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Dopamine (DA) is a major monoamine neurotransmitter in the brain and has essential roles in higher functions of the brain.
Malfunctions of dopaminergic signaling have been implicated in various mental disorders such as addiction, attention deficit/
hyperactivity disorder, Huntington’s disease, Parkinson'’s disease (PD), and schizophrenia. The pathogenesis of PD and
schizophrenia involves the interplay of mitochondrial defect and DA metabolism abnormalities. This article focuses on this issue in
schizophrenia. It started with the introduction of metabolism, behavioral action, and physiology of DA, followed by reviewing
evidence for malfunctions of dopaminergic signaling in patients with schizophrenia. Then it provided an overview of multiple facets
of mitochondrial physiology before summarizing mitochondrial defects reported in clinical studies with schizophrenia patients.
Finally, it discussed the interplay between DA metabolism abnormalities and mitochondrial defects and outlined some clinical
studies showing effects of combination therapy of antipsychotics and antioxidants in treating patients with schizophrenia. The

update and integration of these lines of information may advance our understanding of the etiology, pathogenesis,

phenomenology, and treatment of schizophrenia.
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INTRODUCTION

Dopamine (DA) is a major monoamine neurotransmitter in the
brain although a substantial part of the overall DA in the body
is produced by mesenteric organs [1]. It engages in higher
functions of the brain including spatial memory [2], motivation
[3], arousal [4], reward and pleasure [5, 6], in addition to
regulating motor neurons [7], lactation [8], sexual behavior [9],
and nausea [10]. Considering these vital functions of DA, it is not
surprising that malfunctions of dopaminergic signaling have
been implicated in the pathogenesis of various mental disorders
such as addiction, attention deficit/hyperactivity disorder
(ADHD), Huntington’s disease (HD), Parkinson’s disease (PD),
and schizophrenia [11].

The synthesis of DA happens in cytosol through the enzymatic
reactions catalyzed by tyrosine hydroxylase (TH) and aromatic
amino acid decarboxylase (AADC). The former enzyme converts
tyrosine to dihydroxyl-phenylalanine (DOPA), which is further
converted to DA via AADC catalyzation having pyridoxal
phosphate as a cofactor [12]. The catabolism of DA, however,
involves mitochondrion and results in the production of reactive
oxygen species (ROS). Under physiological conditions, the rate of
DA oxidation is slow, and the cellular antioxidant machinery can
cope with the formation of highly reactive products from DA
oxidation [13]. In a state of elevated DA or increased DA
oxidation, however, higher levels of DA is toxic to mitochondria
of neurons and glia cells [14]. On the other hand, mitochondrial
defects may lead to DA elevation in the cytosol because of
impaired capacity to degrade DA [15]. This interaction between

DA and mitochondrion has essential roles in the pathogenesis of
PD and schizophrenia [11].

In the pathogenesis of PD, DA oxidation-associated oxidative
stress (OS) drives a-synuclein aggregation, the primary structural
component of Lewy bodies and a pathological hallmark of PD [16].
In addition, DA adducts can modify a-synuclein and promote its
aggregation [17]. On the other hand, mitochondrial OS leads to
oxidized DA accumulation, ultimately resulting in reduced gluco-
cerebrosidase enzymatic activity, lysosomal dysfunction and o-
synuclein accumulation in brain neurons [18].

Different from PD in which mitochondrial dysfunction and
DA-associated OS lead to dopaminergic neuron loss in substantia
nigra as reviewed above, schizophrenia patients show no
consistent neuropathology [19]. However, there is increasing
experimental and clinical evidence for interactions between
abnormal DA metabolism and mitochondrial defects in schizo-
phrenia, which has more complex and diverse clinical manifesta-
tions in categories of positive symptoms, negative symptoms, and
cognitive impairment. Positive symptoms include delusion,
hallucination, disorganized speech and behavior. Negative
symptoms refer to lack of social interest, anhedonia, and reduced
initiative and energy. Cognitive impairment is characterized by a
wide range of cognitive defects, which may precede the onset of
psychosis for years and continue to worsen after a diagnosis of
schizophrenia [20-24]. Of these clinical symptoms, positive
symptoms are attributed to subcortical hyperdopaminergia
whereas cortical hypodopaminergic may contribute to negative
symptoms and cognitive impairment [23].
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Fig. 1 DA metabolism in dopaminergic neurons. In addition to the uptake of DA by the DA transporter (DAT) from outside, Dopaminergic
neurons produce DA under the action of tyrosine hydroxylase (TH) and aromatic amino acid decarboxylase (AADC). The newly synthesized or
taken up DA is stored in vesicles with the aid of vesicular monoaminergic transporter-2 (VAMT2). Cytosolic DA can be degraded in neurons or
glial cells by catechol-o-methyltransferase (COMT) or monoamine oxidase (MAO) to form homovanillic acid (HVA) or be oxidized to form the
metabolites (DOPAL, and DOPAC) and hydrogen peroxide (H,0,). The fig was modified from that by Zhang et al. (2019)'%3.

Instead of making a comprehensive comparison between PD
and schizophrenia in their pathogenesis, this review article
intended to discuss the interaction between abnormal DA
metabolism and mitochondrial defects in cells and relate it to
the treatment of schizophrenia. It started with the introduction of
metabolism, behavioral action, and physiology of DA, followed by
reviewing evidence for abnormal DA metabolism in patients with
schizophrenia. Then it provided an overview of multiple facets of
mitochondrial physiology before summarizing mitochondrial
defects reported in clinical studies with schizophrenia patients.
Finally, it discussed the interaction between abnormal DA
metabolism and mitochondrial defects and outlined some clinical
studies showing effects of combination therapy of antipsychotics
and antioxidants in treating patients with schizophrenia. The
update and integration of these lines of information may advance
our understanding of the etiology, pathogenesis, phenomenology,
and treatment of schizophrenia.

DOPAMINE: METABOLISM, DOPAMINERGIC PATHWAYS,
BEHAVIORAL, AND PHYSIOLOGICAL FUNCTIONS
After the synthesis, DA is incorporated into synaptic vesicles by
the vesicular monoamine transporter-2 (VMAT2) and stored in the
vesicles in catecholaminergic neurons [25]. Following an action
potential to a dopaminergic neuron, DA in synaptic vesicles is
released into the synaptic cleft and binds to either postsynaptic or
presynaptic DA receptors (DRs) or both. All DRs are metabotropic
and subdivided into two major groups: D1-like receptors
including D1 and D5, and D2-like receptors of D2, D3, and D4
[26]. Activation of DRs initiates second messengers, which trigger
or block the activation of specific cell signaling pathways in post-
synaptic neurons [27].

After a synaptic transmission, DA is taken up into the cytosol
by either high-affinity DA transporters (DAT) or low-affinity
plasma membrane monoamine transporters. The DA in the
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cytosol is then repackaged into synaptic vesicles by VMAT2 [28].
DA in the synaptic cleft is taken up by the surrounding astrocytes
where DA is degraded into its metabolites through reactions
catalyzed by monoamine oxidases (MAOs) and catecholamine-O-
methyltransferase (COMT) [29].

The degradation of DA to its inactive metabolites is carried
out by COMT, monoamine oxidase A (MAO-A), or MAO-B. MAO
breaks down DA to 3,4-dihydroxy-phenylacetaldehyde (DOPAL)
and hydrogen peroxide (H,0,). DOPAL, in turn, is degraded to
3,4-dihydroxy-phenylacetic acid (DOPAC) catalyzed by the
enzyme aldehyde dehydrogenase (ADH). In the presence of
ferrous (Fe*), H,0, produces free radicals and ROS through the
Fenton reaction. COMT converts DA to 3-methoxytyramine,
which is then reduced to homovanillic acid (HVA) by MAO
(Fig. 1). It is worth noting that COMT is predominantly expressed
in glial cells but at very low levels in neurons. MAO-A
predominates in catecholaminergic neurons while MAO-B
locates mainly in astrocytes [30].

Dopaminergic neurons locate principally in the ventral teg-
mental area (VTA), the substantia nigra pars compact (SNc) of the
midbrain, and the arcuate nucleus of hypothalamus. These DA
neurons send long-range projections to many sites in the
diencephalon and telencephalon. Specifically, the SNc DA neurons
project primarily to the dorsal striatum (the caudate/putamen)
thus form the nigrostriatal pathway, which has a role in the control
of motor function and learning capabilities [31]. The dopaminergic
neurons in VTA project to the prefrontal cortex (PFC) via the
mesocortical pathway and to the nucleus accumbens via the
mesolimbic pathway [32, 33]. Collectively, these pathways form
the mesocorticolimbic system, which plays a role in reward and
motivation [34]. The fourth pathway is the so-called tuberoinfun-
dibular dopaminergic pathway consisting of the projections from
the arcuate nucleus and the periventricular nucleus of the
hypothalamus to the pituitary gland and regulating the secretion
of prolactin from the anterior pituitary gland [35, 36] (Fig. 2).
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Fig. 2 Dopaminergic pathways in the brain. Dopaminergic pathways in the brain include the mesocortical pathway (blue) from
dopaminergic neurons in ventral tegmental area (VTA) to cortex, the mesolimbic pathway (red) from VTA to nucleus accumbens, the
nigrostriatal pathway (yellow) from substantia nigra to the striatum, and the tuberoinfundibular pathway (green) from hypothalamic nuclei
(arcuate nucleus and periventricular nucleus) to the pituitary. The fig was modified from that by Klein et al. (2019)"".

The role of DA neurons in motor function can be inferred from
patients with PD, a neurodegenerative disease with the degen-
eration of DA neurons in SNc. PD patients show characterized
clinical symptoms of tremor, bradykinesia and rigidity, suggesting
a correlation between DA neurons and motor function in
humans. Also, this correlation has been demonstrated in animal
studies. For example, depletion of striatal DA via the neurotoxin 6-
hydroxy-dopamine in rats produces aphagia and akinesia.
Furthermore, DA agonists were shown to ameliorate some
difficulties in motor initiation and performance in patients and
experimental animals [37, 38].

Relevant to but different from the akinetic effects of DA loss in
advanced PD and neurotoxin-exposed rats, neither rat nor human
PD cases display a fundamental inability to move. Instead, DA-
lesioned rats swim in cold water [39] and consume food placed in
their mouths while showing signs of enjoying it [40]. Similarly,
akinetic patients may get up and run if a fire alarm sounds.
However, they will not choose to exert effort to actively obtain
rewards [3]. These and many other similar studies established a
fundamental link between DA and motivation. Following the same
logic, the movement slowing observed in less-severe cases of PD
can be considered a motivational deficit [41].

Emerging evidence has demonstrated that DA neurons come
in various types that send distinct motivational messages about
rewarding and non-rewarding events [42]. It is now known that
DA neurons transmit multiple signals resulted from distinct neural
processes. Some of the signals reflect detailed predictions about
rewarding and aversive experiences, while others indicate fast
responses to events of high potential importance. Specifically,
some DA neurons support brain systems that assign motivational
value, others support neuronal systems engaging in motivational
salience [43].

The diverse sub-populations of VTA neurons in mesocortical DA
system have distinct roles in aversion, reward, motivation and
learning [44]. Moreover, recent studies described new populations
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of VTA neurons, ie, VTA-GABA neurons [44, 45] and VTA-
glutamate neurons [46]. Both groups of the neurons have been
implicated in reward and aversion processes. Specifically, VTA-
GABA neurons increase their firing rate when animals are exposed
to cues that predict reward and show a transient increase in
response to aversive stimuli [47]. Optogenetic activation of VTA-
glutamatergic neurons that project to the NAc leads to aversion
by activating GABA interneurons, which in turn release GABA onto
medium spiny neurons [47, 48]. Taken together, these studies
indicate that VTA-glutamate and VTA-GABA neurons interact with
each other in regulating multiple behavioral responses.

