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a b s t r a c t

Neuropsychiatric disorders (NPDs) such as bipolar disorder (BD), schizophrenia (SZ) and mood disorder
(MD) are hard to manage due to overlapping symptoms and lack of biomarkers. Risk alleles of BD/SZ/MD
are emerging, with evidence suggesting mitochondrial (mt) dysfunction as a critical factor for disease
onset and progression. Mood stabilizing treatments for these disorders are scarce, revealing the need
for biomarker discovery and artificial intelligence approaches to design synthetically accessible novel
therapeutics. Here, we show mt involvement in NPDs by associating 245 mt proteins to BD/SZ/MD, with
7 common players in these disease categories. Analysis of over 650 publications suggests that 245 NPD-
linked mt proteins are associated with 800 other mt proteins, with mt impairment likely to rewire these
interactions. High dosage of mood stabilizers is known to alleviate manic episodes, but which compounds
target mt pathways is another gap in the field that we address through mood stabilizer-gene interaction
analysis of 37 prescriptions and over-the-counter psychotropic treatments, which we have refined to 15
mood-stabilizing agents. We show 26 of the 245 NPD-linked mt proteins are uniquely or commonly tar-
geted by one or more of these mood stabilizers. Further, induced pluripotent stem cell-derived patient
neurons and three-dimensional human brain organoids as reliable BD/SZ/MD models are outlined, along
with multiomics methods and machine learning-based decision making tools for biomarker discovery,
which remains a bottleneck for precision psychiatry medicine.
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1. Introduction

Owing to the complex and mosaic nature of the human brain,
numerous classes of mental illnesses exist, including neuropsychi-
atric disorders (NPDs) such as bipolar disorder (BD), schizophrenia
(SZ) and mood disorder (MD) [1,2]. These classes are categorized
based on observable manifestations exemplified by uncontrolled
anger, mood swings, brain seizures, or attention deficit, but in
many cases are harder to diagnose due to overlapping symptoms
[3,4]. This dilemma often results in misdiagnosis due to the lack
of clear disease biomarkers. Although the etiology of these disor-
ders is still poorly understood, strong evidence points out to the
contribution of an assortment of factors, including genetic suscep-
tibility, epigenetic dysregulation, and environmental stimuli to
mental disease onset and/or progression [5,6]. Further, it remains
unclear on the scope of mt pathways targeted by BD/SZ/MD psy-
chotropic treatments, or how to strategize their administration.
These issues necessitates the requirement of advanced multiomics
and artificial intelligence (AI)-based research endeavours that can
potentially accelerate biomarker discovery and therapeutic devel-
opment for NPDs.

Altered brain function appears to be a consistent player in var-
ious NPDs, and epigenetic spatiotemporal dysregulation of gene
expression was found to be a common player in NPDs, resulting
in altered neuronal differentiation, brain development and cir-
cuitry formation, which commonly contribute to NPD pathophysi-
ology [5]. The human brain consumes a staggering one-fifth of the
body’s energy, which is supplied by mitochondria (mt) [7]. Thus,
understanding how mt dysfunction is linked to NPDs becomes a
focal point. Mt produce the vast majority of ATP in nerve cells,
and therefore mt dysfunction may contribute to energy-depleted
neuronal impairment associated with NPDs. For example, muta-
tions in MRPL40, encoding mt ribosome component, leads to 25-
fold increase in SZ risk, with ATP depletion considered the hall-
mark of mutated MRPL40 in patient forebrain-like excitatory neu-
rons [8]. Beyond energy production, mt engage in fusion and
fission, bidirectional trafficking along neuronal axons from soma
to terminal synapses and vice versa, as well as clearance of dam-
aged mt (mitophagy), to collectively sustain neuronal functions
[7,9,10]. Thus, alterations in bioenergetics/mt dynamics are linked
to NPDs. For example, DISC1 interaction with mt Rho (MIRO1, 2) or
mitofusin (MFN1, 2) GTPases and trafficking adaptors (TRAK1, 2)
links mt fusion and transport mechanisms in healthy neurons
[11]. Single nucleotide polymorphisms (SNPs) and haplotypes in
DISC1 also associate with BD and SZ, suggesting interrupted mt
transport and fusion machineries in these disorders [12].

In addition, the glycogen synthase kinase-3b (GSK-3b), regu-
lates healthy mt activities [13]. GSK-3b inhibition upregulates
the transcriptional factor PGC-1a, which increases mt biogenesis
[14]. This demonstrates that GSK-3b exhibits regulatory roles over
transcription factors, with GSK-3b alteration reported to associate
with NPDs [15]. While these examples shed light on the linkage
between mt dysfunction and NPDs, major gaps remain, including
the absence of extensive studies on mt interactome alterations in
NPDs, and the scarcity in databases describing the pathological
pathways restored by a specific treatment or combination
therapies.

Despite these molecular points of convergence between distinct
NPDs, differences still exist and segregate BD/SZ/MD from one
another. For example, a genomic study conducted on both BD
and SZ has elegantly dissected the differences between these disor-
ders by identifying disease-specific genetic variants and the
genetic footprint underlying various phenotypes within the same
illness [16]. Another comparative transcriptomic study on BD and
other major mental disorders revealed the downregulation of
2536
genes encoding receptors, channels or transporters, and the upreg-
ulation of genes involved in stress response in BD, suggesting a dif-
ferential pathological background that discriminates between BD
and other mood disorders [17]. This is in addition to gray matter
deficits that appear to be more intense in SZ compared to BD [18].

