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Abstract: Schizophrenia (SCH) is a complex and severe
mental disorder with high prevalence, disability, mor-
tality and carries a heavy disease burden, the lifetime
prevalence of SCH is around 0.7%-1.0%, which has a
profound impact on the individual and society. In the
clinical practice of SCH, key problems such as subjective
diagnosis, experiential treatment, and poor overall
prognosis are still challenging. In recent years, some
exciting discoveries have been made in the research on
objective biomarkers of SCH, mainly focusing on genetic
susceptibility genes, metabolic indicators, immune
indices, brain imaging, electrophysiological character-
istics. This review aims to summarize the biomarkers
that may be used for the prediction and diagnosis of
SCH.
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Introduction

Schizophrenia (SCH) is a complex and severe mental dis-
order characterized by diverse psychopathology, the core
clinical features are positive symptoms (such as halluci-
nations and delusions), negative symptoms (impaired
motivation, reduction in spontaneous speech, and social
withdrawal), and cognitive impairment (perform poorly
over a wide range of cognitive functions) [1, 2]. It has a high
prevalence, disability, mortality and carries a heavy
disease burden, the lifetime prevalence of SCH is around
0.7%-1.0%, which has a profound impact on the individ-
ual and society [3, 4]. There are over 50% of patients with
SCH having long-term psychiatric problems, which leads to
chronic symptoms and disability [5]. Moreover, the unem-
ployment rate is high at 80%-90% and the life expectancy
is reduced by 10-20 years in patients with SCH [6].

Despite numerous studies on SCH have been conducted,
the etiology and pathogenesis of SCH remain unknown, in
which genetic and environmental factors may play a key
role. Dysfunction of neurotransmission (for instance, dopa-
minergic, serotoninergic and glutamatergic neurotransmis-
sion) appears to contribute to the genesis of psychotic
symptoms, but the evidence also points to a more wide-
spread and variable involvement of other central nervous
system and peripheral system, such as neurotrophic factors,
immune system, neuroendocrine system and epigenetics.

The question that “What causes schizophrenia?” was
twice included in the list of the 125 most advanced scientific
questions published by Science Magazine in 2005 and
2021 separately (https://www.sciencemag.org/collections/
125-questions-exploration-and-discovery). In the clinical
practice of SCH, key problems such as subjective diagnosis,
experiential treatment, and poor overall prognosis are still
challenging [1, 2]. Due to the unknown mechanism of SCH,
no effective, specific and objective biomarkers have been
found, which seriously hinders the development of precise
diagnosis and treatment, making it a global health, social
and key scientific problem to be overcome [7]. Although
many challenges remain, the past decade has occurred
substantial advances in the application of genomics,
epidemiology and neuroscience to SCH.
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The current clinical classifications of SCH subtypes (such
as paranoid, catatonic, hebephrenic, simple and undifferen-
tiated subtypes; or defect and non-defect subtype, etc.) are
mainly based on doctors’ experience and symptom descrip-
tion. However, as a complex disorder with highly heteroge-
neous clinical phenotype, such classifications of SCH are
difficult to address clinical problems such as subjective diag-
nosis and experiential treatment. Professor Thomas Insel,
former director of National Institute of National Health (NIMH),
suggested that breaking down classification system based on
clinical symptoms and developing a data-driven biological
subtypes classification, might improve the status quo of pre-
cise diagnosis and treatment for psychiatric disorders that lack
of biomarkers [8]. Utilizing the multi-dimensional longitudinal
data of clinical-gene-environment-brain imaging combined
with drug efficacy, it is expected to clarify the pathogenesis of
SCH, discover potential biomarkers, and construct biological
subtype helpful for objective and objective diagnosis and
precise treatment of SCH [8, 9] (Figure 1).

The term “biomarker” refers to any measurable bio-
logical characteristics which can act as an indicator of
disease progression, diagnosis and prognosis [10-12]. In a
narrow sense, a biomarker refers to a molecular change in
body tissues and fluids that can be used as a clinical in-
dicator [13]. In a wide sense, biomarkers also refer to
endophenotypes, which are associated with the illness,
heritable, state independent, cosegregates within families,
and is found in unaffected family members at a higher rate
than expected in the general population [14]. In recent
years, some exciting discoveries have been made in the
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research on objective biomarkers of SCH, mainly focusing
on genetic susceptibility genes, biochemical indicators,
brain imaging, electrophysiological characteristics (such
as mismatched negative wave or eye movement trajectory,
abnormal retinal function, etc.), epigenetic and transcrip-
tional and gene environment interaction. In general, these
biomarkers can be classified into three categories: diag-
nostic, prognostic, and theragnostic [13]. We mainly review
the diagnostic biomarkers of SCH in this article, which help
to identify whether a person has SCH and can ideally help
differentiate SCH with other diseases.

Methods

We searched in PubMed, Embase and Cochrane Library for
publications with following keywords: “schizophrenia”,
“inflammation”, “neuroimmune”, “neurotransmitter”,
“metabolic”, “neuroimage”, “genetic”, “epigenetic”,
“transcriptome”, “single cell”, “stem cell”, “electro-
physiological”, and “gut microbiota”.

Furthermore, we also acquired the information form
some publicly available database, like the Psychiatric Geno-
mics Consortium (PGC: https://www.med.unc.edu/pgc/), the
Schizophrenia Spectrum Biomarkers Consortium (https://
sshchio.org/history_and_objectives.html), Human Con-
nectome Project (http://www.humanconnectome.org/), 1000
Functional Connectomes Project (http://fcon_1000.projects.
nitrc.org/fcpClassic/FcpTable.html), OpenfMRI database
(https://openfmri.org/), Database for Emotion Analysis using
Physiological Signals (http://www.eecs.qmul.ac.uk/mmv/
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Figure 1: Data-driven biological subtype classification breaks the curre
diagnosis and precision medicine (partly adapted from Insel et al. [8]).
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datasets/deap/), UK Biobank (https://www.ukbiobank.ac.
uk/), BrainMap (http://www.brainmap.org/) and PhysioNet
(https://physionet.org)

Research on neuroimmune level of SCH
biomarkers

Immune system has been found to play an important
role in the pathogenesis of SCH, and many evidence sug-
gest that there is a close relationship between immune
dysfunction and SCH [15]. Epidemiological studies on
risk factors of SCH have found that exposure to early-life
infections, including infections during prenatal life
and childhood, are associated with increased risk of
SCH [16-18]. Studies also suggests that SCH shares some
clinical, epidemiological and genetic features with certain

Table 1: Neuroimmune biomarkers in schizophrenia.
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autoimmune diseases [19, 20]. Moreover, analyses using
mendelian randomization (MR) indicated that inflamma-
tory markers such as C-reaction protein (CRP) and cyto-
kines have a potential causality to SCH [21, 22]. These
evidence supports a putative “immunophenotype” of
SCH [23], and suggests the feasibility of using neuro-
immune biomarkers, which account for more than 70% of
the potential biomarkers for SCH [12], in the diagnosis of
SCH (Table 1).

Central nervous system (CNS) markers

Results of CNS neuroimmune biomarkers mainly come
from studies on postmortem brains and cerebrospinal fluid
(CSF). Studies on post-mortem brain tissue have shown
alteration of neuroimmune-related markers in different

Category Biomarkers Participants Conclusions Diagnostic aspects Reference
Neuroimmune
biomarkers
CNS
Cytokines IL-6 Meta analysis (8 studiesand 1 SCH patients showed significantly Diagnostic bio- [28]
unpublished dataset, number increased IL-6 levels in CSF, and IL-6 markers: the risk and
of participants not provided) levels were higher in early stage SCH pa- stage of SCH
tients compared to chronic SCH patients.
IL-8 Meta analysis (3 studiesand 1 SCH patients showed significantly Diagnostic bio- [28]
unpublished dataset, number increased IL-8 levels in CSF. markers: the risk of
of participants not provided) SCH
Peripheral
CRP CRP Meta analysis (26 studies CRP levels were moderately increased in  Diagnostic bio- [31]
including 80,967 controlsand persons with SCH regardless of the use of markers: the risk of
1,995 SCH patients) antipsychotics and did not change be- SCH and severity of
tween the first episode of psychosis and symptoms
with progression of SCH. CRP levels are
positively related to the severity of posi-
tive symptoms and BMI, and negatively
related to age.
Meta analysis (73 studies, CRP were significantly correlated with Diagnostic bio- [32]
including 6,112 patients) multiple domains of psychopathology markers: severity of
symptoms
Cytokines IFN-y Meta analysis (7 studies IFN-y levels were significantly increased  Diagnostic bio- [33]
including 747 controls and in acutely ill patients with SCH, but markers: the risk and
452 SCH patients) decreased in chronically ill patients. stage of SCH
IL-1B Meta analysis (6 studies IL-1B levels were significantly increased Diagnostic bio- [33]
including 298 controls and in both acutely and chronically ill patients markers: the risk and
333 SCH patients) with SCH, and significantly decreased stage of SCH
following treatment.
Meta analysis (23 studies IL-1B levels were significantly increased  Diagnostic bio- [36]
including 683 controls and in medication-naive first episode psy- markers: the risk of
570 medication-naive first chosis patients SCH
episode psychosis)
IL-1RA Meta analysis (2 studies IL-1RA levels were significantly increased Diagnostic bio- [33]

including 376 controls and
194 SCH patients)

in acutely ill patients with SCH.

markers: the risk and
stage of SCH
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Table 1: (continued)
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Category Biomarkers Participants

Conclusions

Diagnostic aspects

Reference

IL-4

IL-6

IL-10

IL-12

sIL-2R

TGF-B

TNF-a

Meta analysis (4 studies
including 322 controls and
193 SCH patients)

Meta analysis (11 studies
including 577 controls and
506 SCH patients)

Meta analysis (73 studies,
including 6,112 patients)

Meta analysis (23 studies
including 683 controls and
570 medication-naive first
episode psychosis)

Meta analysis (59 studies
including 2,806 controls and
3,002 patients with first-
episode psychosis)

Meta analysis (2 studies
including 49 controls and 49
SCH patients)

Meta analysis (4 studies
including 461 controls and
357 SCH patients)

Meta analysis (3 studies
including 463 controls and
258 SCH patients)

Meta analysis (3 studies
including 97 controls and 30
SCH patients)

Meta analysis (23 studies
including 683 controls and
570 medication-naive first
episode psychosis)

Meta analysis (3 studies
including 298 controls and
169 SCH patients)

Meta analysis (9 studies
including 842 controls and
587 SCH patients)

Meta analysis (23 studies
including 683 controls and
570 medication-naive first
episode psychosis)

Meta analysis (59 studies
including 2,806 controls and
3,002 patients with first-
episode psychosis)

IL-4 levels were significantly decreased in
acutely ill patients with SCH, and signifi-
cantly decreased following treatment.
IL-6 levels were significantly increased in
both acutely and chronically ill patients
with SCH, and significantly decreased

following treatment.