The mPFC and striatal neurons in the mesocorticolimbic system
involve in reward-based associative learning as the blockade of
both D1R and D2R in the monkey’s PFC results in learning deficits
[49, 50]. Also, D1R antagonism was shown to impair learning on a
spatial food-rewarded task whereas D1R agonist infusion resulted
in a better performance of the same task [51]. Moreover,
hippocampal DA also regulates appetitive memory formation as
evidenced by the finding that the D1R blockade prior to a
cocaine-conditioning session in a conditioned place preference
task impairs short and long-term memory formation [52]. Taken
together, these studies demonstrated the modulation of appe-
titive memories by dopaminergic transmission in the mesocorti-
colimbic system.

The DA neurons in the hypothalamic arcuate nucleus release DA
into hypothalamohypophyseal blood vessels of the median
eminence. Through this pathway, DA inhibits the secretion of
prolactin from lactotrope cells in the anterior pituitary gland. In
contrast, lactotrope cells secrete prolactin continuously in the
absence of DA. Therefore, DA is also referred to as the prolactin-
inhibiting factor, prolactin-inhibiting hormone, or prolactostatin
[53]. In contrast to this prolactin-inhibiting action of DA,
antipsychotic drugs given to women lead to hyperprolactinemia
with the consequences of amenorrhea, cessation of the normal
ovarian cycle, loss of libido, false-positive pregnancy tests, and the
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long-term risk of osteoporosis. In males, antipsychotics-induced
hyperprolactinemia may result in gynecomastia, lactation, impo-
tence, and loss of libido [54].

DOPAMINERGIC DYSFUNCTIONS IN SCHIZOPHRENIA

Since the dopaminergic system is an important player in multiple
functions of human body as reviewed above, it is not surprising
that malfunctions of dopaminergic signaling have been implicated
in the pathogenesis of various human disorders including PD, HD,
ADHD, schizophrenia, and addiction [11]. This article, however,
focuses on three lines of evidence for dopaminergic dysfunction
in schizophrenia as follows.

First, the clinical effectiveness of antipsychotic drugs is directly
related to their affinity for DA receptors [55]. Generally, more than
60% occupancy of D2R is required for a high likelihood of response
[56]. This focus on D2R, however, was brought into question by the
clinical observations that clozapine is superior to other anti-
psychotics in antipsychotic-resistant patients despite its rather low
affinity for and occupancy at D2R. Moreover, DA metabolite
measures were reduced in some patients with schizophrenia [57].
In attempting to reconcile these inconsistencies, the one-sided DA
hypothesis was modified into a new version consisting of a
prefrontal hypodopaminergia and a subcortical hyperdopaminer-
gia [57, 58]. Supporting evidence for the prefrontal hypodopami-
nergia came from PET (positron emission tomography) studies
showing reduced cerebral blood flow in frontal cortex, which was
directly correlated with low cerebrospinal fluid (CSF) DA metabo-
lite levels in schizophrenia patients. Furthermore, animal studies
provided direct evidence linking prefrontal hypodopaminergia
and subcortical hyperdopaminergia. Specifically, lesions of DA
neurons in PFC result in increased levels of DA and its metabolites
and D2-receptor density in the striatum [59], whereas the
application of DA agonists to PFC reduced DA metabolite levels
in the striatum [60].

Secondly, studies with schizophrenia patients have reported
elevated presynaptic striatal DA synthesis capacity [61]. Of the
schizophrenia patients in the above studies, those who were
acutely psychotic at the time of PET scanning showed elevated
presynaptic striatal DA availability. Striatal synaptic DA release
increased in schizophrenia patients measured by PET and single
photon emission computerized tomography (SPECT) following a
challenge that releases DA from the neuron [62]. Relevantly, there is
a modest elevation in striatal D2/3 receptor density in schizophrenia
independent of the effects of antipsychotic drugs [63].

DA abnormalities may be seen in persons prior to the onset of
psychosis thus are unlikely a consequence of psychotic episodes
or antipsychotic exposure [64]. Furthermore, ultra-high risk (UHR)
subjects show elevated subcortical synaptic DA content [65] and
basal DA synthesis capacity [66]. Importantly, alterations in DA
synthesis capacity in UHR subjects progress over time and are
greater in subjects who transition to psychosis relative to those
who do not [67].

Different from striatum, dopaminergic transmission in PFC is
mainly mediated by D1R. An early study with schizophrenia
patients reported decreased prefrontal D1R compared with
healthy control subjects revealed by PET [68]. In a small sample
of twin pairs discordant for schizophrenia, lower D1R binding
was seen in chronic, medicated schizophrenia probands
compared with controls [69]. In a recent study, neuroleptic-
naive patients showed lower prefrontal D1R availability com-
pared to healthy control subjects revealed by PET, suggesting a
reduction of prefrontal D1R density in the pathophysiology of
schizophrenia [70]. It is worth noting that the relationship
between cortical and striatal DA is bidirectional as evidenced by
the finding that increased dorsal striatal dopaminergic signaling
led to a reduction in mesocortical DA release while resulted in
cognitive deficits [71, 72].
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Thirdly, amphetamines and other drugs that release DA induce
psychotic symptoms in healthy volunteers and worsen symptoms
in patients with schizophrenia [62]. Compared with control
participants, patients with schizophrenia showed greater release
of DA after amphetamine administration and this increased DA
release was directly associated with the worsening of psychotic
symptoms in the patients [73]. With the same clinical significance,
increased subcortical DA synthesis and release capacity are
strongly associated with positive symptoms in schizophrenia
patients, and increased subcortical synaptic DA content is
predictive of a positive treatment response [74].

Finally, most animal models of schizophrenia report increased
locomotor activation following administration of psychostimulants
[75]. Indeed, the increased locomotor response to amphetamine
and other psychostimulants has been used as a simple test to reflect
the subcortical hyperdopaminergia underlying the psychotic
symptoms in schizophrenia. Moreover, animal studies reported
that pre- and perinatal factors led to long-term overactivity in
mesostriatal dopaminergic function [76, 77]. Also, neonatal exposure
to toxins resulted in increased DA-mediated behavioral responses
[78] and elevated striatal DA release [79]. Similarly, prenatal and
neonatal stress, such as maternal separation, promoted striatal DA
metabolism [80] and release [81, 82].

MITOCHONDRIA: STRUCTURE, FUNCTION, AND DYNAMICS
The mitochondrion is a double membrane organelle present in
almost all cells. The fine structure of a mitochondrion consists of
outer membrane (OM), inner membrane (IM), inter-membrane
space between OM and IM, as well as mitochondrial matrix (MM).
OM is smooth and serves as boundary membrane of the organelle.
IM is highly structured and differentiated into compositionally and
functionally distinct regions of the inner boundary region and
crista junctions, which are tubules connecting the cristae to the
boundary and segregating soluble inter-membrane space from
the boundary regions [83].

In the mitochondrial matrix, tricarboxylic acid cycle (TCA)
enzymes generate electron carriers such as NADH and FADH2,
which donate electrons to the electron transport chain (ETC) in the
IM. The TCA cycle is composed of a series of eight enzymatic steps
that consumes, and then regenerates, citrate. In doing so, it links
the metabolism of carbohydrates, fats, and proteins, by acetyl CoA
produced from the catabolism of these compounds. After entering
TCA cycle, acetyl CoA is oxidized into the reducing agents NADH
and FADH. The ETC consists of four oxidative phosphorylation
(OXPHOS) complexes (I-1V). The individual redox active complexes
shuttle electrons to their final acceptor, i.e, oxygen, and form
water. Complex | (Co-l) receives electrons from NADH. Complex II
(Co-ll) is thought to exist as a separate entity and represents a
point of intersection between TCA cycle and electron transport.
Mobile electron carriers, like coenzyme Q (CoQ) and cytochrome c,
move electrons between protein complexes. Complex Ill (Co-lll) is
the CoQ-cytochrome ¢ oxidoreductase, within which the two
hemes of cytochrome b and the heme of cytochrome c1 are
involved in electron transfer during the Q cycle [84]. Complex IV
(Co-IV) is also known as cytochrome c oxidase (COX). This complex
terminates the flow of electrons through the ETC, reducing oxygen
to water. Finally, complex V (Co-V) generates ATP from the energy
stored by the proton gradient established through the previous
step by step work [85] (Fig. 3).

In addition to energy production, mitochondria perform multi-
ple other functions including Ca®>* homeostasis [86, 87], genera-
tion of ROS [88], regulation of apoptosis [89], activation of
endoplasmic reticulum-stress response [90], as well as other far-
ranging sequelae of mitochondrial dysfunction [91].

Different from the other organelle, mitochondrion contains its
own DNA (mtDNA). This circular genome is organized into discrete
nucleoids in MM. The human mtDNA consists of 16,569 base pairs
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Fig. 3 The oxidative phosphorylation complexes in the electron transport chain (ETC) of mitochondrion. Complex | (Co-l) receives
electrons from NADH. Complex Il (Co-ll) represents a point of intersection between tricarboxylic acid cycle and electron transport. Mobile
electron carriers, like coenzyme Q (CoQ) and cytochrome ¢, move electrons between protein complexes. Complex Il (Co-lll) is the CoQ-
cytochrome c oxidoreductase. Complex IV (Co-IV) is also known as cytochrome c oxidase (COX). This complex terminates the flow of electrons
through the ETC, reducing oxygen to water. Finally, complex V (Co-V) generates ATP from the energy stored by the proton gradient

established through the previous step by step work.

that encodes for 13 essential polypeptides of the mitochondrial
respiratory chain (MRC), two ribosomal RNAs, 22 specific transfer
RNAs, and a displacement loop [92]. The 13 mtDNA-encoded
polypeptides take a small proportion of the total 90 MRC
polypeptides, but they are vital to proper function of MRC [93].

Interestingly, the closest relatives of many mtDNA-modifying
enzymes, such as mtDNA polymerase, are bacteriophage proteins
[94], suggesting that an infection of the mitochondrial ancestor
contributed to the development of mtDNA maintenance machin-
ery. Indeed, there is a theory proposing that mitochondrial
ancestor is the bacteria that invaded into archaea [95]. During the
evolution process from prokaryotes into eukaryotes, the bacteria
became mitochondria and shed most of their genetic material
[96]. Different from prokaryotes, which are sexless and reproduce
by making copies of themselves, eukaryotes reproduce sexually
[97]. The sexual reproduction passes on not only genes but also all
the rest of the fertilized egg, including living mitochondria.
Importantly, eukaryotic parents avoid mixing their mitochondria
while passing their genes; only the mother passes them on [98]. In
line with this theory, human mtDNA, unlike nuclear DNA, is passed
on only from mothers [99].

It is noteworthy that mitochondria are highly dynamic
organelles. They continuously change their function, position,
and structure to meet the energetic demands of a given cell
[100, 101]. This is not surprising given that the presence of
complexes I-V, and their proportion relative to the amount of inter-
membrane space, MM, and mitochondrial size directly influences
the amount of ATP produced from a mitochondrion [102].
Moreover, mitochondria can modulate their morphology and
regulate their number, size and position within the cytoplasm by
two opposite processes, i.e,, mitochondrial fission and fusion [103].
Mitochondrial fission is a multi-step process that allows the division
of one mitochondrion into two daughter mitochondria thus
contributing to a chance for a mitochondrion to fuse with another
part of the mitochondrial network [104, 105]. Mitochondrial fusion
is a two-step process starting from OM fusion and ended with IM
fusion. This process promotes complementation between two
mitochondria, including mtDNA [106, 107].

A place where mitochondrial trouble occurs frequently is the
brain [108]. Indeed, mitochondrial defects have been linked to
some of neurodegenerative diseases. For example, poor transport
of mitochondria precedes the onset of AD and PD [109]. Moreover,
mitochondrial defect is an important component in the patho-
genesis of schizophrenia as reviewed in the next section.

