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Schizophrenia spectrum disorders (SSD) are traditionally diagnosed and categorized
through clinical assessment, owing to their complex heterogeneity and an insufficient
understanding of their underlying pathology. However, disease progression and accurate
clinical diagnosis become problematic when differentiating shared aspects amongst
mental health conditions. Hence, there is a need for widely accessible biomarkers to
identify and track the neurobiological and pathophysiological development of mental
health conditions, including SSD. High-throughput omics applications involving the use of
liquid chromatography-mass spectrometry (LC-MS) are driving a surge in biological data
generation, providing systems-level insight into physiological and pathogenic conditions.
Lipidomics is an emerging subset of metabolomics, largely underexplored amongst
the omics systems. Lipid profiles in the brain are highly enriched with well-established
functions, including maintenance, support, and signal transduction of neuronal signaling
pathways, making them a prospective and exciting source of biological material for
neuropsychiatric research. Importantly, changes in the lipid composition of the brain
appear to extend into the periphery, as there is evidence that circulating lipid alterations
correlate with alterations of psychiatric condition(s). The relative accessibility of fluid lipids
offers a unique source to acquire a lipidomic “footprint” of molecular changes, which
may support reliable diagnostics even at early disease stages, prediction of treatment
response and monitoring of treatment success (theranostics). Here, we summarize the
latest fluid lipidomics discoveries in SSD-related research, examining the latest strategies
to integrate information into multi-systems overviews that generate new perspectives of
SSD-related psychosis identification, development, and treatment.

Keywords: psychosis, first-episode psychosis (FEP), clinically high risk patients, lipidomics, metabolomics,
LC-MS/MS, biomarkers, peripheral tissue
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INTRODUCTION

Schizophrenia spectrum disorders (SSD) affect up to one in a
hundred individuals and are considered one of the leading causes
of disability (1-3). Existing treatment options require a life-long
commitment from those affected, vary in their effectiveness, and
are accompanied by frequent severe side effects that contribute
toward poor patient adherence (4, 5).

Early diagnosis has been shown to lead to better patient
outcomes (6). Since several mental disorders, including SSD,
emerge during adolescence, considerable effort must be made
toward identification and intervention during these formative
years. Decades of research into clinical assessment and treatment
evaluation have helped develop standardized models for
diagnosing various mental conditions (7, 8). However, even these
well-defined clinical standards display high comorbidity between
and high heterogeneity within their classifications, and are based
solely on somehow subjective clinical assessments of complex
symptoms, impeding an accurate clinical diagnosis. Additionally,
these current syndrome-focused classifications for SSD fit poorly
to young people presenting with subthreshold mental health
conditions (9, 10). Especially in the early stages, the clinical
features of SSD may be non-specific, overlap with those of other
mental health conditions (e.g., depression, anxiety, substance
abuse, and bipolar disorder), or not yet sufficiently severe to meet
traditional diagnostic criteria (10-12).

Precision medicine is a growing approach to tackle the root
cause behind any given disease/condition through consideration
of an individual’s biological proneness and their response to
treatment (13). This approach has significant implications for
the field of psychiatry as it challenges the traditional application
of clinical concepts in mental health with new diagnostic and
therapeutic approaches that explore the pathophysiology (14).
The task is immense and requires multiple meta-data sets across
biological systems to be matched with multimodal information
(e.g., age, gender, clinical characteristics, neuropsychological
features, or brain imaging data).

Advancements in omics technologies offer new and exciting
research perspectives for Dbiosignatures (biomarkers) and
molecular insight to delineate the complexity of SSD
etiopathologies. Several genome-wide association studies
(GWAS) have shown that common variants and expression
patterns are associated with an increased risk of SSD, pointing
to gene-expression pathways involved in calcium-channel
regulation, microRNA-mediated gene regulation, and immune
function (15-17). However, variation patterns of gene-expression
in these pathways have also been identified between SSD and
other mental health conditions, including autism, bipolar, and
major depressive disorders (18-23), highlighting the limitation
of investigating a singular “omics” branch to unravel biological
complexity contributing to altered physiology. Likewise, SSD
pathology is not confined to a single data type. It requires
an interdisciplinary understanding of perturbations in gene
expression, alongside proteomic and metabolic dysregulation,
with evidence for the latter describing influences on mechanisms
involved in synaptic function, glucose metabolism, and
regulatory processes involved in lipid homeostasis (24-28).