Following antipsychotic treatment,
changes in IL-6 levels were significantly
correlated with changes in total

psychopathology.

IL-6 levels were significantly increased in
medication-naive first episode psychosis

patients

IL-6 levels were significantly increased in
first episode psychosis patients

IL-8 levels were significantly increased in
acutely ill patients with SCH.

IL-10 levels were significantly increased
in first-episode SCH vs. controls, but
decreased in acutely ill patients with

chronic SCH.

IL-12 levels were significantly increased
in acutely ill patients with chronic SCH,
and increased following treatment.
sIL-2R levels were significantly increased
in both acutely and chronically ill patients
with SCH, and significantly increased

following treatment.

sIL-2R levels were significantly increased
in medication-naive first episode psy-

chosis patients

TGF-B levels were significantly increased
in acutely ill patients with SCH.

TNF-a levels were significantly increased
in both acutely and chronically ill patients

with SCH

TNF-a levels were significantly increased
in medication-naive first episode psy-

chosis patients

TNF-a levels were significantly increased
in first episode psychosis patients

Diagnostic bio-
markers: the risk and
stage of SCH
Diagnostic bio-
markers: the risk and
stage of SCH

Diagnostic bio-
markers: the stage of
SCH and severity of
symptoms
Diagnostic bio-
markers: the risk of
SCH

Diagnostic bio-
markers: the risk and
stage of SCH
Diagnostic bio-
markers: the risk and
stage of SCH

Diagnostic bio-
markers: the risk and
stage of SCH
Diagnostic bio-
markers: the risk and
stage of SCH

Diagnostic bio-
markers: the risk of
SCH

Diagnostic bio-
markers: the risk and
stage of SCH
Diagnostic bio-
markers: the risk of
SCH

Diagnostic bio-
markers: the risk of
SCH

[33]

[33]

(32]

[36]

(34]

(33]

(33]

[33]

[33]

[36]

[33]

(33]

[36]

[34]

SCH, schizophrenia; CNS, central nervous system; CSF, cerebrospinal fluid; IL, interleukin; CRP, C-reaction protein; IFN-y, interferon gamma;
IL-1RA, interleukin-1 receptor antagonist; sIL-2R, soluble interleukin-2 receptor; TGF-B, transforming growth factor beta; TNF-a, tumor necrosis

factor alpha.
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brain regions, including prefrontal cortices, temporal
cortices and the hippocampus of SCH patients [24-26]. For
example, density of microglial cells, the macrophages in
the brain, and their marker human leukocyte antigen-DR
isotype (HLA-DR), were found to be higher in post-mortem
SCH brains, in particular in those patients who committed
suicide [24, 27]. In line with these findings, studies on CSF
also found alternations of immune-related markers. A
meta-analysis of CSF cytokines showed statistically sig-
nificant increases in interleukin-6 (IL-6) and IL-8 in pa-
tients with SCH. Moreover, IL-6 levels were higher in early
stage SCH patients compared to chronic SCH patients [28].
In addition, the Schizophrenia Spectrum Biomarkers Con-
sortium (SSBC), established in 2018, have collected several
CSF samples to mainly identify fluid biomarkers in
schizophrenia and related disorders in a clinical research
study starting in 2021. With the hypotheses of complement
factor 4 (C4) associated with schizophrenia risk, measuring
complement proteins in CSF have become the closest way
of assessing their involvement in relevant biological pro-
cesses in the brain.

Peripheral markers

As the usefulness of CNS biomarkers can be limited by their
accessibility, many studies have focus on peripheral
immune-related markers of SCH. Studies have suggested
that peripheral immune activation may induce immune
alterations in the CNS by crossing the blood—-brain barrier
in a subgroup of patients. Through the hypothalamic-
pituitary-adrenal [29] axis, peripheral cytokines that cross
the blood-brain barrier can affect brain function, precipi-
tating changes in mood, behavior and cognition.

The majority of studies on peripheral markers have
focused on C-reactive protein (CRP) and cytokine changes
in serum of SCH patients. CRP is an acute-phase protein
that is synthesized in the liver in response to cytokine in-
duction, particularly IL-6 [30]. It is an attractive putative
biomarker, as it can be readily assayed in most conven-
tional laboratories in clinical settings. Meta-analyses have
found an increased peripheral CRP concentrations in
patients with SCH [31], with a positive correlation to the
total psychopathology and negative symptoms of the
disorder [32].

Cytokines are inflammatory signaling molecules that
help coordinate the function of both the innate and the
adaptive immune systems, and are involved with a host of
physiological processes throughout the body. In a meta-
analysis of first-episode psychosis (FEP) and chronic in-
dividuals with psychosis, a large number of inflammatory
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markers were found to be elevated in SCH, including inter-
feron gamma (IFN-y), IL-1B, IL-1 receptor antagonist (IL-1RA),
IL-6, IL-8, IL-10, IL-12, soluble IL-2 receptor (sIL-2R), trans-
forming growth factor beta (TGF-B), and tumor necrosis factor
alpha (TNF-a), while levels of IL-4 were significantly
decreased [33]. However, in a more recent meta-analysis
including patients with a broader definition of FEP, only IL-6
and TNF-a were found to be significantly increased [34]. The
reason for the inconsistent results may due to the use of an-
tipsychotics, which have been shown to affect immune
response [35]. In a meta-analysis of studies that only included
antipsychotic-naive individuals with FEP, IL-1f, sIL-2R, IL-6,
and TNF-a were found to be elevated compared to healthy
controls [36]. Several of these cytokines are also found to be
associated with psychopathology of SCH. In FEP, changes in
IL-6 levels after antipsychotic treatment, were significantly
correlated with total psychopathology of SCH [32].

Taken together, these findings suggest the potential us-
age of neuroimmune biomarkers in both CNS and peripheral
settings as a diagnostic marker of SCH. However, as
mentioned above, these neuroimmune-related markers can
be affected by numerous factors including antipsychotic
medication [37], and almost all neuronal disorders can
demonstrate changes in inflammatory biomarkers. Neuro-
immune markers with a higher specificity to the disease are
yet to be established.

Research on metabolic levels of SCH
biomarkers

As a heterogeneous disease, many abnormal metabolites
of multiple biochemical pathways have been found to
be involved in the pathophysiological mechanisms of
schizophrenia. Although the specific association between
these abnormal metabolites and the pathophysiological
mechanism of the disease remains unclear, a large number
of studies have suggested that metabolites as potential
diagnostic biomarkers of SCH. Here we selectively review
some of the metabolites which have a potential to be
diagnostic biomarkers for SCH (Table 2).

Neurotransmitters-related metabolites

Neurotransmitter systems such as dopamine (DA),
5-hydroxytryptamine (5-HT), norepinephrine (NE), gluta-
mate (Glu) and their related metabolites have been found
to involved in the pathophysiology of SCH [38-40]. The
classic dopamine hypothesis suggests that the imbalance
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Table 2: Metabolic biomarkers in schizophrenia.
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Category Biomarkers

Participants

Conclusions

Diagnostic aspects

Reference

Metabolic biomarkers
Neurotransmitters- HVA
related metabolites

MHPG

KYNA

Glu

Gln

Gln/Glu

37 SCH patients and 65
controls

22 drug-free SCH inpatients
and 33 controls

37 SCH patients and 65
controls

22 drug-free SCH inpatients
and 33 controls

16 male patients with SCH
on olanzapine treatment
and 29 male controls

23 SCH patients and 37
controls

20 SCH patients and 44
controls

32 SCH patients and 35
controls

56 first-episode psychosis
and 50 controls

216 healthy controls and
265 SCH patients

32 patients with recent
onset, 123 patients with
chronic SCH and 128
controls

In both sexes, the CSF HVA levels
were significantly lower in the SCH
patients, and a sex difference was
observed with higher concentra-

tions in the females.

The CSF HVA levels did not differ
significantly between patients
and normal controls, but nega-
tively correlated with ratings of
psychosis and positive symp-
toms, as well as individual deficit

symptoms.

In both sexes, the CSF HMPG
levels were significantly higher in

the schizophrenic patients.

Levels of CSF MHPG were signifi-
cantly elevated in the SCH pa-
tients compared with controls,
and plasma MHPG levels were
positively correlated with negative

symptoms.

CSF KYNA concentrations were

higher in patients with SCH.

The CSF levels of KYNA were
increased in patients compared

with controls.
The CSF levels of Glu were

decreased in patients compared
with controls. In the serum, there
was no significant difference be-
tween the SCH and the controls.
Serum Glu concentrations were
significantly increased in the male

SCH patients.

At the first psychotic episode and
1 month after the first psychotic
episode, a significant decrease
(15%-25%) in plasma Glu levels
was found in patients with SCH.
Glu levels progressively increased
towards control values during the
1-year follow up after the first

episode.

Serum Glu concentrations were
significantly decreased in the

male SCH patients.

Compared with healthy controls,

patients with recent onset

schizophrenia showed increased
GlIn/Glu ratio, while patients with
chronic schizophrenia showed

decreased GlIn/Glu ratio.

Diagnostic bio-
markers: the risk of
SCH

Diagnostic bio-
markers: the risk of
SCH and severity of
symptoms

Diagnostic bio-
markers: the risk of
SCH

Diagnostic bio-
markers: the risk of
SCH and severity of
symptoms

Diagnostic bio-
markers: the risk of
SCH

Diagnostic bio-
markers: the risk of
SCH

Diagnostic bio-
markers: the risk of
SCH

Diagnostic bio-
markers: the risk of
SCH

Diagnostic bio-
markers: the risk
and stage of SCH

Diagnostic bio-
markers: the risk of
SCH

Diagnostic bio-
markers: the risk
and stage of SCH

[247]

(48]

[247]

(48]

[54]

[55]

[57]

[60]

[62]

[63]

[64]
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Table 2: (continued)
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Category Biomarkers Participants Conclusions Diagnostic aspects Reference
Fatty acids PUFAs 30 patients with schizo- Reduced blood omega-3 fatty Diagnostic bio- [69]
phrenia or schizoaffective  acids were associated with markers: the
disorder cognitive impairment. severity of
symptoms
Not applicable Mendelian randomization ana- Diagnostic bio- [70]
lyses indicated that long-chain markers: the risk of
omega-3 and long-chain omega-6 SCH
fatty acid concentrations were
associated with a lower risk of
schizophrenia. There was weak
evidence that short-chain omega-
3 and short-chain omega-6 fatty
acids were associated with an
increased risk of schizophrenia.
NASs Cortisol Meta analysis (26 studies  Elevated blood cortisol levels Diagnostic bio- [73]
including 959 individuals were found in individuals with markers: the risk of
with first-episode psychosis first-episode psychosis. SCH
and 1121 controls)
Pregnenolone and 22 drug-naive (first episode) In both sexes, lower levels of Diagnostic bio- [74]
pregnenolone SCH patients and 47 pregnenolone and higher levels of markers: the risk of
sulfate controls pregnenolone sulfate were found SCH
in patients.
DHEA-S 32 women with SCH and 32 There were statistically signifi- Diagnostic bio- [78]
controls cantly higher levels of serum markers: the risk of
DHEA-S in the study group than in SCH and severity of
the control group, and a positive symptoms
correlation was determined be-
tween the negative symptoms
scores and DHEA-S levels.
Neurotrophins BDNF 88 never-medicated first- BDNF levels were significantly Diagnostic bio- [78]

episode SCH patients and
90 healthy controls

Meta analysis (21 studies
including 2449 patients
with schizophrenia-
spectrum disorders)

lower in first-episode patients
with SCH than in healthy control
subjects. A significant positive
correlation between BDNF levels
and PANSS positive subscore was
observed. Furthermore, higher
BDNF levels were observed in pa-
tients with paranoid subtype of

schizophrenia.

