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Abstract

Objective: Oxidative stress and dysregulated antioxidant defence may be involved in the patho-
physiology of schizophrenia. In the present study, we investigated changes in antioxidants and
oxidative stress from an acute to a later stable phase. We hypothesised that the levels of oxidative
markers are increased in schizophrenia compared with healthy controls; change from the acute to
the stable phase; and are associated with the levels of membrane polyunsaturated fatty acids
(PUFAs) and symptom severity.Methods: Fifty-five patients with schizophrenia spectrum disor-
ders, assessed during an acute phase and 5 years later during a stable phase, and 51 healthy con-
trols were included. We measured antioxidants (α-tocopherol, uric acid, albumin and bilirubin),
markers of oxidative stress (F2-isoprostane and reactive oxygenmetabolites) andmembrane fatty
acids. Antioxidants and oxidative stress markers were compared in schizophrenia versus healthy
controls, adjusting for differences in sex, age and smoking, and changes over time. Associations
between symptoms and PUFA were also investigated. Results: In the acute phase, α-tocopherol
was significantly higher (p < 0.001), while albumin was lower (p < 0.001) compared with the
stable phase. Changes in α-tocopherol were associated with PUFA levels in the acute phase.
In the stable phase, schizophrenia patients had higher uric acid (p = 0.009) and lower bilirubin
(p = 0.046) than healthy controls. CRP was higher in patients in the stable phase (p < 0.001), and
there was no significant change from the acute phase. Conclusion: The present findings of change
in antioxidant levels in the acute versus stable phase of schizophrenia the present findings suggest
that redox regulation is dynamic and changes during different phases of the disorder.

Significant outcomes

• The levels of α-tocopherol were significantly higher and the levels of albumin significantly
lower in the acute phase compared with the stable phase of schizophrenia.

• The change in α-tocopherol was associated withmembrane fatty acid (PUFA) levels in the
acute phase.

• In the stable phase of schizophrenia the levels of bilirubin were lower and uric acid higher
compared with healthy controls after adjusting for sex, age and smoking.

Limitations

• The relatively small sample size reduces statistical power and increases the risk of type II
errors.

• Body weight of the participants, diet and dietary supplements thatmay influence the levels
of membrane fatty acids and antioxidants were not controlled for.

• The group of patients not using antipsychotic medication was small, and information of
adherence was not obtained, making it difficult to assess the effect of medication.

Introduction

Schizophrenia is regarded as a complex syndrome of developmental defects caused by genetic
and environmental factors (van Os et al., 2008; Howes & Murray, 2014), but the underlying
pathological mechanisms are still mainly unknown. Antioxidant defence systems may be dis-
turbed in schizophrenia (Bitanihirwe & Woo, 2011; Emiliani et al., 2014), and oxidative stress
may play a role in the underlying disease mechanisms (Zhang & Yao, 2013).
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Under normal physiological conditions free-radical damage is
controlled by the antioxidant defence systems, comprising a series
of enzymatic components, including glutathione peroxidase
(GPx), glutathione reductase (GR), superoxide dismutase (SOD),
catalase (CAT), and non-enzymatic components, including gluta-
thione (GSH), α-tocopherol (vitamin E) and ascorbic acid (vitamin
C) (Yao & Keshavan, 2011; Pisoschi & Pop, 2015). Oxidative stress
is the imbalance of free radicals generated from both normal
metabolism, including neurotransmitters associated with schizo-
phrenia, such as dopamine and glutamate, and from various envi-
ronmental exposures. Several lines of evidence suggest increased
oxidative stress in schizophrenia (Boskovic et al., 2011; Lai et al.,
2016). In addition, stress-induced signalling cascades, includ-
ing those involving inflammatory processes and oxidative stress,
will modulate the development and maintenance of synaptic con-
nectivity, and further contribute to the abnormalities seen in
schizophrenia (Boulanger, 2009; Do et al., 2009). However, the
findings are not consistent and the manner by which free radicals
influence schizophrenia pathophysiology is still unclear (Herken
et al., 2001; Pandya et al., 2013; Bulbul et al., 2014; Koga et al., 2016).

Impaired levels of non-enzymatic antioxidants, including glu-
tathione, bilirubin, uric acid, albumin, ascorbic acid and α-tocoph-
erol, have been suggested as a pathophysiological mechanism in
schizophrenia (Suboticanec et al., 1990; McCreadie et al., 1995;
Pae et al., 2004; Dadheech et al., 2006; Ben et al., 2008; Labad
et al., 2015; Steullet et al., 2016), and antioxidant levels have been
associated with clinical severity in schizophrenia (Li et al., 2011;
Bentsen et al., 2012; Widschwendter et al., 2016). Further, several
studies implicate oxidative stress to be related to symptom severity
in schizophrenia (Lai et al., 2016). Oxidative stress may change
during the course of schizophrenia, and can be related to symptom
severity and medication (Katsuta et al., 2014). Oxidative DNA
damage was found to be higher in patients with non-remission
schizophrenia (Sertan et al., 2015). The levels of protein oxidation
were shown to be higher in patients with acute psychosis than in
remission and healthy controls (Tuncel et al., 2015).

