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Mental disorders are heterogeneous and psychiatric comorbidities are common.
Previous studies have suggested a link between inflammation and mental disorders.
This link can manifest as increased levels of proinflammatory mediators in circulation
and as signs of neuroinflammation. Furthermore, there is strong evidence that individuals
suffering from psychiatric disorders have increased risk of developing metabolic
comorbidities. Our group has previously shown that, in a cohort of low-functioning
individuals with serious mental disorders, there is increased expression of genes
associated with the NLRP3 inflammasome, a known sensor of metabolic perturbations,
as well as increased levels of IL-1-family cytokines. In the current study, we set out
to explore the interplay between disease-specific changes in lipid metabolism and
known markers of inflammation. To this end, we performed mass spectrometry-based
lipidomic analysis of plasma samples from low-functioning individuals with serious mental
disorders (n = 39) and matched healthy controls (n = 39). By identifying non-spurious
immune-lipid associations, we derived a partial correlation network of inflammatory
markers and molecular lipids. We identified levels of lipids as being altered between
individuals with serious mental disorders and controls, showing associations between
lipids and inflammatory mediators, e.g., osteopontin and IL-1 receptor antagonist.
These results indicate that, in low-functioning individuals with serious mental disorders,
changes in specific lipids associate with immune mediators that are known to affect
neuroinflammatory diseases.

Keywords: mental disorder (disease), schizophrenia, autism spectrum disorder (ASD), obsessive-compulsive
disorder, lipidomics, inflammation

INTRODUCTION

Mental disorders are common and constitute a major, global burden of disease as well
as a challenge to healthcare, with a number of unmet needs (1). People with mental
disorders have two-to three-fold higher risk of premature death compared to the general
population (2). Since aetiological factors and pathophysiological mechanisms are largely unknown,
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mental disorders are still classified and diagnosed based on signs
and symptoms (3), and not on biomarkers. Symptomatology
often overlaps between various mental disorders, adding to a
high degree of comorbidity, especially in more severe cases
(4). A transdiagnostic approach has therefore gained increased
support in the field of psychiatry (5), especially in studies
of chronic and seriously ill individuals. This approach aims
to delineate underlying pathophysiological processes across
traditional diagnostic groups (6).

Inflammation has previously been associated with mental
disorders, such as depression, bipolar disorder, schizophrenia
spectrum disorder (SSD), autism spectrum disorder (ASD), and
obsessive-compulsive disorder (OCD) (7-10). Patients suffering
from these mental disorders tend to have increased levels of
circulating cytokines and increased microglial activity in the
central nervous system (CNS), suggesting that inflammation
may contribute to the onset, or the chronicity, of mental
disorders (11-14).

Depression, bipolar disorder, SSD and ASD have also been
associated with alterations in the lipidome (15, 16), especially
of phospholipids, such as lysophosphatidylcholines (LPCs),
phosphatidylcholines (PCs), phosphatidylethanolamines (PEs),
and sphingomyelins (SMs) (17-19). Such alterations in the
lipidome have also been linked to inflammatory processes in
other diseases, such as type 2 diabetes mellitus and cardiovascular
diseases (20). However, few studies have focused on this link in
mental disorders (15).

Inflammasome activation, Toll-like receptor (TLR) signalling
and immune cell differentiation are also implicated at the
juncture of inflammation and metabolism (21). For example,
oxidative stress and mitochondrial reactive oxygen species
(ROS) are well-known triggers for NLRP3 activation (22).
In addition, saturated fatty acids and oxidised phospholipids
may induce Nod-like receptor 3 (NLRP3) activation and the
production of interleukin (IL)-1 family cytokines through ROS-
dependent mechanisms (23-25). In a recent study by our
group, increased activity of genes associated with the NLRP3
inflammasome (CASPI1, NLRP3, PYCARD, ILIB, ILIRN), as
well as increased levels of IL-1-family cytokines (IL-1 receptor
antagonist (IL1Ra), IL-18), were found in a transdiagnostic
cohort with low-functional individuals with mental disorders
(26). In the current study, we aim to investigate the link between
inflammatory pathways, including the NLRP3 inflammasome,
selected markers of inflammation, previously identified markers
of neuroinflammatory events (27), and the lipidome in low-
functioning individuals with serious mental disorders.

MATERIALS AND METHODS

Participants

In this cross-sectional study, individuals with serious mental
disorders were recruited from psychiatric clinics in Orebro
County and the surrounding regions (Stockholm, Karlstad and
Lidképing) in Sweden. The inclusion criteria for the patient
group were: age 16-50 years and being diagnosed with at
least one of four serious mental illnesses: SSD, ASD, OCD,
or non-suicidal self-injury disorder (NSSID), allowing further

TABLE 1 | Demographics of participants.

