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A B S T R A C T   

The excess availability of glucose and lipids can also have an impact on the dynamics of activation and regulation 
of peripheral immune cells. We aimed at understanding the correlations between peripheral metabolic state and 
immune system during the first year in first-episode psychosis (FEP). Patients with FEP (n = 67) and matched 
controls (n = 38), aged 18–40 years, were met at baseline, 2 and 12 months. Fasting peripheral blood samples 
were collected. We applied the NanoString nCounter in-solution hybridization technology to determine gene 
expression levels of 178 candidate genes reflecting activation of the immune system. Serum triglycerides, high- 
density lipoprotein (HDL), low-density lipoprotein (LDL) cholesterol and insulin and plasma glucose (fP-Gluc) 
were measured. We applied Ingenuity Pathway Analysis (IPA) to visualize enrichment of genes to functional 
classes. Strength of positive or negative regulation of the disease and functional pathways was deduced from IPA 
activation Z-score at the three evaluation points. We correlated gene expression with plasma glucose, triglycerids 
and HDL and LDL, and used hierarchical clustering of the pairwise correlations to identify groups of genes with 
similar correlation patterns with metabolic markers. In patients, initially, genes associated with the innate im-
mune system response pathways were upregulated, which decreased by 12 months. Furthermore, genes asso-
ciated with apoptosis and T cell death were downregulated, and genes associated with lipid metabolism were 
increasingly downregulated by 12 months. The immune activation was thus an acute phase during illness onset. 
At baseline, after controlling for multiple testing, 31/178 genes correlated positively with fasting glucose levels, 
and 54/178 genes negatively with triglycerides in patients only. The gene clusters showed patterns of correla-
tions with metabolic markers over time. The results suggest a functional link between peripheral immune system 
and metabolic state in FEP. Metabolic factors may have had an influence on the initial activation of the innate 
immune system. Future work is necessary to understand the role of metabolic state in the regulation of immune 
response in the early phases of psychosis.   

1. Introduction 

The evidence for a dysregulation of the immune system in the early 
phases of psychosis is robust. In first-episode psychosis (FEP), high 

serum levels of inflammatory cytokines have been confirmed in meta- 
analyses, and in follow-up, there is some longitudinal decrease, but 
exacerbation at relapse (de Witte et al., 2014; Goldsmith et al., 2016; 
Upthegrove et al., 2014). The dysregulation of immune response is seen 
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preceding illness and in drug-naïve FEP patients (Crespo-Facorro et al., 
2014; Garcia-Bueno et al., 2014; Miller et al., 2011; Schiavone and 
Trabace, 2017; Weber et al., 2018). Lastly, blood cells from people with 
FEP cultured ex vivo manifested altered secretion of molecules associ-
ated with the acute phase response and the coagulation/fibrinolytic 
system (Herberth et al., 2014). Genetic, epigenetic and gene expression 
work has indicated association of psychosis with certain genes involved 
in dysregulated immune response, such as variation in complement 
component 4 gene and in genes associated with B and T lymphocyte 
functions (Debnath, 2015; Pouget, 2018; Sekar et al., 2016). The po-
tential environmental risk factors/mechanisms leading to a dysregulated 
immune response and low-grade inflammation in psychosis are diverse 
and include infectious agents, stress, trauma, environmental toxins, 
physical inactivity, obesity, poor diet, and sleep disruption, as reviewed 
previously (Radhakrishnan et al., 2017; Suvisaari and Mantere, 2013). 
Antipsychotic medication may have immunomodulatory effects (Cres-
po-Facorro et al., 2014; Mantere et al., 2019; Steiner et al., 2020). 

Less acknowledged in psychiatry is that the excess availability of 
glucose and lipids can also have an impact on the dynamics of activation 
and regulation of peripheral immune cells (Poznanski et al., 2018; Wahl 
et al., 2012). T cell metabolic reprogramming is crucial for the differ-
entiation, proliferation and acquisition of effector functions of T cells. 
Immune cells have sensors to recognise an abundance of nutrients, such 
as high blood glucose and lipids (Bantug et al., 2018; Dali-Youcef and 
Ricci, 2016; Dasu and Jialal, 2011; Sears and Perry, 2015). This in-
fluences immune cell activation and T cell differentiation (Poznanski 
et al., 2018). 

