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controls (n = 43). Possible confounding factors were con-
sidered, and patients were followed-up after 6  weeks of 
treatment. No differences were observed regarding 8-OH-
2-dG, MDA and GST. At baseline, 8-iso-PGF2α levels 
were higher in patients with schizophrenia (p = 0.004) and 
major depression (p = 0.037), with a trend toward higher 
SOD concentrations in schizophrenia (p  =  0.053). After 
treatment, schizophrenia patients showed a further increase 
in 8-iso-PGF2α (p = 0.016). These results were not related 
to age, sex, disease severity, medication or adipose tissue 
mass. However, 8-iso-PGF2α was associated with smok-
ing, endocrine stress axis activation, C-reactive protein 
levels and low plasma concentrations of brain-derived 
neurotrophic factor. This study suggests a role of lipid per-
oxidation particularly in drug-naïve acutely ill schizophre-
nia patients and highlights the importance of taking into 
account other confounding factors in biomarker studies.

Abstract  Oxidative stress and immune dysregulation have 
been linked to schizophrenia and depression. However, it 
is unknown whether these factors are related to the patho-
physiology or whether they are an epiphenomenon. Incon-
sistent oxidative stress-related findings in previous studies 
may have resulted from the use of different biomarkers 
which show disparate aspects of oxidative stress. Addi-
tionally, disease severity, medication, smoking, endocrine 
stress axis activation and obesity are potential confounders. 
In order to address some of these shortcomings, we have 
analyzed a broader set of oxidative stress biomarkers in 
our exploratory study, including urinary 8-iso-prostaglan-
din F2α (8-iso-PGF2α), 8-OH-2-deoyxguanosine (8-OH-
2-dG), and blood levels of malondialdehyde (MDA), 
superoxide dismutase (SOD) and glutathione S-transferase 
(GST) in acutely ill drug-naïve first episode patients with 
schizophrenia (n =  22), major depression (n =  18), and 
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Introduction

The role of immunological factors in the pathophysiology 
of severe psychiatric diseases is still a matter of dispute. 
Increased blood levels of proinflammatory factors, such as 
C-reactive protein (CRP), have been observed in psychi-
atric disorders like schizophrenia and depression [17, 64]. 
Moreover, increased matrix metalloproteinase-9 (MMP-9) 
blood concentrations have been described [10, 53]. MMP-9 
may provide a link between immune and neurotransmitter 
hypotheses of these major psychiatric disorders because 
of its involvement in the regulation of blood–brain-barrier 
integrity, synaptic plasticity and neuronal apoptosis [48, 
63].

Scientific evidence for increased oxidative stress param-
eters would provide further support for the immune hypoth-
esis of schizophrenia and depression due to the connection 
between inflammation and reactive oxygen species (ROS) 
production [49]. However, recent meta-analyses reported a 
considerable heterogeneity of results [8, 18, 38, 46]. The 
inconsistency of these findings may have been caused by 
technical difficulties to measure fleeting oxidative stress-
related substances or by confounding factors such as long-
term drug treatment, life style habits (e.g., smoking), endo-
crine stress axis activation, metabolic changes like obesity 
and severity of symptoms.

It is important to keep in mind that appropriate bio-
markers should be employed to investigate specific 
aspects of oxidative stress [19, 30, 54]. Thus, 8-OH-
2-deoyxguanosine (8-OH-2-dG) could be used as read-
out of oxidative damage to DNA, F2-isoprostanes (e.g., 
8-iso-prostaglandin F2α/8-iso-PGF2α) could be used as a 
measure of arachidonic acid derivatization, and malondi-
aldehyde (MDA) could be used as a biomarker of chemi-
cal modification of proteins subsequent to lipid oxidation 
[19, 30, 36, 54]. The activity of the antioxidant defense 
system can be estimated using enzymatic factors, such as 
superoxide dismutase (SOD), glutathione S-transferase 
(GST), glutathione peroxidase, glutathione reductase or 
non-enzymatic plasma antioxidants (albumin, bilirubin, 
ferritin, transferrin and uric acid) [30]. Therefore, broad 
analytical assessments such as determining the stable end-
products of the generation of ROS and investigating dif-
ferent systems of oxidative damage and defense appears 
to be the best approach for oxidative stress determina-
tions. For example, 8-iso-PGF2α, MDA and 8-OH-2-dG 
have been suggested as useful and stabile biomarkers in 

