsychotic drugs (APDs)
responsible for the condition. Although withdrawal of APDs
usually helps manage the symptoms, 10-50% of patients may
experience persistent symptoms due to APD-induced damage of
the dopamine receptors or symptom exacerbation from under-
lying preclinical factors predisposing to PD [4]. First-generation
antipsychotic drugs (FGAs), including sertindole, loxapine, per-
phenazine, prochlorperazine, chlorpromazine, haloperidol, and
sulpiride, with high dopamine D, receptor affinity, tend to induce
Parkinsonism [6]. Second-generation antipsychotic drugs (SGAs),
such as aripiprazole, ziprasidone, quetiapine, and clozapine, which
block both serotonin 5-HT,, receptor and D, receptor and exhibit
different drug-D, receptor disassociation profiles compared to
FGAs, also induce Parkinsonism, albeit with prolonged use [4, 7, 8].
Of these, clozapine demonstrates the lowest propensity to induce

Parkinsonism and is often used to manage psychotic symptoms in
PD patients [9]. Anti-PD drugs, such as levodopa and selegiline,
induce visual hallucinations and paranoid delusions in 20-30% of
PD patients [10], depending on multiple factors such as age,
disease severity, comorbidities and schizotypy in individuals
[11-13]. The symptoms often subside upon withdrawal of these
drugs, albeit aggravating Parkinsonism.

While PD and SZ have distinct mechanisms as disorders, their
overlap increases with drug administration. Despite some insight-
ful case studies on PD-SZ comorbidity management [3, 14-16], the
broader biological themes underlying the clinical relationships of
the two disorders remain less explored. The effects of APDs and
PD drugs on PD and SZ symptoms are likely influenced by
complex factors, including regional drug action [17-21], impact on
multiple neurotransmitter systems and other biological mechan-
isms [22-25], and drug target interactions with PD and SZ genetic
risk factors [26, 27]. In this study, we systematically analysed the
targets of APD and PD drugs to elucidate patterns in their
transcriptomic and interactomic (i.e., the protein-protein interac-
tion network) landscapes that can explain their distinct effects on
PD and SZ symptoms, respectively. Specifically, we examined
whether brain expression trends help distinguish the targets of
drugs with and without side effects. We also examined whether
these targets participate in distinct biological mechanisms and
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show specific associations with genes harbouring PD- and SZ-
associated variations in the interactome, based on the tendency of
the drugs to induce or not induce side effects.

RESULTS

Compilation of antipsychotic and PD drug targets

To examine APD and PD drug targets, we adopted a systematic
approach involving transcriptomic and network analyses (Fig. 1).
We collected PD and antipsychotic drugs from the Drug Bank
database [28] and categorised them based on their clinical activity
in SZ and PD respectively, using the TWOSIDES database [29], a
compendium of drugs and their contraindications. The drugs were
grouped into four categories: (i) seven FGAs known to induce
Parkinsonism: sertindole, loxapine, perphenazine, prochlorpera-
zine, chlorpromazine, haloperidol, and sulpiride, (ii) six SGAs used
for managing psychotic symptoms in PD: olanzapine, risperidone,
clozapine, ziprasidone, aripiprazole, and quetiapine, (iii) five PD
drugs that are at risk of inducing psychosis: levodopa, ropinirole,
biperiden, selegiline and entacapone, and (iv) seventeen PD drugs
that are at lower risk of inducing psychosis: amantadine,
benserazide, bornaprine, bromocriptine, carbidopa, droxidopa,
istradefylline, melevodopa, opicapone, pergolide, piribedil, prami-
pexole, profenamine, rasagiline, rotigotine, safinamide, and
tolcapone (see Methods). A detailed explanation of the drug
categorisation can be found in Supplementary Methods. To
identify the proteins targeted by these drugs, we used the drug-
gene interaction database (DGIdb) [30]. The numbers of proteins
targeted by each drug category were as follows: (i) 90, (ii) 133, (iii)
33, and (iv) 52 proteins (Supplementary Data File 1).

To study the shared and distinct effects of APDs on
Parkinsonian symptoms, we compiled three drug target sets
(Supplementary Fig. 1a), namely, that of targets (1) common to
both FGAs and SGAs, (2) exclusive to FGAs, and (3) exclusive to
SGAs. Similarly, to examine the PD drugs differing in their
tendency to induce psychotic symptoms, we assembled three
drug target sets (Supplementary Fig. 1b), namely, that of targets
(1) shared among the PD drugs, irrespective of their risk of
inducing psychosis, (2) unique to PD drugs at risk of psychosis,
and (3) unique to PD drugs at lower risk of psychosis.