Patients Controls

n=39 n=39
General parameters
Sex (M/F) 15/24 15/24
Age, mean (range) 28 (16-47) 28 (16-45)
BMI, mean (SD) 26.2 (5.9) 23.2 (2.7)
Educational level < 12 years 13 4
Educational level >12 years* 19 34
Working 3 26
Student 6 13
Permanent sick leave 30 0
Medical diagnoses
Asthma 2 1
Allergy 1 1
Diabetes type Il 1
Coeliac disease 1
Hypothyroidism 2
Gastric bypass surgery 2
Epilepsy 1
Psoriasis - 1
Brain malformation 1

*Missing values, 7 patients, 1 control.

comorbidity. These primary disorders were selected due to their
course with chronicity or frequent relapses, and their association
with inflammation in previous research. The Clinical Global
Impression Severity scale (CGI-S) was used, since it assesses
clinical severity irrespective of diagnosis, and only participants
scoring at least markedly ill, i.e., with a CGI-S score of 5 or
more, were included in the study. Exclusion criteria were any
neurological autoimmune disorders and/or an ongoing infection
at the time of blood sampling. All individuals with serious mental
disorders were recruited between November 2016 and June 2018.

Healthy controls were recruited in Orebro, consecutively after
patient inclusion to match age and gender (Table 1). Exclusion
criteria for controls were any psychiatric or medical disorder,
yet three had been diagnosed with physical conditions (psoriasis,
asthma and allergy to nuts, respectively), i.e., inflammatory-
related disorders which theoretically could affect our results.
However, all three were in clinical remission at the time of the
study and none received medical treatment.

Diagnostic Assessment Prior to Inclusion
All participants with a mental disorder had been diagnosed
according to the Diagnostic and Statistical Manual of Mental
Disorders (DSM-IV) by a board-certified psychiatrist prior to
enrolment. In addition, all psychiatric and medical records
were available to the researchers throughout the study. Notably,
assessment for ASD includes a comprehensive interview with
parents of the individual on early signs of autism, in
addition to extensive interviews and cognitive tests performed
by experienced psychiatrists and psychologists, according to
Swedish diagnostic routines.
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Procedures and Diagnostic Assessments
Within the Study

For diagnostic validation, a board-certified psychiatrist
interviewed each potential participant for 3 to 4h at one
single appointment, at Orebro University hospital or at the home
of the participant. Psychiatric comorbidities were assessed with
the Mini International Neuropsychiatric Interview (M.LN.L
version 7) (28) and the Clinician Administered Non Suicidal
Self-Injury Disorder Index (CANDI) (29). Global severity was
assessed with the Clinical Global Impression Severity scale
(CGI-S), and the Global Assessment of Functioning (GAF).
CGI-S is a single-value measurement of severity (1 = not at all
ill, 2 = borderline mentally ill, 3 = mildly ill, 4 = moderately
ill, 5 = markedly ill, 6 = severely ill and 7 = extremely ill) (30).
The GAF metric measures overall psychiatric dysfunction with
separate ratings for symptoms and disability (1 = extremely
impaired and 100 = extremely high functioning) (31). The
patients also rated their own severity of illness on the self-
rating version of CGI-S, Patient Global Evaluation (PGE).
An additional assessment of disability was performed with
the self-administered, 12-item version of the WHO Disability
Assessment Schedule (WHODAS 2.0) in order to include the
patient’s own view on the extent of their disability. The complex
method of scoring was used, for which an algorithm is utilised to
calculate a total score (0 = no disability and 100 = full disability),
with the resulting score indicating the percent of disability (32).

Depression was assessed using the nine item Patient Health
Questionnaire (PHQ-9) (33), and personality disorder traits were
measured with The Personality Inventory for DSM-5, brief form
(PID-5-BF) (34); PHQ-9 and PID-5-BF are both self-rated. To
confirm the severity of an ASD diagnosis, we used the Clinician-
Rated Severity of Autism Spectrum and Social Communication
Disorders and, to confirm the severity of SSD, the Clinician-
Rated Dimensions of Psychosis Symptom Severity was used;
both are DSM-5 derived measures (35). Further, the severity of
the OCD diagnosis was determined with the Global Obsessive-
Compulsive Scale (NIMH-GOCS) (36), and the Deliberate Self-
Harm Inventory (DSHI-9) was used for assessment of NSSID
(37). After the interview, each participant was assigned a primary
diagnostic group: SSD, ASD, OCD, or NSSID in addition to
the comorbidities.

The controls were also interviewed with the above-
described work-up by a registered nurse, trained in the
assessment to exclude individuals with current or previous
psychiatric disorder.

Sample Collection and Preparation

At the same day and location as the psychiatric interview,
peripheral whole blood was collected from participants between
8 and 10 a.m., following an overnight fast. A total of 86 mL was
drawn in eight, 10 mL EDTA tubes, one 4 mL EDTA tube, and
one PAXgene® Blood RNA tube. The 4mL EDTA tubes were
placed on ice directly after sampling. The tubes were centrifuged
for 15min at 1500 x g and plasma were then separated from
the whole blood, distributed into aliquots of 2ml and stored
at—80 °C until further analysis.