The role of lipids in SSD is of particular interest due to
their characteristically high concentration in the brain, second
only to adipose tissue. In the central nervous system (CNS),
lipids play a major role as interfaces for cell signaling, secondary
messengers, sources of energy, and neurotrophic support (29-
32). Lipidomics, a subset of metabolomics, is the focused
characterization and quantification of lipids (33). Several reviews
have looked at the contribution of impaired lipid metabolism
in the development of neurological disorders, including SSD,
and found irregularities for several classes of lipids across
various brain regions (28, 33-35). Lipids are also viewed as
favorable candidates for neurological biomarkers given their
prevalence across various accessible biofluids, including blood
[lipids represent up to 70% of all detectable metabolites in
serum (36)], saliva, and cerebrospinal fluid (CSF). CSF is the
fluid that is anatomically most closely linked to the CNS and
is considered a biological source of information that provides a
true reflection of the pathological manifestations occurring in the
brain (37).

Peripheral lipid analysis is already clinically established to
measure cardiovascular disease (CVD) risk from a lipid panel
of sterols and triglycerides (TG) (38). Given the comorbidity
of CVD and mental health conditions (39-41), these lipid
assays have been adapted for linked investigations, showing
that elevated plasma TG and very-low-density lipoprotein
(VLDL) levels are strongly associated with various cognitive
domains in individuals with schizophrenia (SCZ) (42). In
addition, high cholesterol levels appear to be positively
associated with depression in adults with psychosis (43).
Meta-analyses have revealed low levels of high-density
lipoproteins (HDL) and hypertriglyceridemia in individuals
with multiple episodes of SCZ (44, 45). A few theranostics
studies have also examined lipid response to treatment. HDL
levels appear to increase along with improvement in negative
symptoms following antipsychotic treatment (46), while
supplementation with omega-3 polyunsaturated fatty acids (w-3
PUFA) decreased TG levels in adolescents at ultra-high risk for
psychosis (47).

Analytical detection is a main challenge when ascertaining the
lipidome’s broader function(s) and their potential as biomarkers
in SSD. To put the problem into perspective, Lipid Maps®,
a consortium dedicated to mapping the mammalian lipidome,
has compiled (to date) 47,189 unique lipid structures, and this
number continues to grow daily (48). Although it is not yet
possible to detect and quantify every single lipid in a given
sample, broad lipid profiling relies almost exclusively on mass
spectrometry to simultaneously identify and measure as many
lipids as possible in a given biofluid, which also supports
clinical and pathogenic investigations (49). In particular, liquid
chromatography coupled with tandem mass spectrometry (LC-
MS/MS) has been instrumental toward the identification of
several lipid mediators involved in the pathogenesis of SSD
(50-53), and as a practical application to explore lipidomic
response toward antipsychotics (54, 55). For recent reviews
of technological platforms and progress using LC-MS/MS for
lipidomics, including studies investigating SSD, please refer to
(56-60). Our review focuses on reporting the latest applications
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employing LC-MS/MS for lipidomics in fluidic biomarker
assessment of SSD and potential strategies for integration with
other omics datasets to better define conditions, prognosis, and
treatment response.

LIPIDOMICS INVESTIGATIONS INTO SSD
AND PSYCHOSIS FLUID BIOMARKERS

Here we review the recent applications of LC-MS/MS, employed
either in targeted (e.g., multiple reaction monitoring; MRM)
or global analyses to measure lipid expression profiles in SSD
and related psychoses in human peripheral fluids over the last
5 years. Our review includes an overview of studies published
in English that identified probable fluid lipid biomarkers
and their potential role in disease characterization, informing
diagnosis, and predicting and monitoring treatment outcomes
(theranostics). Studies not involving fluid markers and not
utilizing LC-MS/MS were excluded from this review. A literature
search of the Google Scholar, PubMed, and Web of Science
(ISI Web of Knowledge) electronic databases was conducted
due to their readily available access to scholarly literature from
vast biomedical databases. Search terms “lipidomics,” “fluid
biomarkers,” “schizophrenia,” and “psychosis” were used to filter
the selection of studies for this review, dating back to January
Ist, 2017 (5 years from 2021). For earlier reviews detailing
fluid lipid investigations into SSD, please refer to (28, 34, 61).
The reference lists of selected articles were hand-searched to
retrieve any additional relevant published papers. Literature
searches were performed independently by co-authors TAC
and BJ, with accepted studies verified by CR and FML. We
concluded on seventeen studies that fitted our search criteria,
with one paper excluded post-screening due to the study not
providing sufficient detail to evaluate lipidomic response from
the variety of medications administered. A summary of lipid
changes observed in these studies is presented in Table 1, with
classification and nomenclature based on the Lipid Maps®
consortium and their structural database (48, 79). Details on
individual lipid changes are provided in Supplementary Table S1
(where available).