Although both convergent and divergent pathological mecha-
nisms are involved in the onset of these mental illnesses, in this
review, we discuss howmt proteins-linked to BD/SZ/MD that inter-
act with other mt proteins are impacted by psychotropic drugs,
revealing mt pathways that are commonly or uniquely affected
by targeted medication. We also discuss human disease models
(i.e. induced pluripotent stem cell (iPSC)-derived neurons and
brain organoids) available for BD/SZ/MD, and how their integration
with multiomics (chemical genetic interaction, gene expression,
physical or genetic interactions) and AI (Fig. 1A) can facilitate the
discovery of biomarkers and drug targets to improve precision psy-
chiatry medicine.
2. Psychotropic treatments for NPD patients with MT damage

Frontline NPD treatments include anti-depressants, anti-
psychotics, a2-adrenoceptor agonists, and other mood stabilizers.
Due to increasing evidence for mt connectivity to NPDs [19–22],
we will discuss how various psychotropic treatments improve mt
fitness, with emphasis given to lithium as a widely administered
drug of choice.

Secondary messenger signal transduction abnormalities associ-
ate with depressive episodes due to 5-hydroxytryptamine receptor
activation and monoamine receptor dysregulation, resulting in low
mt capacity to synthesize ATP observed in depression-linked ail-
ments such as BD and SZ [20,21,23–25]. Recently, a meta-
analysis study conducted on 21 anti-depressants showed that
select compounds (e.g. mirtazapine) exhibit higher response and
lower dropout rates in adults affected by major depressive disorder
(MDD), while other compounds showed lower efficacy and accept-
ability profiles, such as fluvoxamine, making them less promising
therapeutic options [26]. However, efficacy varies considerably
between sexes and age groups, with fluoxetine effectively reducing
depressive symptoms in younger patients [26]. This is due to dif-
ferential anti-depressant efficacy in improving mt fitness that var-
ies over time. For example, single injection of fluoxetine improves
citrate synthase activity in the striatum and mt complex I in the
hippocampus, but after 28 days of treatment, this drug was no
longer beneficial [27,28].

Interestingly, sex and brain region-specific effects of fluoxetine
were demonstrated by another study [29], with increased mt cyto-
chrome oxidase 1 and 3 in the prefrontal cortex of female but not
male rats, with conversely decreased expression in the hippocam-
pus region of male and not female rats. Increased cytochrome oxi-
dase and glutamate dehydrogenase levels were also observed in
the hippocampus of rats treated with fluoxetine and desipramine
[30]. Similarly, venlafaxine enhances anti-apoptotic and antioxi-
dant mt gene expression, but also exhibited a detrimental impact
on mt complex IV activity. Since mt fitness varies with ages, this
might explain inconsistencies in potency and side effects of mt
fitness-improving compounds when administered to different
age groups [31].

Antipsychotics such as risperidone, quetiapine, olanzapine and
others are routinely prescribed for BD and SZ to improve patient
moods by minimizing psychosis [32]. However, they may deterio-
rate mt fitness through damaging mt membrane potential and
altering secondary messenger signaling pathways, thus affecting
protein kinase A and C (PKA, PKC) levels. Despite the controversy
on whether antipsychotics improve or deteriorate mt functions
[33], available data demonstrate a role for mt impairment in BD/
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Fig. 1. Conceptual systems framework in NPDs (BD/SZ/MD), and lithium treatment amelioration of mitochondrial (mt) functions in distinct pathways. (A) Genetic variants
from GWAS will allow the discovery of NPD-associated mt risk genes. A CRISPR-based chemical-genetic interaction screening can unveil NPD-relevant mt targets inhibited by
a small molecule. Here, knockouts (or knockdowns) of the interacting gene of NPD-associated mt risk factors is lethal when cells are treated with small molecule. Artificial
intelligence (AI) methods, such as deep learning can be employed towards de novo drug discovery and combinatorial drug screening. By utilizing iPSC-derived neurons or 3D
brain organoids from NPD patients vs. healthy subjects, loss (dotted lines)-or gain (thick lines) of protein–protein interactions (PPIs), gene expression in distinct cell states
(OPC, oligodendrocytes; NPCs, Neural progenitor cells), and genetic interaction networks (i.e. two functionally linked single gene knockouts show lethal phenotype) can be
mapped to pinpoint specific or common pathological macromolecular complexes (identified from PPI networks) or pathways involved in the pathophysiology of BD/SZ/MD.
Integration of PPIs with co-expression profiles from scRNA-seq should uncover functional modules and driver genes of NPDs. Notably, a gene knockout that show chemical-
genetic interaction with a small molecule should display lethal with a mutation in the drug target gene. Thus, comparing genetic interactions with chemical-genetic
interaction profiles will identify mt pathway targets modulated by small molecule. Collectively, integration of these orthogonal datasets in various combinations should
generate a higher order pathway-level understanding of NPD-related mt genes and in the discovery of disease biomarkers and drug targets. (B) Lithium inhibits GSK-3
pathway, allowing the translocation of b-catenin to the nucleus and transcription of pro-survival factors. Lithium prevents mt translocation of GSK-3 and improves oxidative
phosphorylation (OXPHOS). (C) Lithium impedes the phosphoinositol cycle, reducing myoinositol levels and, consequently, blocking the activation of PKC pathway. Inhibition
of this pathway prevents destabilization of neuronal membranes, increased long-term potentiation, and induction of apoptosis. (D) BCL-2 and BDNF factors are improved via
ERK activation. Increased expression of these two proteins ameliorates neurotransmission, avoids mt Ca2+ overload and prevents cytochrome c release.