Insulin resistance (IR) is a condition in which cells are no longer 
responding appropriately to circulating insulin, leading to increased 
levels of blood glucose and accelerated release of lipids from the adi-
pocytes and glucose from the liver (Dali-Youcef et al., 2013). Despite 
similar body mass index (BMI), individuals at ultra-high risk for psy-
chosis (Carney et al., 2016) or drug-naïve FEP patients differ from age 
and gender matched controls in all markers of prediabetes. Most 
importantly, decreased insulin sensitivity, increased IR, and high tri-
glycerides are consistently reported in FEP (Foley and Morley, 2011; 
Greenhalgh et al., 2017; Perry et al., 2016; Pillinger et al., 2017a; 
Vancampfort et al., 2013). Decreased insulin sensitivity is also detected 
in the siblings of FEP patients, while other metabolic descriptors are 
normal (Chouinard et al., 2018; Enez Darcin et al., 2015). Thus, inter-
estingly, and unlike the general population, hepatic IR in psychosis 
precedes obesity (Chouinard et al., 2018; Perry et al., 2016; Pillinger 
et al., 2017a). From general population studies we know that lipids and 
IR interact being both cause and effect of developing diabetes, accom-
panied by changes in the immune system (Dali-Youcef et al., 2013; Sears 
and Perry, 2015). Currently, the knowledge on the relationship between 
peripheral metabolic state and immune system in psychosis is limited, 
and the molecular mechanisms of IR in psychosis remain open (Ballon 
et al., 2014). 

In patients with FEP (n = 67) and matched controls (n = 38), we 
measured the expression of 178 genes of the immune system in blood. In 
a previous report, we focused on correlates of single genes at baseline. 
The cases and controls were mostly similar in gene expression, but we 
detected higher variation of expression levels among the patients. Even 
after correction for multiple testing, patients on risperidone showed 
upregulation of numerous individual proinflammatory genes, and this 
correlation was not better explained by other clinical confounders 
(Mantere et al., 2019). Here, we seek further understanding about rea-
sons for high variation in expression using more robust analytical 
methods. We aimed at showing a longitudinal association between gene 
expression profiles, as opposed to single genes, related to immune sys-
tem functioning and cell metabolism, and their relationship with the 
peripheral metabolic state (fasting plasma glucose, insulin and lipids). 

2. Methods 

2.1. Data sampling and clinical evaluation 

The Helsinki Early Psychosis Study recruited FEP patients (aged 
18–40 years old) attending their first treatment for psychosis in the 
catchment area of the University Hospital District of Helsinki and 
Uusimaa and Helsinki Psychiatric Services in the time period from 
December 2010 to June 2016. The methods were described in detail 
previously (Keinänen et al., 2015, 2018; Mantere et al., 2019). The in-
clusion criteria for the study were receiving a score of at least 4 for 
unusual thought content or hallucinations in the Brief Psychiatric Rating 
Scale-Extended (BPRS-E) (Ventura et al., 1993), and fluency in the 
Finnish language. The diagnoses of psychotic disorders according to the 
DSM-IV criteria were later verified using the Structured Diagnostic 
Interview for DSM-IV, Research version, patient edition (SCID-I/P) (First 
et al., 2002). Substance-induced psychotic disorders and psychotic dis-
orders due to a general medical condition were excluded. For the current 
analysis, we excluded 3 subjects with a diagnosis of diabetes type I or II. 
After that, our dataset comprised 67 patients with FEP and 38 matched 
controls. Patients with FEP were assessed three times. Baseline assess-
ment was conducted as soon as the patient had entered treatment and 
was able to give informed consent according to the treating personnel. 
Follow-ups were conducted at two and 12 months. 

Data were gathered on sociodemographic factors, functioning, and 
medication; the interviewer measured weight, height, blood pressure, 
and waist circumference (Keinänen et al., 2015). We calculated the body 
mass index (BMI) (kg/m2). 

Controls—matched by age, sex, and region of residence—were 
identified from the Population Register Center and assessed at baseline 
and 12 months with the same protocol as the patients. The exclusion 
criteria for the controls were a lifetime history of psychotic disorder; 
chronic neurological, endocrinological, or cardiovascular diseases; and 
any condition that prevents magnetic resonance imaging. 

The study was carried out in accordance with The Code of Ethics of 
the World Medical Association (Declaration of Helsinki). The study 
protocol was approved by the Ethics Committee of the Hospital District 
of Helsinki and Uusimaa and by the institutional review boards of the 
National Institute for Health and Welfare (THL), and the University of 
Helsinki, Finland. All participants gave a written informed consent. 

2.2. Selection of genes for analysis 

Given the number of patients, we conducted a hypothesis-driven 
selection of genes for analysis. Based on our hypothesis, we selected 
predominantly immune-mediated genes that belong to the genes or 
molecular pathways that had previously been reported as the major hits 
in genome wide genetic studies in severe mental illness, and/or have 
been shown to overlap between mental illness with cardiovascular risk 
and immune-mediated diseases (Amare et al., 2017; Lin and Shuldiner, 
2010; Liu et al., 2013; Pouget, 2018). The final list was agreed on with 
an immunologist to cover the most important immunological functions 
and pathways. 