MITOCHONDRIAL DEFECTS IN SCHIZOPHRENIA

Given its multiple functions in neurons and glial cells,
mitochondrial malfunctioning has been associated with virtually
every mental or neurological affliction in humans, including
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chronic psychological stress and fatigue, cognitive deficits,
Alzheimer's disease (AD), PD, anxiety, depression, bipolar
disorder, schizophrenia, autism, multiple sclerosis, and Down
syndrome. Here we reviewed only evidence for mitochondrial
defects in schizophrenia.

Earlier epidemiological data support the existence of pathogenic
genes located in mtDNA that may persist through the matrilineal
inheritance mechanism in schizophrenia [110]. In the same line, a
later cross-sectional study found that risk for schizophrenia has a
maternal inheritance bias [111]. In line with these earlier studies,
a recent study with Han Chinese showed maternal inheritance of
mtDNA variants in schizophrenia as evidenced by sequencing
data of the entire mitochondrial genomes of probands from 11
families with a family history and maternal inheritance pattern of
schizophrenia [112].

A study with a large sample set identified a large number of
significantly altered genes encoding mitochondrial and
mitochondria-related proteins. Of these genes, significantly
down-regulated ones are those for oxidative phosphorylation,
energy pathways, RNA metabolism, vesicle transport, protein
transport, carbohydrate biosynthesis, lipid biosynthesis and
glycolysis pathways. Further hierarchical clustering identified 59
genes that are related mainly to mitochondria and energy
metabolism [113]. Moreover, the results from the Schizophrenia
Psychiatric Genomics Consortium (PGC-SCZ2) GWAS (35,476 cases
and 46,839 controls) provided evidence for 22 nuclear-encoded
mitochondrial genes [114]. In a more recent study, Goncalves et al.
conducted gene-based and gene-set analyses in which 1186
mitochondrial genes were analyzed. They reported that 159 genes
had p-values <0.05 and 19 remained significant after multiple
testing correction. Furthermore, they did a meta-analysis of 818
genes combining the PGC-SCZ2 and iPSYCH samples and revealed
104 nominally significant and nine significant genes, confirming
the involvement of the nuclear-encoded mitochondrial genes in
schizophrenia [115].

A great number of mtDNA single nucleotide polymorphyisms
(SNPs) are strongly associated with schizophrenia. Of them, two
SNPs in the gene encoding NADH dehydrogenase of Co-l are
positively correlated with schizophrenia [116, 117]. Moreover,
several SNPs in the gene encoding ATP synthase subunit six are
associated with increased risk of developing schizophrenia [118].
In a recent study with Han Chinese, expression of 13 mitochondrial
(MitoCarta) genes were found to be significantly decreased in
hippocampal neurons of patients with schizophrenia as compared
to control subjects [119]. According to a comprehensive review,
295 mitochondrial genes were identified to be associated with
schizophrenia in at least 1 study. Fifty-seven of these mitochon-
drial genes were associated with schizophrenia etiology or
pathology in at least 2 independent studies [120]. The 57
mitochondrial genes are associated with protein products shown
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by synaptic and non-synaptic enrichment. The proteins with
synaptic enrichment involve in ATP metabolism and the ETC, while
proteins with non-synaptic enrichment involve in TAC, protein
transport and folding, as well as the ETC [121]. Relevantly, the
protein product of 42 mitochondrial genes was altered in brains of
patients with schizophrenia. Notably, 18 of these 42 mitochondrial
genes were found to be independently associated with schizo-
phrenia [122]. Moreover, mutations in a gene encoding a tRNA
[Leu(UUR)] is associated with schizophrenia [123].

Several copy number variant (CNV) in mitochondrial genes have
been implicated in schizophrenia etiology [124]. A known example
is the genome-wide CNV analysis of the Swedish cohort, which
reported a significant enrichment of the mitochondrial network in
schizophrenia, using both a smaller reference list of 193 genes and
a larger one of 892 mitochondrial genes representative of the
majority of validated murine mitochondrial genes in MitoCarta
[125]. In addition, nuclear-encoded mitochondrial genes are also
implicated in schizophrenia etiology and pathology as evidenced
by the 22q11.2 deletion syndrome resulted from a micro-deletion
in human chromosome 22. Up to one third of individuals with
22q11.2 deletion syndrome develop schizophrenia or schizo-
affective disorder by adolescence or early adulthood [126].
Another example is DISC1 (disrupted in schizophrenia 1), which
is perhaps the best characterized generalized risk factor for major
psychiatric disorders. It was first identified in cytogenetic screens
of a large Scottish family with high prevalence of schizophrenia
and related psychoses [127]. Two splice variants of DISC1 have
been localized to mitochondria and mutations in DISC1 have also
been linked to altered mitochondrial dynamics [128, 129].
Furthermore, schizophrenia-associated DISC1 fusion and trunca-
tion mutant proteins were shown to inhibit mitochondrial
trafficking and fusion thus disrupted normal dendritic develop-
ment of cultured neurons [130, 131].

The second line of evidence for mitochondrial defects is
changes in mitochondrial morphology, density and number seen
in brains of patients with schizophrenia. In an early study, patients
with schizophrenia showed a significant reduction in mitochon-
drial cross-sectional profiles in the caudate and putamen [132].
Importantly, a reduction in mitochondrial density was observed in
oligodendrocytes of brains of schizophrenia patients [133]. More-
over, schizophrenia patients showed 26-30% fewer mitochondria
per synapse in stratum compared to controls [134]. Similarly, fewer
mitochondria were seen in lymphocytes from drug-free schizo-
phrenia patients [135, 136]. In addition, mononuclear cells of
schizophrenia patients showed enlarged mitochondria with
fragmented cristae, which was independent of antipsychotic drug
used [135]. Importantly, long duration of schizophrenia was found
to be associated with enlarged mitochondria with destroyed
cristae in astrocytes [137].

In addition to the electron and fluorescence microscopy
analyses of post-mortem brain tissue from schizophrenia patients,
functional signatures of mitochondrial dysfunction have been
observed in induced pluripotent stem cell (iPSC) models derived
from schizophrenia patients. For example, abnormal neuronal
differentiation and mitochondrial malfunction were seen in hair
follicle-derived iPSC of schizophrenia patients [138]. In a recent
study, iPSCs from schizophrenia patients showed abnormal gene
expression and protein levels related to cytoskeletal remodeling
and OS [139]. In a more recent study with iPSC-derived cerebral
organoids from patients with schizophrenia, RNA sequencing
data showed differential expression of genes involved in
synapses, neural development, and antigen processing. Analysis
of the gene expression profiles suggested dysregulation of genes
involved in mitochondrial function or in modulation of excitatory
and inhibitory pathways [140].

Another line of evidence for mitochondrial defects in schizo-
phrenia is mitochondrial OS demonstrated in many clinical
studies. A meta-analysis of 44 studies reporting OS markers in
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serum, plasma, and erythrocytes in patients with schizophrenia or
related psychotic disorders concluded that the changes in specific
parameters were correlated with the clinical status of schizo-
phrenia [141]. Moreover, a recent review listed the 100 studies
that identified an association between OS and schizophrenia
[142]. Relevantly, several studies reported lower glutathione (GSH)
levels in peripheral samples, CSF, and post-mortem caudate
nucleus and PFC from drug-naive or treated patients compared
with controls [143]. In addition, the brain of schizophrenic patients
contains increased levels of oxidative damage products such as
4-hydroxy-2-nonenal, confirming the presence of OS [144].
Importantly, serum OS determinations correlate with the occur-
rence and course of schizophrenia [145].

More direct evidence for mitochondrial defects in schizophrenia
came from noninvasive neuroimaging studies using phosphorous
or hydrogen magnetic resonance spectroscopy (*'P-MRS and 'H-
MRS, respectively). Earlier studies in this line revealed reduced ATP
and phosphocreatine (PCr) in the frontal lobe, the caudate nucleus
and the left temporal lobe of schizophrenic patients [146, 147]. A
later study with schizophrenia showed decreased ATP production
but increased anaerobic metabolism of glucose. Relevantly,
excessive lactate production was observed in CSF of the patients
[148]. A systemic review, however, concluded with no consistent
patterns for the comparison of energy related phosphorus
metabolites between schizophrenia patients and controls. The
authors speculated that methodological heterogeneities and
shortcomings in the literature likely obscured consistent patterns
among studies. And recommended to improve study designs and
31P_MRS methods in future studies [149].

Last but not least, schizophrenia or psychiatric symptoms are
also seen in mitochondria diseases. In this aspect, Anglin et al.
described a series of 12 patients with mitochondrial disorders in
whom psychiatric symptoms were a prominent aspect of the
clinical presentation [150]. The same group also searched the
literature and found fifty cases of mitochondrial disorders with
prominent psychiatric symptomatology. In the cases of mito-
chondrial disorders, the most common psychiatric presentations
were mood disorder, cognitive deterioration, psychosis, and
anxiety. The most common diagnosis (52% of cases) was a
MELAS (mitochondrial encephalomyopathy with lactic acidosis
and stroke-like episodes) mutation [151].

INTERPLAY OF DOPAMINE METABOLISM ABNORMALITIES
AND MITOCHONDRIAL DEFECTS

Under physiological condition, DA in synaptic vesicles is stabilized
by the slightly acidic pH there [25]. This optimal microenviron-
ment, plus the tight associations of the enzymes TH and AADC
with VMAT2, prevent the autoxidation of DA in the cytosol thereby
avoiding cellular OS [152]. Nevertheless, DA may accumulate in
the cytosol as a consequence of leakage from synaptic vesicles.
The accumulated DA is then degraded through the oxidative
deamination reactions catalyzed by MAO and COMT producing
H,0,, in addition to its metabolites [153].

DA in cytosol can be taken up by the mitochondria therein it
reversibly inhibits NADH (Co-I) activity in ETC of mitochondria as
seen in rat brain [154]. Also this toxic effect of DA on
mitochondrion has been demonstrated in cultured SH-SY5Y cells
where DA significantly dissipated mitochondrial membrane
potential (AW) while inhibited Co-l activity. Moreover, increased
susceptibility of Co-lI activity to DA inhibition was seen in
platelets of schizophrenic patients, suggesting a pre-existing
deficient Co-l in mitochondria of the patients [155]. Indeed,
abnormalities have been observed in Co-l subunits located at the
suggested interaction site of Co-l with DA [156]. Interestingly,
DA inhibited mitochondrial function in a dose-dependent
manner as evidenced by DA-induced decrease in intracellular
ATP, AW, Co-l activity, and cell viability, while the treatment
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increased intracellular ROS level in cultured mature oligoden-
drocytes (OLs). Moreover, these effects were effectively amelio-
rated in the presence of tranylcypromine (a non-selective and
irreversible MAO inhibitor), suggesting that the toxic effects were
due to ROS resulted from the oxidative deamination reactions of
DA, but not DA per se; ie, it is the ROS that damaged
mitochondria in the cells (unpublished data).

It is worth noting that DA is easily oxidizable. Specifically,
superoxide anion promptly accepts an electron from DA, which
is transformed into the o-semiquinone radical. Then two such
radicals disproportionate thus generating a dopaminoquinone
(DA-Q) plus a DA. The unstable DA-Q undergoes spontaneous
1,4-intramolecular cyclization and further oxidation, eventually
forming the relatively stable dopaminochrome (DAC), a
5-dihydroxyindole tautomer, which is cytotoxic in an OS-
dependent manner [157, 158].