Fluid Lipidomics in the Characterization of
SSD

A systematic study into potential SCZ biomarkers in serum by
Wang et al. (62) observed twenty-three analytes significantly
altered in individuals with SCZ at baseline levels compared
to healthy controls, belonging to bioactive lipid mediator
eicosanoids, derived from the release of arachidonic acid
(AA), an essential PUFA which is commonly released by
membrane phospholipids (80) (Figure 1). Significant increases
were also observed in anandamide (AEA) and the related N-
acylethanolamine (NAE): oleoylethanolamine (OEA). AEA is a
lipid-derived agonist of the cannabinoid receptors and, as one
of the two endocannabinoids (eCBs), a major component of
the endocannabinoid system (ECS), a neuromodulatory system
found throughout the CNS and periphery. eCBs are well-known
to be perturbed during the pathogenesis of SCZ, in particular

AEA, found elevated in the CSF of young adults with first-episode
SCZ (51, 52), and more recently by Reuter et al. (63), along with
evidence of AEA in serum serving as peripheral marker of its
neuronal activity. Furthermore, Potvin et al. (64) found increased
plasma AEA and OEA levels in individuals with SCZ presenting
to psychiatric emergency settings, i.e., individuals experiencing
an acute psychotic episode, with AEA and OEA levels decreasing
again by the time of discharge. Equally, AEA and OEA, along with
AA, formed the panel of biomarkers in Wang and colleagues’
study that best differentiated SCZ individuals from their control
counterparts (62).

Further studies in which Wang et al. (65) employed untargeted
LC-MS/MS profiling identified several membrane phospholipids,
and their lyso-derivatives, as potential biomarkers in SCZ,
forming a secondary panel of lipids that may discriminate
individuals with SCZ from healthy controls. Phospholipids
are among the most abundant lipid species in the CNS and
critical constituents of biological membranes. They play an
integral role in maintaining membrane structure and function,
particularly in the integrity of myelin, which is pivotal to electrical
impulse propagation, where perturbations can directly impact
neurotransmission (81, 82). Multiple lines of evidence implicate
that the etiology of SCZ is associated with increased breakdown
of membrane phospholipids to free fatty acids (FFAs), including
arachidonic acid and lysophospholipids, primarily through the
hydrolysis actions of phospholipase A, (PLA2) (83, 84), which
formed the biochemical basis for the membrane phospholipid
concept in SCZ (85) (Figure 1).

Further, Wang et al. (66) undertook a phospholipid targeted
approach, optimizing LC-MS/MS detection for over 150
phospholipids and FFAs. Their findings emphasized expression
tendencies in phospholipids were associated with their degree
of saturation and chain length, with similar results observed by
Leppik et al. (67) investigating drug-naive first-episode psychosis
(FEP) individuals. In this study, declining phospholipid levels
were in connection with observed increases in long-chain
acylcarnitine (ACs) intermediates (e.g., AC 18:2), and these
complex lipid profile abnormalities may be interlinked to form
part of the underlying pathology (67).

In addition, Wang et al. (66) observed that polyunsaturated
lysophosphatidylcholines (LPC) were elevated, indicating either
a weakened LPC catalysis by lecithin-cholesterol acyltransferases
(LCAT) or increased PLA2 breakdown. MRM analysis by Liu
et al. (68) partly validated these dysregulated phospholipid
homeostasis findings, identifying several FFA, AC intermediates,
along with phosphatidylcholine (PC) and LPC in plasma of
individuals with SCZ compared to matched controls, adding to
their biomarker candidacy.