Trends in antipsychotic and PD drug target expression
distributions in the brain

Our primary objective was to use principal component analysis
(PCA) to determine whether distinct brain regions help distinguish
targets of drugs that induce side effects, from targets of drugs that
do not. We aimed to predict with confidence that genes targeted
by drugs inducing or not inducing side effects tend to cluster
within distinct areas on the principal component (PC) plot,
exhibiting specific characteristics (e.g., gene expression variations,
regional specificities, etc.). We compiled the spatial expression
profiles of the genes encoding the drug targets from the
normalised adult brain microarray dataset of Allen Brain Atlas
(see Methods) [31]. PCA was performed using the ClustVis toolkit
[32]. The input matrices contained the log,-transformed average
probe intensities of antipsychotic and PD drug target genes,
categorised as shared or unique targets, across the 13 regions in
the dataset. Note that unless stated otherwise, normalised
transcriptomic data is used for analysis.

In PCA of APD targets, PC1 and PC2 captured 94.5% and 2.7% of
the expression variance, respectively. Figure 2a shows the
component scores of specific categories of APD targets, calculated
as linear combinations of the original variables (i.e., average gene
expression in 13 major brain areas) and their corresponding
loading strengths. Three prediction ellipses effectively enclosed
the three drug target groups (shared FGA/SGA targets, unique
FGA targets and unique SGA targets) with a high predictive
accuracy of 95%, indicating that a new observation from the same
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category is highly likely to fall within the ellipse (Fig. 2a). However,
the three groups of genes clustered together, with overlapping
prediction ellipses, indicating similar expression patterns. To
identify regional contributions to the grouping patterns shown
in Fig. 2a, we evaluated regional loading strengths [33] on PC1
(the axis that captures the maximum variance in the expression
data). As shown in Fig. 2b, all 13 brain regions played comparable
roles in producing the scatter along PC1, likely suggesting
widespread effects of the drugs in the brain. Nevertheless, the
size of the ellipses indicated differences in expression variability
among the three groups (Fig. 2a). The shared targets exhibited
higher variability compared to the unique targets of SGAs and
FGAs.

In the case of PD drug targets, PC1 and PC2 respectively
accounted for 92.5% and 3.5% of the variance (Fig. 2¢). The shared
targets of PD drugs, regardless of their risk of inducing psychosis,
and the unique targets of PD drugs at risk of psychosis exhibited
overlapping expression patterns of reduced variability. On the
other hand, the targets of PD drugs with lower risk of psychosis
showed high expression variability. The corresponding ellipse
encompassed the ellipses of the former two groups. All the 13
brain areas contributed equally to the scatter plot (Fig. 2d).

Altogether, while global expression patterns did not differenti-
ate between the target sets of FGAs and SGAs with varied
Parkinsonism outcomes, a notable difference in global expression
variability emerged between PD drugs at risk of psychosis and at
lower risk of inducing psychosis.

Next, we assessed whether genes in Fig. 2a and c were primarily
influenced by drugs with specific mechanisms of action (Supple-
mentary Note 1, Supplementary Data Files 2-3 and Supplemen-
tary Figs. 2-7). Dopaminergic system-targeting drugs influenced
shared APD and unique FGA targets, while drugs acting on
multiple systems, including adrenergic, dopaminergic, histamine,
serotonergic, and gamma-aminobutyric acid (GABA) systems,
influenced unique SGA targets. Dopamine precursors and
decarboxylase inhibitors predominantly influenced shared targets
of PD drugs and PD drugs at risk of psychosis, whereas drugs
acting on adrenergic, dopaminergic, and serotonergic systems, as
agonists or antagonists, and monoamine oxidase inhibitors
influenced targets of PD drugs at lower risk of psychosis.