Under physiological conditions, the rate of DA oxidation is
slow, and the cellular antioxidant machinery can cope with the
formation of highly reactive products from DA oxidation [13].In a
state of increased oxidation, however, the cellular antioxidative
machinery fails thus leading to massive oxidation of DA, which
damages essential cellular function even results in cell death.
Indeed, there are a wide range of experimental data demon-
strating toxic effects of higher levels of DA on mitochondria of
neurons and glia cells. An example of early studies is the DA-
induced apoptosis in a cultured neuronal model due to its toxic
effects on mitochondria [14]. This mitochondrial defect mechan-
ism was further demonstrated in the second study by the same
group as the DA-induced apoptosis in mesencephalic cells was
enhanced by cyanide, which is toxic to mitochondrion and
stimulates intracellular generation of ROS [159]. Studies by the
other groups showed that oxidized DA is cytotoxic to both MN9D
(a mesencephalic cell line) and PC12 cell lines in a manner of
stimulating OS [160, 161]. Also, DA triggers apoptosis in pituitary
cells via a mechanism involving OS as evidenced by DA-induced
loss of AY, relocation of Bax to the mitochondria, cytochrome c
release, caspase-3 activation, and nuclear fragmentation [162]. In
addition, it was demonstrated that DAC causes MN9D cell death
in a caspase-independent apoptotic manner that involves
oxidative damage to DNA [158]. The toxic effects of DA oxidation
were also seen in astrocytes as shown in a recent study showing
that DOPAL significantly reduced Neu7 (a rat astrocyte cell line)
viability, induced apoptosis, decreased mitochondrial perfor-
mance, and increased oxidative and nitrative stress, in a dose-
dependent manner [163].

The other side of interaction between DA and mitochondria is
the effect of deficient mitochondrion on DA catabolism. In this
regard, the author’s group did a series of work with the cuprizone-
exposed mouse as an animal model of schizophrenia to explore the
interaction between abnormal dopamine metabolism and mito-
chondria defects in brain cells. Cuprizone is a chemical chelator
toxic to mitochondria of cells [164]. In addition to suppressing
activities of Co I-IV in MRC of mitochondrion [165], cuprizone also
inhibits copper-dependent enzymes such as cytochrome c oxidase,
dopamine B-hydroxylase (DBH), and SOD thereby increasing the
production of ROS in the cytosol [166].

As expected, cuprizone-feeding impaired mitochondrial func-
tion of brain cells of living C57BL/6 mice as evidenced by
decreased levels of N-acetyl-L-aspartate (NAA), total NAA (NAA
and NAAG), and choline-containing compounds (phosphorylcho-
line and glycerophosphorylcholine) detected by 'H-MRS, in
addition to inducing demyelination and OL loss seen in post-
mortem brain tissue. The treatment also decreased activities of
catalase and glutathione peroxidase, but increased levels of
malondialdehyde and H,0O, in the brain tissue, indicating the
presence of OS there [167]. Moreover, cuprizone-feeding induced
a transitional changes in DA and NE levels in PFC of the mouse
(higher DA and lower NE) while decreased activities of MAO and
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DBH in the hippocampus and PFC of the subjects as compared to
normal controls. Interestingly, the cuprizone-fed mice showed a
couple of behavioral abnormalities including increases in climbing
behavior and time remaining in open arms of the elevated plus
maze, impaired prepulse inhibition (PPl) and spatial working
memory, as well as decreased social interactive behaviors. These
behavioral changes are reminiscent of some clinical manifesta-
tions seen in schizophrenia patients [15]. Following our studies,
the other investigators replicated the same findings seen in
cuprizone-exposed mice and rats [168-170]. Taken together, the
previous studies have demonstrated that functional impairment of
mitochondrion may impair DA catabolism thus leading to elevated
levels of DA and ROS in brain cells.

In support of the interaction between mitochondrial defects and
abnormal DA metabolism in the pathogenesis of schizophrenia,
antipsychotic drugs protected against the cuprizone-induced
changes or promoted the recovery processes of the changes in
mice. Specifically, haloperidol improved PPI deficit, clozapine and
quetiapine improved more behavioral abnormalities while amelio-
rated the cuprizone-induced white matter damage [171-173]. The
additional therapeutic effects of clozapine and quetiapine were
attributed to the antioxidant and anti-inflammatory actions of
the atypical antipsychotics as demonstrated in animal and cell
culture studies [167, 170, 174-177]. In line with these preclinical
studies, clinical practice also reported preferable outcomes of
negative symptoms and cognitive impairment in some patients
with schizophrenia treated with atypical antipsychotics compared
to those treated with typical ones [178, 179]. Indeed, in the
majority of schizophrenia patients, administration of atypical
antipsychotics seemed to result in higher levels of patient
satisfaction than did conventional drugs [180].

The interaction between DA and mitochondrion in brain cells
was also demonstrated in the studies with rotenone, a specific
inhibitor of mitochondrial Co-l. An acute exposure to rotenone
was reported to result in ubiquitin and a-synuclein-positive
inclusions and led to selective dopaminergic neuronal damage
due to the inhibition of mitochondrial Co-l [181]. Moreover, a
single systemic rotenone administration to rats did not lead to
neurotoxicity, but rather to enhanced glutamate-induced DA
release in brain cells [182], suggesting a possibility that DA
catabolism was inhibited due to functional impairment of
mitochondrion by rotenone in the cells. In line with this previous
study, oral medication of rotenone to mice increased DA level in
PFC, decreased production of ATP in PFC, hippocampus, and
caudate putamen, and led to impairment in learning and
executive function of the subjects (unpublished data).

ANTIOXIDANT ADDITION TO ANTIPSYCHOTIC TREATMENT
FOR SCHIZOPHRENIA

Along with the studies showing evidence for OS in schizo-
phrenia patients, there is increasing clinical studies applying
antioxidant addition to antipsychotic treatment for patients with
schizophrenia. The antioxidants commonly added as adjunctive
medication for patients with schizophrenia include vitamin C
and E, N-acetylcysteine (NAC), ginkgo biloba, minocycline,
resveratrol, and omega-3 fatty acids. Because of the space
limitation, the following paragraphs just outline some of clinical
reports/studies using antioxidant addition to antipsychotic
treatment for schizophrenia, instead of providing a complete
review of all the extant studies.

As early as in 1963, Milner reported a double-blind trial of
ascorbic acid (vitamin C) in 20 male chronic psychiatric patients
[183]. Administration of vitamin C (1g/day) for three weeks
resulted in a significant improvement in the depressive, manic, and
paranoid symptom complexes in the patients. Later on, Beauclair
and colleagues reported an open label trial with schizophrenic
patients on stable unspecified neuroleptic regimens. Vitamin C
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administration for a period of 8 weeks resulted in symptomatic
improvement in 10 of 13 patients [184]. In a pilot study by
Kanofsky et al, 21 refractory schizophrenia inpatients received
ascorbate (2-6 g/day) adjunctively with their ongoing neuroleptic
medication for a minimum of one month. Seven of these patients
showed definite clinical improvement [185]. In a case report by
Sandyk and Kanofsky, a 37-year-old chronic schizophrenia patient
derived substantial benefit from the addition of vitamin C to his
neuroleptic treatment [186]. Moreover, oral supplementation of
vitamin C with atypical antipsychotic were shown to reverse
ascorbic acid levels, reduce OS, and improve BPRS (brief psychiatric
rating scale) score in forty schizophrenic patients participated in a
prospective, double-blind, placebo-controlled, 8-week study [187].
Nevertheless, we noticed a report stating that the addition of
vitamin C was not associated with any change in psychopathology
in 8 male inpatients diagnosed as chronic schizophrenia in a study
by Straw and colleagues [188].

In 2008, Berk et al. conducted a randomized, multicenter,
double-blind, placebo-controlled study aiming to evaluate the
safety and effectiveness of oral NAC as an add-on to
maintenance medication for chronic schizophrenia over a 24-
week period. They reported a greater improvement in patients
treated with NAC than placebo-treated subjects over the study
period in terms of PANSS (Positive and Negative Symptoms
Scale) total, PANSS negative, and PANSS general, CGI- (Clinical
Global Impression) Severity (CGI-S), and CGI- Improvement (CGI-
I) scores [189]. These results suggest that adjunctive NAC has
potential as a safe and moderately effective augmentation
strategy for chronic schizophrenia. In a relatively small sized,
randomized, double-blind, placebo-controlled study with 42
chronic schizophrenia patients, NAC-treated subjects showed
significantly greater improvement in the PANSS total and
negative subscale scores compared to the placebo group, but
there was no difference between the 2 groups in the frequency
of adverse effects [190]. Similarly, a 12-week, double-blind,
randomized, placebo-controlled, clinical trial reported improve-
ment in positive, negative, general and total psychopathology
symptoms as well as cognitive performance in NAC group over
placebo group. NAC was also well-tolerated, safe and easy-to-use
as an effective therapeutic strategy to improve outcome in
patients with schizophrenia [191].

Some but not all the previous findings of NAC efficacy were
replicated in a recent 52-week, double-blind, placebo-controlled
trial on symptoms and cognition in early phase schizophrenia
spectrum disorders. Specifically, NAC significantly improved
PANSS total, negative, and disorganized thought symptom
scores, but failed to improve PANSS-positive symptoms and
BACS (Brief Assessment pf Cognition in Schizophrenia) cognitive
scores [192]. In another study published in the same year,
however, NAC supplementation in a limited sample of early
psychosis patients did not improve negative symptoms while led
to some neurocognitive improvements [193]. In a recent clinical
trial with a sample of 58 participants randomized in a double
fashion to receive NAC or placebo for 24 weeks, patients treated
with NAC had significantly higher working memory performance
at week 24 compared with placebo, suggesting that NAC has an
impact on cognitive performance in psychosis [194]. The above
inconsistency between individual clinical studies has been
reviewed and analyzed in a more recent meta-analysis of
randomized controlled trials with NAC in the treatment of
schizophrenia patients from seven studies including 220 receiv-
ing NAC and equal number of 220 receiving placebo. It concluded
that NAC significantly improved PANSS negative and total scores,
as well as improved the cognitive domain of working memory
after 24 weeks of treatment [195].

In addition to vitamin C and NAC that have been used as
antioxidant addition to antipsychotic treatment for schizophrenia,
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the others that have been tested in clinical trials with schizo-
phrenia patients include ginkgo biloba [196, 197], allopurinol
[197], minocycline [198], resveratrol [199], essential polyunsatu-
rated fatty acids (EPUFAs), particularly, omega-3 fatty acids [200],
vitamin E [201], as well as a mixture of omega-3 and vitamin E/C
[202]. Overall, there is preliminary data that suggests substances
with antioxidant potential may be of use, although definitive
studies are needed. Specifically, ginkgo and NAC emerged as the
most promising antioxidants thus may be added to antipsychotic
treatment for schizophrenia patients.

CONCLUDING REMARKS

In summary, schizophrenia is a genetically and phenotypically
complex brain disease, driven by a combination of genomic and
environmental factors [203]. Of the genetic factors, 18 of the 42
mitochondrial genes have been found to be independently
associated with schizophrenia [122], in addition to those
nuclear-encoded mitochondrial genes implicated in schizophre-
nia etiology and pathology as evidenced by the 22q11.2
deletion syndrome [126]. As a result of these genetic changes,
mitochondrial abnormalities in either density, morphology, and/
or function occur. Environmental factors, including pre- and
perinatal factors leading to long-term overactivity in mesos-
triatal dopaminergic function, are also able to inhibit mitochon-
drial function. Under both the genetic and environmental
conditions resulting in mitochondrial defects, DA catabolism in
mitochondrion is inhibited along with increased ROS but
decreased ATP in the organelle. On the other hand, DA increase,
which may be due to inhibition of its catabolism enzymes such
as COMT or MAO by genetic deletion and pharmacological
approaches, would impair mitochondrial function as evidenced
by the inhibition of Co-l activity in MRC. It is the vicious cycle
from mitochondrial defects to DA increase or vice versa that play
critical roles in the pathogenesis of schizophrenia.