Perturbations to observed FFAs originate, in part, from
membrane phospholipid metabolism, potentially making them
a source of biomarkers that could describe the intricate
glycerophospholipids lipid distortions in SCZ. Yang et al.
(69) explored the potential of FFAs as peripheral markers
of membrane dysfunctions in SCZ, along with lipid markers
previously identified in their metabolic study, and found
elevated levels of monounsaturated fatty acids (oleic acid,
palmitoleic acid) and ®w-3 PUFA (docosatetraenoic acid, AA,
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FIGURE 1 | Known lipid-derived mechanisms associated with SCZ etiology.
The eCBs, FFAs, and eicosanoids all originate from the breakdown of
membrane phospholipids. 2-AG is derived from PLC cleavage of PIP; into
DAG and subsequent hydrolysis into 2-AG. NAT mediates
phosphatidylethanolamine and phosphatidylcholine breakdown into NAPE,
which is then converted by NAPE-PLD into AEA. PLA, mediates the
conversion of phospholipids into FFA. AA is generated from membrane
phospholipid hydrolysis by PLC and PLA,. AA is then further broken down in
eicosanoids (PG, TX, PGI, LT, HETE, EET, and DHET) by COX, LOX, and CYP
enzymes. 2-AG, 2-Arachidonoylglycerol; AA, Arachidonic acid; AEA,
Anandamide; COX, cyclooxygenase; CYP, cytochrome; DAG, Diacylglycerol;
DHET, dihydroxyeicosatrienoic acid; EET, eicosatrienoic acid; FFA, Free fatty
acid; HETE, Monohydroxyeicosatetraenoic acids; LOX, Lipoxygenase; LT,
Leukotriene; NAT, N-acetyl transferase; NAPE, N-arachidonyl
phosphatidylethanolamine; NAPE-PLD, N-acyl
phosphatidylethanolamine-specific phospholipase D; PG, Prostaglandin; PGI,
Prostacyclin; PLA2, Phospholipase A2; PLC, Phospholipase C; PIP»,
Phosphatidylinositol 4,5-biphosphate; TX, Thromboxane.

and linoleic acid). The authors hypothesized that these
changes occur as a consequence of enhanced lipolysis and f-
oxidation.

To explore the possibility that FFAs perturbations are specific
to SSD, Zhou et al. (70) investigated FFA levels in individuals
with first-episode SCZ or affective psychosis (bipolar disorder or
major depression with psychotic features) and healthy controls.
Zhou et al. identified several imbalances in FFA levels in
SCZ, predominantly a decline in saturated and w-3 fatty acids.
They speculated that the declining plasma levels were due to
increased oxidative stress early in SCZ development, leading

to membrane phospholipid deficits and, in turn, increased
fatty acid demand for cell membrane regeneration. Importantly,
changes in FFA were specific to SCZ. Thus, they can be
considered as potential SSD-specific biomarkers. Furthermore,
the reduction in n-6 fatty acids was almost explicitly observed
in a subgroup of SCZ patients with blunted niacin-induced
skin flushing symptoms, demonstrating the potential capacity
of lipidomics to differentiate specific conditions within the
spectrum of SSD.

Lipids as Pre-clinical Indicators of

Psychosis

Though prodromal clinical features of psychosis have long been
described and investigated (86), deciphering the actual individual
risk for the transition from clinically high risk (CHR) to first-
episode still remains a clinical challenge (87), with less than one-
third of individuals progressing within 3 years (88). Longitudinal
studies in lipidomics have observed lipid aberrations at pre-
clinical stages that may give potential to their application as
early indicators.

The prospective Avon Longitudinal Study of Parents and
Children (ALSPAC) collected biological samples and health
data from children and followed them up until age 18 (89).
O’Gorman et al. (71) used ALSPAC plasma samples from
individuals clinically diagnosed with a psychotic disorder at 18
years of age, corresponding plasma samples collected 7 years
prior to diagnosis, as well as plasma from age- and BMI-
matched controls, and employed a metabolomic (including
lipidomic) assessment. At age 11, children with a later diagnosis
of psychosis already had significantly elevated levels of a
subset of lipids (32, with eight lipids remaining significant
after correction for multiple comparisons), including various
membrane phospholipids [LPCs, PCs, and sphingomyelin (SM)],
whose altered metabolism has been suggested as a pathogenic
mechanism for SCZ (90). At age 18, a subset of lipids was
decreased in those diagnosed with a psychotic disorder compared
to controls; however, none reached significance after correction
for multiple comparisons (71). In addition, their follow-up
study, integrating lipidomic with proteomic data, revealed
interconnections between these omics systems and is discussed
in more detail below.