2.3. Laboratory analytical methods 

A fasting blood sample was collected at 8–10 a.m. Serum and plasma 
samples were immediately aliquoted and stored at − 80 ◦C. Serum high- 
density lipoprotein (HDL) cholesterol, triglycerides, insulin and plasma 
glucose (fP-Gluc) were measured by Abbott Architect ci8200 analyzer 
(Abbott Laboratories, Abbott Park, IL, USA) in the laboratory of the 
Genomics and Biomarkers Unit at the THL. The laboratory has been 
accredited by Finnish Accreditation Service (FINAS) and it fulfills the 
requirements of the standards SFS-EN ISO/IEC 17025:2005. The scope 
of accreditation covers all analyses. The following methods were used: 
enzymatic assays for measuring total cholesterol, triglycerides and fP- 
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Fig. 1. Ingenuity Pathway Analysis (IPA) of gene expression levels at baseline, at 2 months and at 12 months focusing on pathways of cell function and lipid 
synthesis. The pathways are presented in 4 functional groups. 
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Gluc, homogeneous method for direct measurement of HDL cholesterol, 
and chemiluminescent microparticle immunoassay (CMIA) for insulin 
(Keinänen et al., 2018). Low-density lipoprotein (LDL) cholesterol was 
calculated by the Friedewald formula. The mean inter-assay coefficients 
of variation (CVs) for serum total cholesterol, HDL cholesterol, tri-
glycerides, insulin and plasma glucose were 1.0%, 1.1%, 0.8%, 2.8%, 
1.9%, and 1.1%, respectively (Keinänen et al., 2018). For descriptive 
purposes, we used homeostatic model assessment for insulin resistance 
(HOMA-IR) index >2.5 to describe IR, high fP-Trigly level ≥1.7 mmol/l, 
high LDL >4.3 mmol/l, and low HDL ≤1 mmol/l for men and ≤1.2 
mmol/l for women (Keinänen et al., 2018). 

We extracted total RNA from blood samples collected from 67 pa-
tients and 38 controls. Blood was collected in PAXgene tubes (Pre-
AnalytiX, Switzerland) and stored at − 80 ◦C upon extraction with 
PAXgene Blood RNA kit (Qiagen). RNA yield and purity were assessed 
using NanoDrop and Qubit (Thermo Fisher Scientific). We applied the 
nCounter in-solution hybridization method (NanoString Technologies, 
Inc, Seattle) to measure gene expression levels of candidate genes. 
nCounter custom CodeSet probes for the assay were designed for 178 
target genes of interest (see description and full names of the selected 
genes in S1) and for five control genes (PDCL, RBM48, SDR39U1, 
SPRYD7, TMEM87A), selected based on their expression levels and 
stability in control samples of an RNA-sequencing study of systemic 
lupus erythematosus (GEO accession GSE72509), and not being, to our 
knowledge, associated with mental disorders nor activated by the im-
mune system. nCounter assays, each including 100 ng total RNA, were 
conducted at the DNA Sequencing and Genomics Laboratory of the 
Institute of Biotechnology, University of Helsinki, Finland. For each 
assay cartridge, we mixed the samples based on the disease status, sex, 
and blood sampling time point to avoid batch effects. Each assay 
resulted in on average 403,470 (151,992− 887,787) molecule counts. 
Negative control probes to control for background hybridization showed 
on average 7.8 (range 1–24) counts and correlation (Pearson) of positive 
probes with the molar content of positive target molecules was on 
average Person r = 0.998, indicating good assay linearity. Data quality 
was further investigated for possible effect of different normalization 
parameters, and absence of batch effects was confirmed with R package 
NanoStringNorm (Waggott et al., 2012). Finally, data was normalized 
using the control genes and positive control probes, and subtracting 
background counts that fell below mean + 2*SD of the negative control 
probes, using nSolver software v2.6 (NanoString Technologies). 

2.4. Statistical analysis of clinical data 

Normality of distribution for each dimensional variable was tested 
using Shapiro-Wilk test. Because most of the variables were not nor-
mally distributed, we calculated descriptive statistics for sociodemo-
graphic and clinical measures using tests for non-normally distributed 
variables. Thus, we used Pearson’s χ2 tests (Fisher’s exact test) or the 
Mann-Whitney U test to test significance in between-group comparisons, 
and we used Spearman’s rank order correlations to test for correlations. 
Friedman’s ANOVA was used to test differences between baseline, two- 
month and 12-month assessments for patients who had measurements 
available at all time points. For descriptive purposes, we present all p- 
values significant at the <0.05 level. We adjusted the correlation of 178 
genes with glucose and triglycerides for multiple testing using the 
Benjamini-Hochberg method at the <0.10 level (Benjamini and Hoch-
berg, 1995). 