BDNF levels were very modestly
but significantly related to cogni-
tive functioning in schizophrenia,
including verbal memory, working
memory, processing speed and
verbal fluency performances.

markers: the risk of
SCH and severity of
symptoms

Diagnostic bio-
markers: severity of
symptoms

SCH, schizophrenia; HVA, homovanillic acid; CSF, cerebrospinal fluid; MHPG, 3-methoxy-4-hydroxyphenylglycol; KYNA, Kynurenic acid; Glu,
glutamate; Gln, glutamine; PUFAs, polyunsaturated fatty acids; NASs, neuroactive steroids; DHEA, dehydroepiandrosterone; DHEA-S,
dehydroepiandrosterone sulfate; BDNF, brain derived neurotrophic factor; PANSS, Positive and Negative Syndrome Scale.

of dopamine and the dysregulation of dopamine receptor
activity in the brain is one of the causes of schizo-
phrenia [41]. Further research suggests that 5-HT, NE and
Glu systems can result in hyperactivity of the downstream
mesolimbic dopamine pathway [42, 43]. Although full

understandings of their interaction on the pathogenesis
of SCH remains unclear, a growing body of evidence has
revealed the potential diagnostic value of these biolog-
ical substances to serve as biomarkers for SCH in some

degree.
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Homovanillic acid (HVA) is the main metabolite of
dopamine, and its concentration can reflect the activity
of dopamine system in the brain. Most studies have
found that the level of HVA in the CSF increases in pa-
tients with SCH [44, 45], but some studies also report a
reduction of HVA level in the CSF [46, 47]. 3-methoxy-
4-hydroxyphenylglycol (MHPG) is a major metabolite of
NE. Consistent results with an increase level in CSF and
plasma have been found in SCH patients [46, 48, 49]. In
addition, both HVA and MHPG were found to associate
with treatment response in SCH [50, 51].

Kynurenic acid (KYNA) is the metabolite of tryptophan
and plays a role as an antagonist at N-methyl-D-aspartate
(NMDA) and nicotinic receptors in the brain [52]. Preclini-
cal studies have shown an increased KYNA levels in the
CSF [53], and post-mortem studies found increased KYNA
in the prefrontal cortex of patients with SCH [54, 55]. KYNA
was found to be positive correlated with IL-1f level in pa-
tients with SCH, and there was also positive correlation
between KYNA and the severity of clinical symptoms [56].

Glutamate is a major neurotransmitter in the brain,
synthesized from glucose through the tricarboxylic cycle and
glutamine (Gln). Decreased Glu levels in CSF [57] and
brain [58], while increased levels of GIn in the cortex [59],
were found in SCH patients compared to healthy controls.
However, the results for peripheral Glu and Gln levels were
controversial. For example, previous studies have shown an
increased level of peripheral Glu level in patients with chronic
SCH [60], but not in acute SCH patients [61]. However, another
study showed a lower peripheral level of Glu in FEP [62].
Decreased Gln levels were reported in the plasma of SCH
patients [63]. The new idea is that circulating Glu/Glu levels
are dynamic in the course of schizophrenia, with an increase
of GIn/Glu ratio at the onset of SCH, and a decrease of the ratio
as the disease progresses [64]. The levels of Glu, Gln and their
ratio in CNS and periphery vary significantly between healthy
controls and SCH patients, as well as during the progression
of disease, indicating that they are potential diagnostic bio-
markers of glutamatergic dysfunction in SCH [65].

Fatty acids

Fatty acids are a component of phospholipids, which
are essential for lipids and cell membranes [66]. Poly-
unsaturated fatty acids (PUFAs) are dietary components
that are crucial for the structural and functional integrity
of neural cells. Deficiency of PUFAs, particularly omega-3
PUFASs, has been shown to be a risk factor for SCH [67-69].
Recent mendelian randomization analyses indicated
that long-chain omega-3 and long-chain omega-6 fatty
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acid concentrations were associated with a lower risk of
schizophrenia [70]. A recent systematic review on meta-
bolic biomarkers of SCH have demonstrated a number of
fatty acid metabolites related to SCH [71]. However, of the
fatty acids reported in more than one paper, only arach-
idonic acid had consistent findings across all studies with
significantly decreased levels reported in SCH patients
compared to controls [71]. These findings suggest that
reduced PUFAs, especially long-chain omega-3, long-
chain omega-6 fatty acid and arachidonic acid, could be
potential diagnostic biomarkers for SCH. However, in-
vestigations into the levels of PUFAs and their metabolites
in CSF are yet to be conducted.

Neuroactive steroids (NASs) and steroid
derivatives

Neuroactive steroids (NASs) are types of steroids that have
impacts on behavioral actions, neuron excitability and
neurotransmitter receptors [72]. NASs are thought to
associate with pathophysiology of SCH as they can affect
neurotransmitter systems. Altered circulating NASs and
their related metabolites, particularly cortisol and dehy-
droepiandrosterone (DHEA), were found in some patients
with SCH. A recent meta-analysis found that blood cortisol
levels were significantly increased in individuals with FEP
compared to controls with a small-to-medium effect
size [73]. As for steroid derivatives, significantly decreased
levels of circulating pregnenolone in drug-naive SCH pa-
tients were reported in previous study, despite the levels of
its sulfate were increased [74]. The increase of pregneno-
lone sulfate and cortisol reflects the hyperactivity of
HPA [29] axis in FEP [75]. DHEA and its sulfated metabolite,
dehydroepiandrosterone sulfate (DHEA-S), are negative
y-Aminobutyric acid type A (GABA,) receptor or positive
NMDA receptor modulators [76, 77]. Recent study has
found an increase of serum DHEA-S levels in women SCH
patients, but not serum testosterone and cortisol
levels [78]. Another study has reported increased levels of
cortisol/DHEA and cortisol/DHEA-S ratios as a potential
biomarker of stress processing dysfunction in SCH [79].
Taken together, these findings suggest that NASs have a
potential value as diagnostic markers of SCH.

Neurotrophic biomarkers

Neurotrophins are a large family of dimeric polypeptides.
They are produced by nerve-innervated tissues (such as
muscle) and astrocytes, and can promote the growth,
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differentiation and maturation of neurons in CNS and pe-
ripheral nervous systems, as well as promote survival of
neurons in response to stress [80]. Abnormalities in neu-
rotrophic molecules, particularly brain derived neuro-
trophic factor (BDNF), are important candidates for
potential biomarkers of SCH, especially for cognitive
impairment of SCH [81].

BDNF is the abundant neurotrophin factor in the body,
and the most widely distributed neurotrophin in the brain.
It plays an important role in neurogenesis and neuro-
plasticity [82]. BDNF has been associated with several
psychiatric disorders, including SCH and other psychotic
disorders. Valine 66 methionine (Val66Met) polymorphism
of BDNF gene has been linked with brain morphology, the
severity of symptoms, therapeutic response, and effec-
tiveness, the age of onset followed by cognitive func-
tion [12]. Despite challenges to the sensitivity and accuracy
of the BDNF determination, most evidence suggests that
BDNF has the potential to serve as a diagnostic biomarker
of SCH [83].

Evidence in both CNS and periphery has suggested
that BDNF has a strong association with functional alter-
nations in patients with SCH. Several studies report altered
BDNF mRNA and protein in post-mortem brain tissue of
SCH patients, with variation in levels reported across
different brain regions [84—-86]. A significant reduction of
BDNF levels in the CSF was also found in first-episode and
chronic medicated patients [87, 88]. Reduced peripheral
BDNF levels were found in patients with SCH according to a
meta-analysis of 41 studies [89], and found to significantly
related to cognitive impairment in SCH, particularly in
chronic samples [81]. Although a decrease in peripheral
BDNF levels can also be observed in the acute states and
then come back to normal in major depressive disorder and
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bipolar disorder [90], it remains a potential candidate of
peripheral BDNF levels as a diagnostic biomarker for SCH.

Research on neuroimaging of SCH
biomarkers

Diagnostic biomarkers are developed to index a biological
process associated with objective disease signatures,
which helps detect the stage of disease. With the increasing
development of neuroimaging technology, neuroimaging
becomes a strong candidate diagnostic biomarker for
schizophrenia [91, 92]. Phenotypic variations in molecular
and cellular disease targets can be captured through mo-
lecular imaging like positron emission tomography (PET)
and behavior related alterations in specific brain circuits
can be measured by structural and functional magnetic
resonance imaging [91-93]. Furthermore, the neuro-
imaging biomarkers can generate the unique representa-
tion of genes, environment as well as the interaction
between genes and environment (Figure 2). Here, we will
selectively review mechanistically plausible diagnostic
biomarker for schizophrenia in system and cell level,
respectively (Table 3).