Membrane polyunsaturated fatty acids (PUFAs) are among the
cellular components highly susceptible to oxidative damage, result-
ing in impairedmembrane structure, fluidity and signal transduction
(Reddy & Yao, 1996). Lipid peroxidation may be associated with
different phases of schizophrenia (Mico et al., 2011; Tuncel et al.,
2015), and heterogeneity of lipid levels may reflect the phase of
disease, in addition to other modifiers (Medema et al., 2015).
Dysregulation of antioxidant defence is a possible modifier that
can explain variation in lipid levels in different phases of the disease.

Aims of the study

The first aim was to identify changes in antioxidants and markers
of oxidative stress in schizophrenia across a 5-year period, from the
acute phase to a later stable phase. The second aim was to explore
differences between patients and healthy controls in the stable
phase. We hypothesised that the levels of oxidative markers
increase in schizophrenia compared with healthy controls; change
from the acute to the stable phase; and are associated with the levels
of membrane PUFAs and symptom severity.

Material and methods

Study design and patient population

The current observational study includes longitudinal data on anti-
oxidants and markers of oxidative stress from patients with

schizophrenia spectrum disorders and from a group of healthy
controls. The current study is part of a larger longitudinal study
of schizophrenia patients. They were first investigated in an acute
phase of the disease and followed up on average 5 years later in a
stable phase, and compared with a healthy control group. The
patients were examined in the acute phase from 2001 to 2004,
and in the stable phase from 2006 to 2010.

Patients with schizophrenia spectrum disorders were recruited
to a randomised controlled trial of an omega-3 fatty acid and anti-
oxidants (Bentsen et al., 2013). At inclusion, the patients were
admitted to emergency psychiatric wards in southern Norway,
considered to be in an acute phase. The patients were re-assessed
5 years later, and at this follow-up, the patients received treatment
at outpatient clinics or at psychiatric long-term care facilities, con-
sidered to be in a stable phase of the disease (Solberg et al., 2016).
The patients were screened for somatic illness both at inclusion and
at follow-up.

In addition to longitudinal monitoring and comparison within
the patient group, healthy controls were included in the stable
phase to provide normal biochemical values, including the levels
of antioxidants and oxidative stress markers to compare with
the schizophrenia group.

The study was approved by the Regional Committee for
Medical Research Ethics. All participants gave written informed
consent.

We have previously reported lipid and antioxidant results from
the acute phase of the study (Bentsen et al., 2011, 2013). Further,
we have published associations between lipid profiles and clinical
characteristics in the stable phase (Solberg et al., 2015), and shown
that PUFA levels changed from the acute to the stable phase
(Solberg et al., 2016). In the present report, we investigated the
markers of oxidative stress in the stable phase, also including novel
laboratory measures not reported earlier.

Clinical assessment

All patients were diagnosed with the Structural Clinical Interview
for DSM-IV (SCID) at inclusion (acute phase), and the diagnosis
was verified during follow-up assessment (stable phase) (Solberg
et al., 2016). Those with an initial diagnosis of schizophrenia
spectrum disorders were re-diagnosed at follow-up according to
ICD-10, similar to DSM-IV. In the following, we use ‘schizophre-
nia’ to describe schizophrenia, schizoaffective and schizophreni-
form disorders. The Positive and Negative Syndrome Scale
(PANSS), Structured Interview Version, and the Global
Assessment of Functioning (GAF), Split version, including
Symptom (GAF-S) and Functioning (GAF-F) scales, were used
for clinical assessments.

Information about the current and previous use of antipsy-
chotics was obtained via interviews and access to medical records.

Neither the healthy subjects nor their first-degree relatives had
any ongoing or past severe psychiatric disorder. This was deter-
mined by an interview assessing mental illness, and screening
for ongoing and past psychiatric disorder using the Mini
International Neuropsychiatric Interview (MINI). In addition,
their physical health was assessed with self-report and a short
screening interview addressing current and previous somatic
illnesses (Solberg et al., 2016).

Biochemical analyses

Biochemical parameters were compared between inclusion (acute
phase) and the follow-up visit (stable phase). α-Tocopherol,
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albumin, uric acid and PUFA were analysed in both phases, while
the other outcome variables – bilirubin, F2-isoprostane and reac-
tive oxygen metabolites (ROMs) – were only analysed at follow-up
(stable phase).

All blood samples for biochemical analyses were drawn after
overnight fasting, and samples for analyses of antioxidants, oxida-
tive stress and PUFAs were stored at –80°C and transported frozen
(shipped with dry ice) to the analysing laboratory.

Serum α-tocopherol in the acute phase was analysed at
the Nutrition Laboratory, Oslo University Hospital, Aker, Oslo,
Norway, with kits from Bio-Rad Lab, GmBH (Munich, Germany),
by high-performance liquid chromatography (HPLC) and ultra-
violet light detection. In the stable phase, serum α-tocopherol
was analysed by Vitas AS, Oslo, Norway. Serum was diluted with
2-propanol containing the internal standard tocol and butylhy-
droxytoluene as an antioxidant. The same HPLC methods were
used both in the acute and stable phases and can be considered
equivalent. The lipid-adjusted term [α-tocopherol/(triglycerides +
cholesterol)] was used in statistical analyses to better define the
vitamin E status in groups with elevated serum lipid concentra-
tions (Ford et al., 2006).