To identify biological pathways with significant enrichment of 
differentially expressed genes, we applied Ingenuity Pathway Analysis 
(IPA) to investigate the strength of enrichment of terms possibly related 
to activation of the immune system through different sampling time 
points. We used the Ingenuity Pathway Analysis software tool (IPA build 
483681M, content version 43605602, release date 2018-03-28; Qiagen). 
Experimentally observed relationships from all tissues and data sources 
published previously were included in analysis for genes whose 

expression levels differed at least 10% between patients and controls. 
We specifically investigated strength of predicted associations to a pre- 
selected set of the disease and functional pathways related to immune 
activation, separately for the three sampling time points. Strength of 
positive or negative regulation of the disease and functional pathways 
was deduced from IPA activation Z-score. Activation Z-score depicts 
whether the expression levels of associated genes support increased 
(positive Z score) or decreased (negative Z-score) activation of the term. 
Furthermore, we correlated the expression data to levels of plasma 
glucose, triglycerides, HDL, and LDL (R Hmisc, Pearson correlation) and 
did a hierarchical clustering of the pairwise correlations (R gplots, 
Euclidean distance) to identify groups of genes in which expression 
levels correlate positively or negatively with glucose, triglycerides, HDL, 
or LDL. 

3. Results 

3.1. Descriptors of patients and controls 

Characteristics of the cohort, with slightly differing numbers of 
participants depending on the focus of each report, have been described 
in detail previously (Keinänen et al., 2015, 2018; Mantere et al., 2019), 
and a complete description of this subsample is presented in S2 and S3 to 
6. Briefly, at baseline, the patients and controls did not differ in gender, 
mean age, or anthropometric measures (S3). Most patients had a 
schizophrenia spectrum diagnosis (S4). The proportions of patients 
using antipsychotic medication at baseline, 2 months, and 12-month 
follow-up were 94.0% (63/67), 82.5% (52/63) and 79.5% (35/44), 
respectively. Median duration of antipsychotic treatment for patients 
with a medication at baseline was 31.0 days. At baseline, the patients 
had higher insulin, HOMA-IR and triglyceride level, and a lower HDL 
cholesterol level than the controls (S5). In the follow-up of patients, the 
paired samples t-test showed a significant difference between the mean 
values of BMI, but none of the markers of glucose metabolism or lipids 
between baseline and 12 months. IR both at baseline and 12 months was 
present in 22.5% of patients. Only 7.5% had a high triglyceride level at 
both evaluations, and none at baseline and 2.5% of patients at 12 
months showed high LDL. Triglycerides did not correlate with glucose at 
baseline but correlated positively with glucose at 12 months (S6). 

3.2. Longitudinal course of gene expression within the patients 

In Fig. 1 we present IPA term enrichment Z-scores based on gene 
expression differences between patients and controls at baseline, at 2 
months and at 12 months focusing on pathways of cell function and lipid 
synthesis. Only the genes with a |Z| score ≥2 at least once are presented. 
Genes related to the innate immune system pathways were prominently 
upregulated in patients as opposed to controls at baseline, and the level 
of upregulation was decreasing thereafter, especially between 2 and 12 
months. These upregulated pathways included activation of myelopoi-
esis of leukocytes, monocytopoiesis, quantity of neutrophils, cell pro-
liferation of leukocyte cell lines, differentiation of myeloid leukocytes, 
chemotaxis by lymphocytes, differentiation of myeloid leukocytes and 
chemotaxis by lymphocytes, as well as activation of natural killer cells, 
stimulation and recruitment of phagocytes (antigen presenting cells and 
macrophages), cytotoxicity of lymphocytes, and cellular infiltration by 
granulocytes. In contrast, there was an increasing downregulation of 
pathways indicating T cell apoptosis and cell death. These included 
cellular infiltration by granulocytes, differentiation of Th1 cells, and 
apoptosis of T lymphocytes. Pathways for cytolysis, cell death of antigen 
presenting cells, and differentiation of Th1 cells became downregulated 
in follow-up. In addition, by 12 months, there was increasingly down-
regulation of genes related to fatty acid metabolism and lipid synthesis, 
and synthesis of eicosanoid. Finally, markers of pathways related to 
complications from immune responses such as allergy, colitis or chronic 
inflammatory disorder were variably downregulated. 
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Table 1 
The genes with a statistically significant correlation between descriptors of glucose and triglycerides with gene expression at baseline, comparing patients and controls. 
* indicates statistical significance after correcting for multiple testing.   