Systems level
Brain network dysconnectivity

The dysconnectivity hypothesis is one of the well-
researched pathophysiological models of psychosis. It is
hypothesized that schizophrenia results from abnormal
neural connectivity and the subsequent decoupling of the

-
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Figure 2: Genetic and imaging biomarkers. Imaging biomarkers can be cells and systems level: Phenotypic variations in molecular and
cellular disease targets captured through molecular imaging like PET, and behavior related alterations in specific brain circuits measured by
structural and functional MRI. PET, positron emission tomography; MRI, magnetic resonance imaging.
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Table 3: Neuroimaging biomarkers in schizophrenia.
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Biomarkers Methods Participants Conclusions Diagnostic aspects  References
Systems level
Brain network sMRI and dMRI 26 chronic SCH patients and Chronic SCH showed reduced Diagnostic bio- [96]
dysconnectivity 26 controls fractional anisotropy and fewer ~ markers: the risk of
streamlines for both segregated SCH
and integrative frontostriatal
white matter tracts
Task fMRI 728 individuals including Reduced ventral striatal- Diagnostic bio- [99]
396 controls, patients (46 hippocampus coupling during markers: the risk of
SCH, 45 BP, 60 MDD), and  reward processing is an endo- SCH
unaffected first-degree rela- phenotype for SCH linked to
tives (46 SCH, 50 BP, 85 positive and cognitive symptoms;
MDD) ventral striatal-hippocampus
coupling is familial and linked to
polygenic scores for SCH
Resting-state 7 independent scanners (to- Functional striatal abnormalities Diagnostic and [100]
fMRI tal 560 patients and 540 (FSA) distinguished individuals  prognosis bio-
controls) with schizophrenia from healthy markers: the risk of
controls with an accuracy SCH, prognosis, and
exceeding 80% and predicted subtyping
antipsychotic treatment
response.
Cortical gray matter SMRI 4474 SCH patients and 5098 SCH showed widespread thinner Diagnostic bio- [102]
loss and thickness controls cortex (Cohen’s d < -0.5) and markers: the risk of
thinning smaller surface area (Cohen’s SCH
d < -0.25), especially in frontal
and temporal lobe regions
sMRI 2028 SCH patients and 2540 SCH showed smaller gray matter Diagnostic bio- [106]
controls volumes in the hippocampus, markers: the risk of
amygdala, thalamus, nucleus SCH
accumbens and total intracranial
volume, as well as larger pal-
lidum and lateral ventricle
volumes
SMRI 2 cohorts (155 SCHand 79  SCH showed significant volume  Diagnostic bio- [109]
controls; 46 SCH and 46 deficits in the CA1 of hippocam- markers: the risk of
controls) pus, with extension to other hip- SCH
pocampal subfields and
accompanying clinical sequelae
over time.
Multivariate pattern Combined with 2 cohorts (98 patients with  Most prominent discriminative  Diagnostic bio- [114]
recognition sMRI and dMRI first-episode SCH and 106  features in the classification (ac- markers: the risk of
controls; 54 patients with curacy of 75.05%) included SCH
first-episode SCH and 48 cortical thickness of left trans-
controls) verse temporal gyrus and right
parahippocampal gyrus, the
fractional anisotropy of left cor-
ticospinaltract and right external
capsule.
Combined with 2 cohorts (147 SCH patients The salience network (gray mat- Diagnostic bio- [115]

sMRI, dMRI and
resting-state
fMRI

and 147 controls; 39 SCH
patients and 44 controls)

ter, GM), corpus callosum (frac-
tional anisotropy, FA), central
executive and default-mode net-
works (fractional amplitude of
low-frequency fluctuation, fALFF)
were identified as modality-
specific biomarkers of general-

ized cognition in SCH.

markers: quantify
and predict cognitive
performance
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Table 3: (continued)
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Biomarkers Methods Participants Conclusions Diagnostic aspects  References
Auditory steady-state  MEG, EEG Meta analysis (20 studies ~ The 40-Hz ASSR spectral power  Diagnostic bio- [120]
response including 590 controls and  and phase-locking deficits are markers: the risk of
606 SCH patients) robust in SCH, and could be use- SCH
ful probes for assessing circuit
dysfunctions in SCH
EEG 427 SCH patients and 293  SCH showed significantly Diagnostic bio- [121]
controls reduced source dipole density of markers: the risk of
gamma-band ASSR in the left SCH
superior temporal cortex, orbito-
frontal cortex, and left superior
frontal cortex.
Excess glutamatergic MRS Meta analysis (59 studies Schizophrenia is associated with Diagnostic bio- [122]
neurotransmission including 1686 SCH patients elevations in glutamatergic me-  markers: the risk of
and 1451 controls) tabolites across several brain SCH
regions.
MRS Mega analysis (42 studies  Higher brain Glu levels may actas Biomarker of valu- [248]
including 1251 SCH patients a biomarker of illness severity in ating disease
and 1197 controls) schizophrenia. severity
Cells level
Neuroinflammation PET Meta analysis (5 studies The lower levels of translocator  Diagnostic bio- [129]
dysregulation including 75 subjects with  protein (TSPO) observed in pa- markers: the risk of
first-episode psychosis or  tients may correspond to altered SCH
SCH and 77 controls) function or lower density of brain
immune cells.
PET 12 studies comprising 190  SCH showed moderate elevations Diagnostic bio- [132]
SCH patients and 200 in TSPO tracer binding in grey markers: the risk of
controls matter relative to other brain tis- SCH
sue when using binding potential
(BP) as an outcome measure, but
no difference when volume of
distribution (VT) is the outcome
measure
Dopamine PET 22 BP, 16 SCH, 22 controls Dopamine synthesis capacity Diagnostic bio- [137]
hyperactivity (Kicer) was significantly elevated markers: the risk of
in both BP group and SCH group, SCH and symptom
and was significantly positively  severity
correlated with positive psy-
chotic symptom severity in the
combined sample, explaining
27% of the variance in symptom
severity.
PET Meta analysis (21 studies In individuals with SCH, dopami- Diagnostic bio- [140]
including 269 SCH patients nergic dysfunction is greater in  markers: the risk of
and 313 controls) dorsal compared to limbic sub-  SCH
divisions of the striatum.
Lower synaptic vesicle PET 13 SCH patients and 15 Synaptic vesicle density is lower The pathology of SCH [147]
density controls across several brain regions in
SCH. Frontal synaptic vesicle
density correlated with psychosis
symptom severity and cognitive
performance on social cognition
and processing speed.
PET 18 SCH patients and 18 SCH exhibited lower synaptic The pathology of SCH [148]

controls

terminal protein levels in vivo and
antipsychotic drug exposure is
unlikely to account for them.

SCH, schizophrenia; BP, bipolar disorder; MDD, major depressive disorder; MRI, magnetic resonance imaging; sMRI, structual MRI; dMRI,
diffusion MRI; fMRI, functional MRI; EEG, magnetoencephalography; MEG, magnetoencephalography; MRS, magnetic resonance spectroscopy;

PET, positron emission tomography.
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comprehensive thinking process in brain [94]. The
abnormal structural network organization of schizo-
phrenia mainly focused on the changes in white matter
microstructure and connectivity with evidence of increased
segregation and reduced integration by graph theory
analysis [95], which also exhibited association with genetic
risk. Reduced anatomical connectivity of white matter
tracts between the dorsolateral prefrontal cortex and the
associative striatum was observed in SCH, which might
lead to a loss of a “normal” brain-behavior correlation in
chronic patients [96]. Dopamine dysregulation in the
striatum has been considered as a general feature of SCH
pathology. Many studies have revealed the dysconnectivity
of functional network in patients with SCH, especially for
striatum. Cognitive dysmetria was found to be associated
with abnormalities within the cortico-cerebellar-striatal-
thalamic loop and the comparison between task-positive
and task-negative cortical networks [97]. The hypo-
activation in the ventral striatum, that is, deficient in-
creases in hemodynamic responses during reward
anticipation, was relevant for negative symptoms like a
lack of motivation [98]. Reduced ventral striatal-
hippocampus coupling during reward processing can be
regarded as an endophenotype for SCH linked to positive
and cognitive symptoms as well as polygenic risk [99]. A
new neuroimaging biomarker was also deveolopped for
schizophrenia identification, prognosis and subtyping
based on striatal abonomal hyperactivity and disrupted
connectivity, which was associated with dopaminergic
function and the gene expression of polygenic risk [100].
Medial orbital frontal cortex (mOFC)-striatal functional
connectivity was found to be reduced in SCH and corre-
lated with the severity of negative symptoms [101]. The
aberrant integration of brain networks might led by the
disturbances in the excitation/inhibition balance, which in
turn results in the symptoms of schizophrenia [92].

Cortical gray matter loss and thickness
thinning

Cortical gray matter volume loss and cortical thickness
thinning in SCH, which may be most prominent in fronto-
temporal regions [92], is consistently found as a hallmark
feature. The Enhancing Neuro Imaging Genetics Through
Meta Analysis (ENIGMA) Consortium presented the first
meta-analysis of cortical thickness and surface area ab-
normalities in SCH and observed widespread thinner cor-
tex (Cohen’s d < —0.5) and smaller surface area (Cohen’s
d < -0.25), especially in frontal and temporal lobe re-
gions [102]. The overlapping pattern of cortical gray matter
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thickness reduction within temporal lobe and mid-
cingulate cortex was associated with positive symptoms
and aggression [103]. Positive symptom severity was also
negatively related to bilateral superior temporal gyrus
thickness [104]. Negative symptom severity was signifi-
cantly associated with prefrontal cortical thickness in left
medial orbitofrontal cortex [105]. As for gray matter vol-
ume, the prospective meta-analysis of structural brain
imaging data conducted by ENIGMA found smaller vol-
umes of SCH in the hippocampus, amygdala, thalamus,
nucleus accumbens and total intracranial volume, as well
as larger pallidum and lateral ventricle volumes [106]. The
larger putamen and pallidum volumes were positively
associated with disease duration. Greater fronto-limbic
and whole brain volumes, as well as smaller ventricles was
associated with better functional outcome [107]. Besides
the link with disease severity across symptom di-
mensions [108] and overall poor clinical outcomes [107],
the significant loss of gray matter volume presented at
illness onset and was significantly accelerated up to middle
age and plateaued thereafter [109], together with progres-
sive illness-related loss in hippocampus [110], which sug-
gested gray matter loss as a viable candidate biomarker not
only for diagnosis but also for prognosis. Animal studies
have found that the subchronic N-methyl-D-aspartate re-
ceptor (NMDAR) antagonism [111] and maternal immune
activation [112] could result in gray matter reductions,
indicating the abnormalities in brain maturational pro-
cesses influenced by environmental factors underlie the
gray matter alterations.

Multivariate pattern recognition

Recently emerging multivariate pattern recognition ap-
proaches have facilitated the search for reliable neuro-
imaging biomarkers [113]. Structural multiple brain
features characterized by gray matter abnormalities and
white matter disruptions have demonstrated with
discriminative power towards pathological changes in
SCH, which improved classification accuracy comparing
with each modality used separately. The most prominent
structural discriminative features included abnormal
cortical thickness and the fractional anisotropy in specific
regions [114]. Multimodal fusion has been regarded as a
promising tool to discover covarying patterns of multiple
imaging types impaired in brain diseases including
SCH. Studies of multimodal magnetic resonance imaging
(MRI) fusion have highlighted the salience network (gray
matter), corpus callosum (fractional anisotropy), central ex-
ecutive and default-mode networks (fractional amplitude of
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low-frequency fluctuation) as modality-specific biomarkers of
generalized cognition [115]. By leveraging multiple imaging
and clinical information into one framework, a widely
distributed network disruption was observed to appear in
SCH patients, with synchronous changes in both functional
and structural regions, especially the basal ganglia network,
salience network, and the frontoparietal network [116]. These
results suggested that an aggregate approach to biomarker
development may be fruitful.