Regional specificities of antipsychotic and PD drug targets
From PCA, brain areas appeared to contribute equally to the
expression distributions of drug targets. However, we investigated
the region-wise normalised gene expression distributions in
greater detail. Specifically, we examined whether regional
statistically significant differences existed among the drug target
categories. Unique targets of FGAs exhibited higher expression
than the unique targets of SGAs across all 13 brain areas
(Fig. 3a-m), with the most significant differences observed in
the midbrain (Wilcoxon rank-sum test: p-value =0.018), dience-
phalon (p-value =0.019), and pons (p-value =0.019). This sug-
gested that the tendency of FGAs to induce Parkinsonism could
be attributed to their strong influence on PD-related regions such
as the midbrain. The mean expression levels of the unique targets
of PD drugs at risk of psychosis were found to be higher than
those of the unique targets of PD drugs at lower risk of inducing
psychosis across ten brain areas (Fig. 3n-z). This difference was
highly statistically significant in the white matter (Wilcoxon test:
p-value = 1.3E-03) - including at the level of its subdivisions,
namely, the cingulum bundle (p-value = 2.3E-03) and the corpus
callosum (p-value = 1.8E-03) (Supplementary Fig. 8) - and the
cerebellum (p-value =0.018), medulla oblongata (p-value =
0.031), and pons (p-value =0.034). PD drug action in these
regions could be responsible for the induction or aggravation of
psychotic symptoms.

Shifting our focus away from global distribution patterns and
regional mean expression levels, we now examined whether
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Fig. 1 Flow chart depicting the concepts examined in the study. Antipsychotic drugs exhibiting two distinct clinical effects were collected,
specifically, first-generation antipsychotics (FGAs) causing Parkinsonism and second-generation antipsychotics (SGAs) used to manage
psychotic symptoms in Parkinson’s disease (PD). Similarly, PD drugs with two effects were compiled, those at risk of inducing psychosis and
those at lower risk of psychosis. The genes targeted by these four drug categories were identified. Subsequently, we investigated four factors
(a—d) that could potentially help differentiate the target sets of PD and antipsychotic drugs with varying clinical effects: a The global
expression trends of the drug targets in the brain and the impact of the different neurotransmitter systems that the drugs regulate on these
trends; b The regional variations in the expression levels of drug targets and their numerical overrepresentation among genes highly
expressed in specific brain regions; ¢ The topological modules formed by the drug targets in the human interactome and their enrichment for
specific biological processes; d The proximity of the drug targets to genes associated with PD and SZ, as well as their first-order and second-

order interactors.

genes highly expressed in specific brain regions were more
prevalent (i.e.,, numerically overrepresented) among the targets of
a specific drug category (compared to all brain-expressed genes).

For the analysis, we compiled gene lists from four normalised
transcriptomic datasets (Supplementary Methods): (i) RNA-
sequencing data covering 26 brain regions during development
[34], (ii) prenatal microarray data of 516 prenatal structures [31],
(iii) adult microarray data encompassing 232 brain structures [31],
all sourced from Allen Brain Atlas, and (iv) the RNA-sequencing
data of 13 adult brain regions from GTEx [35].

To identify the regions associated with the six drug target
sets, we used hypergeometric tests to examine the distribution
of genes highly expressed in specific regions within these sets.
A p-value < 0.05, obtained after correction for multiple hypoth-
eses using the Benjamini-Hochberg (BH) method was consid-
ered statistically significant. The shared targets of FGAs, SGAs
and PD drugs (irrespective of whether they induce psychosis or
not) were enriched for expression in the caudate nucleus and
putamen (Fig. 4a, d). This can be attributed to the predominant
action of these drugs on dopamine pathways and the high
density of dopamine receptors in these brain structures [36].
Additionally, the shared targets of FGAs and SGAs showed
enrichment in the prenatal amygdalostriatal transition area
(Fig. 4a). The unique targets of FGAs were enriched in the
amygdala, hippocampus, and anterior cingulate cortex
(Fig. 4b). On the other hand, the unique targets of SGAs were
enriched in the prenatal reticular and centromedian nuclei of
the thalamus and the adult pontine central grey, suggesting
the involvement of the serotonergic pathway (Fig. 4c). Finally,
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the unique targets of PD drugs at lower risk for psychosis
showed expression in the adult hypothalamus and the prenatal
periventricular nucleus (Fig. 4e). To delineate the implications
of drug target enrichment in foetal structures, we identified the
specific targets responsible for these enrichments and their
involvement in biological processes (Supplementary Note 2).

Overall, regional variations in mean expression levels and
numerical enrichment for region-specific genes help distinguish
the target sets of drugs with different clinical effects.