A 5-year follow-up study into global lipid profiles of
individuals with a CHR state for psychosis and healthy controls
revealed several TGs elevated in CHR subjects at baseline
measurements, i.e., independent of later transition (72). This
is consistent with findings of a recent study, analyzing the
association between weight gain in FEP and CHR individuals
to predict the development of cardiometabolic comorbidities,
showing a positive association between weight gain in these
individuals and the levels of TGs with low carbon number and
double-bond count (73). Interestingly, TGs with low carbon
and double-bond count are commonly associated with non-
alcoholic fatty liver disease and type II diabetes, suggesting
that weight gain is more likely to occur in FEP individuals
with high liver fat content rather than dietary lipid content. In
addition, Dickens et al. utilized machine learning algorithms
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to distill sub-groups of CHR individuals to better predict their
future clinical outcome and successfully identified individuals
who subsequently developed psychosis based on reduced levels
of ether phospholipids (72).

Evidence also points toward the ECS as a regulator
of CHR individuals developing psychosis, with Koethe
et al. (74) reporting peripheral levels of eCBs AEA and 2-
arachidonylglycerol (2-AG) in monozygotic twins discordant for
SCZ were directly related to their risk for developing psychosis.
They observed that twins with lower levels of AEA and 2-AG
in plasma were more prone to develop a psychotic disorder
during their 5-year follow-up assessment period, along with their
suggestive use for examination in a prognostic fashion (74).

Most recently, Parksepp et al. (75) conveyed a direct
and dynamic influence of membrane phospholipids on ECS
regulation in SSD. In their 5-year investigation, levels of
peripheral ECS regulators and NAEs were examined along
with their phospholipid precursors. Elevated serum levels of
NAEs, including AEA, were exhibited in antipsychotic-naive
patients along with a significant increase in their respective
phospholipid precursors, which resolved post-antipsychotic
treatment, including a reduction of NAE synthesis. 2-AG,
which is derived from a separate lipid precursor pathway, was
reduced in antipsychotic-naive patients, subsequently displaying
a significant increase at the 5-year evaluation time-point, which
also included a rise of lipids responsible for its formation.

Lipids in Theranostics

There is increasing optimism that the progressive construction of
omics systems will refine mechanisms for selecting personalized
treatment and monitoring intervention-derived shifts in
response to physiological reaction(s). Lipid involvement in
neurological functions and evidence for their disturbance
in the prodromal stages of psychiatric disorders infers that
pharmacological intervention will likely, in turn, elicit a
lipid response.

While an approach to monitor treatment effects of quetiapine
on eCBs and related FAEs did not reveal a link (91), Aquino
et al. (92) conducted a broader lipidomics study to determine the
effects of antipsychotic treatment in acutely ill SCZ individuals.
The aim was to predict how patients would respond to specific
treatments. Their retrospective study identified multiple lipid
compounds in individuals treated with olanzapine, risperidone,
and quetiapine that differed between responders and those with
little to no improvement. However, molecular pathways for these
analytes have yet to be verified. Subsequent evaluation of lipid
response before and after treatment identified risperidone as
the antipsychotic with the largest impact on lipid expression
(76). Specifically, de Almeida et al. (76) found that the
lipid class phosphatidylserine was uniquely associated with
a poor response to all treatments, while changes in other
lipids associated with treatment response were antipsychotic-
specific. Of all lipid classes, glycerophosphocholines (PCs) were
most affected by antipsychotics. This finding is consistent with
another study showing that 7 months after baseline assessments
in antipsychotic-naive FEP individuals, certain PCs were up-
regulated by antipsychotics (67).

Yan et al. (77) also aimed to identify lipid alterations indicating
the onset of SCZ and subsequent response to treatment. Various
lipids were significantly dysregulated in antipsychotic-naive
individuals with SCZ compared to healthy controls, including
several new SM, AC, and ceramide species. Eight weeks of
antipsychotic treatment (various drugs, not further specified)
affected lipid levels in multiple ways. Some lipid levels did not
change; some were restored by treatment and reached levels
comparable to healthy controls, while other lipid levels began
declining or decreased even further in their abundance.

The side effects of typical and atypical antipsychotics are a
recurring problem, resulting in poor adherence to treatment
plans. Therefore, research into new therapeutics with fewer
adverse effects is of immense importance. Cannabidiol (CBD)
is being considered as a viable candidate for a next-generation
antipsychotic, owing to its promising efficacy in SCZ and
moderate side effects (93-96). Although underlying mechanisms
remain still conjectural, growing evidence suggests CBD may
exert its antipsychotic properties, at least in part, via lipid
signaling in the ECS (93-96). A systematic examination of lipids
in response to CBD might shed light on their physiological
relevance to CBD efficacy, particularly given recent dynamics
investigating the consequence of phospholipidomic shifts on
altered ECS function (75). To the best of our knowledge, so far,
no clinical investigations have explored peripheral lipid profiles
in response to CBD, either as a stand-alone or adjunct therapy
with antipsychotics.