Auditory steady-state response

Steady-state responses (SSRs) are oscillatory responses
induced by the frequency and phase of time-modulated
stimulation. Using electroencephalography [117] and mag-
netoencephalography (MEG) to detect steady-state responses
in different sensory modalities can be noninvasive. Gamma-
band oscillations are assumed to establish communication
between distributed neuronal ensembles [118], and their
interference may be the basis of significant cognitive and
perceptual changes in patients with SCH [119]. A meta-
analysis revealed consistent evidence that both spectral
power and phase-locking measurements decreased signifi-
cantly during 40 Hz stimulation in schizophrenic patients,
highlighting the obstacles generated by high-frequency os-
cillations and the precise temporal coordination of rhythmic
activity in response to entrainment of neural circuits [120].
The gamma-band auditory steady-state response (ASSR)
inter-trial coherence (ITC) in the bilateral temporal cortex
was associated with positive and negative symptoms and
cognitive function, the orbitofrontal cortex was associated
with negative symptoms, and the left frontal epithelial layer
was associated with negative symptoms and cognitive
function. The results elucidated the schizophrenia-related
basis of gamma-phase deficits and may identify gamma-
phase deficits as an important potential biomarker of
regional cortical dysfunction in schizophrenia [121].

Excess glutamatergic neurotransmission

Several lines of evidence have implicated alterations in
glutamatergic neurotransmission may be fundamental to
the pathophysiology of SCH. The main technique for
assessing central glutamate function of human in vivo is
proton magnetic resonance spectroscopy (MRS). The pres-
ence of a hyperglutamatergic state in different brain areas
in patients with schizophrenia has been empirically
confirmed and replicated in MRS studies, mainly including
basal ganglia (Hedges’g = 0.63), thalamus (g = 0.56), basal
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ganglia (g = 0.39) and medial temporal lobe (g = 0.32)
indicated in the meta-analysis [122]. Higher glutamate
levels in medial frontal cortex and temporal lobe were also
found to be associated with more severe global symptoms
in SCH [123]. These finding supports the excess gluta-
matergic neurotransmission hypothesis in SCH. However,
it is worth noting that the glutamate levels measured with
MRS do not equal the amount of glutamatergic neuro-
transmission, but rather reflect the amount of neuronal,
glial, and synaptic glutamate present in a voxel [92].

The NMDAR hypofunction model proposes that
schizophrenia is related to NMDAR hypofunction on the
y-aminobutyric acid (GABAergic) interneuron, causing
disinhibition of the glutamatergic pyramidal cell and
leading to excess glutamate release [124], as observed
through MRS studies. Preclinical data further support
this target by demonstrating that experimentally induced
NMDAR hypofunction results in increased firing of glu-
tamatergic neurons in animal models and produces
psychosis-like behavioral phenotypes and glutamatergic
excess in healthy [125]. Furthermore, the elevated levels
of NMDAR antibody may play a role in the pathogenesis
of schizophrenia, leading to NMDAR dysfunction,
thereby inducing symptoms of psychosis and cognitive
impairment [126, 127].

Cells level
Neuroinflammation dysregulation

Neuroinflammation and abnormal immune responses are
increasingly implicated in the pathophysiology of schizo-
phrenia. Microglia are the primary immune cells of the
central nervous system. Activation of microglia in response
to psychosocial stress during critical developmental pe-
riods are supposed to result in aberrant neurotransmission,
synaptic pruning, and structural injury of neurons and
glia, which make people more vulnerable to subsequent
overactivation by stressors experienced in later life [128].
To confirm the presence of a dysfunctional immune system
in the brain directly, the PET and radioligands that target
the glial cell marker 18 kDa translocator protein (TSPO),
which is expressed in glial cells of brain including immune
cells during the inflammatory response, are established to
examine brain immune function in vivo. To review in vivo
PET imaging studies of microglia activation, a meta-
analysis with individual participant data using second-
generation radioligands binding to the TSPO yielded
strong evidence (effect size 0.47-0.63) of significant lower
levels of TSPO in SCH compared with control subjects [129],
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while another subsequent meta-analysis showed no
patient-control difference using the second generation
TSPO radioligands and elevated brain TSPO levels using
the first generation TSPO radioligand ["'C]-(R)-PK11195 with
a small to moderate effect size (Hedges’g=0.31) [130].
The seemingly inconclusive and even contradictory re-
sults might due to more accurate estimation of the un-
derlying effect size by the individual participant data
and low signal-to-noise ratio of ["'C]-(R)-PK11195 [131].
Then a replication of meta-analysis using individual
participant data adding over 200 samples confirmed the
finding that SCH patients had lower TSPO levels than
controls [132]. Although the lower TSPO concentrations
suggested by evidence, considering the high variability
of TSPO PET measurements, the discussion of increased
microglia activity and pro-inflammatory activation in
SCH should be kept open [133]. Additional biomarkers of
neuroinflammation are needed to reflect the wide range
of proinflammatory and anti-inflammatory responses
that occur in the brain [131]. Furthermore, results of
diffusion imaging studies reported increased extracel-
lular free water, a proxy of inflammation, appeared
more prominent in the early illness compared with
chronic stages [134, 135], which might be a clue of the
dynamic of biomarkers related to neuroinflammation
dysregulation [92].

Dopamine hyperactivity

Neuroimaging studies investigating DA function broadly
support the hypothesis of presynaptic striatal DA hyper-
activity in SCH, as we partly stated above. For the cell
level, striatal DA transporter (DAT) availability detected
by PET and selective DAT radioligand ohserved higher
DAT availability in midbrain, striatal, and limbic regions
of in those patients with a chronic illness and long-
term antipsychotic exposure. The DAT availability was
involved in positive psychotic symptoms [136]. Studies
have consistently demonstrated elevated presynaptic
dopamine function in SCH [137]. Meta-analysis of studies
using PET and single photon emission computed tomog-
raphy [138] techniques showed a robust increase in
striatal dopamine synthesis and release in SCH [139]. The
hyperdopaminergic state associated with SCH appears
greatest within the dorsal striatum. Current researches
have provided consistent evidence of a striatal presyn-
aptic hyperdopaminergic state in SCH, but little consis-
tent evidence of altered dopamine type 2/3 (D2/3) receptor
levels [137].
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Lower synaptic vesicle density

SCH is hypothesized to be linked to excessive synaptic prun-
ing within the prefrontal cortical brain circuitry [140-142].
Genetic studies have observed associations between SCH
and genetic variants encoding synaptic proteins [143, 144].
Consistent changes in dendritic spines were reported by
researchers as decreases in spine density and dendritic
arborization in brain regions such as the primary visual
cortex, the prefrontal cortex and the subiculum [145, 146].
Postmortem findings consistently reported decreased
synaptic spine density in SCH. The novel PET ligand ["'C]
UCB-] gave the opportunity to generate a proxy measure
of synaptic vesicle density in vivo. For patients with SCH,
synaptic vesicle density is lower across many brain re-
gions including frontal, occipital, parietal, and temporal
cortex, as well as anterior cingulate, and hippocampus,
which coincides with the findings in vivo and postmortem.
Psychosis symptom severity and cognitive performance
on social cognition and processing speed were found to be
associated with frontal synaptic vesicle density [147].
Another study found lower level of synaptic vesicle
glycoprotein 2A in the frontal and anterior cingulate
cortices with large effect sizes (Cohen’s d=0.8-0.9), but
not in the hippocampus [148]. Furthermore, the experi-
ments with rats suggested that antipsychotic drug expo-
sure was unlikely to account for the lower synaptic
terminal protein levels in SCH.

Research on genetic, epigenetic and transcriptional
levels of SCH biomarkers

A large number of studies have shown that SCH is caused
by the joint action of genetic and environmental fac-
tors [149, 150]. Genetic factors mainly include common
mutations and rare mutations. Environmental factors
mainly include perinatal virus infection, childhood
trauma, childhood growth environment, negative life
events in adulthood and so on (Table 4).

Heritability

Studies have shown that identical twins or both parents are
SCH patients, the same disease rate is as high as 48%, and
the heritability is about 80%, suggesting that SCH genetic
research can help clarify its pathogenesis. The recent
studies have estimated that genetic variation contributes
up to 85% of the risk of developing the SCH [151, 152].
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Table 4: Genetic biomarkers in schizophrenia.
Biomarkers Tools Participants Conclusions Diagnostic aspects References
Common genetic
variation
Common variants GWAS 3322 cases and 3587  Polygenic basis to SCH involves Diagnostic biomarkers: the [153]
controls common SNPs and explains at least risk of SCH
a third of the total variation in
liability
GWAS 36,989 cases and 108 SCH-associated genetic loci Diagnostic biomarkers: the [155]
113,075 controls were identified risk of SCH
GWAS 76,755 cases and Reporting common variant associ- Diagnostic biomarkers: the [156]
243,649 controls ations at 287 distinct genomic loci, risk of SCH
and these associations were
concentrated in genes that are
expressed in excitatory and inhibi-
tory neurons of the central nervous
system
Rare genetic
variation
CNV Genome-wide 21,094 cases and Genome-wide significant evidence Diagnostic biomarkers: the [174]
analysis of CNV 20,227 controls was obtained for eight loci, risk of SCH
including 1g21.1, 2p16.3 (NRXN1),
3g29, 7q11.2, 15q13.3, distal
16p11.2, proximal 16p11.2 and
22q11.2.
DNV NA 4057 SCH trios 105 genes associated with neuro-  Diagnostic biomarkers: the [173]
developmental disorders were risk of SCH
enriched for LoF DNVs, which sup-
port for these DNVs increasing lia-
bility to SCH
Rare coding WES 24,248 cases and Ultra-rare coding variants in 10 Diagnostic biomarkers: the [172]
variants 97,322 controls genes as conferring substantial risk risk of SCH
for SCH and 32 genes at a false
discovery rate of < 5%, which
greatest expression in central ner-
vous system neurons
PRS
PRSice soft- 628 cases and 261 PRS of SCH was higher in first- Diagnostic and prognostic [169]
ware/PGC-2 controls admission than controls. PRS of biomarkers: assist in diag-
GWAS result SCH predicted more severe nega-  nosis and differential diag-
tive symptoms, greater illness nosis, evaluate disease
severity, and worse cognition. PRS severity and progression
of SCH was the strongest predictor
of diagnostic shifts from affective to
non-affective psychosis. PRS of
SCH predicted persistent differ-
ences in cognition and negative
symptoms. PRS of SCH predicted
who among those who appear to
have a mood disorder with psy-
chosis at first admission will ulti-
mately be diagnosed with an SCH
spectrum disorder.
PRSice soft- 4 cohorts (First cohort:  Patients with higher PRS for SCH Theragnostic biomarkers: [170]
ware/PGC-2 77 cases; second tended to have less improvement  assist in individualized
GWAS result cohort: 150 cases; third with antipsychotic drug treatment. treatment strategies

cohort: 192 cases;
fourth cohort: 100
cases)
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Table 4: (continued)
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Biomarkers Tools

Participants

Conclusions

Diagnostic aspects

References

Methylation
Epigenome-
wide associa-
tion study
Epigenome-
wide associa-
tion study

Transcriptomics

mRNA Cell study

mRNA iPSCs

Brain expression

TWAS
RNA sequencing  Single-cell
sequencing

Gene-environ-
ment interaction

DNA methyl-
ation and child-
hood urbanicity

166 human fetal brain
samples

469 cases and 476
controls

NA

Human brain samples

79,845 cases and 3693
controls
40,000 cells

497 healthy adults

The fetal brain mQTLs are enriched
amongst risk loci identified in a
recent large-scale GWAS of SCH
The observed DNA methylation
aberrations in SCH patients could
potentially provide a valuable
resource for identifying diagnostic
biomarkers and developing novel
therapeutic targets to benefit SCH
patients