Network modules of antipsychotic and PD drug targets in the
human interactome

Interestingly, we noted a higher-than-expected number of
functional associations, including protein-protein interactions
(PPIs), among the APD targets and the PD drug targets,
separately (Supplementary Note 3). This prompted us to
examine the higher-order relationships of these target sets in
the protein interactome [37-39]. For this, we generated the
networks of the drug targets shared between or exclusive to
FGAs and SGAs (Fig. 5a-c) and the networks of the targets
shared between or exclusive to PD drugs at risk or lower risk of
inducing psychosis (Fig. 5d-f) using the STRING database [40].
We then identified topological modules within these networks
using the Markov Clustering (MCL) algorithm. Enriched Gene
Ontology biological processes in these modules were deter-
mined using hypergeometric tests (p-value < 0.05 after correc-
tion for multiple hypotheses). We hypothesized that the
modules and the associated biological processes likely influ-
enced the clinical effects of the drugs.

SPRINGER NATURE
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Fig.2 Principal component analysis of the drug targets revealed their clustering into overlapping ellipses, albeit of differing expression
variability in the brain. PCA was performed with the log,-transformed probe intensities of the drug targets in 13 major brain areas in the
microarray dataset of Allen Brain Atlas. A data matrix with brain regions (rows) and the drug targets (columns) was constructed out of these
log-transformed values. Unit variance scaling was applied across this matrix for normalisation. Singular value decomposition with imputation
was used to extract the principal components (PCs). In a, the component scores (n = 93) corresponding to PC1 and PC2 explaining 94.5% and
2.7% of the total variance have been plotted along X and Y axes respectively. The three prediction ellipses correspond to the shared targets of
FGAs and SGAs (red), the unique targets of FGAs (blue), and the unique targets of SGAs (green). The probability of a new data point from the
same group falling within these ellipses is 0.95. In b, the loading strengths of the 13 dimensions, i.e., the brain regions, contributing to PC1,
have been shown. In ¢, the component scores (n = 38) corresponding to PC1 and PC2 explaining 92.5% and 3.5% of the total variance have
been plotted along X and Y axes respectively. The three prediction ellipses correspond to the shared targets of the PD drugs irrespective of
whether they induce psychosis or not (red), the unique targets of PD drugs at risk of psychosis (blue), and the unique targets of PD drugs at
lower risk of psychosis (green). In d, the loading strengths of the brain regions contributing to PC1 have been shown.

From the network of drug targets shared between FGAs and neurotrophic receptor tyrosine kinase 2 (Fig. 5a). These processes
SGAs, we identified five modules enriched for dopaminergic, likely contribute to the common pharmacological effects observed
serotonergic and adrenergic signalling, dopamine and serotonin in both FGAs and SGAs. From the network of exclusive FGA
clearance, and FYN proto-oncogene activation downstream of targets, we found two modules enriched in adrenergic and
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Fig. 3 The targets of FGAs and SGAs and PD drugs at risk (or not) of inducing psychosis exhibit differences in region-wise gene
expression distributions. The varying average probe intensity distributions of the shared targets of FGAs and SGAs (red), the unique targets
of FGAs (blue), and the unique targets of SGAs (green) in 13 major brain areas (see Y axes) have been shown using the violin plots in a-m. The
varying average probe intensity distributions of the shared targets of PD drugs irrespective of whether they induce psychosis or not (red), the
unique targets of PD drugs at risk of psychosis (blue), and the unique targets of PD drugs at lower risk of psychosis (green) in 13 major brain
areas (see Y axes) have been shown using the violin plots in n-z. In a-z, the p-values denoting the statistical differences between pairs of drug
target categories were computed using the Wilcoxon rank sum test and adjusted for multiple hypotheses using the Benjamini-Hochberg
method.
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Fig. 4 Antipsychotic and PD drug targets showed differential enrichment patterns in specific brain regions. The enrichment of the drug
targets for genes showing high expression in specific regions extracted during prenatal stages (LMD microarray dataset), from adults (Allen
Brain Atlas microarray and GTEx RNA-sequencing datasets), and during prenatal and adult stages (Allen Brain Atlas developmental
transcriptome RNA-sequencing dataset), was examined. a-c show the specific areas in which the shared and unique targets of SGAs and FGAs
are highly expressed, with the adult areas marked in brain maps and the prenatal areas highlighted against the background of Nissl-stained
brain sections (Interactive Atlas Viewer, Allen Brain Atlas). d and e show the specific areas in which the shared targets of PD drugs and the
unique targets of PD drugs at lower risk of psychosis are highly expressed. The accompanying bar graphs show the -log,(p-value) of
enrichment after correction for multiple hypotheses using the Benjamini-Hochberg method. Note that the specific regions that showed
enrichment at p-value < 0.05 after correction (i.e., -log,o(p-value) > 1.30103) are shown in the brain maps and Nissl-stained brain sections.
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Fig. 5 FGA and SGA targets and targets of PD drugs at risk of psychosis and at lower risk of psychosis are involved in different network
modaules in the human interactome. The networks of the proteins targeted by a shared targets of FGAs and SGAs, b unique targets of FGAs,
c unique targets of SGAs, d shared targets of PD drugs, e unique targets of PD drugs at risk of psychosis and f unique targets of PD drugs at
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glutamatergic signalling pathways (Fig. 5b). Compared to FGAs,
the network of exclusive SGA targets revealed drug action in a
broader range of neurotransmitter pathways through nine
modules (Fig. 5c¢), including adrenergic, serotonin, muscarinic
cholinergic receptor and neurotrophic receptor tyrosine kinase 2
signalling, as well as interleukin and leptin signalling. They likely
account for the beneficial effects of SGAs in PD, such as managing
comorbid psychosis without exacerbating Parkinsonism. We
additionally explored whether the wide-ranging effects of the
unique SGA targets could be attributed to single drugs, like
clozapine [41], known to interact with multiple receptors
(Supplementary Note 4 and Supplementary Fig. 9).