Uric acid, albumin, total bilirubin and CRP were analysed in
serum using standard methods. In the acute phase, analyses were
carried out at the hospital to which the patient was submitted. In
the stable phase, the analyses were carried out at Diakonhjemmet
Hospital, Oslo, Norway.

The test for Diacron reactive oxygen metabolites (D-ROMs)
was performed according to the information provided by the
manufacturer (Diacron International, Grosetto, Italy). In brief,
heparin plasma was diluted in an acidic buffer solution (pH 4.8).
Iron present in the sample catalysed the breakdown of plasma
hydroperoxides to alkoxyl and peroxyl radicals, which generate
a coloured complex, and was quantified with a photometer. The
results are denominated by arbitrary units, Carratelli Units
(CARR U), and 1 CARR U corresponds to 0.08 mg H2O2/100 ml.
The concentration of D-ROMs was used as an index for the
production of reactive oxygen species (ROS), with higher values
indicating higher oxidative stress (Cesarone et al., 1999).

The quantification of 8-iso-prostaglandin F2α (8-IsoPGF2α)
was done by triple-stage liquid chromatography tandem mass
spectrometry (LC/MS/MS). An Applied Biosystems 4000 Q
TRAP LC/MS/MS system with ESI was operated in multiple reac-
tion monitoring (MRM) mode. The mass limit of detection
(mLOD) was 1 pg of analyte eluting from the column (Bastani
et al., 2009). 8-IsoPGF2α was analysed during the acute phase
but with another method (enzyme-linked immunoassay). This
yields results that cannot be directly related to those obtained by
the method used for the stable phase. Therefore, this variable
was not included in longitudinal analyses.

For the analyses of membrane PUFAs, washed red blood cells
(RBCs) were stored at−80°C and sent within 3months in dry ice to
Mylnefield Research Services Ltd (Dundee, United Kingdom). For
the analyses of membrane PUFAs, lipids were extracted, converted
into fatty acid methyl esters, and analysed by gas chromatography,
yielding fatty acid profiles (Bentsen et al., 2011). Fatty acids were
reported as micrograms per gram of RBCs. The sum of PUFAs
with 20 or 22 carbon atoms is classified as long-chain PUFAs
(LCPUFAs). We have previously reported that membrane
PUFA levels were bimodally distributed among patients in the
acute phase (Bentsen et al., 2011). In the present study, we defined
low and high PUFA groups by PUFA levels in the acute phase. We
have previously reported (Bentsen et al., 2011) that saturated and

monounsaturated fatty acids were normally distributed, while fatty
acids with at least three double bonds were bimodally distributed in
the acute phase. Thus, the data represented a mixture of two dis-
tributions assumed to be normal (Bentsen et al., 2011). For PUFAs
in the current sample, we found that the point with the lowest den-
sity of observations was 183 μg/g RBC, which was used to split the
sample into two groups. Twenty-nine per cent of the patients had a
value at or below this cut-off score (low PUFA group); 71% had a
value above the threshold (high PUFA group).

Statistics

The Wilcoxon signed-rank test was used to evaluate possible
changes in the levels of antioxidants from the acute to the stable
phase of schizophrenia. TheMann–Whitney test was used to com-
pare the levels of antioxidants and markers of oxidative stress in
stabilised patients with those of healthy controls. Subsequently,
multiple linear regression analyses were performed for each of
the antioxidants and markers of oxidative stress with patient status
(‘healthy = 0’, ‘patient = 1’) tested as explanatory variable, includ-
ing sex, age and smoking habit as potential covariates. The selec-
tion of covariates in the final multivariate models was based on
sequential backward elimination by excluding covariates with
p > 0.1. Multiple regression analyses were also used to explore
the influences of phase (acute, stable) and duration of follow-up
on changes in α-tocopherol. Finally, Spearman correlation tests
were used to evaluate the relationship between levels of antioxi-
dants, markers of oxidative stress and membrane PUFAs.

All statistical analyses were performed using SPSS version 23.
The significance level was set to p < 0.05 (two-sided).

Results

Patient characteristics

Fifty-five schizophrenia patients and 51 healthy controls were
included in the study. The patient group had a significantly
higher number of current smokers, low education levels and a
higher number of males compared with the control group.
Demographics of the included schizophrenia patients and healthy
controls are shown in Table 1.

Table 1. Characteristics of schizophrenia patients and healthy controls

Patients* Healthy controls

Age, years† 31.3 (5.7) 33 (5.7)

Sex, male‡ 38 (69.1) 28 (54.9)

Smokers‡ 29 (52.7) 9 (17.6)

Education‡

Primary school 9 (17) 1 (2)

High school 30 (46.6) 8 (16)

University/college 14 (26.4) 41 (82)

PANSS† 81.4 (24.1) –

GAF-S† 47.7 (12.5) –

GAF-F† 49.2 (12.7) –

n = 55 schizophrenia patients and n = 51 healthy controls (except for education: n = 53 and 50,
respectively).
SD, standard deviation; PANSS, Positive and Negative Syndrome Scale (total score); GAF,
Global Assessment of Functioning (S = Symptoms, F = Functioning).
*Data from stable phase, †mean (SD), ‡n (%).
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The mean follow-up time for the 55 patients from the acute
phase was 61 months. We intended to follow up everyone in the
acute phase sample (n = 99), but 21.2% did not wish to participate,
12.1% could not be located, 9.1% were dead, and 2.0% had moved
to other regions of Norway (Solberg et al., 2016). The follow-up
sample did not differ significantly from the remaining patients
in the original acute phase sample with respect to relevant
characteristics.