Measuring Inflammatory Markers

Methods used for quantifying gene expression levels of
inflammatory genes and circulating levels of the presented
cytokines have already been published (26). Briefly, gene
expression analysis was performed by extracting RNA from
whole blood using the PAXgene® system, and subsequent qPCR
was performed using the TagMan Fast Universal PCR Master
Mix (Applied Biosystems) and TagMan Gene Expression Assays
(Applied Biosystems). The relative quantity was determined for
each target gene using a serial four-fold dilution standard curve
from stimulated peripheral blood mononuclear cells (PBMCs).
All samples were run in duplicate with an accepted coefficient
of variation of < 15%. Samples with threshold cycle (Ct) >
35 were not used for quantification. All target genes were
normalised using the geometric mean of the reference genes
HPRT1 and TBP. For quantification of circulating cytokines
and chemokines in plasma, reagents and instrumentation
for electrochemiluminescence (ECL) multiplex assay (U-Plex
Biomarker 1-Human) from Meso Scale Diagnostics (MSD),
Rockville, MD, was used, except for circulating IL-1f, where the
SIMOA (Single Molecule Array) digital immunoassay platform
was used (Quanterix, Lexington, MA, USA).

Lipidomics Analysis

The serum lipids were extracted using a modified version
of the previously published Folch procedure (38). Shortly,
10 pL of 0.9 % NaCl and 120 pL of CHCI3: MeOH (2:1,
v/v), containing 2.5 pg mL-1 internal standards solution (for
quality control and normalisation purposes), were added to 10
WL of each plasma sample. The standard solution contained
the following compounds: 1,2-diheptadecanoyl-sn-glycero-
3-phosphoethanolamine  [PE(17:0/17:0)], N-heptadecanoyl-
D-erythro-sphingosylphosphorylcholine [SM(d18:1/17:0)],
N-heptadecanoyl-D-erythro-sphingosine [Cer(d18:1/17:0)], 1,2-
diheptadecanoyl-sn-glycero-3-phosphocholine [PC(17:0/17:0)],
1-heptadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine
[LPC(17:0)] and 1-palmitoyl-d31-2-oleoyl-sn-glycero-3-
phosphocholine [PC(16:0/d31/18:1)], were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA), tripalmitin-
Triheptadecanoylglycerol [TG(17:0/17:0/17:0)] (Larodan AB,
Solna, Sweden). The samples were vortex-mixed and incubated
on ice for 30 min after which they were centrifuged (9,400 x g,
3 min, 4° C). 60 wL from the lower layer of each sample was then
transferred to a glass vial with an insert and 60 wL of CHCI3:
MeOH (2:1, v/v) was added to each sample. The samples were
then stored at—80°C until analysis.

Calibration curves using 1-hexadecyl-2-(9Z-octadecenoyl)-
sn-glycero-3-phosphocholine {PC[16:0/18:1(9Z)]}, 1-(1Z-octa
decenyl)-2-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine
[PC(16:0/16:0)], 1-octadecanoyl-sn-glycero-3-phosphocholine
[LPC(18:0)], (LPC18:1), PE (16:0/18:1), (2-aminoethoxy){(2R)-
3-hydroxy-2-[(11Z)-octadec-11-enoyloxy]propoxy} phosphinic
acid [LysoPE(18:1)], N-(9Z-octadecenoyl)-sphinganine
{Cer  [d18:0/18:1(9Z)]},  1-hexadecyl-2-(9Z-octadecenoyl)-
sn-glycero-3-phosphoethanolamine [PE  (16:0/18:1)] from
Avanti  Polar  Lipids, Inc., 1-Palmitoyl-2-Hydroxy-sn-
Glycero-3-Phosphatidylcholine [LPC(16:0)] and 1,2,3
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trihexadecanoalglycerol (TG16:0/16:0/16:0), 1,2,3-
trioctadecanoylglycerol [TG(18:0/18:0/18:0)] and ChoE(18:0),
3p-Hydroxy-5-cholestene  3-linoleate  [ChoE(18:2)]  from
Larodan, were prepared to the following concentration
levels: 100, 500, 1,000, 1,500, 2,000 and 2,500 ng mL~! (in
CHCI3:MeOH, 2:1, v/v) including 1,000 ng mL™! of each
internal standard.

The samples were analysed using ultra-high-performance
liquid chromatography quadrupole time-of-flight mass
spectrometry method (UHPLC-QTOEMS), which has been
presented in detail previously (39). Briefly, the UHPLC system
used in this study was a 1,290 Infinity system from Agilent
Technologies (Santa Clara, CA, USA). The system was equipped
with a multi-sampler (maintained at 10°C), a quaternary solvent
manager and a column thermostat (maintained at 50°C).
Separations were performed on an ACQUITY UPLC® BEH
C18 column (2.1 x 100 mm, particle size 1.7 um) by Waters
(Milford, USA).