Translational Psychiatry (2025)15:124

A topological module enriched for dopaminergic signalling and
neurotransmitter clearance was identified from the target network
of PD drugs, regardless of whether they induce psychosis or not
(Fig. 5d), suggesting the involvement of these pathways in the
common pharmacological effects of PD drugs. The network of
drug targets exclusive to PD drugs at risk of psychosis revealed a
module enriched for DNA repair processes (Fig. 5e), suggesting
the involvement of these processes in the unique side effects
produced by this category of PD drugs. In the network of drug
targets exclusive to PD drugs at lower risk for psychosis, a
topological module enriched for neurotransmission, cardiac
conduction, muscle contraction, and axon guidance was detected
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(Fig. 5f), indicating the role of these processes in governing the
beneficial effects of this category of PD drugs.

The results indicated that drug target sets formed distinct
modules with specific biological functions in the human
interactome. These functions likely influenced the clinical effects
of the drugs.

Relationship of antipsychotic drug targets to putative PD and
SZ risk genes in the human interactome

We examined the enrichment of the FGA and SGA targets among
genes exclusively associated with SZ, exclusively associated with
PD, and shared between PD and SZ, and their immediate
interactors (i.e., first-order interactors) and their interactors two
steps removed (i.e., second-order interactors) in the neighbour-
hood network. For this, 795 genes harboring SZ-associated
variations, 137 genes with PD-associated variations and 18 with
variations linked to both disorders, were collected from the
DisGeNET database [42]. Each of these genes had a stringent
disease association score cutoff of 0.7 or higher (Supplementary
Data File 4). PPl data was collected from BioGRID [43] and HPRD
[44] (see Methods).

Fig. 6a, b shows that FGA targets were exclusively enriched
among the first-order interactors of unique PD genes. These first-
order interactors were particularly enriched for monoamine
transport-related genes (BH-corrected p-value = 2.07E-05; SLC6A4,
DRD2, DTNBP1, and TOR1A). On the other hand, Fig. 6¢c, d shows
that SGA targets were enriched for the unique SZ genes
themselves, rather than their interactors. Fourteen SZ genes were
responsible for this enrichment, namely, ABCB1, EHMT2, GRIN2B,
GRM3, HLA-B, HLA-C, HLA-DRB3, HLA-DRB5, ITIH3, MSANTD1, MTHFR,
PDE4D, SH2B1 and SLCIAT. Statistically significant enrichment for
interferon signalling was detected from these genes (BH-corrected
p-value = 6.29E-03; HLA-B, HLA-C, HLA-DRB3, and HLA-DRB5). This
enrichment remains significant even after applying a more
conservative FDR-correction test [45] (p-value =6.14E-03). No
significant signals were observed for PD drug targets. Altogether,
this suggested that the tendency for FGA targets to directly
interact with PD-associated genes and SGA targets to be SZ-
associated genes likely contributed to their distinct clinical effects.