Integration Omics Provides New Insight
Into Complex Interrelationships in SSD and

Psychosis

Biomarkers that are unique, stable, and reliable are considered an
important step toward personalized medicine. However, a major
obstacle in their development has been poor reproducibility
and unclear interpretation of their biological mechanism. The
growing body of evidence, including that already mentioned, has
shown that multiple omics systems are involved in SSD and that
a holistic approach is needed to capture their involvement in
disease etiology more accurately.

Previous studies pointed to dysregulation of both the lipidome
and proteome early in adolescence, even before the onset of
psychotic symptoms (71, 97). A follow-up study used plasma
samples from 12-year old children of the ALSPAC cohort
who were reported to develop a psychotic disorder at 18
years of age (78), examining the interrelationship between
these systems within the same individuals before the onset of
psychotic experiences. Multivariate network analysis showed
high connectivity between several phosphatidylcholines with
the complement pathway protein vitronectin and members of
the coagulation cascade (plasminogen and heparin cofactor
2), supporting previous literature on their involvement in
SCZ (85, 98, 99). Notably, this study represents one of the
first to link lipidomics to other omics datasets and highlights
that metabolic disturbances (including an interaction between
lipidome and proteome) may contribute to early vulnerability in
the development of psychotic disorders.
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TABLE 1 | Summary of identified lipid alterations in SSD and related psychoses.

Lipid class (regulation) Condition(s) examined Fluid Factor examined Integrated study References
(diagnosis/prognosis/treatment) (Y/N)

AA (/1) SCzZ Serum Diagnosis N (62)
DHA ({)

EPA (1/1)

EA (1)

EDA (1)

AA (/1) SCz Serum Treatment—mixed N
DHA (1)

EPA (1)

EA (L)

1) SCz CSF Diagnosis N (63)

1) SCZ patients with binocular Serum Diagnosis N
depth inversion illusion

AEA (1) SCZ and schizo-affective Serum Diagnosis N (64)
OEA () disorder

AEA (/1) SCZ and schizo-affective Serum Prognosis—association with N
disorder symptoms

LPC (1/1) SCz Serum Diagnosis N (65)
LPE (1/1)

PC (I/1)

PE (1)

SM (1)

FFA (/1) SCz Serum Diagnosis N (66)
LPC (/1)

LPE (1/1)

PC (I/1)

PE (1/1)

SM (1/1)

LPC (1) FEP Serum Diagnosis N 67)
PC ()

SM ()

LPC (1) FEP Serum Treatment N

PC (1)

SM ()

FFA (}) SCzZ Plasma Diagnosis N (68)
LPC (1)

LPE (1)

PC (I/1)

PE (1/1)

FA (1/1) SCz Serum Diagnosis N (69)
FFA (}) SCZ Plasma Diagnosis

FFA (J) SCZ and affective psychosis Plasma Diagnosis N
disorders

pd
=~
k=)

FFA (1) Affective psychosis disorders Plasma Diagnosis N
Psychotic disorders Plasma Prognosis N (71)

TG (1) CHR-P Serum Prognosis N (72)

(Continued)
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TABLE 1 | Continued

Lipid class (regulation) Condition(s) examined Fluid Factor examined Integrated study References
(diagnosis/prognosis/treatment) (Y/N)

TG (1) FEP and CHR-P Plasma Prognosis —association with BMI N (73)

AEA (1) SCzZ Plasma Diagnosis N (74)
PEA (1)

2-AG ({) FEP Serum Diagnosis N (75)
AEA (1)

LEA (1)

OEA (1)

PEA (1)

PC (I/1)

2-AG (1) FEP Serum Treatment N
AEA (J)

LEA (})

OEA ({)

PEA (1)

PC (I/1)

Cer (J/PR) SCZ Plasma Treatment —Risperidone N (76)
DG ({/PR)

PA (1/PR)

PC ({/PR)
PG ({/PR)
PS ({/PR)
SM (L/PR)
TG ({/PR)
PC (1/1/GR)
PE (1/GR)
PI-Cer ({/GR)

PS (J/PR) SCz Plasma Treatment—Olanzapine N
PA (}/PR)
PS (}/PR)
PA (1/GR)
PC (1/GR)
PG (1/GR)