In addition to contributing to positive symptoms in schizo-
phrenia, elevated DA and mitochondrial defects may result in
neurodevelopmental abnormalities including reduced spine den-
sity in cortical neurons, NMDA-R hypofunction [204], hypomyeli-
nation or white matter abnormalities seen in brains of patients
with schizophrenia [204, 205]. These neurobiological changes
have been thought to account for the negative symptoms and
cognitive impairment in schizophrenia [204, 206].

All extant antipsychotics are D2-receptor blockers. Typical
antipsychotics exert their therapeutic efficacy on positive
symptoms via substantial occupancy (more than 60%) of D2
receptors [56], but greater than 80% occupancy increases the
likelihood of movement-associated adverse effects [207]. While
having lower D2 occupancy relative to typical antipsychotics,
atypical ones are effective on both positive and negative
symptoms, as well as cognitive impairment, but less likely to
induce movement-associated adverse effects in patients with
schizophrenia [206]. These preferable efficacy of atypical anti-
psychotics on negative symptoms and cognitive impairment in
patients with schizophrenia may be related to the antioxidant
and anti-inflammatory actions of these drugs as demonstrated in
animal and cell culture studies [167-169, 174-177].

Oxidative stress resulted from mitochondrial defects and the
concurrent neuroinflammation, two pathological components
involved in the pathogenesis of schizophrenia, calls for
combination of antipsychotic drug and antioxidants in treating
the patients. To date, a lot of antioxidants have been applied in
clinical trials with schizophrenia patients. Overall, emerging data
are promising at least from some of studies with ginkgo and
NAC [197, 201]. More and more clinical trials with antioxidant
addition to antipsychotic treatment for patients with schizo-
phrenia are expected.

Translational Psychiatry (2022)12:464



REFERENCES

1.

19.
20.

21.

22.
23.

24,

25.

26.

27.

28.

29.

Eisenhofer G, Aneman A, Friberg P, Hooper D, Fandriks L, Lonroth H, et al.
Substantial production of dopamine in the human gastrointestinal tract. J Clin
Endocrinol Metab. 1997;82:3864-71.

. Luciana M, Collins PF, Depue RA. Opposing roles for dopamine and serotonin

in the modulation of human spatial working memory functions. Cereb Cortex.
1998;8:218-26.

. Salamone JD, Correa M. The mysterious motivational functions of mesolimbic

dopamine. Neuron. 2012;76:470-85.

. Andretic R, van Swinderen B, Greenspan RJ. Dopaminergic modulation of

arousal in Drosophila. Curr Biol. 2005;15:1165-75.

. Berridge KC, Kringelbach ML. Affective neuroscience of pleasure: reward in

humans and animals. Psychopharmacology. 2008;199:457-80.

. Schultz W. Predictive reward signal of dopamine neurons. J Neurophysiol.

1998;80:1-27.

. Harrington KA, Augood SJ, Kingsbury AE, Foster OJ, Emson PC. Dopamine

transporter (Dat) and synaptic vesicle amine transporter (VMAT2) gene
expression in the substantia nigra of control and Parkinson’s disease. Brain Res
Mol Brain Res. 1996;36:157-62.

. Demarest KT, Riegle GD, Moore KE. Prolactin-induced activation of tuber-

oinfundibular dopaminergic neurons: evidence for both a rapid ‘tonic’ and a
delayed ‘delayed’ component. Neuroendocrinology. 1984;38:467-75.

. Kriiger THC, Hartmann U, Schedlowski M. Prolactinergic and dopaminergic

mechanisms underlying sexual arousal and orgasm in humans. World J Urol.
2005;23:130-8.

. Nakagawa M, Kuri M, Kambara N, Tanigami H, Tanaka H, Kishi Y, et al. Dopamine

D2 receptor Taq IA polymorphism is associated with postoperative nausea and
vomiting. J Anesth. 2008;22:397-403.

. Klein MO, Battagello DS, Cardoso AR, Hauser DN, Bittencourt JC, Correa RG.

Dopamine: functions, signaling, and association with neurological diseases. Cell
Mol Neurobiol. 2019;39:31-59.

. Christenson JG, Dairman W, Udenfriend S. Preparation and properties of a

homogeneous aromatic l-amino acid decarboxylase from hog kidney. Arch
Biochem Biophys. 1970;141:356-67.

. Vatral J, Boca R, Linert W. Oxidation properties of dopamine at and near phy-

siological conditions. Monatshefte fiir Chem Chem Mon. 2015;146:1799-805.

. Jones DC, Gunasekar PG, Borowitz JL, Isom GE. Dopamine-induced apoptosis is

mediated by oxidative stress and is enhanced by cyanide in differentiated PC12
cells. J Neurochem. 2000;74:2296-304.

. Xu H, Yang H-J, Zhang Y, Clough R, Browning R, Li X-M. Behavioral and neu-

robiological changes in C57BL/6 mice exposed to cuprizone. Behav Neurosci.
2009;123:418-29.

. Wong YC, Krainc D. a-Synuclein toxicity in neurodegeneration: mechanism and

therapeutic strategies. Nat Med. 2017;23:1-13.

. Taipa R, Pereira C, Reis |, Alonso |, Bastos-Lima A, Melo-Pires M, et al. DJ-1

linked parkinsonism (PARK?) is associated with Lewy body pathology. Brain.
2016;139:1680-7.

. Burbulla LF, Song P, Mazzulli JR, Zampese E, Wong YC, Jeon S, et al. Dopamine

oxidation mediates mitochondrial and lysosomal dysfunction in Parkinson’s
disease. Science. 2017;357:1255-61.

Coyle JT. Schizophrenia: basic and clinical. Adv Neurobiol. 2017;15:255-80.
Joyce EM, Roiser JP. Cognitive heterogeneity in schizophrenia. Curr Opin Psy-
chiatry. 2007;20:268.

Kahn RS, Keefe RS. Schizophrenia is a cognitive illness: time for a change in
focus. JAMA Psychiatry. 2013;70:1107-12.

Meyer N, MacCabe JH. Schizophrenia. Med (Baltim). 2016;44:649-53.
McCutchen RA, Marques TR, Howes OD. Schizophrenia-an overview. JAMA
Psychiatry. 2020;77:201-10.

Xu H, Yang H, Rose GM. Working memory deficits in schizophrenia: neurobio-
logical correlates and treatment. In: Levin ES, editor. Working memory: capacity,
developments and improvement techniques. New York: Nova Science Pub-
lishers, 2011. p. 313-34.

Miesenbdck G, De Angelis DA, Rothman JE. Visualizing secretion and
synaptic transmission with pH-sensitive green fluorescent proteins. Nature.
1998;394:192-5.

Baik JH. Dopamine signaling in reward-related behaviors. Front Neural Circuits.
2013;7:152.

Beaulieu JM, Espinoza S, Gainetdinov RR. Dopamine receptors -IUPHAR Review
13. Br J Pharm. 2015;172:1-23.

Chen S, Zhang XJ, Xie WJ, Qiu HY, Liu H, Le WD. A new VMAT-2 inhibitor
NBI-641449 in the treatment of huntington disease. CNS Neurosci Ther.
2015;21:662-71.

Meiser J, Weindl D, Hiller K. Complexity of dopamine metabolism. Cell Commun
Signal. 2013;11:34.

Translational Psychiatry (2022)12:464

H. Xu and F. Yang

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Riederer P, Konradi C, Schay V, Kienzl E, Birkmayer G, Danielczyk W, et al.
Localization of MAO-A and MAO-B in human brain: a step in understanding the
therapeutic action of L-deprenyl. Adv Neurol. 1987;45:111-8.

Hikosaka O, Nakamura K, Sakai K, Nakahara H. Central mechanisms of motor skill
learning. Curr Opin Neurobiol. 2002;12:217-22.

Horvitz JC. Mesolimbocortical and nigrostriatal dopamine responses to salient
non-reward events. Neuroscience. 2000;96:651-6.

Wise RA. Ventral tegmental glutamate: a role in stress-, cue-, and cocaine-
induced reinstatement of cocaine-seeking. Neuropharmacology. 2009;56(Suppl
1):174-6.

Kelley AE, Berridge KC. The neuroscience of natural rewards: relevance to
addictive drugs. J Neurosci. 2002;22:3306-11.

Demarest KT, McKay DW, Riegle GD, Moore KE. Biochemical indices of tuber-
oinfundibular dopaminergic neuronal activity during lactation: a lack of
response to prolactin. Neuroendocrinology. 1983;36:130-7.

Demarest KT, Riegle GD, Moore KE. Prolactin-induced activation of tubero-
infundibular dopaminergic neurons: evidence for both a rapid ‘tonic’ and a
delayed ‘induction’ component. Neuroendocrinology. 1984;38:467-75.

Carey RJ. Dopamine receptors mediate drug-induced but not Pavlovian condi-
tioned contralateral rotation in the unilateral 6-OHDA animal model. Brain Res.
1990;515:292-8.

Nisenbaum ES, Stricker EM, Zigmond MJ, Berger TW. Long-term effects of
dopamine- depleting brain lesions on spontaneous activity of type Il striatal
neurons: relation to behavioral recovery. Brain Res. 1986;398:221-30.

Marshall JF, Levitan D, Stricker EM. Activation-induced restoration of sensor-
imotor functions in rats with dopamine-depleting brain lesions. J Comp Physiol
Psychol. 1976;90:536-46.

Berridge KC, Venier IL, Robinson TE. Taste reactivity analysis of 6-
hydroxydopamine-induced aphagia: implications for arousal and anhedonia
hypotheses of dopamine function. Behav Neurosci. 1989;103:36-45.

Mazzoni P, Hristova A, Krakauer JW. Why don't we move faster? Parkinson’s
disease, movement vigor, and implicit motivation. J Neurosci. 2007;27:7105-16.
Wise RA. Dopamine, learning and motivation. Nat Rev Neurosci. 2004;5:483-94.
Bromberg-Martin ES, Matsumoto M, Hikosaka O. Dopamine in motivational
control: rewarding, aversive, and alerting. Neuron. 2010;68:815-34.

. Berrios J, Stamatakis AM, Kantak PA, McElligott ZA, Judson MC, Aita M, et al. Loss

of UBE3A from TH-expressing neurons suppresses GABA co-release and
enhances VTA-NAc optical self-stimulation. Nat Commun. 2016;7:10702.

Tan KR, Yvon C, Turiault M, Mirzabekov JJ, Doehner J, Labouebe G, et al. GABA
neurons of the VTA drive conditioned place aversion. Neuron. 2012;73:1173-83.
Qi J, Zhang S, Wang HL, Barker DJ, Miranda-Barrientos J, Morales M. VTA glu-
tamatergic inputs to nucleus accumbens drive aversion by acting on GABAergic
interneurons. Nat Neurosci. 2016;19:725-33.

Cohen JY, Haesler S, Vong L, Lowell BB, Uchida N. Neuron-type-specific sig-
nals for reward and punishment in the ventral tegmental area. Nature.
2012;482:85-88.

Morales M, Margolis EB. Ventral tegmental area: cellular heterogeneity, con-
nectivity and behaviour. Nat Rev Neurosci. 2017;18:73-85.

Histed MH, Pasupathy A, Miller EK. Learning substrates in the primate prefrontal
cortex and striatum: sustained activity related to successful actions. Neuron.
2009;63:244-53.

Puig MV, Antzoulatos EG, Miller EK. Prefrontal dopamine in associative learning
and memory. Neuroscience. 2014;282:217-29.

Daba Feyissa D, Sialana FJ, Keimpema E, Kalaba P, Paunkov A, Engidawork E,
et al. Dopamine type 1- and 2-like signaling in the modulation of spatial
reference learning and memory. Behav Brain Res. 2019;362:173-80.

Kramar CP, Chefer VI, Wise RA, Medina JH, Barbano MF. Dopamine in the dorsal
hippocampus impairs the late consolidation of cocaine-associated memory.
Neuropsycho-Pharmacol. 2014;39:1645-53.