Eleven patients did not use any antipsychotic medication at fol-
low-up. Those who received antipsychotics were compliant with
the treatment, as defined by measures of blood levels within the
normal concentration range. The results of PUFA and antioxidant
investigations from the acute phase have been published earlier
(Bentsen et al., 2012, 2013).

Antioxidants

The levels of α-tocopherol in the schizophrenia group decreased
significantly from the acute to the stable phase (−1.3 μmol/mmol,
95% CI −2.1 to −0.6 μmol/mmol, p < 0.001) (Tables 2 and 3).
α-Tocopherol remained stable in the low-PUFA acute phase group.
In contrast, in the high-PUFA acute phase group, α-tocopherol
levels decreased significantly (p < 0.001) towards the stable phase,
while PUFA levels remained the same (Table 3, Fig. 1). The
PUFA group (high, low) had a modifying effect on changes in
α-tocopherol (linear mixed model interaction term PUFA ×
α-tocopherol × time, p = 0.02). In the acute phase, the difference
in α-tocopherol in the high and low PUFA groups remained signifi-
cant after adjusting for sex, age and smoking habits. In the stable
phase, the two acute-phase PUFA groups had similar α-tocopherol
and PUFA levels (Table 3, Fig. 1, Suppl. Fig. 1A–B). The duration of
illness did not predict α-tocopherol levels in the acute or stable

phases, and the duration of follow-up did not predict changes in
α-tocopherol.

The levels of albumin increased significantly from the acute to
the stable phase (p< 0.001) (Table 2). Changes in albumin were not
significantly associated with the PUFA acute phase group. There
was no significant difference between the levels of uric acid in
the acute and stable phases of schizophrenia. Bilirubin was only
measured in the stable phase.

When patients in the stable phase were compared with healthy
controls in a multivariate model, adjusting for sex, age and
smoking, bilirubin was significantly lower (p = 0.046), uric acid
was significantly higher (p = 0.009), while α-tocopherol was
non-significantly lower (p = 0.06) in the patients compared with
healthy controls (Table 4).

Albumin level was significantly associated with total PANSS
score (r = 0.28, p = 0.04) in the stable phase. There was no other
significant associations between the levels of antioxidants and
symptoms or functioning. Albumin was significantly associated
with LCPUFA in healthy controls only (p = 0.004). There was
no other significant associations between the levels of antioxidants
and PUFAs in patients or in healthy controls (Table 5).

Markers of oxidative stress

No significant differences were found in 8-IsoPGF2α and ROMs
between patients in the stable phase and healthy controls
(Table 2). In the multivariate model, adjusting for sex, age and
smoking, the levels of ROMs were non-significantly (p = 0.09)
associated with schizophrenia (Table 4).

No significant associations between markers of oxidative stress
and measures of symptom severity were found. The associations
between the levels of ROMs and PUFA (r = 0.39, p = 0.007) and

Table 2. Univariate analysis of antioxidants and markers of oxidative stress

Measure Healthy controls Acute phase Stable phase

α-tocopherol 4.8 (4.3, 5.4) 5.2 (3.9, 7.5) 4.5 (4.0, 4.9)#,***

albumin 47.0 (44.5, 48.5) 42.0 (39.0, 45.3)### 47.0 (45.0, 49.0)***

uric acid 295.0 (240.8, 359.0) 327.0 (238.5, 381.5) 342.0 (263.5, 412.5)#

bilirubin 10.0 (7.75, 13.0) – 7.0 (5.0, 9.0)###

8-IsoPGF2α 39 (28.5, 56) – 46 (32, 58)

ROMs 341.0 (295.9, 395.3) – 371.8 (329.2, 403.5)

α-tocopherol (adjusted): α-tocopherol / (triglycerides + cholesterol).
P-value: *#0.01 < P ≤ 0.05; **##0.001 < P ≤ 0.01; ***###<0.001 (median, 25, 75 quartiles).
Schizophrenia n = 50–55; healthy controls n = 46–51. Units: α-tocopherol: μmol/mmol; albumin: g/L; bilirubin: μmol/l; uric acid: μmol/l; 8-IsoPGF2α: pg/mL; ROMs: Carratelli Units.
8-IsoPGF2α: 8-iso-prostaglandin F2α; ROMs: derivatives of reactive oxygen metabolites.
#P-value vs. healthy controls, Mann–Whitney U test.
*P-value vs. acute phase, related samples Wilcoxon signed-rank test.