sleep apnea syndrome, a human disease model for study-
ing the generation of ROS [30]. In addition, the impact 
of oxidative stress on the brain may be estimated by 
brain-derived neurotrophic factor (BDNF) or MMP-9 
since these have been associated with synaptic plastic-
ity [10, 15, 16]. Notably, these proteins have additional 
sources and functions. For example, approximately 75% 
of the circulating BDNF originates from the brain and the 
remainder arises from peripheral sources, including vas-
cular endothelial cells, megakaryocytic cells and platelets 
[50]. Furthermore, MMP-9 blood levels have also been 
considered as a peripheral biomarker of inflammation and 
may be increased in cardiac, liver and pulmonary fibrosis 
[23, 29].

In our exploratory study, we have analyzed a broad set 
of several oxidative stress parameters in urine, plasma and 
serum from acutely ill drug-naïve first episode patients with 
schizophrenia or major depression. The biomarker set com-
prised stable analytes such as 8-iso-PGF2α, 8-OH-2-dG 
and MDA in addition to the antioxidant enzymes SOD and 
GST. Our main objective was to investigate whether or not 
these factors were present at different concentrations in 
acute first onset patients with schizophrenia or depression, 
compared to controls. In addition, the same parameters 
were also assessed after 6 weeks of follow-up to determine 
any effects of treatment. Finally, we tested the influence of 
several factors on oxidative stress-related parameters, such 
as age, sex, the severity of psychopathologic symptoms, 
medication, smoking, occasional use of cannabis, endo-
crine stress axis activation, adipose tissue mass and the 
levels of surrogate markers of inflammation and neuronal 
plasticity.

Materials and methods

Study design

The study was performed in accordance with German laws, 
the Declaration of Helsinki, and the guidelines of the local 
institutional review board. Written informed consent was 
obtained from all participants. Drug-naïve first episode 
patients were recruited at Magdeburg’s University hospital 
and service for psychiatry and psychotherapy and the psy-
chiatric service of the city hospital Magdeburg by a trained 
study team responsible for standardized diagnostic assess-
ments, psychometric ratings (psychologists: A. Dudeck 
and J. Schadow) and sample collection (study nurse: G. 
Meyer-Lotz). This team was supervised by J. Steiner and 
W. Jordan.

Parameters of oxidative stress were determined on hos-
pital admission (time point T0) in acutely ill drug-naïve 
first episode patients with schizophrenia (n =  22), major 
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depression (n =  18) and controls (n =  43) (see Table 1). 
Blood samples from acute disease phases were obtained 
within 24  h after admission in this naturalistic study. All 
acutely ill participants were treated as inpatients after 
admission and underwent therapeutic drug monitoring. 
Patients were followed-up after 6 weeks of inpatient treat-
ment (time point T6). Patients with schizophrenia were 
started on the atypical antipsychotics olanzapine (n =  7), 
quetiapine (n  =  7) or risperidone (n  =  8). Depressed 
patients received mirtazapine (n  =  10) or venlafaxine 
(n = 8). Only benzodiazepines were allowed as additional 
psychotropic medication (for ≤6  days). We had access 
to detailed clinical files, including the medical histories 
by proxy and referral letters from the general practition-
ers. Psychopathology was monitored using the Positive 
and Negative Syndrome Scale (PANSS) and the Hamilton 
Depression Scale (HAMD-21). Cumulative chlorpromazine 
and amitriptyline equivalent dosages were calculated for 
the treatment period of six weeks [3, 29, 51, 67]. A com-
plete differential blood cell count, measures of CRP, creati-
nine, glucose, lipids, liver enzymes and a urine drug screen 
were done for all subjects. Exclusion criteria consisted of 
the presence of immune diseases, immunomodulating treat-
ment, cancer, chronic terminal disease, cardiovascular dis-
orders, diabetes or severe trauma. Controls were recruited 
from blood donors at the Institute of Transfusion Medi-
cine at the University of Magdeburg and from students and 
staff members of the University of Magdeburg. We aimed 
to match these samples for age, sex, smoking and canna-
bis use. This was achieved except for the case of match-
ing smoking habits. Controls were screened for personal 
or family history of neuropsychiatric disorders using the 
Mini-International Neuropsychiatric Interview [58].