M. Zilocchi et al. Computational and Structural Biotechnology Journal 18 (2020) 2535–2546
SZ progression. Another important class of psychotropics is a2-
adrenoceptor agonists, such as brimonidine, that regulate neuro-
transmitter release [34], exhibit neuroprotective effects by upreg-
ulating mitogen-activated protein kinase (MAPK) and AKT
pathways, alleviate mt oxidative stress and inhibit pro-apoptotic
mt signaling cascades [35]. Also, AKT activation dissociates BAD
and BCL-2 at mt level and inhibits cytochrome c release, with ensu-
ing activation of apoptotic pathways [35].

Lithium carbonate is the gold standard mood stabilizer for
manic and depressive episodes of BD [36]. It also improves mood
in SZ patients, animal or cellular models that recapitulate patho-
logical SZ phenotypes [37]. Lithium has neurotrophic effect, which
restores signal transduction cascades, hormonal or circadian regu-
lation, and ion transport mechanisms [36]. Lithium also reverses
pathological BD phenotypes (e.g. oxidative stress, inflammation,
excitotoxicity, neuronal death). Yet, lithium targets in the cell
remains poorly understood, including how it restores healthy mt
protein–protein interactions (PPIs) in nerve cells [36,38–40].
2537
Lithium’s anti-apoptotic effect is driven by direct (i.e. modula-
tion of transcription) or indirect (i.e. activation of protein kinase
B/AKT) inhibition of GSK-3, which impacts the activity of cell
survival-promoting factors (i.e. cyclic AMP response element bind-
ing protein (CREB) and b-catenin), improving neuronal viability
[41,42] (Fig. 1B). Intriguingly, GSK-3 can also translocate into mt
and impact their permeability transition pore, thus regulating mt
functions [15,42]. Given the pro-oxidative and pro-inflammatory
properties of GSK-3, its inhibition exerts protective effects against
oxidative stress, mt dysfunction, and suppressing reactive oxygen
species-induced apoptotic pathways. Lithium in addition increases
mt complex I-II activities [42,43], yet the molecular attributes or
mtPPIs coordinating these observations remain understudied.

Studies propose that inositol monophosphatase, an enzyme of
the phosphatidylinositol cycle, is inhibited by lithium, leading to
reduced myoinositol levels and impeding PKC activation, which
is involved in the regulation of neuronal processes affected in BD
such as neuronal excitability, neurotransmitter release and neuro-
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plasticity [44–46] (Fig. 1C). In this context, PKC inhibition by
lithium reduces the phosphorylation of neurogranin, (a neuronal
calmodulin-binding protein expressed in dendritic spines), which
binds calmodulin to decrease long-term potentiation [47]. Among
all PKC substrates, MARCKS is one of the most biologically signifi-
cant (Fig. 1C), due to its implications in cytoskeletal remodeling.
Lithium also reduces MARCKS expression, resulting in the stabi-
lization of neuronal membranes [46,47]. Phosphoinositol pathway
inhibition ameliorates Ca2+ dynamics by reducing inositol triphos-
phate levels and impedes Ca2+ release from endoplasmic reticulum
[48]. This lithium-mediated effect resolves the BD imbalanced Ca2+

homeostasis, leading to Ca2+ accumulation within mt beyond their
buffering capacity, affecting proton export, ATP synthesis and the
permeability transition pore, which results in releasing cyto-
chrome c and apoptotic pathway activation [49]. Lithiummoreover
refines Ca2+ homeostasis, which is transported inside mt, possibly
through Na+/Ca2+ exchangers, minimizing mt damage caused by
elevated Ca2+ levels in NPD patients [50,51].

Additionally, lithium activates extracellular-signal-regulated
kinase (ERK) and MAPK pathways, which in turn upregulates the
transcription of several factors involved in neurogenesis, cell sur-
vival, and synaptic transmission and plasticity, including BCL-2,
through nuclear CREB stimulation [39,52] (Fig. 1D). BCL-2 acts as
pro-survival factor through limiting Ca2+ overload and impeding
cytochrome c release from mt [53,54] (Fig. 1D). Lithium also ele-
vates the expression of mt-associated protein, BDNF (brain-
derived neurotrophic factor) through ERK/MAPK pathway activa-
tion or b-catenin nuclear translocation, which downregulates
pro-apoptotic mt signaling leading to neurotransmitter release
such as glutamate, dopamine and serotonin [55] (Fig. 1B and D).
Further, BDNF activation by lithium inhibits GSK-3b and increases
CREB expression [55], which elevates BCL-2 and BDNF expression,
while BCL-2 protects mt by inhibiting pro-apoptotic BAD and con-
sequently elevates mt Ca2+ influx and cytochrome c release [55].
Also, lithium-mediated BDNF activation enables glutamatergic reg-
ulation and reduced excitatory neurotransmission [47,56].

Dopamine neurotransmission is also regulated by lithium via
the AKT/GSK-3b cascade, the phosphoinositol cycle and PKC sig-
nalling pathways downstream of dopamine receptors [46,57,58].
Loss-of-function of ANT1, a gene involved in the translocation of
adenosine triphosphate and adenosine diphosphate across inner
mt membrane, was recently identified as a risk factor for BD
[59]. Mutations in ANT1 increase serotonin turnover and hyperac-
tivity of serotonergic neurons, drawing a clear connection between
mt dysfunction and altered neurotransmission in BD [59]. Notably,
lithium increases serotonin biosynthesis, tryptophan uptake and
neurotransmitter release [60], but further studies are crucial to
verify if lithium or other mood stabilizers affect ANT1 activity.
Lithium treatment also restores the pathological phenotype of
POLG (gene encoding for the gamma polymerase) in mutated mice,
a model used to recapitulate psychiatric behaviour and pathologi-
cal pathways in BD, suggesting that lithium offers a beneficial
effect in animal models of POLG [19,60].