Medic-Stojanoska M, Icin T, Pletikosic |, Bajkin I, Novakovic-Paro J, Stokic E, et al.
Risk factors for accelerated atherosclerosis in young women with hyperpro-
lactinemia. Med Hypotheses. 2015;84:321-6.

Peuskens J, Pani L, Detraux J, De Hert M. The effects of novel and newly
approved antipsychotics on serum prolactin levels: a comprehensive review.
CNS Drugs. 2014;28:421-53.

Creese |, Burt DR, Snyder SH. Dopamine receptor binding predicts clinical and
pharmacological potencies of antischizophrenic drugs. Science. 1976;192:481-3.
Kapur S, Wadenberg WL, Remington G. Are animal studies of antipsychotics
appropriately dosed? Lessons from the bedside to the bench. Can J Psychiatry.
2000;45:241-6.

Howes OD, Kapur S. The dopamine hypothesis of schizophrenia: version lll-the
final common pathway. Schizophr Bull. 2009;35:549-62.

Davis KL, Kahn RS, Ko G, Davidson M. Dopamine in schizophrenia: a review and
reconceptualization. Am J Psychiatry. 1991;148:1474-86.

SPRINGER NATURE



H. Xu and F. Yang

10

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Pycock CJ, Kerwin RW, Carter CJ. Effect of lesion of cortical dopamine terminals
on subcortical dopamine receptors in rats. Nature. 1980;286:74-6.

Scatton B, Worms P, Lloyd KG, Bartholini G. Cortical modulation of striatal
function. Brain Res. 1982;232:331-43.

Howes OD, McGuire PK, Kapur S. Understanding pathophysiology is crucial in
linking clinical staging to targeted therapeutics. World Psychiatry. 2008;7:162-3.
Abi-Dargham A, Gil R, Krystal J, Baldwin RM, Seibyl JP, Bowers M, et al. Increased
striatal dopamine transmission in schizophrenia: confirmation in a second
cohort. Am J Psychiatry. 1998;155:761-7.

Laruelle M. Imaging dopamine transmission in schizophrenia. A review and
meta-analysis. Q J Nucl Med. 1998;42:211-21.

Kesby JP, Eyles DW, McGrath JJ, Scott JG. Dopamine, psychosis and schizo-
phrenia: the widening gap between basic and clinical neuroscience. Transl
Psychiatry. 2018;8:30.

Bloemen OJ, de Koning MB, Gleich T, Meijer J, de Haan L, Linszen DH, et al.
Striatal dopamine D2/3 receptor binding following dopamine depletion in
subjects at ultra high risk for psychosis. Eur Neuropsychopharmacol.
2013;23:126-32.

Egerton A, Chaddock CA, Winton-Brown TT, Bloomfield MA, Bhattacharyya S,
Allen P, et al. Presynaptic striatal dopamine dysfunction in people at ultra-high
risk for psychosis: findings in a second cohort. Biol Psychiatry. 2013;74:106-12.
Howes OD, Bose SK, Turkheimer F, Valli |, Egerton A, Valmaggia LR, et al.
Dopamine synthesis capacity before onset of psychosis: a prospective [18F]-
DOPA PET imaging study. Am J Psychiatry. 2011;168:1311-7.

Okubo Y, Suhara T, Suzuki K, Kobayashi K, Inoue O, Terasaki O, et al. Decreased
prefrontal dopamine D1 receptors in schizophrenia revealed by PET. Nature.
1997;385:634-6.

Hirvonen J, van Erp TGM, Huttunen J, Aalto S, NA¥gren K, Huttunen M, et al.
Brain dopamine d1 receptors in twins discordant for schizophrenia. Am J Psy-
chiatry. 2006;163:1747-53.

Stenkrona P, Matheson GJ, Halldin C, Cervenka S, Farde L. D1-Dopamine
receptor availability in first-episode neuroleptic naive psychosis patients. Int J
Neuropsychopharmacol. 2019;22:415-25.

Krabbe S, Duda J, Schiemann J, Poetschke C, Schneider G, Kandel ER, et al.
Increased dopamine D2 receptor activity in the striatum alters the firing pattern
of dopamine neurons in the ventral tegmental area. Proc Natl Acad Sci USA.
2015;112:E1498-E1506.

Simpson EH, Kellendonk C, Kandel E. A possible role for the striatum in
the pathogenesis of the cognitive symptoms of schizophrenia. Neuron.
2010;65:585-96.

McCutcheon R, Beck K, Jauhar S, Howes OD. Defining the locus of dopaminergic
dysfunction in schizophrenia: a meta-analysis and test of the mesolimbic
hypothesis. Schizophr Bull. 2018;44:1301-11.

Abi-Dargham A, Rodenhiser J, Printz D, Zea-Ponce Y, Gil R, Kegeles LS, et al.
Increased baseline occupancy of D2 receptors by dopamine in schizophrenia.
Proc Natl Acad Sci USA. 2000;97:8104-9.

O'Tuathaigh CM, Waddington JL. Closing the translational gap between mutant
mouse models and the clinical reality of psychotic illness. Neurosci Biobehav
Rev. 2015;58:19-35.

Boksa P, El-Khodor BF. Birth insult interacts with stress at adulthood to alter
dopaminergic function in animal models: possible implications for schizo-
phrenia and other disorders. Neurosci Biobehav Rev. 2003;27:91-101.

Boksa P. Animal models of obstetric complications in relation to schizophrenia.
Brain Res Brain Res Rev. 2004;45:1-17.

Fortier ME, Joober R, Luheshi GN, Boksa P. Maternal exposure to bacterial
endotoxin during pregnancy enhances amphetamine-induced locomotion and
startle responses in adult rat offspring. J Psychiatr Res. 2004;38:335-45.
Watanabe M, Nonaka R, Hagino Y, Kodama Y. Effects of prenatal methylazox-
ymethanol treatment on striatal dopaminergic systems in rat brain. Neurosci
Res. 1998;30:135-44.

Diaz R, Ogren SO, Blum M, Fuxe K. Prenatal corticosterone increases sponta-
neous and d-amphetamine induced locomotor activity and brain dopamine
metabolism in prepubertal male and female rats. Neuroscience. 1995;66:467-73.
Kehoe P, Clash K, Skipsey K, Shoemaker WJ. Brain dopamine response in isolated
10-day-old rats: assessment using D2 binding and dopamine turnover. Pharm
Biochem Behav. 1996;53:41-9.

Kehoe P, Shoemaker WJ, Triano L, Hoffman J, Arons C. Repeated isolation in
the neonatal rat produces alterations in behavior and ventral striatal dopa-
mine release in the juvenile after amphetamine challenge. Behav Neurosci.
1996;110:1435-44.

Reichert AS, Neupert W. Contact sites between the outer and inner mem-
brane of mitochondria-role in protein transport. Biochim Biophys Acta.
2002;1592:41-49.

van der Bliek AM, Sedensky MM, Morgan PG. Cell biology of the mitochondrion.
Genetics. 2017;207:843-71.

SPRINGER NATURE

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

112,

113.

114.

115.

Yan C, Duanmu X, Zeng L, Liu B, Song Z. Mitochondrial DNA: distribution,
mutations, and elimination. Cells. 2019;8:379.

Oxenoid K, Dong Y, Cao C, Cui T, Sancak Y, Markhard AL, et al. Architecture of
the mitochondrial calcium uniporter. Nature. 2016;533:269-73.

Sarasija S, Norman KR. A y-secretase independent role for presenilin in calcium
homeostasis impacts mitochondrial function and morphology in caenorhabditis
elegans. Genetics. 2015;201:1453-66.

Hekimi S, Wang Y, Noé A. Mitochondrial ROS and the effectors of the intrinsic
apoptotic pathway in aging cells: the discerning killers! Front Genet. 2016;7:161.
Yee C, Yang W, Hekimi S. The intrinsic apoptosis pathway mediates the pro-
longevity response to mitochondrial ROS in C. elegans. Cell. 2014;157:897-909.
Kim HE, Grant AR, Simic MS, Kohnz RA, Nomura DK, Durieux J, et al. Lipid
biosynthesis coordinates a mitochondrial-to-cytosolic stress response. Cell.
2016;166:1539-52.

Melentijevic |, Toth ML, Arnold ML, Guasp RJ, Harinath G, Nguyen KC, et al. C.
elegans neurons jettison protein aggregates and mitochondria under neuro-
toxic stress. Nature. 2017;542:367-71.

Verge B, Alonso Y, Valero J, Miralles C, Vilella E, Martorell L. Mitochondrial DNA
(mtDNA) and schizophrenia. Eur Psychiatry. 2011;26:45-56.

Schapira AHV. Mitochondrial disease. Lancet. 2006;368:70-82.

Lecrenier N, Van Der Bruggen P, Foury F. Mitochondrial DNA polymerases from
yeast to man: a new family of polymerases. Gene. 1997;185:147-52.

Martin WF, Neukirchen S, Zimorski V, Gould SB, Sousa FL. Energy for two: New
archaeal lineages and the origin of mitochondria. BioEssays. 2016;38:850-6.
Lane N, Martin W. The energetics of genome complexity. Nature.
2010;467:929-34.

Speijer D. What can we infer about the origin of sex in early eukaryotes? Philos
Trans R Soc Lond B Biol Sci. 2016;371:20150530.

Breton S, Stewart DT. Atypical mitochondrial inheritance patterns in eukaryotes.
Genome. 2015;58:423-31.

Pyle A, Hudson G, Wilson 1J, Coxhead J, Smertenko T, Herbert M, et al. Extreme-
depth re-sequencing of mitochondrial DNA finds no evidence of paternal
transmission in humans. PLoS Genet. 2015;11:21005040.

Rafelski SM. Mitochondrial network morphology: building an integrative, geo-
metrical view. BMC Biol. 2013;11:71.

Zick M, Rabl R, Reichert AS. Cristae formation-linking ultrastructure and function
of mitochondria. Biochimica Et Biophysica Acta. 2009;1793:5-19.

Bouchez C, Devin A. Mitochondrial biogenesis and mitochondrial reactive
oxygen species (ROS): a complex relationship regulated by the cAMP/PKA sig-
naling pathway. Cells. 2019;8:287.

Liesa M, PalacAn M, Zorzano A. Mitochondrial dynamics in mammalian health
and disease. Physiol Rev. 2009;89:799-845.

Ban-Ishihara R, Ishihara T, Sasaki N, Mihara K, Ishihara N. Dynamics of nucleoid
structure regulated by mitochondrial fission contributes to cristae reformation
and release of cytochrome c. Proc Natl Acad Sci USA. 2013;110:11863-8.
Jayashankar V, Rafelski SM. Integrating mitochondrial organization and
dynamics with cellular architecture. Curr Opin Cell Biol. 2014;26:34-40.
Nakada K, Inoue K, Ono T, Isobe K, Ogura A, Goto Y, et al. Inter-mitochondrial
complementation: Mitochondria-specific system preventing mice from expres-
sion of disease phenotypes by mutant mtDNA. Nat Med. 2001;7:934-40.
Youle RJ, van der Bliek AM. Mitochondrial fission, fusion, and stress. Science.
2012;337:1062-5.

Kramer P, Bressan P. Our (mother’s) mitochondria and our mind. Perspect
Psychol Sci. 2018;13:88-100.

Correia SC, Perry G, Moreira PI. Mitochondrial traffic jams in Alzheimer’s disease -
pinpointing the roadblocks. Biochim Biophys Acta. 2016;1862:1909-17.

Li X, Sundquist J, Sundquist K. Age-specific familial risks of psychotic disorders
and schizophrenia: a nation-wide epidemiological study from Sweden. Schi-
zophr Res. 2007;97:43-50.