DISCUSSION

In this study, we employed systematic transcriptomic and network
analyses to examine the targets of APD and PD drugs associated
with different clinical effects on Parkinsonism and psychotic
symptoms.

Insights from drug target expression patterns

The similar global expression patterns of FGA and SGA targets (Fig.
2a), both shared and unique, likely resulted from the primary
actions of the drugs on the dopaminergic system (Supplementary
Figs. 2-4). While unique SGA targets were also influenced by the
combined effects of the drugs on other systems like cholinergic,
adrenergic, GABA, and histamine, these effects usually occurred in
conjunction with the dopaminergic system, often alongside the
serotonergic system (Supplementary Fig. 4). Although serotoner-
gic and dopaminergic systems are regulated by distinct compo-
nents [46], when pharmacologically modulated, their responses
become interconnected in the synthesis, degradation, and
activation pathways [47, 48]. This may explain why instances
where these drugs act on the serotonergic system alone or on
other systems in combination with the serotonergic system but
without the dopaminergic system do not produce noticeable
differences in the global expression profiles (Fig. 2a).

On the other hand, there are clearer distinctions between the
targets of PD drugs that are at risk of psychosis and that are not,
both shared and unique (Fig. 2c). Specifically, the targets of PD
drugs at lower risk of psychosis show the highest variability in
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gene expression. This variability is likely influenced by drug action
on adrenergic, dopaminergic, and serotonergic systems, in multi-
ple directions, including both agonistic and antagonistic effects, as
well as on intermediate players in the dopamine enzymatic cycle,
such as monoamine oxidase (Supplementary Fig. 7). In contrast,
the unique targets of PD drugs at risk of psychosis are likely
influenced by drug action specifically on dopaminergic activation
(Supplementary Fig. 6). This is also the case for the shared targets
of PD drugs, albeit in conjunction with actions on decarboxylase
within the dopamine enzymatic cycle (Supplementary Fig. 5).
Action on individual components of the dopaminergic system
likely influenced the confinement of the prediction ellipses of the
two drug target sets within the ellipse enclosing the targets of PD
drugs at lower risk of psychosis (Fig. 2c).

Global trends suggested widespread effects of APDs (Fig. 2b)
and PD drugs (Fig. 2d). Nevertheless, regional gene expression
variations (Fig. 3) and numerical enrichments (Fig. 4) suggested
the influence of local drug actions on the development of
Parkinsonism with APDs and psychotic symptoms with PD drugs.
Notably, unique FGA targets exhibited higher mean expression
levels than SGAs in 13 brain areas, with the most significant
differences observed in the midbrain, a region central to PD
pathology. Specifically, prolonged use of drugs such as haloper-
idol can induce a hypodopaminergic state in the nigrostriatal
pathway due to excessive depolarisation and subsequent
inactivation of dopaminergic neuron spike generation. This, in
turn, could precipitate Parkinsonian symptoms [49, 50]. The
targets of PD drugs at risk of psychosis showed higher expression
than those at lower risk in the cingulum bundle, suggesting its
potential role in precipitating SZ symptoms. The cingulum bundle
connects the neocortex and the limbic system. Abnormalities in
this white matter tract have been noted in SZ patients [51-53],
possibly signifying reduced interaction across emotional and
cognitive domains. Quetiapine promotes the differentiation of
neural progenitor cells into oligodendrocytes and facilitates
myelination in rat embryonic cultures [54]. With chronic use,
quetiapine improves the working memory deficits arising from
cortical demyelination in both rats and mice [54, 55]. Although
such studies allude to the beneficial effects of SGAs, conflicting
reports also exist [56]. Nevertheless, the enrichment of targets of
PD drugs - specifically of those at risk of inducing psychosis - in
the cingulum bundle, which is potentially relevant to SZ aetiology,
warrants further experimental investigation. Lastly, the enrich-
ment of specific categories of drug targets in foetal structures
raises complex possibilities (Supplementary Discussion).