Valproic acid is another major BD mood stabilizer that reduces
mt matrix pH and higher Ca2+ levels associated with BD due to mt
10398A > G polymorphism, which is resistant to lithium treatment
[19]. Valproic acid is metabolized in the mt and improves mt oxy-
gen consumption rate and membrane potential. Similar to lithium,
valproic acid ameliorates mt Ca2+ homeostasis and inhibits apop-
totic pathways by impeding cytochrome c release and increasing
BCL-2 expression [19]. Valproic acid also acts as a histone deacety-
lase inhibitor by increasing BDNF expression, leading to histone 3
and 4 acetylation [19]. Together, these data strengthen a role for
mood stabilizers in restoring altered mt pathways in NPDs.
2538
3. NPD-linked MT proteins are targets of mood stabilizers

Although growing evidence links mt impairment to BD/SZ/MD,
most biochemical studies are of small-scale nature. To gain under-
standing of NPDs from studies deposited in public databases, we
analyzed mt-localized proteins from five sources: Mitocarta 2.0
[61], IMPI Q2 2018 [62], UniProt [63], Gene Ontology (GO) [64]
and COMPARTMENTS resource [65]. Besides an overlap between
the sources of mt annotations, we generated a list of 2,239 mt pro-
teins (Fig. 2A; Supplemental Table S1), of which three-fourths
(73%; 1627 of 2239) were in agreement in at least two data
sources. We then deduced mt proteins associated with BD/SZ/MD
by combining gene-disease annotations retrieved from the DisGe-
NET database [66], which were filtered at DisGeNET Score � 0.005
and evidence index > 0.9, in more than one source. This led us to
identify common and specific mt proteins in NPDs.

Among the 245 non-redundant mt proteins annotated for all
three categories, 148 were specific to SZ, 34 to BD, and 9 for MD,
while only 7 mt proteins were in common between BD, SZ and
MD (Fig. 2B; Supplemental Table S2). Most of these mt proteins
show regional enrichment (3.3 � 10�40 < p < 1.9 � 10�6) in differ-
ent brain regions for cognate gene expression (Fig. 2C; Supplemen-
tal Table S3), with three-fourths (73%; 175 of 241) of mt genes
from Human Protein Atlas and most (90%; 207 of 231) from Allen
Brain Atlas showing higher abundance (i.e. above median mRNA
expression; Fig. 2D), implicating BD/SZ/MD-linked mt protein roles
in core brain activities. In addition, we observed three-fourths
(189of245) of mt proteins involved in these NPDs encompass 838
PPIs from 657 publications (Fig. 3A and B; Supplemental Table S4),
with many PPIs enriched (6.7� 10�34 < p < 1.0 � 10�2; Supplemen-
tal Table S5) for mt related processes, providing additional support
on mt involvement in NPDs. Despite the observable discrepancies
between annotations in different databases (attributed to dissimi-
lar prediction algorithms or data disparities), this approach high-
lights biomarkers specific to or common among pathologies,
representing a solid basis to develop precision biomarker panels.
For example, as shown in Supplemental Table S2, the mt orphan
gene, C12orf65 is specifically impaired in SZ [67], and the protein
coding gene HIP1R (Huntingtin-interacting protein 1-related pro-
tein) was found to be largely associated with BD [68].

Next, we compiled 37 prescription and over-the-counter mood
stabilizers from online pharmaceutical repository (www.drugs.-
com), which we shortlisted to 15 active ingredients upon eliminat-
ing redundant trade names using KEGG (Kyoto Encyclopedia of
Genes and Genomes) drug index (Supplemental Table S6). The
molecular basis and mt targets for many of these mood stabilizers
in NPDs are unknown, hence we used the drug-gene interaction
database [69] to examine if any drugs target the 245 BD/SZ/MD-
related proteins. We observed 26 associations with 7 mood stabi-
lizers (aripiprazole, carbamazepine, fluoxetine, lithium, olanzap-
ine, risperidone, valproic acid) and 16 BD/SZ/MD-linked mt
proteins (Fig. 3C), which had physical connectivity to 80 other
mt proteins (Fig. 4A). Consistent with this, mt pathways such as
signaling (e.g. neurotrophin, MAPK, mTOR, VEGF), apoptosis, axon
guidance, and dopaminergic or glutamatergic synapses that were
targeted by 2 ormoremood stabilizers were enriched (7.5� 10�6 <-
FDR adjusted p-value < 4.7 � 10�2, Fig. 4B). Since this observation
suggests mood-stabilizing agents target mt pathways, testing com-
pounds in combinations to target multiple mt pathways with syn-
ergistic effects would be a beneficial therapeutic strategy.