Before definite inclusion of the blood samples into our 
scientific blood bank, as suggested by the diagnostic guide-
lines of the German Psychiatric Association [22], psychosis 
or depression resulting from other medical conditions and 
substance-induced psychosis were excluded by a thorough 
physical examination, routine blood analysis (including dif-
ferential blood cell count, kidney function tests, and levels 
of C-reactive protein, glucose, lipids, liver enzymes and 
thyroid hormones), screening for illegal drugs and mag-
netic resonance imaging of the brain [2]. In addition, elec-
troencephalography (EEG) was performed. The same tests 
were carried out in the control participants.

Morning urine was sampled, acidified between pH 2 
and 4 and a 15 mL aliquot stored at −80 °C. Blood sam-
ples were taken from fasting subjects between 8:00 and 
10:00 a.m. and collected into BD Vacutainer™ plasma and 
serum tubes (Becton–Dickinson, Heidelberg, Germany). 
Plasma tubes were centrifuged immediately at 1000 g for 
10 min. The resulting supernatants were stored in Protein 
Low Binding microcentrifuge tubes (Eppendorf, Hamburg, 

Germany) at −80 °C. Serum tubes were left at room tem-
perature for 2 h for blood coagulation and then processed 
as above for plasma.

Biochemical analyses

Commercially available assays were used for the measure-
ment of most parameters according to the manufacturers’ 
instructions.

Urinary 8-iso-PGF2α was purified by immunoaffinity 
chromatography as described previously [62] and the con-
centration measured by gas chromatography–mass spec-
trometry (GC–MS). Briefly, urine samples were thawed 
and the labeled internal standard 2H4-8-iso-PGF2α added at 
a concentration of 1 ng/mL. Thereafter, the samples were 
run through immunoaffinity columns (Cayman Chemicals, 
Ann Arbor, Michigan, USA) and derivatized as described 
previously to obtain the pentafluorobenzyl ester and tri-
methylsilyl ether derivatives [56]. Detection of endog-
enous 8-iso-PGF2α targeted a mass-to-charge (m/z) ratio 
of 569.4 and the internal standard 2H4-8-iso-PGF2α was 
read at 573.4 m/z. The final results were expressed as pg 
of 8-iso-PGF2α per mg urinary creatinine. Quantitation 
of 8-OH-2-dG was done using an immunoassay kit from 
the Japan Institute for the Control of Aging (JaICA, Fuku-
roi, Shizuoka, Japan). The final results were calculated 
as ng of 8-OH-2-dG per mg creatinine. Urinary levels of 
metanephrine and normetanephrine were measured simul-
taneously by a commercially available high performance 
liquid chromatography (HPLC) method with electro-
chemical detection (Chromsystems Instruments & Chemi-
cals GmbH, Munich, Germany). An internal standard 
(3-hydroxy-2-methylbutanoic acid) was used as a compari-
son to estimate both analyte concentrations. The limits of 
quantification for metanephrine and normetanephrine were 
10 and 30  µg/L, respectively. The intra-assay coefficients 
of variation for metanephrine and normetanephrine were 
<2% at concentrations of 161 and 307 µg/L, respectively. 
The inter-assay coefficients of variation for metanephrine 
and normetanephrine were 2.8% at a concentration of 
342  µg/L and 3.5% at a concentration of 269  µg/L. The 
ratio of metanephrines to creatinine for each urine sample 
was calculated to correct for internal dilution. Measure-
ment of creatinine was carried out using standard methods 
on the Modular platform (Roche Diagnostics, Penzberg, 
Germany).