Insights from the networks of drug targets

Network analyses revealed functional modules collectively
targeted by the drug categories, providing insights into their
implications for clinical effects. The identification of network
modules of unique SGA targets related to multiple neurotrans-
mitter systems aligns with non-dopaminergic theories of SZ. These
theories view SZ as a multifactorial disorder, with changes in
serotonergic, glutamatergic, cholinergic, and neurotrophin signal-
ling pathways, in addition to abnormalities in the dopaminergic
system, contributing to the disease symptoms [57-59]. Hence, in
complex cases where psychosis is comorbid with PD, and an
imminent risk exists of APDs worsening Parkinsonism, exploring
alternative neurotransmitter systems for therapeutic relief may be
necessary. Additionally, modules of unique SGA targets related to
interferon and interleukin signalling suggest that the broad-
spectrum effects of APDs may operate at the interface of
neurotransmitter pathways and the neuroimmune axis, an area
that is being actively researched.

The oxidation of dopamine by monoamine oxidase A leads to
H,0, and free radical generation, potentially leading to DNA
damage and influencing the development of PD. Although there
is limited literature on this topic, a study has shown that the DNA
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Fig. 6 The different effects of FGAs and SGAs could be attributed to their associations with PD and SZ-associated genes. The network
proximity of FGA and SGA drug targets to genes associated exclusively with PD or SZ, as well as genes shared between the two disorders,
were examined. Specifically, the enrichment of FGA and SGA targets among the following sets were assessed: unique PD genes, first-order
interactors of unique PD genes in the interactome (i.e., their direct interactors), and second-order interactors of unique PD genes (i.e., genes
interconnected to unique PD genes via an intermediate interactor, separated by two steps/interactions). Similar sets were assembled for
unique SZ genes and shared PD/SZ genes. a and b show the exclusive enrichment of FGA targets for the first-order interactors of unique PD
genes (direct interactors). ¢ and d show the exclusive enrichment of SGA targets for the unique SZ genes themselves rather than their
interactors. The bar graphs in a and ¢ show the -log(p-value) of enrichment after correction for multiple hypotheses using the Benjamini-
Hochberg method. The network nodes in b and d represent proteins and edges represent protein-protein interactions.

damage observed in the peripheral blood cells of PD patients
progressively decrease after the intake of the dopamine precursor
levodopa [60]. Elevated levels of levodopa may also disrupt a cycle
in which dopamine turnover increases and free radicals are
generated as a compensatory response to dopaminergic neuron
loss. However, the identification of a DNA repair module formed
by eight unique targets of PD drugs at risk of psychosis suggests a
more direct involvement of this drug category in countering DNA
damage. Of these, both levodopa and entacapone target DNA
polymerases, while levodopa additionally targets helicases and
endonucleases.

Antipsychotic drugs often trigger Parkinsonian symptoms due
to altered sensitivity in signalling pathways [4]. We found that the
targets of FGAs are immediate interactors of genes harbouring PD-
associated variations in the human interactome. Therefore, PD-
associated variations and their effects in the surrounding PPI
network [61] may influence patient sensitivity to FGAs that target
genes within this network.

Our study has several limitations. First, to the best of our
knowledge, no single study has recorded, at the same time, the
side effects of PD and antipsychotic drugs, such as the frequency
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of psychotic symptoms in response to levodopa treatment.
Additionally, we are not aware of studies that have tried to
integrate the interaction between gene expression data, and the
side effects of PD and antipsychotic drugs. Therefore, at this point,
it may be difficult to comprehensively verify the validity of our
findings in a clinical setting. However, our observations provide a
window of opportunity, for a more careful look at the clinical
setting, and a potential for designing hypothesis-driven studies in
the future. Additionally, the predictive value of the spatial and
functional correlates can be assessed using new drugs in clinical
development or entering the market.

Second, SGAs as a group have shown greater therapeutic
success in treating psychosis in other disorders, primarily due to
their lower risk of inducing motor abnormalities such as dystonia,
tardive dyskinesia, Parkinsonism, akathisia, and shuffling gait
[62-66]. Several factors contribute to this, namely, their weak D,
receptor antagonism, activity on receptors other than dopamine
receptors, faster dissociation kinetics from D, receptors, and
optimal levels of D, receptor occupancy [62]. However, the
different SGAs themselves vary in their tendency to induce
extrapyramidal symptoms, with clozapine showing no such
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tendency and high doses of risperidone inducing Parkinsonism
[62]. While the current study does not explore these nuances, it
tries to identify the processes by which SGAs are more effective in
the management of SZ, and are also useful in reducing psychotic
symptoms in those with PD (when exposed to dopamine
agonists), as compared to FGAs.

Lastly, the network-based results should be updated as the
human interactome and the PD-SZ genetic architecture expand.