The mass spectrometer coupled to the UHPLC was a 6,545
QTOF instrument from Agilent Technologies interfaced with a
dual jet stream electrospray (dual ESI) ion source. All analyses
were performed in positive ion mode and MassHunter B.06.01
(Agilent Technologies) was used for all data acquisition. mass
spectrometry data processing was performed using open-source
software MZmine (v.2.1834). The following steps were applied
in the processing: (i) Crop filtering with a m/z range of 350-
1200 m/z and retention time (RT) range of 2.0 to 15.0 min, (ii)
Mass detection with a noise level of 1,000, (iii) Chromatogram
builder with a min time span of 0.08 min, min height of 1,200 and
a m/z tolerance of 0.006 m/z or 10.0 ppm, (iv) Chromatogram
deconvolution using the local minimum search algorithm with a
70 % chromatographic threshold, 0.05 min minimum RT range,
5 % minimum relative height, 1,200 minimum absolute height,
a minimum ration of peak top/edge of 1.2 and a peak duration
range of 0.08-5.0, (v) Isotopic peak grouper with a m/z tolerance
of 5.0 ppm, RT tolerance of 0.05 min, maximum charge of 2 and
with the most intense isotope set as the representative isotope,
(vi) Peak list row philtre keeping only peaks with a minimum
of 10 peaks in a row, (vii) Join aligner with a m/z tolerance
of 0.009 or 10.0 ppm and a weight for of 2, a RT tolerance of
0.1 min and a weight of 1 and with no requirement of charge
state or ID and no comparison of isotope pattern, (viii) Peak
list row philtre with a minimum of 53 peaks in a row (=10%
of the samples), (ix) Gap filling using the same RT and m/z
range gap filler algorithm (with an m/z tolerance of 0.009 m/z or
11.0 ppm, 10). Identification of lipids using a custom database
search (with an m/z tolerance of 0.009 m/z or 10.0 ppm and
a RT tolerance of 0.1 min, 15). Normalisation using internal
standards [PE (17:0/17:0), SM (d18:1/17:0), Cer (d18:1/17:0),
LPC (17:0), TG (17:0/17:0/17:0) and PC (16:0/d30/18:1)] for
identified lipids and closest ISTD for the unknown lipids,
followed by calculation of the concentrations based on lipid-class
concentration curves.

Quality control was performed throughout the dataset by
including blanks, pure standard samples, extracted standard
samples and control plasma samples. Relative standard
deviations (%RSDs) for lipids in the pooled quality control
(n = 5) were on average 20.0 %.

Histogram of non-rejection rates (NRRs) of pairwise
Spearman correlations of all lipids and cytokines

10000
|

Frequency
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eunuiil]

§

0.0 0.2 0.4 0.6 0.8 1.0
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FIGURE 1 | Histogram displaying frequency of non-rejection rates (NRRs) as
calculated pairwise between all lipids and inflammatory mediator in the studly.

Statistical Analysis

All statistical analyses were carried out using the statistical
programming language, R (40). The pre-processing of the dataset,
for both lipidomics data and for the measurements of the
inflammatory factors, involved: (1) missing values or values less
than zero in the data were replaced with zeroes, (2) all zeroes were
then replaced with imputed half-minimums (for each variable,
the minimum value was found, and half of this value was used),
(3) all values were log2 transformed and (4) values for each
variable was scaled to zero mean and unit variance (autoscaling).
In order to ascertain the changes in lipid and inflammatory factor
levels due to the presence of mental disorder, the fold-change
of all lipids and inflammatory factors was calculated as a simple
subtraction of the log 2, autoscaled values for all participants with
mental disorder minus their respective, matched controls. This is
referred to hereafter as the “fold change matrix” and was used for
all subsequent analyses.

For correlation analysis of all lipids and inflammatory factors,
Spearman correlations were calculated pairwise on the fold
change matrix. For visualisation, the corrplot R package (version
0.84) was used (41).

For network analysis and projection, the gpNrr function
from the gpgraph R package (version 2.16.0) (42) was run with
default parameters to estimate the non-rejection rates (NRRs)
of all pairwise correlations in the aforementioned matrix, to
identify likely-spurious associations. A histogram depicting the
frequencies of NRRs was generated from this matrix of NRRs
in order to judge a suitable threshold to conservatively retain
associations of interest and eliminate spurious ones (Figure 1).
Thereby, the fold change matrix was filtered by removing from
it all relationships which, in the NRR matrix, did not pass the
set threshold value (NRR < 0.1), and the remaining associations
were used to generate the edges for network projection.
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To provide the desired inflammatory mediator-centric
approach and avoid cluttering the network figure to the point
of illegibility with lipid-lipid interactions, the aforementioned
table of non-spurious associations was subsequently trimmed
to contain only associations between inflammatory mediators
and other elements (those being other inflammatory mediators
or lipids). This essentially removed, for clarity, lipid-lipid
interactions which did not involve any inflammatory mediator.