Total (free and bound) MDA was measured in plasma 
samples by derivatization with 2-4-dinitrophenylhydrazine 
as previously described [30, 47] followed by HPLC with 
UV detection. Plasma BDNF levels were determined using 
the Human BDNF DuoSet ELISA kit (R&D Systems, 
Wiesbaden, Germany). Samples were processed according 
to the kit instructions provided by the manufacturer.
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Finally, the Human DiscoveryMAP™ multiplex immu-
noassay platform was used to measure the serum concen-
trations of SOD, GST, MMP-9 and cortisol as described 
previously [55]. High sensitivity CRP (hs-CRP) concentra-
tions in serum were measured by a commercial enhanced 
latex technology immunoassay (Tina-quant® C-Reactive 
Protein Gen.3, Roche Diagnostics, Penzberg, Germany) on 
a fully automated MODULAR E170 system (Roche Diag-
nostics, Germany) as described by the manufacturer. The 
minimal detectable concentration of hs-CRP was 0.3 mg/L. 
All samples were assayed in duplicate.

Statistics

Statistical analysis was performed using the SPSS 15.0 
package (Statistical Product and Service solutions, Chi-
cago, USA). Fisher’s exact tests were used to calculate 
group differences regarding categorical variables such as 
sex, smoking and occasional cannabis use. Most of the 
data were not normally distributed, as indicated by Sha-
piro–Wilk tests. Thus, nonparametric Kruskal–Wallis H 
tests were applied to detect the overall effects of diagnostic 
group. In follow-up analyses, Bonferroni–Holm-corrected 
post hoc Mann–Whitney U tests were performed to iden-
tify which pair-wise diagnostic group differences contrib-
uted to the results detected as significant by the omnibus 
test. Paired Mann–Whitney U tests were performed to com-
pare biomarker concentrations at baseline (T0) and after 
the 6-week treatment period (T6). Significant diagnosis- or 
time point-related differences in the oxidative stress meas-
ures were re-tested for the potential influence of confound-
ing factors. For this, Mann–Whitney U tests were used to 
determine the effects of gender, smoking and cannabis use. 
In addition, Spearman rank correlation coefficients were 
calculated for the whole group of subjects and separately 
for each diagnostic group to assess the influence of age, 
waist circumference, body mass index (BMI) as well as the 
levels of metanephrine, normetanephrine, hsCRP, MMP-9, 
BDNF and cortisol. Similarly, Spearman rank correlation 
coefficients were calculated within both patient groups to 
determine the influence of cumulative drug dosage at T6 
(chlorpromazine/amitriptyline units) and the severity of 
psychopathologic symptoms (PANSS, HAMD-21). All sta-
tistical tests were two-tailed, and p values of <0.05 were 
considered as significant, while p values of <0.10 were 
considered as a statistical trend.

There was no correction for multiple testing given that 
most of the assays were carried out in singlet (not multi-
plex) format. For this exploratory study with small group 
size, the results were presented without error probability 
correction. If a Bonferroni adjustment of the type I error 
probability had been applied, no significant differences 
would remain. However, if the error probability was 

adjusted the power of detecting existing mean differences 
would be too low.

Results

Demographic data

As summarized in Table  1, no significant differences were 
observed between the diagnostic groups regarding sex 
(p = 1.000) and the occasional use of cannabis (p = 0.212). 
However, the diagnostic groups differed regarding age 
(p = 0.014), particularly because of a younger age of drug-
naïve patients with schizophrenia compared to those with 
major depression (p = 0.030). Differences regarding smok-
ing habits (p = 0.005) were caused by a higher proportion of 
smokers in schizophrenia (~70% smokers) and major depres-
sion (~70% smokers) compared to controls (~35% smokers), 
although this was significant only in the case of the former 
(p = 0.024) with a trend seen for the latter (p = 0.055).