Verge B, Alonso Y, Miralles C, Valero J, Vilella E, Boles RG, et al. New evidence for
the involvement of mitochondrial inheritance in schizophrenia: results from a
cross-sectional study evaluating the risk of illness in relatives of schizophrenia
patients. J Clin Psychiatry. 2012;73:684-90.

Bi R, Tang J, Zhang W, Li X, Chen SY, Yu D, et al. Mitochondrial genome varia-
tions and functional characterization in Han Chinese families with schizo-
phrenia. Schizophr Res. 2016;171:200-6.

Prabakaran S, Swatton JE, Ryan MM, Huffaker SJ, Huang JT, Griffin JL, et al.
Mitochondrial dysfunction in schizophrenia: evidence for compromised brain
metabolism and oxidative stress. Mol Psychiatry. 2004;9:684-697, 643.
Schizophrenia Working Group of the Psychiatric Genomics Consortium.
Biological insights from 108 schizophrenia-associated genetic loci. Nature.
2014;511:421-7.

Gongalves VF, Cappi C, Hagen CM, Sequeira A, Vawter MP, Derkach A, et al. A
comprehensive analysis of nuclear-encoded mitochondrial genes in schizo-
phrenia. Biol Psychiatry. 2018;83:780-9.

Translational Psychiatry (2022)12:464



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Marchbanks RM, Ryan M, Day INM, Owen M, McGuffin P, Whatley SA. A mito-
chondrial DNA sequence variant associated with schizophrenia and oxidative
stress. Schizophre Res. 2003;65:33-8.

Rollins B, Martin MV, Sequeira PA, Moon EA, Morgan LZ, Watson SJ, et al.
Mitochondrial variants in schizophrenia, bipolar disorder, and major depressive
disorder. PloS ONE. 2009;4:e4913.

Ueno H, Nishigaki Y, Kong QP, Fuku N, Kojima S, lwata N, et al. Analysis of
mitochondrial DNA variants in Japanese patients with schizophrenia. Mito-
chondrion. 2009;9:385-93.

Li X, Zhang W, Tang J, Tan L, Luo X, Chen X, et al. Do nuclear-encoded core
subunits of mitochondrial complex | confer genetic susceptibility to schizo-
phrenia in Han Chinese populations? Sci Rep. 2015;5:11076.

Hjelm BE, Rollins B, Mamdani F, Lauterborn JC, Kirov G, Lynch G, et al. Evidence
of mitochondrial dysfunction within the complex genetic etiology of schizo-
phrenia. Mol Neuropsychiatry. 2015;1:201-19.

Vélgyi K, Gulydssy P, Haden K, Kis V, Badics K, Kékesi KA, et al. Synaptic mito-
chondria: a brain mitochondria cluster with a specific proteome. J Proteom.
2015;120:142-57.

English JA, Pennington K, Dunn MJ, Cotter DR. The neuroproteomics of schi-
zophrenia. Biol Psychiatry. 2011;69:163-72.

Munakata K, lwamoto K, Bundo M, Kato T. Mitochondrial DNA 3243A>G
mutation and increased expression of LARS2 gene in the brains of patients with
bipolar disorder and schizophrenia. Biol Psychiatry. 2005;57:525-32.

Kirov G, Pocklington AJ, Holmans P, Ivanov D, lkeda M, Ruderfer D, et al. De novo
CNV analysis implicates specific abnormalities of postsynaptic signalling com-
plexes in the pathogenesis of schizophrenia. Mol Psychiatry. 2012;17:142-53.
Szatkiewicz JP, O'Dushlaine C, Chen G, Chambert K, Moran JL, Neale BM,
et al. Copy number variation in schizophrenia in Sweden. Mol Psychiatry.
2014;19:762-73.

Karayiorgou M, Simon TJ, Gogos JA. 22q11.2 microdeletions: linking DNA
structural variation to brain dysfunction and schizophrenia. Nat Rev Neurosci.
2010;11:402-16.

Brandon NJ, Millar JK, Korth C, Sive H, Singh KK, Sawa A. Understanding the role
of DISC1 in psychiatric disease and during normal development. J Neurosci.
2009;29:12768-75.

Millar JK, James R, Christie S, Porteous DJ. Disrupted in schizophrenia 1 (DISC1):
subcellular targeting and induction of ring mitochondria. Mol Cell Neurosci.
2005;30:477-84.

Park YU, Jeong J, Lee H, Mun JY, Kim JH, Lee JS, et al. Disrupted-in-schizophrenia
1 (DISC1) plays essential roles in mitochondria in collaboration with Mitofilin.
Proc Natl Acad Sci USA. 2010;107:17785-90.

Devine MJ, Norkett R, Kittler JT. DISC1 is a coordinator of intracellular trafficking
to shape neuronal development and connectivity. J Physiol. 2016;594:5459-69.
Norkett R, Modi S, Birsa N, Atkin TA, Ivankovic D, Pathania M, et al. DISC1-
dependent regulation of mitochondrial dynamics controls the morphogenesis
of complex neuronal dendrites. J Biol Chem. 2016;291:613-29.

Kung L, Roberts RC. Mitochondrial pathology in human schizophrenic striatum:
a postmortem ultrastructural study. Synapse. 1999;31:67-75.

Uranova N, Orlovskaya D, Vikhreva O, Zimina I, Kolomeets N, Vostrikov V, et al.
Electron microscopy of oligodendroglia in severe mental illness. Brain Res Bull.
2001;55:597-610.

Somerville SM, Conley RR, Roberts RC. Mitochondria in the striatum of subjects
with schizophrenia. World J Biol Psychiatry. 2011;12:48-56.

Inuwa IM, Peet M, Williams MA. QSAR modeling and transmission electron
microscopy stereology of altered mitochondrial ultrastructure of white blood
cells in patients diagnosed as schizophrenic and treated with antipsychotic
drugs. Biotech Histochem. 2005;80:133-7.

Uranova N, Bonartsev P, Brusov O, Morozova M, Rachmanova V, Orlovskaya D.
The ultrastructure of lymphocytes in schizophrenia. World J Biol Psychiatry.
2007;8:30-37.

Kolomeets NS, Uranova N. Ultrastructural abnormalities of astrocytes in the
hippocampus in schizophrenia and duration of illness: a postortem morpho-
metric study. World J Biol Psychiatry. 2010;11:282-92.

Robicsek O, Karry R, Petit I, Salman-Kesner N, Mdiller FJ, Klein E, et al. Abnormal
neuronal differentiation and mitochondrial dysfunction in hair follicle-derived
induced pluripotent stem cells of schizophrenia patients. Mol Psychiatry.
2013;18:1067-76.

Brennand K, Savas JN, Kim Y, Tran N, Simone A, Hashimoto-Torii K, et al. Phe-
notypic differences in hiPSC NPCs derived from patients with schizophrenia. Mol
Psychiatry. 2015;20:361-8.

Kathuria A, Lopez-Lengowski K, Jagtap SS, McPhie D, Perlis RH, Cohen BM, et al.
Transcriptomic landscape and functional characterization of induced plur-
ipotent stem cell-derived cerebral organoids in schizophrenia. JAMA Psychiatry.
2020;77:745-54.

Translational Psychiatry (2022)12:464

H. Xu and F. Yang

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Flatow J, Buckley P, Miller BJ. Meta-analysis of oxidative stress in schizophrenia.
Biol Psychiatry. 2013;74:400-9.

Koga M, Serritella AV, Sawa A, Sedlak TW. Implications for reactive oxygen
species in schizophrenia pathogenesis. Schizophr Res. 2016;176:52-71.

Yao JK, Leonard S, Reddy R. Altered glutathione redox state in schizophrenia. Dis
Markers. 2006;22:83-93.

Romano A, Serviddio G, Calcagnini S, Villani R, Giudetti AM, Cassano T, et al.
Linking lipid peroxidation and neuropsychiatric disorders: focus on 4-hydroxy-2-
nonenal. Free Radic Biol Med. 2017;111:281-93.

Kim E, Keskey Z, Kang M, Kitchen C, Bentley WE, Chen S, et al. Validation of
oxidative stress assay for schizophrenia. Schizophr Res. 2019;212:126-33.
Fujimoto T, Nakano T, Takano T, Hokazono Y, Asakura T, Tsuji T. Study of chronic
schizophrenics using 31P magnetic resonance chemical shift imaging. Acta
Psychiatr Scand. 1992;86:455-62.

Volz HR, Riehemann S, Maurer |, Smesny S, Sommer M, Rzanny R, et al. Reduced
phosphodiesters and high-energy phosphates in the frontal lobe of schizo-
phrenic patients: a (31)P chemical shift spectroscopic-imaging study. Biol Psy-
chiatry. 2000;47:954-61.

Regenold WT, Phatak P, Marano CM, Sassan A, Conley RR, Kling MA. Elevated
cerebrospinal fluid lactate concentrations in patients with bipolar disorder and
schizophrenia: implications for the mitochondrial dysfunction hypothesis. Biol
Psychiatry. 2009;65:489-94.

Yuksel C, Tegin C, O’Connor L, Du F, Ahat E, Cohen BM, et al. Phosphorus
magnetic resonance spectroscopy studies in schizophrenia. J Psychiatr Res.
2015;68:157-66.

Anglin RE, Tarnopolsky MA, Mazurek MF, Rosebush Pl. The psychiatric pre-
sentation of mitochondrial disorders in adults. J Neuropsychiatry Clin Neurosci.
2012;24:394-409.

Anglin RE, Garside SL, Tarnopolsky MA, Mazurek MF, Rosebush PI. The psy-
chiatric manifestations of mitochondrial disorders: a case and review of the
literature. J Clin Psychiatry. 2012;73:506-12.

Vergo S, Johansen JL, Leist M, Lotharius J. Vesicular monoamine transporter 2
regulates the sensitivity of rat dopaminergic neurons to disturbed cytosolic
dopamine levels. Brain Res. 2007;1185:18-32.

Zhang S, Wang R, Wang G. Impact of dopamine oxidation on dopaminergic
neurodegeneration. ACS Chem Neurosci. 2019;10:945-53.

Ben-Shachar D, Zuk R, Glinka Y. Dopamine neurotoxicity: inhibition of mito-
chondrial respiration. J Neurochem. 1995;64:718-23.

Brenner-Lavie H, Klein E, Zuk R, Gazawi H, Ljubuncic P, Ben-Shachar D. Dopa-
mine modulates mitochondrial function in viable SH-SY5Y cells possibly via its
interaction with complex I: relevance to dopamine pathology in schizophrenia.
Biochim Biophys Acta. 2008;1777:173-85.

Bergman O, Ben-Shachar D. Mitochondrial oxidative phosphorylation system
(OXPHOS) deficits in schizophrenia: possible interactions with cellular processes.
Can J Psychiatry. 2016;61:457-69.

Bindoli A, Rigobello MP, Deeble DJ. Biochemical and toxicological properties
of the oxidation products of catecholamines. Free Radic Biol Med.
1992;13:391-405.

Linsenbardt AJ, Breckenridge JM, Wilken GH, Macarthur H. Dopaminochrome
induces caspase-independent apoptosis in the mesencephalic cell line, MN9D. J
Neurochem. 2012;122:175-84.

Jones DC, Prabhakaran K, Li L, Gunasekar PG, Shou Y, Borowitz JL, et al.
Cyanide enhancement of dopamine-induced apoptosis in mesencephalic
cells involves mitochondrial dysfunction and oxidative stress. Neurotox-
icology. 2003;24:333-42.

Linsenbardt AJ, Wilken GH, Westfall TC, Macarthur H. Cytotoxicity of dopami-
nochrome in the mesencephalic cell line, MN9D, is dependent upon oxidative
stress. Neurotoxicology. 2009;30:1030-5.

Liu HQ, Zhu XZ, Weng EQ. Intracellular dopamine oxidation mediates rotenone-
induced apoptosis in PC12 cells. Acta Pharm Sin. 2005;26:17-26.