Table 3. α-tocopherol in schizophrenia during acute and stable phases stratified by PUFA levels in the acute phase

Acute phase group α-tocopherol, acute α-tocopherol, stable P-value*

Low PUFA 4.21 (3.59, 4.84) 4.27 (3.87, 4.67) 0.28

High PUFA 6.42 (5.38, 7.46) 4.55 (4.29, 4.82) <0.001

P-value# 0.0004 0.27

α-tocopherol, adjusted = α-tocopherol / (triglycerides + cholesterol) (μmol/l)/(mmol/l); mean, 95% confidence interval.
Low PUFA n = 13, high PUFA n = 37. Low and high PUFA groups: acute-phase PUFA <183 and ≥183 μg/g RBC, respectively.
PUFA, omega-3 + omega-6 polyunsaturated fatty acids in red blood cells.
#Student’s t-test.
*Related samples Wilcoxon signed-rank test.
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Table 4. Estimated effects of patient status, sex, age and smoking habits on antioxidants and markers of oxidative stress in the stable phase of schizophrenia vs.
healthy controls in a multiple linear regression analysis

Variable α-tocopherol P-value Bilirubin P-value Albumin P-value Uric acid P-value ROMs P-value

Constant 3.74 12.4 47.9 285.9 325.0

Patients vs. healthy −0.30 0.06 −2.5 0.046* −0.3 0.66 36.9 0.009** 31.2 0.09

Females vs. males 0.19 0.30 −3.3 0.01* −3.1 <0.001*** 109.6 <0.001*** 75.4 <0.001***

Age, per yeara 0.03 0.02* 0.1 0.30 −0.1 0.27 2.0 0.06 0.4 0.78

Smoking vs. non-smoking 0.19 0.31 −1.8 0.19 −0.1 0.85 −25.0 0.08 −32.9 0.12

P-values: *0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***<0.001.
Numbers are absolute effect of the respective variables on the concentrations of α-tocopherol, bilirubin, albumin, uric acid and ROMs. The selection of covariates in the final models was based
on a sequential backward elimination by excluding covariates with p > 0.10. All constants were significantly different from zero (p < 0.001).
Units: 8-IsoPGF2α: pg/mL (no significant effects in the model); α-tocopherol: μmol/mmol; bilirubin: μmol/l; albumin: g/l; uric acid: μmol/l; ROMs: Carratelli Units.
ROMs, reactive oxygen metabolites
aYears above 21.

Table 5. Associations between antioxidants, markers of oxidative stress and membrane PUFAs, stable phase

Schizophreniaa Healthy controls

PUFA LCPUFA PUFA LCPUFA

α-tocopherol −0.01 −0.04 −0.06 −0.05

bilirubin 0.01 −0.03 −0.11 −0.12

uric acid 0.25 0.27 −0.01 −0.14

albumin 0.06 0.12 −0.27 −0.41**

8-IsoPGF2α 0.01 −0.17 −0.16 −0.13

ROMs 0.13 0.10 0.39 ** 0.42 **

α-tocopherol: α-tocopherol / (triglycerides + cholesterol).
Schizophrenia n = 50–55; healthy controls n = 46–51. Spearman’s correlation coefficients are reported. PUFA and LCPUFA are non-normally distributed.
PUFA, omega-3 + omega-6 polyunsaturated fatty acids in red blood cells; LCPUFA, long-chain PUFA with 20–24 carbon atoms in red blood cells; PGF2α, isoprostane-8-epi prostaglandin F2 α;
ROMs, reactive oxygen metabolites.
aData from the stable phase.
*0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01.

Fig. 1. Changes of lipid-adjusted serum α-tocopherol from T1 (baseline, acute phase) to T2 (5 years follow-up, stable phase) in 50 schizophrenia patients. Five subjects had
missing baseline α-tocopherol and were excluded. Red blood cells Polyunsaturated fatty acids at T1, red blood cell polyunsaturated fatty acids at baseline, acute phase. Low:
patients with ≤183 μg PUFA/g RBC at T1; high: patients with >183 μg PUFA/g RBC at T1.
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LCPUFA (r = 0.42, p = 0.003) were significantly positive in healthy
controls, but not significant in schizophrenia patients (Table 5).
There were no significant associations between 8-IsoPGF2α and
PUFAs (Table 5).

C-reactive protein

CRP was significantly higher in patients than in healthy controls in
the stable phase (p < 0.001). In the multivariate model, the differ-
ence between patients and healthy controls remained significant
after adjusting for sex, age, smoking and use of antipsychotic medi-
cation. There was no significant change in patients from the acute
to the stable phase (p = 0.81).

Discussion

We found significantly higher levels of α-tocopherol and lower lev-
els of albumin in the acute phase compared with the stable phase of
schizophrenia. The change in α-tocopherol was associated with
membrane PUFA levels in the acute phase. Further, we found
lower levels of bilirubin and higher levels of uric acid in the stable
phase of schizophrenia compared with healthy controls when
adjusting for covariates. These findings suggest that dysregulation
of antioxidants and oxidative stress may be dynamic and related to
different phases of the illness.

Antioxidants

The course of α-tocopherol from the acute to the stable phase was
heterogeneous, but overall the level was falling and values converg-
ing, as shown in Fig. 1. This may indicate dysregulation of
α-tocopherol during the acute phase.