For this network projection, the Rgraphviz R package (version
2.26.0) (43) was used to generate network topography plots. Node
and edge properties for these network graphs were generated in
a custom fashion (see the legend of Figure 2). The positioning of
nodes in the network figure is generated by the Rgraphviz package
itself, and the clearest layout was obtained using the “fdp” layout
option. Manual reduction of the size of the figure was carried
out where certain peripheral nodes were drawn with anomalously
long edges as an artefact of automated network projection.

Following the observation of fold changes in lipids and
inflammatory mediators vs. matched controls (see Figure 4),
it became apparent that there was noteworthy heterogeneity
in the changes in lipid / inflammatory mediators levels vs.
matched controls. Therefore, analysis was also carried out to
ascertain if any lipids / inflammatory mediators were consistently
raised or lowered in all participants with mental disorder vs.
their matched controls. These consistently-changing lipids were
identified as the strongest associations (Spearman correlation
> 0.5 or <—0.5) in the NRR-filtered, inflammatory mediators-
centric matrix of NRR correlations. These could then be said to be
strong, non-spurious, disease-associated associations which were
the most consistent across all participants with mental disorder.
These strongest candidate lipid biomarkers of disease were then
plotted as bean plots, using the beanplot package (44) for R,
depicting the change in their level between controls and patients
(Figure 5).

TABLE 2 | Clinical characteristics of patients.

All patients SSD ASD ocb NSSID
n =239 n=14 n=28 n=9 n=38

Diagnostic assessment
Number of psychiatric diagnoses (median, range) 5(1-13) 6 (2-10) 3 (1-10) 5(1-11) 6 (3-13)
Current depression, n (%) 25 (64) 7 (50) 4 (50) 6 (67) 8 (100)
PHQ-9 (median, range) 18 (0-26) 21 (5-26) 16 (4-23) 14 (4-20) 21 (0-25)
PID-5-BF (median, range) 27 (7-51) 32 (16-49) 26 (7-30) 23 (9-51) 32 (16-43)
CRD-PSS (median, range) 5 (0-25) 9 (3-25) 4 (0-14) 3 (0-6) 5(0-15)
NIMH-GOCS (median, range) 2(0-13) 0(0-10) 1(0-5) 11 (3-13) 1(0-7)
DSHI-9 (median, range) 6 (0-48) 1(0-27) 0(0-13) 1(0-12) 30 (22-48)
CANDI (yes/no) 11/222 3/9° 1/50 1/7° 6/1°
WHODAS 2.0 (median, range) 69 (27-100) 65 (41-100) 83 (27-100) 73 (58-85) 64 (33-81)
CGI-S (median, range) 6 (3-7) 5(3-7) 5 (4-6) 6 (5-7) 6 (5-7)
PGE (median, range) 5(2-7) 5(3-7) 6 (3-7) 5 (4-6) 5 (2-6)
GAF (median, range) 42 (11-61) 40 (11-61) 46 (22-60) 45 (35-57) 42 (25-51)
Medications (n)
SRI 16 3 3 6 4
MAQ inhibitors 3 0 0 0 3
Central stimulants 3 0 1 1 1
Antipsychotics (other than clozapine) 17 9 4 1 3
Clozapine 4 4 0 0 0
Lithium 4 2 0 1 1
Anticonvulsants 10 5 1 1 3
GABA-ergic sedatives ih 5 2 2 2
Histamine blockers 12 4 3 1 4
Anticholinergics 5 3 2 0 0
Course of the disease
First episode of the disorder 2 0 0 0
Relapse and treated in inpatient unit 19 9 2 3 5
Relapse, but not in inpatient care 1 2 2 4
Chronic course 2 4 2 1

PHQ-9, Patient Health Questionnaire (PHQ) (range 0-27), Scores of 5, 10, 15, and 20 represent cut-points for mild, moderate, moderately severe, and severe depression). PID-
5-BF, The Personality Inventory for DSM-5 Short Form. CRD-PSS, Clinician rated dimensions of Psychosis Symptoms Severity. NIMH-GOCS, Global Obsessive-Compulsive Scale.
DSHI-9, Deliberate Self-Harm Inventory—9 item version; maximum score 54. CANDI, Clinician Administered Non-Suicidal Self-Injury Disorder Index. CGI-S, Clinical Global Impression
Scale-Severity. PGE, Patient Global Evaluation. GAF, Global Assessment of Functioning. 25 missing, °2 missing, ¢1 missing.
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Consideration was given to any potential effects of
antipsychotic medication on the measured features, thus
significance testing and multiple hypothesis correction were
performed by either Benjamini-Hochberg or Bonferroni
correction. To this end, generalised linear models (GLM) were
built to examine if there were any relationships between the
measured lipids / inflammatory factors and a flag indicating the
use of antipsychotic medication.

Ethics and Consent
All participants received verbal and written information about
the study, adapted to the low functioning of the participants, and

signed an informed consent prior to being enrolled in the study.
The study was approved by the Regional Ethical Review Board in
Uppsala, Sweden (2016/091).