Oxidative stress

Details regarding oxidative stress-related parameters are 
displayed in Fig. 1 and Table 2. Urine 8-iso-PGF2α levels 
were significantly elevated in schizophrenia (p  =  0.004) 
and major depression (p  =  0.037) patients compared to 
controls at T0. An increase in 8-iso-PGF2α levels was 
observed in the schizophrenia cohort (p  =  0.016) after 
6  weeks of treatment (T6), while levels in the depressed 
patients were unchanged from baseline conditions. MDA 
plasma levels were not different across diagnostic groups 
at T0 (p = 0.416), but after 6 weeks of treatment the con-
centration of this analyte was decreased in schizophrenia 
patients in comparison with the baseline levels (p = 0.008). 
Serum SOD concentrations differed significantly between 
the diagnostic groups at T0 (p =  0.048) with higher lev-
els in drug-naïve schizophrenia patients compared to con-
trols, although this was a trend (p = 0.053). However, no 
significant differences in these parameters were observed 
after 6  weeks of treatment. Serum GST and urine 8-OH-
2-dG showed no diagnosis- or time point-related changes. 
None of the other analytes showed significant differences at 
either timepoint.

Potential confounding factors

At T0 and T6, oxidative stress measures were not affected 
by age, gender or occasional cannabis use in the whole 
group of subjects or for each diagnostic group separately. 
The urinary levels of 8-iso-PGF2α were increased signifi-
cantly in the whole group of smokers compared to non-
smokers at T0 (p =  0.001). However, a separate analysis 
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of non-smokers confirmed the additional influence of diag-
nosis on this parameter (p =  0.040) as shown by higher 
8-iso-PGF2α levels in non-smoking schizophrenia patients 
compared to non-smoking controls (p = 0.033). This was 
not found for the non-smoking patients with depression 

compared to non-smoking controls (p = 0.912). No other 
influences of smoking were observed on the remaining 
tested oxidative stress data.

To assess a potential influence of adipose tissue 
mass on oxidative stress measures, we checked for any 

Fig. 1   Illustration of oxidative stress measures. a) urinary 8-iso-pros-
taglandin F2α (8-iso-PGF2α), b) urinary 8-OH-2-deoyxguanosine 
(8-OH-2-dG), c) plasma levels of malondialdehyde (MDA), d) serum 
concentrations of superoxide dismutase (SOD) and e) glutathione 

S-transferase (GST). Annotation: the box plots show the median, 
interquartile range, sample minimum and sample maximum, outliers 
are displayed as circles, * p < 0.05, ** p < 0.01
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correlation of the analytes measured with waist circumfer-
ence (abdominal obesity) or BMI (overall fat mass). This 
showed that the levels of 8-iso-PGF2α, 8-OH-2-dG, MDA, 
SOD or GST were not correlated with either of these physi-
cal measurements despite the finding that waist circumfer-
ence (p = 0.003) and BMI (p = 0.009) were significantly 
increased in schizophrenic patients between T0 and T6 
(Table  1). A similar trend was found in the case of the 
major depression patients (waist circumference: p = 0.091, 
BMI: p = 0.094).

To address a potential role of biomarkers associated 
with inflammation, blood–brain-barrier integrity and syn-
aptic plasticity in the different groups, we analyzed blood 
levels of hsCRP, MMP-9 and BDNF (Table  3). Serum 
hsCRP levels tended to be higher in depressed patients at 
baseline compared to controls (p =  0.062) and increased 
in both patient groups following treatment to reach signifi-
cance only in schizophrenia patients (p = 0.012). Schizo-
phrenia patients showed higher serum MMP-9 levels at T0 
compared to controls (p =  0.020), and the levels of this 
analyte were significantly decreased after 6 weeks of treat-
ment (p =  0.006), compared to the baseline. In contrast, 
baseline plasma BDNF levels were significantly lower in 
schizophrenia (p < 0.001) and tended to be lower in major 
depression (p = 0.087) patients compared to controls. Fur-
thermore, the BDNF levels in both patient groups showed 
an increase from T0 to T6 but did not reach normal levels 
in either group. We found a positive correlation of serum 
hsCRP with urinary 8-iso-PGF2α (r =  0.280, p =  0.010) 
in the whole group of tested subjects at T0, but not at T6. 
Serum MMP-9 levels were correlated with those of SOD 
(T0 trend: r = 0.216, p = 0.052, T6: r = 0.353, p = 0.035), 
while plasma BDNF was inversely correlated with uri-
nary 8-iso-PGF2α (T0: r = −0.259, p = 0.027, T6 trend: 
r = −0.333, p = 0.058) in the whole group of tested sub-
jects. No significant associations were found in separate 
tests of the diagnostic groups.