In the acute phase, α-tocopherol was positively associated with
the levels of membrane PUFAs (Bentsen et al., 2011).We have pre-
viously reported that PUFA levels were bimodally distributed in
the acute phase of schizophrenia in the original larger sample
(Bentsen et al., 2011; Solberg et al., 2016). Membrane PUFAs in
the low PUFA group increased from the acute to the stable phase
in schizophrenia, whereas levels in the high PUFA group remained
unchanged (Solberg et al., 2015). Here we showed that α-tocoph-
erol levels in the high PUFA group of the acute phase decreased,
while in the low PUFA group, levels of α-tocopherol did not change
(Fig. 1). Acute psychosis has been associated with inflammation
(Bergink et al., 2014), and increased serum levels of α-tocopherol
may result from catabolism by CYP3A4 being inhibited by inflam-
matory cytokines (Traber, 2007; Christensen & Hermann, 2012;
Wollmann et al., 2017). The reduction in α-tocopherol levels in
the patient group with high PUFA in the acute phase is consistent
with lower inflammation activity in the stable phase. In contrast, a
lower level of α-tocopherol in the low PUFA group during the
acute phase may result from oxidative stress (Raederstorff et al.,
2015; Koga et al., 2016). The stability of α-tocopherol among
patients with low PUFAs in the acute phase (Fig. 1, Suppl.
Fig. 1A–B) could indicate that this group had an enduring deficit
in redox regulation, as well as a lack of inflammation indicated by
the adverse effect of eicosapentaenoic acid (EPA), 2 g/d, on this
group of patients, presumably a pro-oxidant effect (Bentsen
et al., 2013).

The assessment of vitamin E status in critically ill patients with
systemic inflammation has been discussed by Vasilaki et al. (2009).
They found that adjustment for cholesterol alone yielded higher
levels of α-tocopherol than in healthy controls, whereas adjust-
ment for triglycerides yielded lower levels. Patients’ cholesterol

levels were lower, while triglyceride levels were similar to those
of healthy controls. In our study, we adjusted for both cholesterol
and triglycerides.

While the uric acid level did not significantly change between
the acute and stable phases of schizophrenia in the present study,
we found significantly higher levels of uric acid in the stable phase
of schizophrenia than in healthy controls after adjusting for age,
sex and smoking habits. Earlier studies have somewhat conflicting
findings regarding the potential change in uric acid level in schizo-
phrenia (Yao et al., 1998; Dadheech et al., 2006). The uric acid’s
antioxidative properties would be assumed to deplete during the
acute phase of schizophrenia, in conditions of oxidative stress.
Still, as with bilirubin, the exact relationship between schizophre-
nia, oxidative stress and the levels of endogenous antioxidants
remains unclear and warrants further study.

The present study showed lower albumin levels in patients in
the acute phase compared with the stable phase. In the latter, there
was no difference between schizophrenia patients and healthy con-
trols. Earlier studies have shown similar findings, linking low levels
of albumin to the acute phase of schizophrenia (Reddy et al., 2003).
Other studies have shown no difference in albumin levels between
first episode and chronic schizophrenia (Pae et al., 2004). Low
albumin may be an effect of malnutrition and inflammation
(Don&Kaysen, 2004); both conditions may be present in the acute
phase of schizophrenia. In our study, patients in the acute phase
were recently admitted to a psychiatric hospital and were at risk
of somatic and social stress. Low albumin may also be an effect
of oxidative stress and related to the underlying pathogenesis of
psychosis (Labad et al., 2015).

We found that bilirubin was lower in the schizophrenia group
compared with healthy controls in the stable phase, independent of
smoking status. Low bilirubin concentration confers a potent anti-
oxidant redox amplification cycle and antioxidant protection via
recycling of bilirubin to biliverdin (Jansen & Daiber, 2012).
Altered levels of bilirubin have been shown in schizophrenia.
One study has found increased levels in first-episode schizophrenia
(Reddy et al., 2003), while other studies on patients in the stable
phase have conflicting findings (Yao et al., 2000; Semnani et al.,
2010). Differences in bilirubin levels between patients and healthy
controls have been found independent of smoking status and
antipsychotic medication (Yao et al., 2000; Reddy et al., 2003).
Bilirubin is metabolised by UGT1A1, in which genetic variation
might lead to idiopatic unconjugated hyperbilirubinemia
(Gilbert’s syndrome). This syndrome is more prevalent among
schizophrenia patients than in the general population (Yao
et al., 2000). Altered bilirubin levels during the course of schizo-
phrenia may indicate that oxidative stress is related to symptom
severity and need to be further examined in longitudinal studies.

Measures of antioxidants and oxidant markers only partially
correlate, regarding change over time as well as differences between
healthy controls and patients in the stable phase. This is in line with
earlier reports of inconsistent findings of oxidative stress markers
and antioxidants in schizophrenia (Ciobica et al., 2011). Both anti-
oxidants andmarkers of oxidative stress are indirect measurements
of free radical production, as in vivo measurement of free radical
concentrations is impractical because their reactive nature results
in short half-lives and low levels. It is possible that oxidative stress
and alterations in antioxidant enzyme activities may be involved in
the pathophysiology of specific subtypes of schizophrenia. The dif-
ference in the direction of changes may be attributed to clinical
symptoms, age, BMI and use of antipsychotic medication, but also
to the dynamic status of antioxidant enzymes, which have an
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intricate balance with other biological pathways and systems
(Zhang et al., 2006; Wu et al., 2013).

Antioxidants, markers of oxidative stress and association to
symptom severity

The current analyses revealed no significant association between
symptom severity and levels of antioxidants or markers of oxida-
tive stress in the stable phase. This is in line with earlier studies of
chronic schizophrenia (Lee et al., 2016). We have earlier demon-
strated that F2-isoprostane levels were associated with negative
symptoms in the same patient group in the acute phase
(Bentsen et al., 2012). Persistent low levels of antioxidants may
be toxic and not compatible with sustainable life, and any associ-
ations with symptoms will more likely be present intermittently
during the course of the disease.