RESULTS

Cohort Demographics and Clinical
Characteristics

This study drew upon a cohort of 39 low-functioning individuals
with severe mental disorders (ages 16-47 years) and 39 age and
sex matched controls (Table 1).
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negative correlations.

FIGURE 3 | Inflammatory-mediator-centric heatmap of significant (o < 0.05 in ANOVA/TukeyHSD analyses) associations between inflammatory mediator and lipids,
as measured by gPCR, electrochemiluminescent multiplex assay and UHPLC-QTOFMS. Lipid-lipid interactions were pruned from the original list of associations by
assigning all lipid-lipid interactions with an NRR of 1. Circulating cytokines are indicated with P. Orange colour denote positive correlation and blue colour denotes

(e7G)DL

(K8H/18L/1:81)DL

The psychiatric comorbidity in the patient cohort was
substantial; 64 % fulfilled the criteria for major depression
(3). Furthermore, the majority (59 %) met the diagnostic
criteria of a least five different psychiatric diagnoses, eight
participants fulfilled six or more diagnoses, and one participant
met the criteria for 13 diagnoses. Of these diagnoses, four
participants fulfilled a diagnosis for alcohol use disorder and
one for substance-related and addictive disorder (cannabis).
The mean age of onset for the whole group was 12 years
old (range 4-33), and 22 patients had a childhood onset
(before 13 years). A summary of included participants is shown
in Table 2.

Inflammation-Lipid Interactions

Following analysis of the plasma samples and data processing
(see Methods), the lipidomics dataset included 185 molecular
robustly-identified lipids. A total of 20 inflammatory markers
were used in the analysis, of which 11 were measured as
circulating cytokines and chemokines and 9 were analysed
for their gene expression levels. The majority of these has
been published in our earlier study (25). To elucidate disease-
specific changes in lipids, the fold change (patient minus
matched control) was calculated for downstream analysis.
Figure 2 provides a network projection of the interactions
between inflammatory factors and lipids. As shown in the
network, the inflammasome-related gene expression variables
(NLRP3, PYCARD, CASPI, ILIRN, IL18, ILIB) form an
inflammasome-related core that are highly interconnected
with positive correlations (R > 0.5). This core also displays
negative correlations to several lipids (n = 4) from different

lipid classes (LPCs, PCs, Phosphatidylinositol (PI), Ceramides
(Cer). Most inflammation-lipid interactions have negative
correlations (73%), except for the chemokine CXCL10 whose
interconnections are dominated by positive correlations (five
positives and one negative). Another group of inflammation-
lipid interactions was found with inflammation-related
osteopontin (OPN), which exhibits negative associations
with mainly triglycerides (seven negative correlations)
(see Figures 2, 3).

Identification of Lipid Candidates With
Consistent Patterns Across Participants

With Serious Mental Disorders

As shown in Figure4, the participants with serious mental
disorders displayed heterogeneous profiles as regard to lipid and
inflammatory factor profiles. In light of this, further analyses
were made to identify lipids that showed a consistent pattern of
fold change within the cohort. This approach revealed a smaller
set of strong (R > 0.5) correlations amongst inflammatory
factors and lipids (Table 3). Among the seven identified lipid
candidates, three of the lipids TG (50:1), TG (16:0/18:0/18:1)
and PC (0-34:3) also showed significant differences between
patients and controls, TG (50:1) and TG (16:0/18:0/18:1) were
higher among participants with serious mental disorder whereas
PC (0O-34:3) was lower compared to the controls (Figure 5).
Taken together, these three lipids show strong correlation with
immune markers across all participants with serious mental
disorder, as well as significantly differ compared to matched,
healthy controls.

Frontiers in Psychiatry | www.frontiersin.org

November 2021 | Volume 12 | Article 778325


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Hylén et al. Potential Lipid Mediators of Inflammatory Activity

AW DNA DB

~N=o00

0
j]
6
9
S
8
9
0
4
6
3
9
5
26
36
4
6
8
74
8
1
1
3
2
7
74
3
9

O

5
(U UV UUUUUUUUUUUUUUUUUUUUN VU U U0 U U D IR T UT T = DEIOFFZUDUD DTV UD
ZO00000000POOOOOCCC0COMMOSOMONE BEOOOOOZOOOO T BT O —>;55<00'¢ﬂﬁﬁﬁﬂﬁﬁﬁﬁﬁﬁﬁm00000”””
AR O (S e~ BB SR IEoT N
o I 000 P POOSPPH2 O POOONSVORE O woéo >0 >“A SREEORBSDDHN
SOWD! G O BCN 4; S
> ®
%'; o S 9 = =
2 23 ) ® 2 > ® o
om N Am = & == = o
>3 = g = = = = 5=
-2 s g
me 8 5
& o
M = ®
<} IS}
S =
2 23
& S
2
k=]
|