Bidirectional regulation of
SCH-associated miR-1271-5p re-
sults in substantial remodeling of
the neuronal transcriptome
SCH-associated miR-936 upregula-
tion in the DLPFC and can reduce
glutamatergic synapses and
weaken excitatory synaptic trans-
mission, which underlie the synap-
tic pathology in SCH

157 TWAS-significant genes were
identified

Identifying spatiotemporal loci and
mapped the related loci to pyrami-
dal cells, medium spiny neurons
and interneurons in adult cortical
cells, and to neural progenitors,
oligodendrocyte precursors and
fetal microglia

a mediation role for ReHo, particu-
larly increased brain activity in the
superior temporal gyrus, in the
urbanicity-associated speed of
processing

Diagnostic biomarkers: the
risk of SCH

Diagnostic biomarkers: the

risk of SCH

The pathology of SCH

The pathology of SCH

Diagnostic biomarkers: the

risk of SCH

Diagnostic biomarkers: the
risk of SCH

The pathology of SCH

[177]

[176]

[180]

[183]

[184]

[186]

[191]

SCH, schizophrenia; GWAS, genome wide association study; SNV, single nucleotide variants; CNV, copy number variants; DNV, de novo variants;
WES, whole-exome sequencing; PRS, polygenic risk score; PGC, Psychiatric Genomics Consortium; mQTL, methylation quantitative trait loci;
TWAS, transcriptome-wide association studies; iPSCs, induced-pluripotent stem cells; ReHo, regional homogeneity; NA, not applicable.

Common genetic variation

As a polygenic complex disease, the number of susceptible
genes, the pathogenic risk of each gene and the pathogenic
mechanism of SCH have not been clarified yet. In recent
years, SCH genetics research has made important progress
in European populations. For example, the genome wide
association study (GWAS, can investigate the association
between the clinical trait and millions of common variants
simultaneously) of SCH has identified a number of sus-
ceptibility loci with significant association at genome level.

In 2009, the International Schizophrenia Consortium firstly
reported the loci associated with SCH at the genome-wide
significant level [153]. In the subsequent decade, the Psy-
chiatric Genomics Consortium (PGC) has identified more
common genetic variants associated with SCH. The first
GWAS conducted by the PGC identified seven genome-
wide significant loci [154]. 108 susceptibility loci related to
the risk of SCH were found in phase 2 GWAS of the SCH
Working Group of PGC [155] and currently 287 genome-
wide significant loci have been associated with the risk of
schizophrenia in PGC phase 3 [156].
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The most significant association is that across the
major histocompatibility complex (MHC) locus on chro-
mosome 6, which is known for its role in acquired immu-
nity. The alleles of the C4 genes in the MHC region as
underlying the MHC signal and the variation of it was
related to increased risk for SCH [157]. The levels of C4
mRNA expression in postmortem brain from individuals
with SCH were higher than matched controls, which was
replicated in a transcriptomic study by the PsychEncode
consortium [158]. Except for the locus in the MCH, the
GWAS of SCH has also identified a number of susceptibility
genes with significant association at genome level,
including MIR137, CACNAIC, VRK2, TCF4, NRGN, AS3MT
and so on [159-163], which are of positive significance to
explain the pathogenesis of SCH. The above findings
further highlight the key roles of dopamine D2 receptor,
voltage-gated calcium channel, glutamatergic neuro-
transmission, B lymphocyte lineage and complement
pathway related genes in the pathogenesis of SCH.

Due to the difference of population genetic structure, the
results of European population research are difficult to
explain the genetic risk of SCH in other population. There-
fore, it is still of great significance to study the genetic
mechanism of SCH in other population. For instance, in 2011,
professor Weihua Yue and professor Yongyong Shi both re-
ported multiple susceptibility genes at the level of the SCH
genome in Han people at the same time in Nature Genetics,
such as MHC region, MTHFR, AS3MT, VRK2, LSM1 and so on,
which broke the monopoly of European genome research
and clarified the mechanism of SCH neuroimmune abnor-
malities [159, 162]. Further summarizing the international
PGC genome data, it is found that the genetic basis of SCH
between East Asians and Europeans is similar. Genetic cor-
relation analysis found that most SCH-associated variants
have consistent genetic effects across East Asian and Euro-
pean populations, which expands the small sample study of
the genetic hypothesis of cross ethnic heterogeneity of
SCH [160]. There were also some GWAS studies reported in
Indian [164], African American [165] and Latin American
population s [166].

Application of polygenic risk score (PRS) in
schizophrenia

The polygenic risk score (PRS) could detect the shared ge-
netic aetiology among traits. First application of PRS in SCH
showed that it could explain around 7.7 precent of the
variance in SCH case-control status [153]. PRS is also applied
to explain the clinical heterogeneity of SCH, particularly in
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association with response to treatment, severity of symp-
toms, and cognitive function. The higher PRS for SCH is
related to a more chronic illness course, as well as the
number and length of hospital admissions [167]. Further-
more, the PRS of SCH was associated with negative symptom
and disorganized symptom dimensions [168, 169].

However, the ability of PRS to explain SCH case-
control status has decreased in current GWAS co-
horts [170]. Another challenge in PRS application is the
different ancestral populations. PRS derived from GWAS of
European explain less variance when applied to other
populations than in European ancestry samples. Despite
the ability of PRS to predict SCH case-control status is
insufficient for diagnosis, there may be a greater promise
for sampling individuals at the extreme ends of the PRS
distribution. On the other hand, PRS can detect high-risk
groups at a very early stage (theoretically, in the embryonic
period), so that the biological characteristics of high-risk
groups can be observed at an early stage before the onset of
disease, excluding the impact of onset and treatment and
providing a direct way to test the neurodevelopmental
hypotheses about schizophrenia.

Rare genetic variation

Rare variants, with a minor allele frequency <1%, include
single nucleotide variants (SNVs), altering one or a small
number of bases, and insertion-deletion variants, which
can vary in size from those affecting single nucleotides to
those classified as copy number variants (CNVs). Currently,
CNV studies are based on the same genotyping platforms,
while other rare variants were studied by the whole exome
sequencing (WES). However, to date, such studies in SCH
are small in scale.

A WES study identified a significant association be-
tween SETDIA loss of function (LoF) variants and SCH by
combining a whole-exome case-control sequencing study
of 4264 schizophrenia cases, and 9343 controls [171].
Currently, the largest rare exome sequencing effort is
from the Schizophrenia Exome Sequencing Meta-
Analysis (SCHEMA) Consortium, which reported 10
genes (including SETDIA) reaching the genome wide
significance and a further 22 reaching suggestive levels of
significance [172].

De novo variants (DNVs) are variants that are present in
offspring result from a new mutation event and are absent
in the parents. In a recent WES study, LoF DNVs were found
to be significantly enriched in LoF intolerant genes, but no
gene individually achieved exome wide significance for the
enrichment of LoF DNVs [173].
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CNVs are either duplications or deletions, ranging
from 50 base pairs to megabases in the genome. The first
associated CNV for SCH was a large deletion on chromo-
some 22q11.2, with approximately 25% of carriers develop
schizophrenia. The largest CNV study to date found eight
CNVs (six deletions and two duplications) to be signifi-
cantly associated with schizophrenia [174].

Epigenetic factors

With the deepening of multi-omics research, more and
more studies have begun to focus on the important role of
environmental factors through epigenetic modification.
Epigenetic means that DNA sequence does not change, but
gene expression has a heritable change. Methylation
studies reported multiple differential methylation sites
related to synaptic transmission function associated with
the risk of SCH (Figure 3) [175, 176]. Hannon et al. used
embryonic cerebral cortex to conduct an epigenome-wide
study, the results showed that differentially methylated
quantitative trait loci (meQTL) (i.e. genetic polymorphisms
affect methylation level) were mainly enriched at SCH
genome-level susceptibility loci [177]. Adult cadaveric
brain studies also found that about 60% of SCH genome-
level susceptibility sites have meQTL effects, involving
genes related to development and neural differentia-
tion [178]. Considering the different developmental stages,
the changes of SCH related DNA methylation mainly occur
in the perinatal period, and gradually stabilize in adoles-
cence and adulthood. It suggests that the apparent differ-
ences between SCH and healthy subjects’ brain tissues are
mainly affected by embryos or postnatal period, and are
relatively less affected by early adulthood experience or
chronic disease [178]. The co-localization analysis of
chromatin interactions in the cerebral cortex of subjects
with SCH risk alleles and SCH results suggested that
chromatin interactions with neurogenesis-related tran-
scription factors were altered and involved in the dynamic
regulation of SCH risk gene expression [179].

2 Environment

Epigenetic
Modification

4
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Gene Regulat
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Messenger RNA and noncoding RNA

Genetic polymorphism mainly affects gene expression
changes. In addition to single nucleotide polymorphism
(SNP), it also includes transcription levels, such as
messenger RNA and noncoding RNA (mRNA, ncRNA).
Many international studies have used the cadaveric brain
specimen bank to detect the specific gene mRNA tran-
scription and expression levels, and found that the mRNA
of multiple genes in patients with SCH is differentially
expressed in different brain regions [180, 181]. NcRNA and
mRNA have attracted more and more attention in recent
years due to their rich species and extensive regulatory
functions [182, 183].

Transcriptome-wide association studies

(TWAS)

TWAS provides a method to predict the expression of the
gene by expression quantitative trait loci (eQTLs) of
genes in a specific tissue. By merging the expression data
with GWAS summary statistics, the researchers can infer
the causal genes related to SCH whether they are up or
downregulated. A TWAS, applying summary statistics
from the PGC 2 phrase GWAS, identified 157 significant
genes related to SCH, and highlighted the regions
responsible for gene expression regulation, which might
be the potential targets [184]. A recent TWAS evaluated
5301 genes with cis-heritable expression in the dorso-
lateral prefrontal cortex and identified 89 genic
associations [185, 186].

Gene-environment interaction affects the
risk of SCH

Genetic epidemiological studies have shown that SCH is
caused by a combination of genetic and environmental
factors, that is, multiple pairs of micro-efficacious genes

Genetics

Figure 3: Genetic and epigenetic factors on
schizophrenia.
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are synergistic with environmental factors [187]. A large
number of studies suggest that intrauterine infection dur-
ing pregnancy, perinatal complications and malnutrition,
marijuana use by adolescents, and urban living environ-
ment all significantly increase the risk of neuropsychiatric
disorders such as SCH [187, 188]. Compared with rural
environment, childhood urban upbringing may be a risk
factor for common mental disorders such as SCH. Envi-
ronmental factors (perinatal viral infection, childhood
abuse, urbanization, environmental pollution, etc.)
interact with genetic variation, and the genetic and
epigenetic mechanisms involved in the complex pheno-
type of SCH are the core issues in the field of SCH research.