Antioxidants and markers of oxidative stress, and association
with membrane PUFA

The levels of ROMs and albumin were associated with those of
PUFAs in healthy controls, but not in patients in the stable phase.
Dysregulation of antioxidant defence through a reduction in
expression and activity has been implicated in disease pathophysi-
ology (Miller et al., 2008). PUFAs are especially prone to lipid per-
oxidation, and one would expect a stable relationship between
PUFAs, antioxidants and markers of oxidative stress. During epi-
sodes of higher symptom intensity, the levels of membrane lipids
may be influenced by neuroinflammation, oxidative stress and
lipid peroxidation (Bitanihirwe & Woo, 2011; Muller et al.,
2015). Taken together, discrepancies in oxidant markers may indi-
cate a dysregulation of antioxidant defences and suggest that oxi-
dative stress and excessive free radical production may be involved
in the pathophysiology of schizophrenia.

The levels of α-tocopherol were associated with those of PUFAs
in patients and were lower in the low PUFA group in the acute
phase (Bentsen et al., 2011). We showed that changes in α-tocoph-
erol from the acute to stable phase were different between the two
groups. Add-on treatment with EPA had different effects between
the PUFA groups in the acute phase, leading to increased psychotic
symptoms in the low PUFA group (Bentsen et al., 2013). The fact
that the bimodality was no longer present in the stable phase
(Solberg et al., 2016) suggests a possible stage-specific biological
effect. Together, this may indicate a dysregulation of redox
regulation in schizophrenia affecting PUFA levels, with different
patterns in the acute and stable phases.

Oxidative stress and lifestyle factors

Antioxidant status and oxidative stress are related to lifestyle fac-
tors and diet, which have been found to be poorer in schizophrenia
patients than in the general population (Dipasquale et al., 2013).
Nutrients, including PUFAs and vitamins, have anti-inflammatory
and antioxidant mechanisms of action, and an unhealthy diet may
contribute to the observed differences between patients and
healthy controls (Mitra et al., 2017). Though studies have shown
diet inadequacy among schizophrenia patients, this may not alone
explain the differences in antioxidants and polyunsaturated acids
observed between patients and healthy controls (Strassnig et al.,
2005; Ballesteros et al., 2013).

The changes in antioxidant levels in our study were indepen-
dent of smoking status. Tobacco smoking is known to increase
oxidative stress and lipid peroxidation (Kharb & Singh, 2000;

Van’t Erve et al., 2016). Among schizophrenia patients, higher lev-
els of oxidative stress have been shown among first-episode
patients that smoked (Jordan et al., 2018), but lipid peroxidation
has been lower among patients who smoked in a stable phase
(Zhang et al., 2006). The levels of antioxidants were lower in
first-episode schizophrenia independent of smoking status (Yao
et al., 2000; Reddy et al., 2003). Smoking was associated with higher
glutathione levels in controls, while smoking in patients was not
associated with this effect (Ballesteros et al., 2013). Oxidative stress
from smoking may stimulate the antioxidant defence, and
increased antioxidant activity with greater cigarette consumption
is consistent with tobacco smoke, leading to oxidative stress and
the stimulation of protective actions of enzymes such as superoxide
dismutase and catalase to reverse this stress (Zhang et al., 2007).
Some components of tobacco smoke also appear to inhibit mono-
amine oxidase, and this might decrease free radical formation
(Mazzio et al., 2005). Taken together, this indicates that though
smokingmay lead to increased oxidative stress, the changes in anti-
oxidant levels observed in schizophrenia patients may be indepen-
dent of smoking status and related to the pathophysiology of
schizophrenia.

Oxidative stress and inflammation

Several lines of evidence suggest that the pathophysiology of
schizophrenia involves immune and inflammatory pathways that
may have important aetiological and therapeutic implications
(Anderson &Maes, 2013; Muller et al., 2015; Muller, 2018). A pos-
sible association between schizophrenia and the immune system is
supported by epidemiological studies suggesting links with infec-
tion and systemic inflammation (Khandaker et al., 2015). The use
of antipsychoticmedicationmay also affect the inflammatory state,
and antipsychotics can impact the expression of genes that code for
inflammatory cytokines and immune cells (Chen et al., 2013;
Debnath, 2015). However, in clinical trials, results are mixed
and may reflect different properties of each medication (Roge
et al., 2012; de Witte et al., 2014). Aberrant cytokine levels have
been observed in schizophrenia independent of antipsychotic
medication and associated both to state and trait (Miller et al.,
2011; Hope et al., 2013; Morch et al., 2017). However, several
genome-wide association studies have implicated immune genes
among the strongest genetic risk factors (Shi et al., 2009; Sekar
et al., 2016; Miller & Goldsmith, 2017).