Over half (9of16) of those NPD-associated mt proteins were
found to be targeted by one mood stabilizer, while the rest were
targeted by two or more mood stabilizing medications (Fig. 4C).
For example, the myo-inositol monophosphatase (IMPase)

http://www.drugs.com
http://www.drugs.com


Fig. 2. Mitochondrial (mt) proteins involved in BD/SZ/MD and their regional specificity. (A) Venn diagram showing the overlap of mt proteins compiled from five different
sources (see Supplemental Table S1). (B) Mt proteins specific or common among BD/SZ/MD. (C, D) Heatmaps (C) and line graphs (D; dotted line represent median mRNA
expression) of BD/SZ/MD-associated mt proteins showing regionalization of mRNA expression in human brain regions from RNA-sequencing (RNA-seq) datasets of Human
Protein Atlas (integrated with GTex and Fantom) and single cell RNA-seq (scRNA-seq) data from Allen Brain Atlas. Bar graph (D, below) shows the number of BD/SZ/MD-
related mt proteins that are above or below median mRNA expression across brain regions from the indicated repositories.
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enzyme, IMPA1, and its interacting partner, IMPA2, in manic-
depressive BD, are targeted by lithium carbonate or citrate hydrate,
consistent with IMPase inhibition by lithium in phosphatidylinos-
itol signaling [70]. Besides IMPase, lithium acts on other candidate
mt GSK-3a and -3ß isoforms [71–73] linked to BD/SZ/MD. As with
the Hsp90 interactome database, GSK-3 isoforms interacting with
HSP90 chaperone were targeted by lithium and/or fluoxetine
(Fig. 4C). Lithium and fluoxetine co-treatment has been suggested
to inhibit GSK-3 serine phosphorylation to promote adult hip-
pocampal neurogenesis [74], revealing that dysregulated GSK-3
may impair neurogenesis by contributing to MDs, while neurogen-
esis is rescued by lithium and fluoxetine treatments [75]. Also, we
found carbamazepine mood stabilizer (Fig. 4C) that targets NPD-
related mt proteins (e.g. tumour necrosis factor, TNFa, and its co-
complex member TNFRSF1A, TNF Receptor Superfamily Member
1A) to bind to the heat shock protein, HSPA1A, and its interacting
partners HSPD1 and BCL-2 that mediate HSP70 [76]. Further, the
BD-associated BCL-2, which is physically connected to histone
deacetylase 2 (HDAC2), consistent with HDAC2 involvement in
BCL-2 transcription [77], was targeted by valproic acid. Thus, mood
stabilizers either directly bind or inhibit NPD-related mt proteins,
or may disrupt their interaction with other mt proteins. However,
network-based approaches should be analyzed with caution and
require extensive evidence-based validations that uncover the
scope of biological complexity and variability, whereas statistically
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inferred networks can be better suited to infer relationships
between small molecules and/or drugs [78].

Despite systems biology insights, knowledge of NPDs is still
limited due to the shortage of NPD disease models. Given the poly-
genic risk of these pathologies, animal models partially mimic neu-
rophysiological, neuroanatomical and/or behavioral hallmarks of
NPDs without providing ample basis for heterogeneous patholo-
gies [79–80]. This can be addressed through iPSC-derived neurons,
which are becoming a promising tool to study NPD
pathophysiology.
4. Disease models and systems or AI approaches to study NPDs

Since iPSCs mirror the polygenic risk factors of the patient, they
can highlight developmental and differentiation neuronal alter-
ations and evaluate treatment responses [79,80]. For instance,
electrophysiological characterization of iPSC-derived hippocampal
dentate gyrus (DG) neurons were segregated into lithium-
responsive and lithium-non-responsive BD patients, matching
patient categories in 92% of cases [81]. Decreased excitability
caused by lithium in responsive patients was determined by
changes in the expression of several key genes pertaining to BD
pathology, rescuing mt dysfunction [82]. In line with the neurode-
velopmental hypothesis of BD [83], it has been demonstrated that



Fig. 3. BD/SZ/MD-associated mt proteins and mood stabilizers. (A, B) Mt proteins associated with BD/SZ/MD, and their interacting partners compiled from BioGRID database
(A), and the number of publications (B) supporting those interactions. (C) Mood stabilizers targeting (either binding or inhibiting) BD/SZ/MD-associated mt proteins.
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miR-34a levels are increased in iPSC-derived neuronal progenitor
cells of BD patients, silencing mRNA and protein levels of its target
genes and compromising neuronal development, differentiation
and morphology [84]. Moreover, dysregulation of Ca2+ signaling
in neuronal development and synaptic plasticity, as well as ele-
vated transcripts involved in the differentiation of ventral neuronal
subtypes, collectively explain different specifications of BD neu-
ronal stem cell fates when compared with dorsal telencephalic
neuronal identity observed during differentiation in control sub-
jects [85].

Although iPSC-derived neurons offer a promising platform, they
cannot fully recapitulate higher-order brain functions. The com-
plexity of neuronal cell types in particular brain regions cannot
be reconstituted by iPSCs, which omits astrocytes, glial cells and
oligodendrocytes, and limits synaptic connectivity in a monolayer
culture [86]. Moreover, the application of epigenetic approaches on
iPSC-derived neurons is still limited by the reprogramming process
itself, since it might erase much of the epigenetics associated with
these cell lines [87]. These limitations have catalyzed the genera-
tion of brain organoids, a refined model that offers close-to-
natural multidimensional neuronal complexity. The structures
essentially mirror human brain development [86,88] so that it
approximates regional connectivity by fusing different types of
brain organoids into assembloids [89], and to epitomize brain com-
plexity through the inclusion of astrocytes, oligodendrocytes, glial
cells and neural progenitor cells [86,88,89]. As an example, brain
organoids were derived from SZ patients to characterize patho-
genic mechanisms during the first trimester of an in-utero brain
development [90]. Abnormal proliferation of Ki67+ neural progen-
itor cells, depletion of neurons in the cortex, and reduced intracor-
tical connectivity were the hallmarks of psychiatric patient-
derived impaired brain organoids [90], suggesting that SZ has neu-
rodevelopmental origins. The NPD field can also benefit from brain
organoids to map disease progression, aiding the dissection of neu-
ronal development over patient’s lifespan. Yet, the use of brain
organoids in neuropsychiatric research has some intrinsic limita-
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tions. For instance, the three-dimensional (3D) tissues may still
lack sufficient vascularization, circulation, and a necrotic core that
inevitably appears inside organoids. In turn, this necrosis determi-
nes a depletion of proliferative neural progenitor cells, thus limit-
ing neurodevelopmental studies [91]. Lastly, the recapitulation of
the complex structure of brain layers and/or lobes still remains
unattainable even with the current organoid technology [91].