CONCLUSIONS

This analysis seeks to understand the properties of PD and
antipsychotic drug targets that likely explain the different
clinical effects of these drugs. Several new insights into their
mechanisms were gained. PD drugs that do not cause
psychotic symptoms are associated with widespread and
variable changes in gene expression. This suggests that the
effectiveness and side-effect profile of PD drugs may be linked
to their ability to broadly modulate gene expression, a finding
that can help develop drugs that manage PD symptoms
without causing psychosis. Unique targets of FGAs (linked to
Parkinsonism) had higher mean expression levels than SGA
targets in the midbrain. Similarly, targets of PD drugs at the risk
of causing psychosis had higher expression in white matter
compared to those without such risk. Both findings highlight
the connections between side-effect profiles and disease-
associated regional specificities. Multiple neurotransmitter
(e.g., adrenergic, serotonin, and cholinergic) and immune
(e.g., interleukin) signalling modules, suggesting non-
dopaminergic and neuroimmune involvement, were identified
among unique SGA targets. This indicates that SGAs may work
through complex mechanisms involving both neural and
immune components, broadening the understanding of how
SGAs function and opening new avenues for developing
treatments that target these pathways. FGA targets directly
interacted with putative risk genes for PD, while many SGA
targets overlapped with putative risk genes for SZ. Further
dissection of the interaction between genetic risks and side-
effects may help develop better targeted therapies. In
summary, we identified spatial and functional correlates of
varying clinical effects in PD and antipsychotic drugs, including
distinct global and regional expression patterns, topological
modules, and differential network proximity to PD- and SZ-
associated genes in the human interactome.

METHODS

Analysis of global drug target expression profiles

The Drug Bank database [28] (version 5.1.8) was used to compile the
PD and antipsychotic drug lists. We then used the TWOSIDES database
[29] (version 0.1) - a publicly available database of drugs and
associated adverse events — to categorise these drugs with respect
to their effects on the disease pairs (Supplementary Methods). We
examined the spatial expression patterns of the targets of drugs
belonging to the four categories using the adult microarray data
available in the Allen Brain Atlas (Supplementary Methods) [31].
Normalized expression values (probe intensities) were available for 93
of the 182 APD target genes and 38 of the 70 PD drug target genes. We
computed the average expression of each target across samples in the
13 major areas, obtaining gene expression summary measures. PCA,
implemented using Clustvis [32], transformed the original log-
transformed probe intensities into uncorrelated variables (Supplemen-
tary Methods). To examine the influence of specific drug mechanisms
on the PC plots, we used Drug Bank data (Supplementary Methods).

Analysis of regional drug target expression profiles

To examine the regional gene expression distributions of the three
drug target categories linked to APDs and PD drugs, we applied the
Wilcoxon rank sum test, comparing their average probe intensities
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across 13 brain regions in the Allen Brain Atlas [31]. Next, we examined
the numerical overrepresentation of drug targets with high expression
in specific brain regions using four independent transcriptomic
datasets (Supplementary Methods). The gene matrix transpose files
compiled from the datasets served as inputs for a gene over-
representation analysis based on hypergeometric distribution (Supple-
mentary Methods). The p-values derived from this analysis were
corrected for multiple hypothesis using the BH method.

Network analysis of drug targets

We used the STRING database [40] to examine the interconnectivity of APD
and PD drug targets (Supplementary Methods). Subsequently, we con-
structed and extracted topological modules from three distinct networks of
APD targets and three networks of PD drug targets (Supplementary
Methods). Cytoscape was used to visualize the networks [67].

The enrichment of topological modules for genes associated with
specific biological processes (Gene Ontology [68]) was computed using
WebGestalt [69]. Statistical significance was determined through
hypergeometric tests, corrected using the BH method, with a
BH-corrected p-value < 0.05 considered significant. We compiled genes
harboring variations associated with PD, SZ, or both from the
DisGeNET database [42] (version 7) and identified their first-order
and second-order interactors from PPl repositories BioGRID [43]
(version 4.3.194) and HPRD [44] (version 9) using BisoGenet (Supple-
mentary Methods) [70]. Drug target enrichment for various disease
gene sets and interactome subsets was calculated using hypergeo-
metric tests with BH correction.

DATA AVAILABILITY

The lists of proteins targeted by the four categories of PD and antipsychotic drugs
and the genes associated with PD and SZ compiled from the DisGeNET database
have been made available as Supplementary Data Files 1, 4, respectively.
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