Cases Controls 

fP-Gluc Triglycerids fP-Gluc Triglycerids 

Rho p Rho p Rho p Rho p 

ABCA1 0.15 0.24 ¡0.35 0.005* − 0.26 0.12 − 0.040 0.81 
ABCG1 0.22 0.083 ¡0.50 <0.001* ¡0.34 0.041 − 0.096 0.57 
ACSS2 0.32 0.008* ¡0.38 0.002* − 0.15 0.37 − 0.15 0.38 
AKT1 0.39 0.001* ¡0.37 0.003* 0.002 0.99 − 0.22 0.20 
AKT2 0.22 0.072 ¡0.33 0.007* − 0.29 0.087 ¡0.39 0.017 
ARNTL/BMAL1 0.25 0.041 ¡0.35 0.004* − 0.12 0.47 0.009 0.96 
CASP9 0.39 0.001* ¡0.35 0.005* − 0.090 0.60 − 0.19 0.26 
CCL7 0.19 0.12 ¡0.26 0.036* 0.067 0.69 − 0.017 0.92 
CHI3L1 0.13 0.31 ¡0.32 0.009* − 0.074 0.66 − 0.13 0.45 
CLEC7A 0.062 0.62 ¡0.25 0.043 − 0.018 0.92 0.098 0.56 
CPT1AB 0.38 0.002* − 0.021 0.87 0.10 0.55 0.048 0.78 
CR1 0.32 0.010* − 0.21 0.095 − 0.14 0.42 − 0.026 0.88 
CSF2RB 0.32 0.009* ¡0.42 <0.001* − 0.17 0.30 − 0.18 0.28 
CXCL2 − 0.061 0.62 0.26 0.037* 0.050 0.77 − 0.15 0.39 
DUSP1 0.42 <0.001* ¡0.31 0.013* − 0.024 0.89 − 0.041 0.81 
DUSP2 0.35 0.005* − 0.23 0.061 − 0.28 0.096 − 0.22 0.18 
FAS 0.31 0.011* − 0.14 0.26 0.12 0.49 0.20 0.24 
FLT3 0.17 0.17 ¡0.37 0.002* − 0.094 0.58 0.053 0.76 
GATA3 0.26 0.036 − 0.042 0.75 − 0.15 0.37 − 0.27 0.11 
GIT1 0.25 0.047 ¡0.28 0.023* − 0.056 0.74 ¡0.35 0.035 
GK 0.31 0.012* − 0.20 0.11 0.015 0.93 0.051 0.77 
GSK3B 0.34 0.005* ¡0.26 0.037* − 0.10 0.54 − 0.20 0.23 
ICAM1 0.37 0.002* − 0.094 0.46 − 0.14 0.40 0.016 0.93 
ICAM3 0.45 <0.001* ¡0.36 0.004* − 0.18 0.30 − 0.039 0.82 
ICOS ¡0.26 0.032 0.035 0.78 0.042 0.80 − 0.29 0.081 
IDO2 0.085 0.50 ¡0.29 0.020* 0.16 0.35 − 0.26 0.12 
IFNGR2 0.26 0.034 ¡0.32 0.009* − 0.087 0.61 − 0.067 0.70 
IGF1R 0.26 0.032 ¡0.30 0.018* ¡0.051 0.77 0.003 0.99 
IL1B 0.36 0.003* − 0.17 0.18 − 0.045 0.79 0.046 0.79 
IL1R1 0.34 0.006* − 0.22 0.077 − 0.039 0.82 − 0.17 0.31 
IL1RN 0.24 0.056 ¡0.28 0.025* − 0.088 0.60 − 0.074 0.67 
IL2RA 0.024 0.85 0.080 0.53 0.074 0.66 − 0.28 0.090 
IL4 − 0.038 0.77 ¡0.34 0.006* 0.18 0.29 − 0.15 0.38 
IL5 0.011 0.93 ¡0.30 0.017* − 0.065 0.70 0.037 0.83 
IL6R 0.44 <0.001* ¡0.35 0.004* − 0.13 0.43 − 0.11 0.51 
IL10RA 0.37 0.003* − 0.24 0.058 − 0.21 0.21 ¡0.34 0.039 
IL13 0.23 0.067 ¡0.30 0.016* − 0.055 0.75 − 0.10 0.54 
IL17A 0.085 0.50 ¡0.36 0.004* 0.15 0.39 − 0.21 0.21 
Il17RA 0.36 0.003* ¡0.32 0.009* − 0.22 0.20 − 0.12 0.49 
IL23A − 0.20 0.11 0.30 0.015* 0.066 0.70 − 0.17 0.31 
IRAK1 0.20 0.11 ¡0.42 0.001* − 0.25 0.14 − 0.23 0.18 
IRF1 0.42 0.001* ¡0.33 0.007* − 0.13 0.46 − 0.002 0.99 
IRF9 0.15 0.22 ¡0.30 0.016* 0.029 0.87 − 0.029 0.87 
MAF 0.30 0.013* ¡0.28 0.023* − 0.11 0.51 ¡0.45 0.005 
MAPK1 0.35 0.004* ¡0.28 0.027* − 0.24 0.16 ¡0.15 0.38 
MAPK3 0.39 0.001* ¡0.34 0.005* − 0.16 0.34 − 0.14 0.40 
MYD88 0.27 0.027 ¡0.35 0.004* − 0.054 0.75 − 0.11 0.51 
NDUFV2 − 0.21 0.085 0.35 0.004* 0.40 0.014 0.37 0.026 
PIK3CB 0.19 0.12 ¡0.33 0.007* − 0.067 0.70 − 0.25 0.14 
PIK3CD 0.42 <0.001* ¡0.28 0.023* − 0.24 0.15 − 0.11 0.52 
PIK3CG 0.28 0.024 ¡0.37 0.002* − 0.16 0.35 − 0.16 0.35 
PIK3R5 0.49 <0.001* ¡0.42 <0.001* − 0.13 0.44 − 0.16 0.34 
PPARA 0.26 0.032 − 0.13 0.30 − 0.13 0.43 − 0.29 0.083 
PTPN2 − 0.006 0.96 0.31 0.014* 0.19 0.27 0.28 0.099 
PTNP7 0.26 0.035 − 0.16 0.19 − 0.17 0.32 − 0.11 0.52 
RAC1 0.45 <0.001* ¡0.31 0.012* − 0.22 0.20 − 0.22 0.19 
RELA 0.29 0.020* ¡0.37 0.003* − 0.24 0.16 ¡0.46 0.005 
RUNX1 0.13 0.31 ¡0.51 <0.001* ¡0.38 0.021 ¡0.39 0.016 
RUNX3 0.33 0.008* − 0.14 0.25 − 0.21 0.21 − 0.28 0.092 
S100A8 − 0.038 0.76 0.27 0.033* 0.38 0.021 0.47 0.003 
SP1 0.14 0.27 ¡0.36 0.003* − 0.29 0.080 − 0.23 0.16 
STAT3 0.42 <0.001* ¡0.32 0.009* − 0.16 0.34 − 0.14 0.43 
STAT5 0.27 0.030 − 0.22 0.081 − 0.25 0.14 − 0.19 0.26 
STAT5B 0.42 <0.001* ¡0.27 0.029* − 0.27 0.11 − 0.19 0.27 
STAT6 0.33 0.007* ¡0.35 0.005* − 0.13 0.45 − 0.33 0.045 
TGFB1 0.42 <0.001* ¡0.42 <0.001* − 0.21 0.21 − 0.30 0.068 
TIRAP 0.21 0.095 ¡0.34 0.006* − 0.21 0.21 ¡0.36 0.029 
TLR2/CD282 0.12 0.32 ¡0.28 0.025* − 0.057 0.74 0.050 0.77 
TLR4 0.22 0.084 ¡0.37 0.002* − 0.14 0.40 − 0.004 0.98 
TLR6 0.27 0.031 − 0.23 0.070 − 0.008 0.96 0.13 0.45 