5. Network-based multiomics to explore mt alterations in IPSCs
or brain organoids of NPD patients for biomarker discovery

Most patients with mt disorders, in which genetic impairment
of one or more mt metabolic pathways determines the onset of pri-
mary pathological defects, show frequent psychiatric symptoms
linked to a specific illness, such as BD, MDD and panic or anxiety
disorders [92]. Notably, mt encephalopathy, lactic acidosis and
stroke-like episodes (MELAS) is a maternally inherited disease
associated with several NPD symptoms and often exists as comor-
bidity with BD or SZ [92,93]. The potential overlap between psychi-
atric illnesses and mt diseases suggests a point of convergence in
disease pathogenesis. Yet, it is not known how many BD/SZ/MD-
related mt genes genetically interact with mt pathways in a linear
manner or if they function redundantly, but converge in a common
pathological outcome that impacts patient brain fitness.

It is also unclear which mt protein complexes commonly or
specifically drive BD/SZ/MD. These questions are of particular rel-
evance in biomarker discovery, which remains an obstacle for ther-
apeutic management. Thus, it becomes imperative to explore
mtPPIs and altered genetic interactions to pinpoint specific or com-
mon pathological pathways involved in the onset and development
of these diseases (Fig. 1A). As we have recently described [10], sev-
eral network-based approaches can be used to map mt interac-
tome perturbations in NPDs. For example, mt protein complexes
can be studied under native conditions by biochemical fractiona-
tion and mass spectrometry (MS), which can capture strong, as
well as weak, transient or low abundance interactors using cross-



Fig. 4. Mood stabilizers and mt protein or pathway targets, as well as the schematic of precision psychiatry medicine. (A) Physical connectivity of NPD-linked mt proteins that
are targets of the mood stabilizers. (B) Enriched (see Supplemental Table S6 for Benjamini-Hochberg FDR adjusted p-value) mt pathways targeted alone or shared by the
mood stabilizers. (C) NPD-associated mt proteins targeted by one or more mood stabilizing medications (panel i) are highlighted (panel ii-iv) with their interacting partners
as sub-networks. (D) Precision psychiatry model is shown by integrating various data features, which is fed into AI (or machine learning) algorithms to stratify and identify
best therapeutic treatment for each subject through patient matching to evaluate treatment response and disease prognosis (see main text).
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linkers in neuronal cells [94] and mammalian brain [95]. Notably,
this method can map loss- or gain-of-function PPIs between NPD
patients vs. healthy controls. Besides the advancement in
proximity-dependent biotinylation assays (e.g. BioID, APEX, Tur-
boID), affinity purification coupled with MS is another method that
can pinpoint interactome alterations in psychiatric illnesses in
near-physiological contexts. The latter technique was successfully
used to reveal abnormalities in the SNAP25 (Synaptosome Associ-
ated Protein 25) interactome from SZ patients, where SNAP25 was
found to interact with the mt ADP-ribosylation factor 1 (ARF1),
contributing to SZ manifestations [96]. Despite the advantages
yielded by these techniques, false positive and/or negative results
are important issues of concern in interactomics that can be how-
ever diligently addressed via checkpoint computational or molecu-
lar strategies.

Recently, a new drug discovery platform, MaMTH-DS [97], was
used to identify interactions between membrane proteins and how
they change in response to a specific mutation or following the
induction of specific stimulus, such as a hormone, agonist, or phos-
phorylation event [98], with potential usefulness in studying
dynamic interactome changes in proteins involved in cell signaling,
and how these pathways are affected in NPDs. Since more than one
gene may contribute to NPD phenotypes, CRISPR-based genetic
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screens can be applied to reveal functional relationships between
genes in coordinating a phenotype [99].

Although genome-wide association studies (GWAS) have pro-
vided insights into NPD biomarkers (e.g. transcription factors, scaf-
folding and receptor proteins), transcriptomic analysis becomes
imperative from at least two perspectives: (1) validate GWAS data
by sorting out their linkage to NPDs, and (2) reveal disease-
enriched expression profiles. As an example, differential expres-
sion of Prominin 1/CD133, the ATP-binding cassette-sub-family
G-member 2 (ABCG2) and long non-coding RNAs (lncRNAs) were
enriched in BD patients, with implications in neuroplasticity
[100]. Further, genes involved in GTPase binding were differen-
tially expressed and enriched for BD-associated SNPs identified
by GWAS, suggesting that differentially expressed patterns are
not a consequence of BD or its treatment mechanism [100]. Thus,
transcriptome analyses offer essential information by shedding
light on the complexity of gene expression patterns and offer in-
depth explanations of GWAS data.