Next, the potential influence of endocrine stress axis 
activation was assessed using urinary biomarkers of sympa-
thetic nervous system activation. This showed significantly 
higher baseline levels of metanephrine (schizophrenia: 
p =  0.008, depression: p =  0.008) and normetanephrine 
(schizophrenia: p = 0.033, depression: p = 0.007) in both 
patient groups, and these did not change following 6 weeks 
of treatment, apart from a decrease in metanephrine lev-
els in depressed patients (p = 0.015). In addition, the lev-
els of urinary 8-iso-PGF2α were correlated with those of 
metanephrine (r = 0.404, p < 0.001) and normetanephrine 
(r = 0.401, p < 0.001) at T0 in the whole group of tested 
subjects, but not at T6. Similarly, 8-iso-PGF2α was corre-
lated with metanephrine in depressed patients (r = 0.492, 
p  =  0.038) and with normetanephrine in controls 
(r = 0.304, p = 0.048) at T0, but not at T6. Serum cortisol, 

which is another potential marker of stress, was not signifi-
cantly different between the tested groups at baseline but 
decreased significantly in the schizophrenia group from T0 
to T6 (p = 0.035) (Table 3). However, cortisol levels were 
not related to oxidative stress parameters at either T0 or T6.

Changes in the tested oxidative stress parameters and 
BDNF levels during the 6-week follow-up period were not 
correlated with cumulative drug dosage of antipsychotic 
(chlorpromazine units) or antidepressant drugs (amitripty-
line units). Moreover, the severity of clinical symptoms or 
their change from T0 to T6 was not significantly associated 
with oxidative stress parameters in the respective patient 
groups, apart from an association of delta-PANSS-P-scores 
with delta GST (r = 0.588, p = 0.004).

Discussion

In the present study, we analyzed a panel of oxidative 
stress-related markers in acutely ill drug-naïve patients 
with schizophrenia and major depression. This included 
measurement of urinary biomarkers such as 8-iso-PGF2α 
and 8-OH-2-dG in addition to blood biomarkers like MDA, 
SOD and GST. Most importantly, we attempted to control 
for potential confounding factors on measurement of these 
analytes, including potential effects of age, gender, body 
mass index and treatment.