(continued on next page) 
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3.3. Correlates of fasting glucose and triglycerides with gene expression in 
patients 

In patients, the expression levels of 32/178 individual genes corre-
lated statistically significantly with fasting glucose levels at baseline and 
55/178 correlated with triglycerides at baseline (Table 1). This corre-
lation was positive for glucose and negative for triglycerides, with one 
exception (ICOS), all genes showing an opposite direction of correlation 
for glucose and triglycerides. To detect more robust patterns in the 
activation, we correlated the expression data to levels of plasma glucose, 
triglycerides, HDL, and LDL (R Hmisc, Pearson correlation) and did a 
hierarchical clustering of the pairwise correlations (R gplots, Euclidean 
distance) to identify groups of genes in which expression levels correlate 
positively or negatively with glucose, triglycerides, HDL, or LDL (Fig. 2). 
The clusters at baseline correlated with triglycerides or followed an 
opposite direction for triglycerides versus glucose and HDL. By 12 
months, unlike baseline, the clusters showed a same direction for cor-
relations with glucose and with triglycerides. 

4. Discussion 

We detected a dynamic change in the pattern of activation of pe-
ripheral immune cells in patients with FEP during the first year of 
treatment. At baseline, patients had a higher level of insulin and tri-
glycerides than the controls, despite comparable anthropometric pa-
rameters. Furthermore, at baseline in patients only, higher glucose but 
lower triglycerides associated with upregulation of the innate immune 
system. In follow-up, there was a remarkable weight gain and increase in 
waist circumference in patients, and LDL became higher in patients than 
in controls. While immune activation attenuated in 12 months, we 
detected a downregulation of genes associated with apoptosis and T cell 
death, indicating altered regulation of immune cells. An increasing 
downregulation of genes associated with lipid metabolism during the 12 
month follow-up associated with higher triglycerides. The immune 
activation is thus an acute phase during illness onset, associated likely 
with several simultaneous factors related to acute psychosis. The strik-
ing differences in the pattern and correlates of changes in triglycerides 
and HDL vs fP-LDL may be relevant for prevention of cardiovascular 
risk, especially dyslipidemia in psychosis. 

We had previously reported that illness or psychopathology did not 
explain large variation in expression levels of individual genes within 
patients (Mantere et al., 2019). Also, risperidone possessed strong 
immunomodulatory properties affecting mainly innate immune 
response, whereas the observed effects of quetiapine and olanzapine 
were only marginal. This finding was not better explained by con-
founders such as allergy. It will be essential to explore in more detail 
how specific compounds differ in their impact on the cellular meta-
bolism and immune response. 