Additional evidence suggests that ~71% of cortical tissue tran-
scription level changes in BD and SZ patient samples are correlated
[101], revealing overlapping drivers in NPDs, but also potential
disease-specific divergent mechanisms. Such divergence may also
reveal sex-specific variations within the same disease. For exam-
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ple, SZ is prevalent in men with worse prognosis than women,
while poor prognoses in BD are more common for women than
men, despite comparable incidence rates [101]. The divergence in
SZ-biased brain transcriptome between females and males is
becoming evident, with neuronal development and differentiation
mechanisms, chemokine pathway and circadian rhythm being
transcriptionally female-biased [101], as opposed to inflammatory
response, organophosphates and neurotransmitter release as being
male-biased SZ transcriptome profiles [101]. In contrast and in BD,
macrophage activation and JAK/STAT (Janus kinase/signal trans-
ducers and activators of transcription) regulation mechanisms
are transcriptionally female-biased, whereas neutrophil degranu-
lation, NF-jB (nuclear factor kappa-light-chain-enhancer of acti-
vated B cells) regulation and varied response to IL-6 (Interleukin
6) production appear to be male-biased in BD [101]. This reveals
the contribution of transcriptomics as comparative analysis tool
to uncover disease-specific biomarkers, including sex-specific dri-
vers, for diagnosis and therapeutic intervention.

Evidence have also pointed to a role for epigenetics in the etiol-
ogy of mental illnesses, for instance in the impact of epigenetic reg-
ulation of chromatin remodeling and DNA methylation on these
pathologies [5,6]. Further, MDD is caused by the lack of methyla-
tion at certain CpG sites in the exon 1 of BDNF gene [102], as well
as reduced response to antidepressant drugs due to the absence of
methylation at CpG site in exon 4 of the same gene [103]. Down-
regulation of miR-132 is instead associated with SZ development.
Notably, miR-132 downregulation determines an increased
expression of its target mRNAs, which are linked with synaptic
long-term potentiation and depression, and neuronal CREB signal-
ing, and DNA methylation [5,104].

The DNA methylation profile differences were also observed
in another epigenetic study conducted on monozygotic twins
discordant for SZ and BD, highlighting differential epigenetic
dysregulations among these mental illnesses [105]. However,
the identification of epigenetic profiles caused by a specific
environmental chemical and their correlation with a mental ill-
ness is still limited by the lack of large scale studies on this
topic [6]. Nevertheless, small scale studies are gradually point-
ing to a role for early-life lead exposure in the developmental,
behavioral, and neuromolecular changes that are among the SZ
hallmarks [106]. For all these reasons, integrating epigenomics
with other global and unbiased methods can shed more light
on pathogenetic pathways involved in the onset of these debil-
itating psychiatric disorders. For example, redox proteomics and
epigenomics could be used together to verify the impact of
oxidative stress generated by mt dysfunction on DNA oxidation
and methylation [107].

In addition to aforesaid omics approaches, proteomics can iden-
tify different biomarkers for various human diseases, including
NPDs. For instance, 19 different proteomic studies (see references
reviewed in [108]) in BD and MDD revealed 185 potential BD
and MDD blood-based diagnostic protein biomarkers (i.e. compar-
ison between patient vs. healthy control), as well as differential
biomarkers (MDD vs. BD) pertaining to altered immune response,
inflammation, metabolism, cell signaling, amongst others. As well,
103 unique proteins have been suggested as potential diagnostic
biomarkers specific for BD (e.g. Apolipoprotein A-I, serotransferrin)
and MDD (e.g. alpha-2-macroglobulin, Apolipoprotein B-100,
Apolipoprotein D, BDNF). Yet, these proteomic approaches raise
concerns: (1) MS-based data were extracted from blood samples,
which may not reflect the differential proteins or PPI variations
in relevant neuronal types of BD/SZ/MD patients; (2) hundreds of
biomarkers from 19 proteomic studies may not offer meaningful
clues, revealing the need for stringent computational-based filtra-
tion strategies; and (3) biomarker overlaps between diseases may
not identify disease-specific diagnostics.
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RNA-sequencing on a single-cell level (scRNA-seq) is gaining
considerable momentum, permitting analysis of previously con-
founding brain tissue heterogeneity [109], which is harder to
investigate via proteomic analyses alone. The use of scRNA-seq
provides the opportunity to address brain tissue heterogeneity by
analyzing the transcriptomic profile of each individual cell, starting
from tens of thousands of cells. This technique can be integrated
with interactomics by matching RNA expression profiles with the
expression of interacting proteins derived from the PPI networks
(Fig. 1A). Since the subunits of a protein complex tend to display
similar or highly correlated co-expression profiles [110], this two-
fold approach can reveal functional modules, identify or prioritize
proteins within a complex to be associated with disease, refine the
identification of driver genes, and unveil the pathological mecha-
nisms of specific disease phenotypes or cell types [111–114]. In
particular, application of these techniques in iPSC-derived neurons
and brain organoids can be useful since these models can recapit-
ulate neuronal differentiation and brain development mechanisms,
respectively.

An attempt to connect SZ genomic findings with specific brain
cell types as defined by scRNA-seq revealed 24 cell types associ-
ated to the etiology of SZ [115], including medium spiny neurons,
pyramidal cells in hippocampal CA1 or somatosensory cortex and
cortical interneurons. Similarly, scRNA-seq on mice cortex has
recovered ~3 K transcripts per cell, categorizing transcript
sequences into 8 different cell types: excitatory neurons, inhibitory
neurons, oligodendrocytes and oligodendrocyte precursor cells,
astrocytes, endothelial and smooth muscle cells, pericytes, micro-
glia, and macrophages along with 30 other subtypes [116]. Such
data can be overlaid with PPI networks to reveal connectivity
between PPIs and their cognate expression profiles via scRNA-seq
in specific neuronal cell types (Fig. 1A). Further, integrating gene
expression profiles with human interactome data can facilitate
the identification of disease modules, biomarkers, and druggable
targets, as was the case in Type 2 diabetes [117].
6. New horizons of neuropsychiatry drug discovery beyond
classical approaches