PS (J/PR) SCZ Plasma Treatment—Quetiapine N
Cer ({/PR)

PG (1/GR)

Pl (1/GR)

CE (1) SCz Plasma Diagnosis N (77)
LPC ({/1)

PC ()

PE ()

SM (1)

TG (1)

CE({) SCz Plasma Treatment—mixed N
Cer (})

FA ()

LPC ({)

PC ()

SM ()

TG ()

PC (1) Psychosis (pre-clinical) Plasma Diagnosis/prognosis Y (78)
LPC (1)

AA, Arachidonic acid; AEA, Anandamide; CE, Cholesterol ester; Cer, Ceramide; Ch, Cholesterol; DG, Diglyceride; DHA, Docosahexaenoic acid; EA, Ethanolamide; EDA, Eicosadienoic
acid; EPA, Eicosapentaenoic acid; LA, Linoleic acid; FA, Fatty acid; FFA, Free fatty acid; GR, Good responder; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine;
PA, Phosphatidic acid; PC, Phosphatidylcholine; PE, Phosphatidylethanolamine; PEA, Palmitoylethanolamide; PG, Phosphatidylglycerol; Pl, Phosphatidylinositol; Pl-Cer, Ceramide
phosphoinositol; PR, Poor responder; PS, Phosphatidylserine; SM, Sphingomyelin; TG, Triglyceride.

In a recent study, Campeau et al. (100) performed a multi-  disease-related effects on various proteins and metabolites. The
omics analysis of plasma samples from individuals with SCZ  majority of altered metabolites between SCZ and healthy controls
and healthy controls (aged 28-74 years) to examine age- and  were classified as lipids. Their network analysis revealed that
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these metabolic alterations were highly interconnected with
several proteomic influences to apolipoproteins (Apo), a lipid
transporter family responsible for regulating the transport and
metabolism of lipids both in the CNS and periphery, whose
disruption has also been observed in serum of patients with SCZ
and metabolic syndrome (101). In addition, through advanced
machine learning approaches, their study identified multiple age-
related risk factors for SCZ, with several linked to well-known
CVD biomarkers, which are themselves risk factors and major
contributors to premature death in SCZ (42-45).

Finally, at the beginning of this year, Wang et al. (102)
constructed a pathway-based, integrated network generated
from metabolomics and transcriptomics data from human
plasma to investigate their functional interrelationship in the
pathogenesis of SCZ. Their endogenous interactive network
analysis uncovered important differences in phospholipid, amino
acid and energy metabolism, and observed latent pathway
interactions between metabolites belonging to these pathways
and genes with associated functions, including HMGCLL1
(ketogenesis), ALDH4A (proline/hydroxyproline metabolism),
and PLA2G4D (phospholipase A2) which may play an essential
role in SCZ. Diagnostic formulas for SCZ were established
based on metabolomic and transcriptomic results, and their
predictive ability was scrupulously confirmed. The results
showed that the formulas could be used to distinguish different
states of disease and health with good accuracy, indicating
the relevance of the identified variations in the metabolome
and transcriptome.

DISCUSSION

SSD are heterogeneous psychiatric syndromes whose large
variability in origin, modes of mechanism, and clinical expression
impede accurate diagnosis and treatment. Lipids are essential for
the maintenance of neuronal function, and it is widely accepted
that in SSD, lipid metabolism is disturbed. Therefore, they are
promising biomarker candidates, especially in light of the fact
that the field of lipidomics is developing exponentially after
advancements in mass spectrometry have enabled the generation
of global lipid profiles in high-throughput scenarios that can
accommodate differing clinical and pathological conditions (e.g.,
antipsychotic-naive, first episode, therapeutic response).

In this review, we focused on lipidomic studies in biofluid
tissue, which could be utilized as indicative markers
of neurological deficits in SSD. A vast majority of the
studies reported fluid biomarker candidates associated with
phospholipid metabolism and PUFAs, both critical regulators
of cerebral membrane function and fluidity (103), which
have also been reported as irregularities across various brain
regions in people with SCZ, reviewed in (28, 33-35). Responses
toward molecular SSD targets of interest derived from these
phospholipid precursors (Figure1) were also observed.
These included regulators of the ECS—a promising pathway
for therapeutic intervention (104), as well as AA and AA-
derived eicosanoids whose effects on inflammatory response
are well-established in SSD, with evidence to suggest that

decreasing these inflammatory biomarkers may improve clinical
outcome (105).