Jaubert A, Ichas F, Bresson-Bepoldin L. Signaling pathway involved in the pro-
apoptotic effect of dopamine in the GH3 pituitary cell line. Neuroendocrinology.
2006;83:77-88.

Bagnoli E, Diviney T, FitzGerald U. Dysregulation of astrocytic mitochondrial
function following exposure to a dopamine metabolite: Implications for Par-
kinson'’s disease. Eur J Neurosci. 2021;53:2960-72.

Hoppel CL, Tandler B. Biochemical effects of cuprizone on mouse liver and heart
mitochondria. Biochem Pharm. 2013;22:2311-8.

Acs P, Selak MA, Komoly S, Kalman B. Distribution of oligodendrocyte loss and
mitochondrial toxicity in the cuprizone-induced experimental demyelination
model. J Neuroimmunol. 2013;262:128-31.

Kesterson JW, Carlton WW. Monoamine oxidase inhibition and the activity of
other oxidative enzymes in the brains of mice fed cuprizone. Toxicol Appl
Pharm. 1971;20:386-95.

SPRINGER NATURE

11



H. Xu and F. Yang

12

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Xuan'Y, Yan G, Wu R, Huang Q, Li X, Xu H. The cuprizone-induced changes in (1)
H-MRS metabolites and oxidative parameters in C57BL/6 mouse brain: Effects of
quetiapine. Neurochem Int. 2015;90:185-92.

Chang H, Wei Y, Chen Y, Du L, Cong H, Zhang X, et al. The antipsychotic-like
effects of clozapine in C57BL/6 mice exposed to cuprizone: Decreased glial
activation. Behav Brain Res. 2019;364:157-61.

Tezuka T, Tamura M, Kondo MA, Sakaue M, Okada K, Takemoto K, et al.
Cuprizone short-term exposure: astrocytic IL-6 activation and behavioral chan-
ges relevant to psychosis. Neurobiol Dis. 2013;59:63-8.

Templeton N, Kivell B, McCaughey-Chapman A, Connor B, La Flamme AC. Clo-
zapine administration enhanced functional recovery after cuprizone demyeli-
nation. PLoS ONE. 2019;14:¢0216113.

Zhang Y, Xu H, Jiang W, Xiao L, Yan B, He J, et al. Quetiapine alleviates the
cuprizone-induced white matter pathology in the brain of C57BL/6 mouse.
Schizophr Res. 2008;106:182-91.

Xu H, Yang HJ, McConomy B, Browning R, Li XM. Behavioral and neurobiological
changes in C57BL/6 mouse exposed to cuprizone: effects of antipsychotics.
Front Behav Neurosci. 2010;4:8.

Xu H, Yang HJ, Rose GM, Li XM. Recovery of behavioral changes and compro-
mised white matter in C57BL/6 mice exposed to cuprizone: effects of anti-
psychotic drugs. Front Behav Neurosci. 2011;5:31.

Qing H, Xu H, Wei Z, Gibson K, Li XM. The ability of atypical antipsychotic drugs
vs. haloperidol to protect PC12 cells against MPP-+-induced apoptosis. Eur J
Neurosci. 2003;17:1563-70.

Wang H, Xu H, Dyck LE, Li XM. Olanzapine and quetiapine protect PC12 cells
from beta-amyloid peptide(25-35)-induced oxidative stress and the ensuing
apoptosis. J Neurosci Res. 2005;81:572-80.

Xu H, Wang H, Zhuang L, Yan B, Yu Y, Wei Z, et al. Demonstration of an anti-
oxidative stress mechanism of quetiapine: implications for the treatment of
Alzheimer’s disease. FEBS J. 2008;275:3718-28.

Shao Y, Peng H, Huang Q, Kong J, Xu H. Quetiapine mitigates the neuroin-
flammation and oligodendrocyte loss in the brain of C57BL/6 mouse following
cuprizone exposure for one week. Eur J Pharm. 2015;765:249-57.

Meltzer HY. Update on typical and atypical antipsychotic drugs. Annu Rev Med.
2013;64:393-406.

Kahn RS, Sommer IE. The neurobiology and treatment of first-episode schizo-
phrenia. Mol Psychiatry. 2015;20:84-97.

Bartkd G, Varadi H, Simon L, Linka E, Tuske T, Szabd T, et al. Patient satisfaction
after switching from conventional to new atypical antipsychotics in schizo-
phrenia. Int J Psychiatry Clin Pr. 2002;6:9-14.

Betarbet R, Sherer TB, MacKenzie G, Garcia-Osuna M, Panov AV, Greenamyre JT.
Chronic systemic pesticide exposure reproduces features of Parkinson’s disease.
Nat Neurosci. 2000;3:1301-6.

Leng A, Feldon J, Ferger B. Rotenone increases glutamate-induced dopamine
release but does not affect hydroxyl-free radical formation in rat striatum.
Synapse. 2003;50:240-50.

Milner G. Ascorbic acid in chronic psychiatric patients: a controlled trial. Brit J
Psychiatry. 1963;109:294-9.

Beauclair L, Vinogradov S, Riney SJ, Csernansky JG, Hollister LE. An adjunctive
role for ascorbic acid in the treatment of schizophrenia? J Clin Psycho-
pharmacol. 1987;7:282-3.

Kanofsky JD, Kay SR, Lindenmayer JP, Seifter E. Ascorbic acid action in
neuroleptic-associated amenorrhea. J Clin Psychopharmacol. 1989;9:388-9.
Sandyk R, Kanofsky JD. Vitamin C in the treatment of schizophrenia. Int J
Neurosci. 1993;68:67-71.

Dakhale GN, Khanzode SD, Khanzode SS, Saoji A. Supplementation of vitamin C
with atypical antipsychotics reduces oxidative stress and improves the outcome
of schizophrenia. Psychopharmacology. 2005;182:494-8.

Straw GM, Bigelow LB, Kirch DG. Haloperidol and reduced haloperidol con-
centrations and psychiatric ratings in schizophrenic patients treated with
ascorbic acid. J Clin Psychopharmacol. 1989;9:130-2.

Berk M, Copolov D, Dean O, Lu K, Jeavons S, Schapkaitz |, et al. N-acetyl cysteine
as a glutathione precursor for schizophrenia-a double-blind, randomized,
placebo-controlled trial. Biol Psychiatry. 2008;64:361-8.

Farokhnia M, Azarkolah A, Adinehfar F, Khodaie-Ardakani MR, Hosseini SM,
Yekehtaz H, et al. N-acetylcysteine as an adjunct to risperidone for treatment of
negative symptoms in patients with chronic schizophrenia: a randomized,
double-blind, placebo-controlled study. Clin Neuropharmacol. 2013;36:185-92.
Sepehrmanesh Z, Heidary M, Akasheh N, Akbari H, Heidary M. Therapeutic effect
of adjunctive N-acetyl cysteine (NAC) on symptoms of chronic schizophrenia: A
double-blind, randomized clinical trial. Prog Neuropsychopharmacol Biol Psy-
chiatry. 2018;82:289-96.

Breier A, Liffick E, Hummer TA, Vohs JL, Yang Z, Mehdiyoun NF, et al. Effects of
12-month, double-blind N-acetyl cysteine on symptoms, cognition and brain

SPRINGER NATURE

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

morphology in early phase schizophrenia spectrum disorders. Schizophr Res.
2018;199:395-402.

Conus P, Seidman LJ, Fournier M, Xin L, Cleusix M, Baumann PS, et al.
N-acetylcysteine in a double-blind randomized placebo-controlled trial: toward
biomarker-guided treatment in early psychosis. Schizophr Bull. 2018;44:317-27.
Rapado-Castro M, Dodd S, Bush Al, Malhi GS, Skvarc DR, On ZX, et al. Cog-
nitive effects of adjunctive N-acetyl cysteine in psychosis. Psychol Med.
2017;47:866-76.

Yolland CO, Hanratty D, Neill E, Rossell SL, Berk M, Dean OM, et al. Meta-analysis
of randomised controlled trials with N-acetylcysteine in the treatment of schi-
zophrenia. Aust N. Z J Psychiatry. 2020;54:453-66.

Singh V, Singh SP, Chan K. Review and meta-analysis of usage of ginkgo as
an adjunct therapy in chronic schizophrenia. Int J Neuropsychopharmacol.
2010;13:257-71.

Magalhaes PV, Dean O, Andreazza AC, Berk M, Kapczinski F. Antioxidant treat-
ments for schizophrenia. Cochrane Database Syst Rev. 2016;2:CD008919.
Miyaoka T, Yasukawa R, Yasuda H, Hayashida M, Inagaki T, Horiguchi J. Mino-
cycline as adjunctive therapy for schizophrenia: an open-label study. Clin
Neuropharmacol. 2008;31:287-92.

Samaei A, Moradi K, Bagheri S, Ashraf-Ganjouei A, Alikhani R, Mousavi SB, et al.
Resveratrol adjunct therapy for negative symptoms in patients with stable
schizophrenia: A double-blind, randomized placebo-controlled trial. Int J Neuro-
psychopharmacol. 2020;23:775-82.

Tang W, Wang Y, Xu F, Fan W, Zhang Y, Fan K, et al. Omega-3 fatty acids
ameliorate cognitive dysfunction in schizophrenia patients with metabolic
syndrome. Brain Behav Immun. 2020;88:529-34.

Soares-Weiser K, Maayan N, Bergman H. Vitamin E for antipsychotic-induced
tardive dyskinesia. Cochrane Database Syst Rev. 2018;1:CD000209.

Boskovic M, Vovk T, Koprivsek J, Plesnicar BK, Grabnar 1. Vitamin E and essential
polyunsaturated fatty acids supplementation in schizophrenia patients treated
with haloperidol. Nutr Neurosci. 2016;19:156-61.

van de Leemput J, Hess JL, Glatt SJ, Tsuang MT. Genetics of schizophrenia:
Historical insights and prevailing evidence. Adv Genet. 2016;96:99-141.

Do KQ, Cabungcal JH, Frank A, Steullet P, Cuenod M. Redox dysregulation,
neurodevelopment, and schizophrenia. Curr Opin Neurobiol. 2009;19:220-30.
Dietz AG, Goldman SA, Nedergaard M. Glial cells in schizophrenia: a unified
hypothesis. Lancet Psychiatry. 2020;7:272-81.

McCutcheon RA, Abi-Dargham A, Howes OD. Schizophrenia, dopamine and the
striatum: from biology to symptoms. Trends Neurosci. 2019;42:205-20.

Kapur S, VanderSpek SC, Brownlee BA, Nobrega JN. Antipsychotic dosing in
preclinical models is often unrepresentative of the clinical condition: a
suggested solution based on in vivo occupancy. J Pharm Exp Ther.
2003;305:625-31.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Foundation of China (grant
# 81971256 [to HX]) and Natural Science Foundation of Guangdong Province (grant #
2016A030313067 [to HX]).

AUTHOR CONTRIBUTIONS

HX: conceptualized the paper and its organization, drafted the whole manuscript,
comprehensively reviewed all sections and edited the manuscript. FY: reviewed
the draft and provided revision suggestions, created all figures and organized the
references list.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Haiyun Xu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Translational Psychiatry (2022)12:464


http://www.nature.com/reprints
http://www.nature.com/reprints

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Translational Psychiatry (2022)12:464

H. Xu and F. Yang

SPRINGER NATURE

13


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The interplay of dopamine metabolism abnormalities and mitochondrial defects in the pathogenesis of schizophrenia
	Introduction
	Dopamine: metabolism, dopaminergic pathways, behavioral, and physiological functions
	Dopaminergic dysfunctions in schizophrenia
	Mitochondria: structure, function, and dynamics
	Mitochondrial defects in schizophrenia
	Interplay of dopamine metabolism abnormalities and mitochondrial defects
	Antioxidant addition to antipsychotic treatment for schizophrenia
	Concluding remarks
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