In contrast to classical approaches such as CRISPR-based
chemical-genetic interaction mapping of BD/SZ/MD-related mt
gene-drug interactions (Fig. 1A), AI and machine learning-based
de novo drugs may offer new insights into drug discovery for NPDs
[118–120], essentially generating computer-aided chemical
designs for downstream validation. Yet, these computer-assisted
structures are not supported by clear bench-synthesis methodolo-
gies, thus remain largely limited to virtual screening [121]. Simi-
larly, libraries of small molecules in high-throughput screening
are biased towards the manufacturer’s expertise, while overlook-
ing compound categories may offer a more potent choice. To
address these limitations, AI-augmented decision-making plat-
forms coupled with machine learning processes such as reinforce-
ment, semi-supervised, transfer, active or multi-task learning (for
detailed review, see [122] can offer orders of magnitude increases
in pool search. These platforms navigate synthetically accessible
chemical space by subjecting commercially available molecules
to chemical reactions at every step of the iterative virtual synthesis
process, increasing likelihood of new drug discovery [123].

Advances in implementing AI learning algorithms (e.g. Bayesian
model, Logistic regression, Support vector machines, Decision tree,
Deep learning, Neural networks) are being achieved by assessing
how small molecules can regulate gene expression with implica-
tion in drug discovery [122,124]. This is essentially attained by
training, for instance, neural networks, to predict differential gene
expression in the presence of small molecules, combining molecu-



M. Zilocchi et al. Computational and Structural Biotechnology Journal 18 (2020) 2535–2546
lar fingerprinting with gene descriptors from GO, which can be tai-
lored for NPD treatments by modulating gene expression in select
disease-linked candidates. The excitement behind AI and its poten-
tial usage in drug discovery mainly stems from its tendency to
reduce costs associated with high-throughput screening, which
consumes significant time and resources sometimes to no avail
[122]. AI essentially attempts to minimize this hit-hunting process
by offering an automated workflow to establish a virtual screening
pipeline that examines possible target-effective compounds that
are safe and sufficiently novel to rule out intellectual infringe-
ments. While it is hard to predict where AI is going to take us in
the next decade, it is important to note that AI has not yet led to
commercialized drugs, thus remaining a promising area that lacks
proof-of-concept product outcomes [125].
7. Precision psychiatry medicine in the systems biology ERA

In an attempt to abolish the ‘‘one-size-fits-all” approach to clin-
ical treatment, focus has been gradually shifting towards finding
ways to administer the right drug to the right patient at the right
time [126]. The comparison between some of the most commonly
used medications to date, only showed 11 out of 17 met the criteria
of clinical significance in tested pathologies [127]. Even further,
there have also been instances where patients have responded
negatively, and sometimes fatally, to therapies because of genetic
variations that mediate adverse drug interactions [128]. Therefore,
identifying clinically-actionable biomarkers, and tailoring specific
drugs to known pathways becomes an attractive path.

Advancements in sequencing technology have made it possible to
collect individual molecular profiles for disease diagnosis and thera-
peutic intervention as a feasible front [129,130]. One of the most
notable examples of this is the advent of imatinib, a tyrosine kinase
inhibitor designed to treat cancer patients with chronic myeloid leu-
kemia, which has increased the overall survival rates to 90% at 5 years
and 86% at 8 years [131]. To reach a higher understanding of NPDs,
systems biology enables characterization of entire biological systems
associated with a specific disease [132] from integrative disease
models by utilizing genomics, transcriptomics and proteomics
[133]. Using these ‘omics’ technologies to analyze healthy and dis-
ease patients, multiple datasets can be generated for each disease
and organized into networks that suggest distinct molecular func-
tion, biomarkers and drug targets [134,135]. For NPDs in particular,
systems approach allows studying these highly heterogeneous and
multi-phenotypic diseases where clinically actionable biomarkers
have been difficult to determine [136,137].

Given the complexity of NPDs, future precision psychiatry
needs to identify risk indicator biomarkers [138,139]. Since several
biomarkers can be linked to one specific illness and one biomarker
can overlap between different diseases [140–142], data-driven
approaches can fine-tune biomarker multivariate profiles deter-
mined by the heterogeneity of these disorders [139]. Omics data
represent a global and an unbiased area that combines whole gen-
ome, transcriptome and proteome data, and integrates them with
more targeted experimental approaches and other factors that dis-
sect disease risk and prognosis (e.g. life style and environment) to
uncover overlapping elements involved in the pathophysiology of
psychiatric diseases. The combination of these data (Fig. 4D) with
those deposited in literature and public repositories, along with
biobanks and hospital records, is necessary to evaluate the weight
of each criterion in the onset and development of psychiatric ill-
nesses. AI and machine learning algorithms can be used to stratify
and match patients by taking into consideration of individual char-
acteristics. Eventually, patient stratification can reveal the best
therapeutic treatment for each subject (Fig. 4D), paving the way
for a precision psychiatry approach [143–146].
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8. Conclusions

Gene-disease information places mt dysfunction under the
spotlight as a corner stone in the onset and progression of BD/SZ/
MD. This calls for the continued development of reliable disease
models that mimic patient disease states, and we have discussed
possible advancements using both iPSC-derived neurons and 3D
brain organoids for NPD research. Mental illnesses remain in dire
need of potent treatments, and the molecular attributes of psy-
chotropic medications, along with their restorative capacity of mt
fitness in BD/SZ/MD patients, remain poorly studied. Systems biol-
ogy is taking us a step closer to accelerating precision medicine by
combining different layers of ‘omics’ analyses, along with other
disease risk resource data, to compile lists of prioritized targets
for novel therapeutic intervention.
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