The finding that there was a trend toward higher SOD 
concentrations in patients with schizophrenia compared to 
controls suggested that oxidative stress was evident at this 
early stage in the disease, although no diagnosis-related 
differences were observed regarding the GST enzyme or in 
plasma MDA or urinary 8-OH-2-dG levels. Interestingly, 
the urinary marker 8-iso-PGF2α was significantly higher 
in both patient cohorts compared to controls and this was 
elevated further in schizophrenia patients after 6 weeks of 
treatment. Isoprostanes are formed during free radical-cata-
lyzed oxidation of arachidonic acid (AA). The types of iso-
prostaglandins and their amount depend on oxygen tension 
and glutathione concentration [40]. In healthy humans, the 
major source of 8-iso-PGF2α is free radical-catalyzed lipid 
peroxidation. However, enzymatic over-expression due to 
inflammation and activation of cyclooxygenase 2 (Cox-
2) can also contribute to 8-iso-PGF2α production under 
pathological conditions [65]. Recent investigations have 
suggested that F2-isoprostanes such as 8-iso-PGF2α are 
the most precise markers of oxidative stress in  vivo [65], 
and several research groups have now associated changes 
in this analyte with schizophrenia and depression [8, 11, 
37, 46]. A recent postmortem study has observed decreased 
levels of AA in the frontal cortex of schizophrenia patients 
[26]. In addition to the higher levels at baseline, we found 
that 8-iso-PGF2α was increased further after 6  weeks of 
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treatment of schizophrenia patients, suggesting an accu-
mulating damage of membrane lipids in psychosis. It is not 
likely that this was due a detrimental effect of treatment as 
we found no correlation between antipsychotic drug dosage 
and changes in 8-iso-PGF2α levels. As lipid peroxidation 
is ubiquitous, other conditions of oxidative stress including 
renal dysfunction have been ruled out in our study popu-
lation. F2-isoprostane measurement by mass spectrom-
etry is regarded as the best currently available surrogate 
marker of lipid peroxidation [25]. F2-isoprostanes can be 
measured in plasma, serum and urine. In contrast to urine, 
blood samples contain lipids and their handling requires a 
specific methodology, e.g., avoiding hemolysis, immediate 
analysis or immediate flash-freezing in liquid nitrogen [25]. 
The half-life of plasma 8-iso-PGF2α is very short, because 
it is rapidly metabolized and excreted into the urine [5]. 
Some authors have suggested that urinary F2-isoprostanes 
may partly be derived from local production in the kidney 
[68]. Moreover, an influence of renal blood flow cannot be 
excluded, especially since 8-iso-PGF2α is a potent vaso-
constrictor in various vascular beds, including the kidney 
[4]. Nevertheless, urinary levels of 8-iso-PGF2α measured 
by GC–MS appear to be more reliable for the estimation 
of oxidative stress in clinical conditions than the measure-
ment of other markers [19, 25]. It is of interest that recent 
clinical interventions attempting to mitigate the effects of 
lipid peroxidation have been tested in schizophrenia. These 
efforts include the administration of long-chain omega-3 
fatty acids, eicosapentaenoic acid and N-acetyl cysteine 
(NAC) [1, 7, 21]. However, no placebo-controlled study to 
date has demonstrated that the resulting normalization of 
lipid peroxidation was associated with long-term symptom 
improvement [31].

In addition to oxidative stress effects, proinflammatory 
factors also appear to be associated with the pathogenesis 
of schizophrenia and major depression. The involvement 
of immunological mechanisms in the pathogenesis of these 
disorders is consistent with the observed beneficial effects 
of treatment with Cox-2 inhibitors, particularly when 
applied during early and acute disease stages [42]. Our 
finding of a positive correlation between the levels of uri-
nary 8-iso-PGF2α with serum hsCRP further supports the 
hypothesis of a link between oxidative stress and a proin-
flammatory state in psychiatric patients.

We also investigated potential effects on neuronal 
growth factors in this study. Altered neuropsychological 
behavior in neurological diseases is believed to be associ-
ated with altered synaptic plasticity, and molecules such 
as BDNF are considered to be essential in mediating per-
sistent changes in synaptic connectivity [14]. Thus, BDNF 
is considered to represent a potential blood biomarker for 
such neuronal changes in the brain. MMP-9 can convert 
proBDNF to mature BDNF, and it also cleaves and can Ta
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thereby modulate the activity of other mediators of synap-
tic plasticity. We found lower BDNF levels at baseline in 
the first onset schizophrenia patients, consistent with the 
results of recent meta-analyses [16, 24], and these were 
significantly correlated with urinary 8-iso-PGF2α levels. 
These observations are in line with a recent study showing 
a negative correlation of BDNF levels with those of the oxi-
dative stress marker SOD [70]. Although the findings were 
not significant, we also observed similar diagnosis-related 
changes of BDNF levels in the major depression patients. 
BDNF is largely stored in platelets [20] from where it is 
released into the bloodstream under activated conditions 
such as blood clot formation [52]. Thus, plasma may be a 
more reliable source of BDNF measures compared with 
serum as the former avoids the post-collection clot forma-
tion step. Although the brain may be the primary source of 
BDNF in blood plasma [33], the protein is also expressed 
in other cell types including myocytes, lymphocytes and 
endothelial cells, which are also likely to contribute to 
the circulating levels of this growth factor [6, 12, 32, 43, 
66]. Although it cannot be proven whether plasma BDNF 
levels under pathological conditions result from reduced 
expression in the brain or periphery, it has been demon-
strated that both expression and transport of BDNF are 
negatively regulated by oxidative stress [35, 41]. Further-
more, drug treatment leading to reduced lipid peroxidation 
under ischemic conditions was found to be associated with 
increased BDNF levels in the rat hippocampus [35] sug-
gesting a link between lipid peroxidation and brain BDNF 
content. Especially, an interaction between serotonin sign-
aling and BDNF has been emphasized [34]. Although there 
is growing evidence of a relationship between serotonin 
and BDNF [28], BDNF levels were not significantly influ-
enced by medication in our study, possibly because of the 
limited specificity of the applied BDNF ELISA to distin-
guish between proBDNF and mature BDNF.