BONNNWNIG = U1 D 0UWNI0L A L= DN = D= BN =N SD N
ORNNNW  —=ONBOH OG0 WOHAOORNODH—O  NNW=G0

[

dﬂﬂnv440mvomvvﬂvvvvhdﬂvnvvvvvvvvvvvnvﬂrrw7mmmm0vmmom0moonvvwm##v 35120 B o o o o o e S O 0
HHODHONDMZOL SOOZOOOCONHNOONDOOONOOOOON U U: MOS0 S0 M OOO§§QOO:Og—«ODOOOOOOOQQQOO OMMMOO
(waﬁ_ﬁ ﬂ~AﬁA?AAAA--~. BB B B T T T T T T ety

N NN SWOL SR W0 i B O B o > AR AR LIS
S Q.D.Q_D.QQ. as oo 508 Oomnd S Sy [

0 3 © o NN o ®
» © B B = ! & » 2
= - E 5 5 S aig & = = =
® ® ® ®» ® e S = ® ® o0
LS & 8B 2 ] ] 2 ke
=] = [2]
i =
3 2
= 3
* Y
w =y
= o
2 e
S
®

FIGURE 4 | Heatmap of fold changes in lipid and inflammatory mediator levels. The fold-change of all lipids and inflammatory factors was calculated by subtraction of
the log2, autoscaled values for all participants with mental disorder minus their respective, matched controls. Column legends indicate individual lipids and immune
mediators [genes, circulating cytokines (indicated with P)]. Row legends indicate individual patient-control pairs.

DISCUSSION immune-lipid interactions across the studied transdiagnostic

cohort of participants with serious mental disorders. The
By systematically exploring the interactions between  correlation network (Figure2) showed expected positive
inflammatory mediators and lipids, we identified three strong  correlations between various inflammatory mediators, while

Frontiers in Psychiatry | www.frontiersin.org 8 November 2021 | Volume 12 | Article 778325


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Hylén et al.

Potential Lipid Mediators of Inflammatory Activity

almost three quarters of the immune-lipid interactions showed
negative correlations. Among the inflammatory mediators that
were most strongly associated with differences in lipid levels
(Table 3), IL-6, IL-1Ra and CASPI have previously been found
to be increased in the current cohort (26).

IL-1Ra, the receptor antagonist of IL-1, was negatively
correlated with PC (0-34:3); the latter was moreover lower
among participants with serious mental disorder compared to
the controls. PC (O-34:3) is an ether phospholipid, i.e., consisting
of an alkyl chain attached by an ether bond at the sn-1 position
of the glycerol backbone (45, 46). The current study, with
a decreased level of the ether phospholipid PC (0-34:3) in
participants with serious mental disorder, is in line with previous
research on SSD (47, 48). Ether phospholipids have an ability
to act as endogenous antioxidants and thus counteract oxidative
stress (45). Oxidative stress has been implicated in the pathology
of several mental disorders such as SSD (49), ASD (50), and
depression (51) and may cause a number of unwanted processes
in the body, including oxidation of lipids. Oxidation of lipids,
for example oxidation of PCs, can, in turn, induce inflammation
through e.g., activation of the inflammasome, leading to release of
the proinflammatory cytokines IL-1f and IL-18 (52). While in the
present study, the inflammasome components formed a highly
interconnected core with positive correlations, oxidative stress

TABLE 3 | Lipid candidates with strong inflammation-centric correlations across
all patients.

Feature 1 Feature 2 Correlation coefficient, R
CXCLS8 (Plasma) TG (56:4) 0.523

OPN (Plasma) TG (16:0/18:0/18:1) —0.502

IL-6 (Plasma) LPC (22:5) —0.505

CASP1 (Gene) Cer (d18:1/23:0) —0.505

IL-1Ra (Plasma) PC (0-34:3) -0.512

OPN (Plasma) TG (50:1) -0.512

IL-1Ra (Plasma) PE (0-38:5) or PE (P-38:4) —0.543

in the form of PC (0O-34:3) decrease was only weakly (R<0.12)
associated with central components in the inflammasome system.
Instead, interactions between PC(O-34:3) and the IL-1 family
of cytokines seem to be mediated via IL-1Ra. In addition,
several other ether phospholipids showed correlations with IL1-
Ra (Figure 2), but these changes had R values below 0.5. Elevated
IL1-Ra is a persistent feature of individuals across multiple
psychiatric diagnoses (53, 54). The current study suggests that
this feature is closely related to changes in ether phospholipid
levels, reflecting oxidative stress.

The two triacylglycerols, TG (16:0/18:0/18:1) and TG (50:1),
were found to be increased in participants with serious mental
disorder as compared to healthy controls. Increased levels of
TGs in individuals with a first episode of psychosis have been
reported previously (55, 56). In particular, increased levels of
TGs of low carbon number and double bond count, such as TG
(16:0/18:0/18:1), have been associated with non-alcoholic fatty
liver disease (NAFLD) (57), and with weight gain and metabolic
comorbidities in patients with first episode psychosis (58). In
addition, Solberg et al. found higher levels of triglycerides in
both the acute and the chronic stages of psychosis, as well as
an association between higher levels in the acute stage and more
severe symptoms in the chronic stage (59).