Correlations with immune and metabolic genes and clusters of genes 
showed an opposite direction at baseline for glucose and HDL as 
compared to triglycerides. Interestingly, at 12 months, the clustering of 
genes to opposite directions for glucose and triglycerides seen at base-
line had changed. Instead, downregulated clusters were either specific 
for triglycerides or glucose, or they showed the same direction of cor-
relation for both. The results seem to support the idea that the cell 

activation at onset of psychosis is influenced by the current availability 
of nutrients rather than a simple association between longer term IR and 
immune system. The relative availability of glucose vs fatty acids in a 
microenvironment can influence the type of the immune response: 
proinflammatory T effector and T memory cells preferably utilize higher 
rates of glycolysis, while anti-inflammatory T regulatory cells increase 
fatty acid oxidation, as reviewed previously (Poznanski et al., 2018; 
Wahl et al., 2012). Our results strongly support simultaneous evaluation 
of metabolic and immune markers in future studies. 

We have previously described initial HOMA index as a predictor of 
increase in weight (Keinänen et al., 2015); interestingly, the proportion 
of patients with IR did not increase in follow-up. Our results are in line 
with a meta-analysis on randomised controlled trials on antipsychotics; 
in the short term trials, only olanzapine was independently associated 
with increased glucose levels compared to placebo (Zhang et al., 2017). 
A chronic use of antipsychotics is associated with increased glucose 
intolerance based on several meta-analytic reports (De Hert et al., 2012; 
Mitchell et al., 2013a, 2013b; Rummel-Kluge et al., 2010). With time, 
prevalence of diabetes in psychosis is considerably high: in a recent 
meta-analysis, prevalence of type 2 diabetes mellitus among 438,245 
people with severe mental illness was 11.3% (95% CI: 10.0%–12.6%) as 
compared with 6.3% in other hospitalized patients (Schoepf et al., 
2012), and in antipsychotic-naive patients, the prevalence of type II 
diabetes mellitus was 2.9% (95% CI: 1.7%–4.8%) (Vancampfort et al., 
2016). In a Finnish general population study, the prevalence of diabetes 
was as high as 22% in schizophrenia, and 6.1% in the non-psychotic 
general population (Suvisaari et al., 2008). Age-matched comparisons 
at older age would be necessary to determine whether this is rather an 
accelerated or an increased risk. Cardiometabolic disorders are a leading 
cause of excess mortality in severe mental illness (Schoepf et al., 2014; 
Suvisaari et al., 2013). It is noteworthy that long term register-based 
follow-up studies have confirmed that regular use of antipsychotics, 
despite these unfavorable effects, associates with reduced overall mor-
tality (Taipale et al., 2020; Tanskanen et al., 2018). Describing the 
correlations of peripheral immunity in FEP with glucose, lipids and IR is 
of utmost importance to understand ethiopathological mechanisms of 
psychosis and for prevention of diabetes and cardiovascular risk in se-
vere mental illness. 

Medication has rapid effects on glucose and lipid metabolism. The 
rapid metabolic effect of antipsychotics before weight gain has been 
explained by disturbed physiological regulation of glucose levels by 
medication effects on insulin secretion, peripheral and central insulin 
sensitivity, and appetite regulating mediators (Ballon et al., 2018; Chen 
et al., 2017; Nasrallah, 2008). The independent role of antipsychotic 
medication on immunometabolic markers was supported in a recent 
meta-analysis in healthy controls on antipsychotics, where decreases in 
insulin sensitivity occurred in less than 13 days while weight gain was 
evident only after 14 days (Burghardt et al., 2018). Furthermore, one 
study reported a simultaneous increase (22%) in triglycerides and 
decrease (10%) in HDL during the first week in healthy controls on 
olanzapine (Albaugh et al., 2011; Ballon et al., 2018; Vidarsdottir et al., 
2010). This is supported by the findings in studies with FEP patients, 
where the effects of antipsychotics on glucose metabolism can take place 
substantially more rapidly than the effects on weight gain (Deng, 2013). 
Dyslipidemia and/or immune response during medication might partly 

Table 1 (continued )  

Cases Controls 

fP-Gluc Triglycerids fP-Gluc Triglycerids 

Rho p Rho p Rho p Rho p 

TLR7 ¡0.26 0.033 0.19 0.12 − 0.090 0.60 0.007 0.97 
TLR8 0.17 0.17 ¡0.33 0.008* − 0.15 0.39 − 0.021 0.90 
TLR9 0.54 <0.001* ¡0.31 0.013* − 0.23 0.17 − 0.15 0.37 
TNFRSF8 0.26 0.039 ¡0.32 0.009* − 0.098 0.56 0.014 0.94  
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be explained by dietary factors, given the reports of up to 25% increase 
in food intake for healthy volunteers on antipsychotics (Ballon et al., 
2018). 