In recent years, GWAS and the post-genome era have
discovered many SCH-related genetic variation sites by inte-
grating transcriptome, chromatin conformation and other
data. These sites are mostly common variants and regulatory
genetic variants located in non-coding regions. The regula-
tory genetic variation of schizophrenia affects the risk of
disease by regulating gene expression, but its risk is generally
low, and its ability to explain the phenotype is less than a
quarter, which is a far from the nearly 80% heritability of
schizophrenia [155, 189].

Applying the bioinformatics tools to merging the
environment and genomic data, which provide some
important information about the SCH. For example, Ursini
G et al. combined the PRS of SCH and intra-uterine envi-
ronment data and indicated that a subset of the most sig-
nificant genetic variants associated with schizophrenia
converge on a developmental trajectory sensitive to events
that affect the placental response to stress, which may offer
insights into sex biases and primary prevention [190]. The
influence of genetic and environmental factors on the
cognitive-emotion related brain function of the human
brain has also been the focus of research in recent years.
The interaction between urban and rural growth environ-
ment in childhood and genetic factors affects the cognitive
functions of adult subjects, such as information processing
speed and language learning ability. Differential methyl-
ation sites are located in SCH-susceptible biological path-
ways such as Wnt and Cadherin. The effects of childhood
growth environment are influenced by the synergistic ef-
fect of regional homogeneity (ReHo)-fractional anisotropy
(FA)-DNA methylation in the parietal temporal lobe and
medial prefrontal cortex of the brain [191].

Single-cell studies

The TWAS provide a method to indicate the possible causal
genes from GWAS summary statistics, but it cannot directly

Yue et al.: Biomarkers for schizophrenia —— 403

extract time-specific information nor clarify which kind of cell
type is involved. To rectify this gap, the Common Mind Con-
sortium generated transcriptomic data from dorsolateral
prefrontal cortex (included 258 cases and 279 controls)
and intersected with 142 GWAS associations, to demonstrate
an overlap of 20 variants potentially influencing gene
expression [192].

Recently, single-cell sequencing offers a new inter-
pretation of GWAS results. As for SCH, the PsychENCODE
generated single-cell RNAseq data and identified spatio-
temporal loci and mapped the related loci to pyramidal
cells, medium spiny neurons and interneurons in adult
cortical cells, and to neural progenitors, oligodendrocyte
precursors and fetal microglia [186, 193, 194].

Research on stem cell models of SCH
biomarkers

The complexity of CNS presents a challenge to the research
of SCH, the diversity of cell and cellular interactions also
lead to the complexity of the CNS [195]. Due to lack of
appropriate experimental models, the study on SCH has
long been restricted to human post-mortem brain tissue or
animal models, impeding the understanding of the un-
derlying pathology of SCH. Moreover, polygenetic and
psychosocial factors further complicating the under-
standing of mechanism. Despite these challenges, the
ability of human induced pluripotent stem cells (hiPSCs)
recapitulates transcriptomic changes of brain development
during differentiation to neural cell types while retaining
patient-specific genetic backgrounds have allowed for the
in vitro study of SCH. The hiPSCs can provide insight into
the cellular mechanisms underlying SCH [196], and utili-
zation of single-cell level analyses in combination with
organoid technology was proposed to discover epigenetic
and/or consequent transcriptional alterations [197]-based
biomarkers in diagnosing SCH [198, 199] (Table 5).

The hiPSC lines of SCH were first established from Dis-
rupted in schizophrenia 1 (DISCI) mutation-carrying chronic
paranoid SCH patient in 2011 [200]. Since then, extensive
research on SCH has been conducted using hiPSC models and
related techniques. It is widely accepted that neural cells are
primarily targets of SCH [201]. Studies have found that
iPSC-derived neurons from SCH patients had impaired
neuronal connectivity, decreased neurogenesis, reduced
neurite outgrowth, decreased expression of synaptic proteins
such as postsynaptic density protein-95 (PSD-95), and altered
transcript expression [202-204]. Focusing on synaptic
development of neuron, iPSC-based studies have reported
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Table 5: Cellular and molecular phenotypes revealed by iPSC studies in schizophrenia.
iPSC Methods Conclusions Diagnostic aspects References
derived cell
types
Neuron iPSCs reprogrammed from fibro- 4 SCH pa- Diminished neuronal connectivity = Diagnostic biomarkers: the [202]
blasts and differentiated into tientsand 4  in conjunction with decreased risk of SCH
neurons controls neurite number, PSD95-protein
levels and glutamate receptor
expression
NPC iPSCs reprogrammed from hair 3 SCH pa- SCH-specific defect in gluta- Diagnostic biomarkers: the [249]
follicle keratinocytes and differ- tientsand 2 matergic synaptic maturation; risk of SCH
entiated into Pax6(+)/Nestin(+)  controls impaired mitochondrial respiration
neural precursors and its sensitivity to dopamine-
induced inhibition
hiPSC derived forebrain 4 SCH pa- Perturbations in WNT signaling in  Diagnostic biomarkers: the [207]
patterned NPCs tientsand 6  SCH hiPSC forebrain NPCs risk of SCH
controls
Microglia A high-throughput synaptosome 13 male SCH Increased synaptic pruning by Diagnostic biomarkers: [212]
system based on patient-derived patients and microglia delaying or preventing the
induced microglia-like [156] cells 9 male onset of SCH in high-risk
and iPSC-derived neurons controls individuals
Astrocyte  iPSClines generated fromhuman 6 SCH pa- A significant decrease in intracel-  Diagnostic biomarkers: SCH [215]
dermal fibroblasts and differen- tients and 2 lular glutamate concentrations in  pathophysiology
tiated into subtype astrocytes controls SCH astrocytes which was likely
driven by deficient glutamate syn-
thesis rather than reduced uptake
capacity
oL iPSCs reprogrammed from skin 6 SCH pa- Specific abnormalities of OL devel- Diagnostic biomarkers: the [216]
fibroblasts and differentiated tientsand 6  opment and reduced production of risk and development of
into OLs controls late OPCs and OLs SCH

iPSC, induced pluripotent stem cell; PSD-95, postsynaptic density protein-95; NPC, neuronal progenitor cell; OL, oligodendrocyte; OPCs,

oligodendrocyte progenitor cells; SCH, Schizophrenia.

SCH-specific defect in glutamatergic synaptic matura-
tion [205, 206]. Studies on neuronal progenitor cells (NPCs)
generated from SCH patients did not find any changes in the
quantity of NPCs [202, 206-208]. However, several studies
have demonstrated morphologic changes, abnormal organi-
zation, increased circulation, disorganized migration, delay
of differentiation and reduced expression of neuronal
differentiation-associated genes in iPSC-derived NPCs of
SCH [205, 206, 208, 209].

Crucial role of glial cells in the brain, such as micro-
glia and astrocytes, has also been shown to contribute to
the pathology of SCH. As innate immune cells of the CNS,
astrocytes and microglia interact closely with neurons
and their synapses, contributing to proper synaptic con-
nectivity and neuronal activity during development and
maturation [210]. Several studies suggested that an
increased inflamed state in SCH, and the GWAS of SCH
further provided the evidence that the neuroinflammation
played a role in SCH [155]. The involvement of microglia in
aberrant synapse elimination motivated the application

of anti-inflammatory drugs for SCH [211]. The iPSC-based
SCH models for microglia-neuron interactions revealed
increased synaptic pruning by microglia, which indicated
that SCH is associated with mutations in several immune-
related risk genes and an increased inflammatory
state [212, 213]. As for astrocyte, an iPSC-based study
found increased astrocyte differentiation in neurospheres
generated from iPSC derived from SCH patients carrying a
22q11.2 microdeletion [214]. A recent iPSC-based drug
study also found reduced levels of both glutamate and the
NMDA receptor coagonist d-serine in subtype astrocytes
derived from SCH patients, providing further evidence
that NMDA receptor-mediated glutamatergic neuro-
transmission could play an important role in SCH patho-
physiology and drug action [215]. Oligodendrocyte (OL) is
another important glia cell type in CNS. iPSC-based SCH
models for OLs revealed abnormal posttranslational
processing, subcellular localization of mutant neuron
glial antigen 2 (NG2), aberrant cellular morphology,
viability and myelination potential, as well as reduced
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production of late oligodendrocyte progenitor cells
(OPCs) and OLs in cells from subjects with SCH [216, 217].
These results directly confirm the presence of OLs
dysfunction in the pathology of SCH.

Although most iPSC-based studies of SCH have some
limits such as having small sample sizes, they greatly
helped to elucidate the pathogenesis of SCH. By estab-
lishing in vitro homogenous neuron model of SCH, various
pathogenesis of SCH can be verified, information for the
early stage of the disease can be acquired, providing a
valuable tool for finding early diagnostic markers of SCH.

Research on electrophysiological
characteristics of SCH biomarkers

Electroencephalography can recognize the associated
brain area through source analysis, it is inexpensive and
noninvasive and can be useful in quantifying the sequence
of various cognitive processes [218]. Due to the advantages
of electroencephalography, several electroencephalog-
raphy biomarkers have been extensively evaluated in
psychosis. The event-related potentials (ERPs) reflect the
changes in the brain’s neuroelectrophysiology during
cognitive processes such as memory, expectation, arousal,
intelligence, decision-making, logical reasoning, problem
solving, and planning, so it is also called cognitive po-
tentials. The main components of classical ERPs include
the positive waveforms with latencies around 100 ms, 200
and 300 ms (P1, P2, P3) and the negative waveforms with
latencies around 100 and 200 ms (N1, N2). ERPs still
include N4 (N400), Mismatch negativity (MMN), late pos-
itive potential (LPP) and so on. MMN is a well-known
electroencephalography biomarker for SCH associated
with social cognition and functional outcomes [219]. It has
been replicated numerous times as a mature electrophys-
iological biomarker [220]. The P3 component can be
divided into the P3a and P3b, the P3a is associated with the
orienting of attention to a novel stimulus, the P3b is asso-
ciated with the motivational salience of a stimulus [221].
LPP is also closely related to attentional allocation to
emotional stimuli [222]. There are a number of studies on P3
and LPP in patients with SCH, and a recent meta-analysis of
the P3 and LPP in SCH showed that patients with SCH had
diminished P3 and LPP amplitudes in response to positive
and negative stimuli. The abnormal reduction of P3 and
LPP may reflect decreased attention allocation [223]. The
other abnormal changes of EPRs component were also
found in the patients with SCH, such as P50 (response to
two identical auditory stimuli occur 500 ms apart) related
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to deficits in sensory gating. Prepulse inhibition (PPI), is
another commonly electroencephalogram biomarker.
Abnormal activity in the gamma range (30—80 Hz) of scalp
electroencephalogram gains increasing attention, patients
with SCH are slower to entrain oscillatory brain activity to
auditory “steady state” stimulation at 40 Hz and also show
lower power in response to the stimulation overall [224]
(Table 6).