While TGs are not currently known to directly impact
inflammatory processes, the two aforementioned TGs had a
strong inverse association with OPN levels. OPN is mainly
known as a proinflammatory mediator, previously linked to
neurological disorders such as multiple sclerosis and Alzheimer’s
disease, where it is highly expressed in stressed microglia
(60). Furthermore, elevated levels of OPN have been found in
patients with SSD (61). Notably, OPN has also been found
to have several protective and regenerative effects in tissues
including the liver and CNS (62, 63). In this study OPN
did not differ significantly between participants with serious
mental disorders and controls (data not shown), indicating
that the negative association between the identified triglycerides
and OPN in individuals with serious mental disorders needs
further investigation.

ANOVA.P: 0.001
' 7 Patient-Control: 0.001

TG(50:1)

ANOVA.P: 0.003
Patient-Control: 0.003

4

TG(16:0/18:0/18:1) | © 7|  ANOVA.P: 0

Patient-Control: 0

PC(0-34:3)

T T 1

Control Patient Control

Group

Group

FIGURE 5 | Beanplots showing the levels of TG (50:1), TG (16:0/18:0/18:1) and PC (0-34:3) in plasma collected from patients (n = 39) and controls (n = 39). The
concentration of lipids followed was calculated based on lipid-class concentration curves. p < 0.05 was considered significant (ANOVA/TukeyHSD).

Patient Control Patient

Group
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The current study has some important limitations,
particularly small size of the study cohort. However, we
made an effort to only include low-functioning individuals
with serious mental disorders, representing clinical reality.
We did not include moderately or mildly ill individuals or
individuals with acceptable overall functioning. As with most
transdiagnostic studies, a major limitation is the high level
of heterogeneity, which is a reflection of the comorbidity.
In fact, the high level of comorbidity was expected; previous
studies have shown that 45 % of individuals with serious mental
disorders fulfil the criteria for more than one diagnosis during
1 year (64) and individuals who develop chronic disorders
with a severe course are particularly prone to fulfil a number
of psychiatric diagnoses (4). For example, a child with OCD
may be diagnosed with ASD in early teens (65) and then
develop a psychosis in young adulthood, leading to a difficult
to treat schizo-obsessive disorder (66). Self-harm, such as
cutting oneself, is rather common among teenage girls, but in
a small subset of susceptible individuals, usually with extensive
comorbidity, it may become severe and require inpatient care,
such as our participants with NSSID. Whereas, a focus on
severity leads to comorbidity and heterogeneity, our included
individuals suffered from one or several psychiatric disorders
known to be associated with inflammation: SSD, ASD, OCD and
depression. Nevertheless, the comorbidity and the heterogeneity
make the results difficult to compare with studies that focus
on one single diagnosis. Unfortunately, the small sample
size of our study does not allow reliable subgroup analyses.
Our approach enabled inclusion of very low functioning
individuals with few treatment options and poor outcome. These
individuals are unlikely to be accepted in treatment studies but
represent the core of seriously ill in psychiatric care. Due to the
heterogeneity and small sample size, care was taken to identify
associations that were consistent across all participants and
using statistical analyses that takes into account the sample size
(e.g., TukeyHSD).

Most of our participants received medication. Out of the
39 participants, 18 were treated with antipsychotic medication,
including participants with different primary diagnoses.
Antipsychotics are commonly used, not only in SSD, but also
in ASD, severe OCD and among individuals with self-harming
behaviours (67-69). Antipsychotics, are known to affect lipids
(56). however in the present study, no lipids showed a significant
relationship with antipsychotic medication, including clozapine,
(explored by using generalised linear models (GLM) on both
pre- and post-processed data) and thus this potential confounder
was dropped from the analysis. However, the inability to identify
this confounder could be explained by the small sample size.
Future research should ideally include much larger samples
than ours.

Lifestyle factors such as diet and exercise are also likely
to influence the lipids but were not accounted for in this
study. Individuals suffering from serious mental disorders are
known to be prone to unhealthy diet due to a number of
reasons, i.e., impulsivity, craving of carbohydrates, side-effects

of medications, and poverty. Unfortunately, these known
differences in lifestyle patterns between groups are difficult
to avoid. We did however carefully match participants with
serious mental disorder and controls with respect to age and
sex, and sampling was performed when participants were
fasting, within the same hours of the day and with minimal
handling times.

Taken together this exploratory study identified consistent
disease-related alterations in the lipidome in a small cohort
of low-functioning individuals with serious mental disorders
who have previously been shown to exhibit increased levels of
inflammatory markers. In particular, changes in two triglycerides
and one ether phospholipid were strongly (R > 0.5) associated
with OPN and IL-1Ra. While this remains to be studied in
larger transdiagnostic cohorts, this study showed a mental illness-
linked interplay between lipids and inflammatory factors and
suggests that low-functioning individuals with mental disorders
from different diagnostic groups, despite various observable
differences, may also share a subset of common, transdiagnostic
changes in immune-lipid pathways.
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