It is promising that the lipid classes showing dysregulation
were comparable between the CNS and peripheral tissue,
particularly given their biological importance in the CNS, as
well as the brain’s reliance on the transport of PUFAs from
circulatory systems (e.g., blood) for subsequent incorporation
into cerebral phospholipid membranes (30). The similarities may
reflect biological pathways or processes conserved between these
systems, strengthening the use of these fluid lipid changes as
surrogate biomarkers of neuropathology in SSD.

In addition, the findings described suggest that impaired
lipid homeostasis, including subsequent effects on lipid-derived
signaling mediators generated from these precursors, precedes
the onset of psychosis, with the changes observed over the course
of pathogenesis being dynamic and able to be reversed following
treatment. These outlooks support future investigations into the
restoration of lipid signaling as an intervention strategy, as well
as lipidomic evaluations on current and future (e.g., CBD) drug
effects. If successful, specific lipid biomarkers could be used to
predict and monitor treatment response.

SSD is also associated with higher rates of mortality, linked to
its co-morbidities such as diabetes, obesity, metabolic syndrome,
hyperlipidemia, and CVD (54, 106), all of which are characterized
by changes in lipid metabolism. TGs were also identified as
clinically high-risk factors for SSD and associated with FEP
(72, 73). These dietary lipids have been well-described as markers
of increased mortality resulting from the co-morbidities that
develop during SSD. Now, it may be that an increased frequency
of these lipids in co-morbid conditions reflects a greater risk of
developing SSD itself.

Despite mounting evidence of lipids involvement in SSD, the
power to extract clinically applicable lipid biomarkers remains a
challenge. Many probable lipid candidates are not exclusive to
SSD. Similar perturbations to phospholipids and TGs identified
in this review have also been reported in various neurological
disorders and co-morbidities, reviewed in Alves et al. (107).
This may reflect shared underlying pathological processes in the
various neurological and metabolic disorders.

Alternatively, results may be limited to the lipidomic analysis
employed. Unbiased lipidomic profiling with LC-MS/MS is
conventionally measured using data-dependent acquisition, a
lipid screening format that biases abundant lipids. Targeted
screening methods, such as MRM, aid the identification of
lipids of interest, down to picomolar concentrations, and were
employed to identify eCBs and eicosanoid disruptions in SSD
etiology (51, 52, 62, 69, 74, 75). Data-independent acquisition
is an alternative global lipidomic approach, providing a more
diverse lipidomics profile. This was employed by Yan et al. (77)
and led to the discovery of new sphingolipid fluid markers, the
third largest component of cell membranes behind phospholipids
and cholesterol, and critically important regulators of cell
signaling, development, and maintenance.

Consensus and design of studies are also plausible limitations
in recent clinical lipidomics investigations. Recruitment and
drop-outs are an ongoing challenge for research studies, made
even more difficult when participants with various conditions are
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needed. This may have limitations on the size of available cohorts,
categorization of sub-groups, as well as the biofluid available for
analysis. This latter point may explain why we have identified
only a single CSF investigation into SSD over the past 5 years,
and that perceived invasiveness of lumbar punctures may hinder
its broader use (108). Reliance on blood, arguably the next closest
anatomical fluid to the brain after CSE is also problematic, as
the global lipid profiles were reported to be considerably different
between the two biofluids (109).

Though some of these limitations cannot currently be
overcome, alternatives are being explored that incorporate omics
systems collectively to help uncover interrelated pathways that
lead to new disease associations not previously identified with
a single modality. This integrative approach may also interpret
new connections between tissue types, including relationships
between CSF and blood lipid levels, not seen by chance or simple
associations, leading to the discovery of new biomarkers and
therapeutics. Although the integration of lipidomics datasets is
still in its infancy, some of the analyses reported here have
applied integrative strategies and demonstrated new functional
relationships of lipids with proteins, metabolic pathways,
and gene expression, previously unknown in psychiatric
conditions (78, 100, 102).

Omics datasets, with or without integration, also present
unique analytical challenges regarding data interpretation. This
task is particularly challenging in SSD, as omics associations
could be interconnected with a multitude of clinical phenotypes.
However, new data analysis strategies involving artificial
intelligence and machine learning algorithms are now being
employed to accommodate these multiple variables. For example,
Madrid-Gambin et al. (78) utilized computational algorithms to
identify patterns representative of different metabolic phenotypes
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