We found higher levels of CRP in patients in the stable phase,
similar to previous findings in the acute phase (Bentsen et al.,
2012). This is in line with earlier studies (Fernandes et al., 2016;
Johnsen et al., 2016) and may indicate a low-grade inflammation
among patients, which could play a role in disease progression,
either by itself or as a modulator of oxidative stress. Oxidative
stress and inflammation are intricately linked (Barron et al.,
2017) and have been suggested to reflect developmental redox dys-
regulation (Do et al., 2009). Oxidative stress induces inflammation
via the activation of rapid-acting transcriptional activators of
inflammatory response that can also lead to the production of
more free radicals (Liu et al., 2008; Bitanihirwe & Woo, 2011).
In the brain, the activation of microglia to destroy pathogens
involves the generation of reactive superoxides, which can also
damage neurons if not balanced with antioxidants (Block et al.,
2007). Dysregulation of neuro-immune and redox systems due
to genetic and early-life environmental risk factors may contribute
to CNS anomalies observed in schizophrenia, and dysregulation of
more than one of these systems may be particularly deleterious
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(Steullet et al., 2016). In general, studies of oxidative stress and
inflammation in schizophrenia have provided conflicting results,
but some studies have suggested poorer outcome among patients
with higher oxidative stress and greater inflammation (Fraguas
et al., 2017). These processes may be dynamic and related to differ-
ent phases of schizophrenia, and apply to subgroups of patients
and need to be studied further.

Oxidative stress related to different phases of schizophrenia

The current findings are in line with the notion that different
pathological processes may be involved in different phases of
schizophrenia. Several lines of evidence from basic neuroscience
support this concept. Krystal et al. describe an imbalance in cortical
excitation and inhibition that vary throughout the development
and progression of schizophrenia across different phases (pro-
drome, predrome, syndrome and chronic illness) (Krystal &
Anticevic, 2015; Krystal et al., 2017). This may lead to successive
allostatic neuroadaptions that ultimately affect network integrity
and function (Krystal & Anticevic, 2015).

A similar scenario may explain why not all markers of oxidative
stress increase constantly in schizophrenia, as suggested by the cur-
rent findings. Oxidative stress may also be a dynamic process,
related to different phases of schizophrenia. Oxidative stress
abnormalities in first-episode psychosis suggest an effect indepen-
dent of antipsychotic medications (Zhang et al., 2009; Jordan et al.,
2018). It is not clear if later variations are results of disease progres-
sion or disease phase. α-Tocopherol has been suggested as a bio-
marker in schizophrenia (Liu et al., 2014). Our results suggest that
changes in α-tocopherol and albumin were associated with phase
rather than duration of illness, supporting the role of some bio-
markers being state markers for acute exacerbations of psychosis,
while others might be trait markers (Flatow et al., 2013). Taken
together, the possibility of alternating pathobiological processes
involving oxidative stress may explain the conflicting findings
regarding the levels of antioxidants and antioxidant therapy in
schizophrenia, and warrants further longitudinal studies. Disease
phase should be taken into account when studying redox regula-
tors in schizophrenia

Strength and limitations

To the best of our knowledge, this is the first longitudinal study of
antioxidants in schizophrenia that includes an acute and a stabi-
lised phase. The main strength of the study is the comparison of
biomarkers (bilirubin, albumin, uric acid) over time, and the rela-
tionship between antioxidants and markers of oxidative stress
based on PUFA levels. Changes in the levels of antioxidants from
the acute to the stable phase of schizophrenia suggest dysregulation
of antioxidant defences. Further, changes in the levels of bio-
markers related to disease phase and related to other biomarkers
– in our study, PUFA levels in the acute phase –may give insights
into conflicting findings of biomarkers in schizophrenia, and indi-
cate dynamic alterations of redox regulation during different
phases of schizophrenia.

The study has some limitations. The relatively small sample size
reduces statistical power, which makes the results from subgroups
harder to interpret and reduces the opportunities for analysing
confounders and effect modifiers. Small sample sizes also increase
the risk of bias, making the sample size less representative of
the population from which it has been drawn. The weight of par-
ticipants was not obtained, and thus obesity as a factor in relation
to lipid and antioxidant levels cannot be adjusted for. Diet, dietary

supplements and other lifestyle factors that may influence the lev-
els of membrane fatty acids and antioxidants were not controlled
for. Bilirubin and D-ROMs were only analysed at follow-up (stable
phase), and themethod used to analyse F2-isoprostane in the stable
phase differed compared with the acute phase, reducing the pos-
sibility of discovering longitudinal differences.

The control group was not fully matched for smoking habits
and other lifestyle factors, nor for education level – parameters that
may influence membrane fatty acids and antioxidant levels. In a
naturalistic study, the long period of time (5 years) between the
acute and the stable phase increases the possibility of other factors
not adjusted for affecting the lipid and antioxidant levels, including
age, BMI and treatment with antipsychotic medication, and the
lack of clinical information of the sample over the follow-up period
makes it hard to exclude association with other long-term out-
comes. Positive and negative symptoms of schizophrenia fluctuate
over time, whichmakes it difficult to identify associations. This will
most probably induce noise in the analysis, while systematic bias is
less probable, making type II errors more likely than type I errors.
Further, the group of patients not using antipsychotic medication
in the stable phase was small, and information on adherence to
medication prior to evaluation in the acute phase and during fol-
low-up was not obtained, making it difficult to assess the effect of
medication on antioxidants and oxidative stress. Thus, the current
findings should be confirmed in independent samples.

Concluding remark

The present findings of changing α-tocopherol levels in the acute
versus stable phase of schizophrenia suggests that redox regulation
is dynamic and changes during different phases of the disorder.
Abnormal levels of antioxidants in the stable phase indicate per-
sisting redox dysregulation. The acute versus stable phase should
be taken into account when studying redox regulators in
schizophrenia.
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