Recently, several key non-rapid eye movement (NREM)
sleep parameters of SCH have been comprehensively
characterized. Marked reduction in sleep spindle density
was found in SCH accompanied by altered spindle
morphology, but fast and slow spindle properties were
largely uncorrelated. Notably, NREM sleep metrics did not
correlate with wake ERP measures, which suggested
distinct aspects of SCH pathophysiology and reflected
multiple distinct thalamic and thalamocortical mecha-
nisms underlying disease abnormalities. Thus, the precise
characters of sleep EEG could be regarded as the potential
biomarkers for risk and SCH subtypes mapping to distinct
neurophysiological deficits [225].

Corollary discharge (CD) signals are motor-related
signals that exert an influence on sensory processing,
which provide a simple sensorimotor basis for a subjec-
tive experience of agency by demarcating sensory expe-
riences caused by oneself from those with external
causes [226]. A disruption in the sense of agency plays a
key role in many symptoms of SCH, characterized by a
core disturbance in a sense of self [227, 228]. A growing
amount of evidence indicates that SCH has the abnormal
corollary discharge signaling associated with saccadic
and smooth pursuit eye movements which impair both
action plans and visual perception [229, 230]. These cor-
ollary discharge impairments may result from abnormal
thalamo-cortical or cerebello-thalamo-cortical connec-
tivity in schizophrenia [231].

The neurodegenerative changes of brain and abnor-
malities in neuronal fiber tracts play a role in the patho-
genesis of SCH [232]. The retina is derived from the same
ectoderm as the brain and is the part of the CNS, alter-
ations of the brain can be inferred by direct observation of
the retina [233]. The retinal functions as measured with
the flash electroretinogram (ERG) may reflect the central
dysfunctions in SCH. Two components, called the a-wave
(representing the hyperpolarization of the photorecep-
tors) and b-wave (a positive wave, generated mainly by
bipolar cells) were usually measured. Amounts of studies
showed that abnormal change of a-wave and b-wave were
observed in the patients with SCH, while these results
were inconsistent [234]. In addition, structural changes in
the retina also occur in patients with SCH, mainly
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Table 6: Electrophysiological biomarkers in schizophrenia.
Biomarkers Tools Participants Conclusion Diagnostic aspects References
EPRs EEG
P3 (P3a and P3b) Systematic re-  Multiple EEG-indices were altered dur- Diagnostic biomarkers: iden- [250]
P50 view: 133 ing at-risk mental state and early tify the risk of schizophrenia to
studies stages of schizophrenia benefit early diagnosis and
intervention
MMN 33 cases and Schizophrenia patients exhibited Diagnostic biomarkers: eval- [220]
42 controls reduced MMN activity at frontocentral uate disease severity and
electrode sites progression
LPP 339 cases and  Patients have slightly diminished P3 Diagnostic biomarkers: eval- [223]
331 controls and LPP amplitudes in response to uate disease severity and
positive and negative stimuli progression
Gamma range 58 cases and  the lack of age-related changes in Diagnostic biomarkers: iden- [251]
48 controls deletion carriers indexes a potential tify the risk of schizophrenia
developmental impairment in circuits
underlying the maturation of neural
oscillations during adolescence
Eye movement Eye 1911 subjects  the antisaccade error rate as a putative Diagnostic biomarkers: iden- [252]
tracker schizophrenia spectrum marker. tify the risk of schizophrenia
Retinal function ERG 2079 cases and Retinal abnormalities may be appli- Diagnostic biomarkers: iden- [235]
a-waves and b-waves and 1571 controls  cable as state/trait markers in schizo- tify the risk of schizophrenia
Retinal nerve fiber layer ocT phrenia spectrum disorders
Macular ganglion cell layer
Optic cup volume
Heart rate variability ECG Systematic re-  Given the association between low Diagnostic biomarkers: iden- [239]
HF view: 34 HRV, threat processing, emotion regu- tify the risk of schizophrenia
LF studies lation and executive functioning,

reduced vagal tone may be an endo-
phenotype for the development of psy-
chotic symptoms.

EEG, electroencephalogram; ERPs, event-related potentials; MMN, mismatch negativity; LPP, late positive potential; ERG, electroretinogram;
OCT, Optical coherence tomography; EEG, electrocardiogram; HF, high frequency; LF, low frequency.

characterized by thinning of the peripapillary retinal
nerve fiber layer, macular ganglion cell layer-inner
plexiform layer, average macular thickness, and macu-
lar volume and enlargement of the optic cup volume,
which suggested that retinal abnormalities might be
applicable as state/trait biomarkers in SCH [235].
Dysfunction of the autonomic nervous system has
adverse effects on physical health, which reflects changes
in the function of several regions of the central nervous
system, and the dysfunction of autonomic nervous system
was found in many mental disorders. Measurement of
heart rate variability (HRV) provides a non-invasive tool for
studying autonomic function. HRV can be measured as the
temporal change between consecutive R waves on an
electrocardiogram (time domain measurement) and the
use of spectral analysis to decompose the waveform of the
electrocardiogram-RR interval (heart beat interval) into

frequency power bands (frequency domain measure-
ments), the fluctuations in these intervals are thought to
reflect changes in autonomic regulation of the heart [236].
Findings from studies suggested that patients with SCH
reveal lower parasympathetic activity (reduced high fre-
quency component of HRV) [237], and several HRV pa-
rameters were associated with the Positive and Negative
Syndrome Scale (PANSS) scores in patients with
SCH [238, 239].

Research on gut microbiota of SCH
biomarkers

Gut microbiota, including Firmicutes, Bacteroidetes, Acti-
nobacteria, Proteobacteria, Fusobacteri and Verrucomicro-
bia (Firmicutes and Bacteroidetes represent 90% of the gut
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microbiota), encodes more than three million genes, and is
the essential for regulating digestion, immunity and
metabolic homeostasis [240]. The brain connects with the
gut via bidirectional communication involving neuroen-
docrine and neuro-immune pathways. Accumulating evi-
dence indicates that the gut microbiota alteration largely
associated with SCH pathogenesis. Antipsychotic could
cause dysbiotic shifts in the gut microbiota, and the
changes in gut microbiota composition have been found
related to altered glutamate neurotransmission and
cognitive impairments in SCH [241-243]. Moreover, anti-
psychotic could lead to the increases in adiposity and al-
terations in glucose homeostasis and energy balance [244].

Based on previous evidence, the gut microbiota could
be applied as a mechanistic link between metabolic
dysfunction and cognitive decline in SCH, as well as the
programming of social behaviors and cognition, all of
which are impaired in SCH. Gut microbiota alterations are
also associated with the symptom of SCH. Therefore, the
gut microbiota should be a potential biomarker of SCH.
Furthermore, it also could be the biomarker in future psy-
chopharmacotherapy of SCH based on the association be-
tween gut microbiota and antipsychotic treatment.

Conclusion and further direction

Biomarkers provide objective biological measures that
can predict clinical outcomes leading to precision-
medicine. Development and validation of biomarkers
for SCH is needed for early diagnosis and treatment
evaluation. The main challenge of biomarker develop-
ment is that the standard disease classification in fine
classification is only based on single symptoms, which
largely confuses patients with different biomarkers.
There is an inherent tension between the efforts to form
biomarkers based on classic categorical diagnosis ac-
cording to the phenotypic definitions and the currently
developed biomarkers to identify more biologically ho-
mogeneous subgroups of patients.

At present, the complex pathogenesis of SCH cannot be
explained from a single dimension such as genetic sus-
ceptibility genes, imaging objective biomarkers or symp-
tom phenotypes; multi-omics and multi-dimensional data
mining has become an important research strategy to
explore the pathogenesis and diagnosis and treatment
techniques [8, 9]. Previous literature suggests that data-
driven reclassification of common mental disorders previ-
ously empirically diagnosed, combined with multi-omics
research strategies such as clinical psychopathological
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symptomological assessment, genomewide, and brain
imaging, will help clarify the clinical phenotype corre-
sponding to a specific genotype, and then provide a more
accurate evidence-based medical basis for diagnosis,
classification or treatment. For example, Arnedo et al.,
used the PGC to evaluate the clinical symptomological
phenotype of SCH patients with PANSS, and then com-
bined with GWAS data to conduct specific genetic combi-
nation, and the phenotypic characteristics of clinical
symptoms which were more finely divided and corre-
spondingly analyzed, and it was found that data-driven
analysis methods could classify SCH into eight geno-
phenotype corresponding subtypes [245].

Recently, Wand et al. wrote an article in the journal
Nature, and proposed a standardized analysis idea for the
Polygenic Score (PGS) Catalog of complex diseases based
on the Clinical Genome Resource (ClinGen) funded by the
NIH in the United States [246]. Abi-Dargham et al. sug-
gested that the most ideal strategy for the screening of
objective biomarkers of mental disorders and the explo-
ration of pathogenesis is the multi-dimensional explora-
tion of “genetic variation-molecular effects-brain imaging
features-clinical symptom phenotype” [91]. In the future,
the ideal SCH precision treatment model should fully
consider the multi-dimensional big data analysis based on
genetic factors, personal factors, and environmental fac-
tors, such as the combination of the ClinGen complex
disease working group and the PGS database (Figure 4).

The ideal recommended scheme is: measurement-
based care (MBC) before treatment, combined with pre-
dose pharmacogenomics (PGx), and fully consider post-
dose therapeutic drug monitoring (therapeutic drug
monitoring, TDM).Therefore, the main research content of
“exploring biomarkers and subtypes related to the diag-
nosis and treatment of schizophrenia based on multi-
dimensional data” is to further solve the clinical diagnosis
and treatment problems of SCH through multi-dimensional
research strategies, and to further provide important sci-
entific theoretical basis for clarifying the underlying
pathological mechanisms of SCH.

Then, the decision to use biomarkers in clinical practice
should be based on the expectation that it will have a pos-
itive impact on health; Therefore, measuring the perfor-
mance of biomarkers in general terms is not enough to
confirm their clinical utility. To demonstrate the clinical
utility, we should firstly determine the accuracy of bio-
markers, and then consider the use of biomarker informa-
tion by considering the evaluation of relevant risk benefits
and clinically meaningful outcome improvement when
managing patients. Prospective, confirmatory multicenter



408 —— Yue et al.: Biomarkers for schizophrenia

Clinical subtypes of SCH

& NP o

Paranoid Catatonic/Hebephrenic
Disorganized/Undifferentiated

Imaging
Proteomics Symptoms
Metabolism o W

Genetics "#

DE GRUYTER

Clinical syndrome
Childhood
environment

Neurocognition

-

Biotypes of Schizophrenia
Cluster1 Cluster 2 Cluster 3

Cluster 4

Machine

Modeling

b 7 e i =
]

HAM-D

Admission 1 2 3
weeks.

Biotypes for diagnosis
(Genotype-endophenotype-
clinical phenotypes)

SCH

Prediction modeling of
therapy and trajectory D
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studies or decision modeling methods can be used to
demonstrate clinical utility.
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