Taken together, our results propose a model for the activation of 
several key players in the molecular pathways of the innate, effector and 
regulatory arms of the adaptive immune system in psychosis. Originally 
selected for analysis based on our hypothesis as described in the 

methods (Amare et al., 2017; Lin and Shuldiner, 2010; Liu et al., 2013; 
Pouget, 2018), these pathways have been proposed to reflect genetic 
variability that has a dual effect in the periphery on the function of 
glucose regulation and immune cells, and in the central nervous system 
on neurodevelopment and neuroplasticity (Pouget, 2018). The role of 
these pathways on the development and outcome of psychosis as well as 
of diabetes and other physical complications has to be tested in longer 

Fig. 2. Cluster analysis at baseline, at 2 months, and at 12 months, and Pearson correlations with glucose, triglycerides, serum high-density lipoprotein (HDL) and 
low-density lipoprotein (LDL) cholesterol. 
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follow-up, starting from drug-naïve patients. However, while our 
methods can scope the interest to innate immune cells, different sub-
types of effector T cells and regulatory T cells, we cannot make con-
clusions about specific cell types or key molecules. Purification of cell 
populations from patients and healthy controls for more specific 
phenotypic and functional characterization is necessary to confirm exact 
dynamics of immune regulation and dysregulation in patients, including 
the differences in the role of metabolic status on cell activation among 
patients and controls. 

The major limitation of our study is that given the sampling after 
onset of psychosis and medication, it remains open what caused the 
excess glucose and lipids and/or activation of the immune cells, whether 
this was simultaneous or causal relation, and if causal, whether meta-
bolic changes preceded immunological changes or the other way. 
Findings from high risk for psychosis and nonmedicated FEP patients 
speak towards priority for metabolic changes, but immunological data is 
rather limited. Furthermore, even though we collected clinical infor-
mation about changes in medication from medical files, evaluation of 
the longitudinal effects of specific antipsychotics in this naturalistic 
setting was not possible. Changes in medication were common and 
mostly done because of metabolic side effects, polypharmacy was 
common, and for specific medications, subgroups were small. However, 
there is abundant previous knowledge that the medication is not the 
initial reason for IR and increased triglycerides in FEP (Kapogiannis 
et al., 2019; Pillinger et al., 2017a, 2017b). Our previous report shows 
that the current findings are not directly associated with having the 
illness, medication, or current symptoms (Mantere et al., 2019). 
Furthermore, our main interest was, independent of the etiology, the 
association between immune response and peripheral metabolic state, 
and it is well known that both predispose to increased cardiovascular 
risk. One year was relatively short and the incidence of diabetes or new 
IR was too low to predict development of diabetes or new IR. Our 
measures were limited to make an accurate diagnosis of diabetes. The 
fasting insulin reflects basal pancreatic beta-cell activity, not 
post-prandial regulation of insulin regulation. The most accurate mea-
surement for the insulin secretary function is a simultaneous measure-
ment of post-challenge glucose and insulin (Garcia-Rizo et al., 2017; 
Greenhalgh et al., 2017). The HOMA-IR-reflects only hepatic IR but IR is 
possible in other tissues in absence of hepatic resistance. The size of the 
data as compared to the number of genes evaluated is small, but the 
results were robust even after correction for multiple testing, we had a 
set of preselected genes, and IPA was used to evaluate only the strength 
of the Z-scores; the main findings are confirmed in IPA and cluster 
analysis. The levels of fat and the composition of the fatty acids in the 
diet can play a significant role in the modulation of IR (Sears and Perry, 
2015) and quality of the inflammatory response (Hubler and Kennedy, 
2016) but were not analysed here. The strengths include high-quality 
laboratory analysis of samples with a novel medium-throughput tech-
nology for measuring mRNA abundances (Prokopec et al., 2013), 
epidemiologically representative data, and a comprehensive and 
representative set of inflammatory markers. We are the first to provide a 
very robust longitudinal pattern for an activation of the innate immune 
system in FEP. 

In conclusion, we detected a strong activation of several key players 
in the molecular pathways of the immune system in FEP. An initial 
activation of the innate immune system was attenuated by the 12 month 
follow-up. At baseline, this associated in opposite directions with 
glucose and triglycerides, while in follow-up the correlations changed to 
convergent patterns, suggesting that metabolic factors may have had an 
influence on the initial activation of the innate immune system. Future 
work including highly purified specific immune cell populations pref-
erably before first medication is necessary to understand the regulation 
of immune response and role of metabolic state in the early phases of 
illness. Cardiovascular diseases and cancer are the reasons for excess 
mortality in psychosis and thus, knowledge about the immunological 
processes that are activated in FEP at treatment onset could help in 

targeted add-on treatments to prevent the unfavorable course towards 
somatic complications. Understanding interactions in the regulation of 
glucose, lipids and immune system could inform personalized treatment 
of FEP and with time, prevention of physical comorbidities and excess 
mortality in FEP. 
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