The significant increase of MMP-9 in schizophrenic 
patients with 8-iso-PGF2α and SOD at trend levels is con-
sistent with previous studies and supports hypotheses which 
suggest a connection between a proinflammatory state, 
disturbances in blood–brain-barrier integrity and abnor-
mal synaptic plasticity in schizophrenia patients [10, 69]. 
In this study, the elevated MMP-9 levels decreased to the 
range of healthy controls after 6 weeks of treatment, in line 
with earlier studies which found that some of these changes 
may occur only transiently during acute disease phases [61]. 
MMP-9 has been considered as a marker for pathological 
events in the brain [51]. Notably, increased blood levels of 
MMP-9 have been associated with an impairment of the 
blood–brain barrier [59]. Moreover, previous meta-analy-
ses showed an increased production of pro-inflammatory 
cytokines in schizophrenia and major depression which is 
associated with an increased permeability of the blood–brain 

barrier [13, 39]. Thus, peripheral levels of MMP-9 and other 
parameters related to inflammation or oxidative stress may 
influence synaptic plasticity in the brain.

We also found that smoking and biomarkers of sympa-
thetic nervous system activation were related to measures 
of 8-iso-PGF2α. This is consistent with the use of isopros-
tanes as biomarkers of oxidative stress in cigarette smokers 
[57]. However, even though both patient groups contained 
a higher percentage of smokers than the control group, we 
found a schizophrenia-related increase in 8-iso-PGF2α 
through a separate analysis of non-smokers. In contrast to 
findings by Black et al. [9], the increase of 8-iso-PGF2α in 
acutely ill patients with depression was not confirmed by a 
separate analysis of non-smoking patients with depression 
compared to non-smoking controls. Thus, one may specu-
late on a disease-inherent association of oxidative stress 
related to lipid peroxidation in schizophrenia, while smok-
ing may be the driving factor for an increased production of 
8-iso-PGF2α in acutely ill patients with depression. How-
ever, further studies using larger cohorts of smokers and 
non-smokers will be required to confirm this.

Although endocrine stress axis activation is a common 
feature of psychiatric disease, it is still not known whether 
or not this can induce oxidative stress. Catecholamines are 
most likely involved in the production of ROS and condi-
tions causing increased catecholamine metabolism may 
therefore contribute to oxidative stress [60]. Accordingly, 
the levels of urinary 8-iso-PGF2α showed a significant cor-
relation with those of metanephrine and normetanephrine, 
which are the degradation products of epinephrine and nor-
epinephrine, respectively. Furthermore, 8-iso-PGF2α may 
have a modulatory effect on norepinephrine release from 
sympathetic nerves [44, 45].

Oxidative stress biomarkers did not correlate with 
improvements in clinical symptoms or cumulative drug 
dosage in our study and may thus be considered as trait 
markers. Alternatively, oxidative stress is an epiphenom-
enon which is not closely related to the pathogenesis of 
schizophrenia or major depression and is rather caused 
by an unhealthy lifestyle, including cigarette smoking, 
reduced physical activity and the preference of sweet and 
fatty food. Our study results may differ from previous ones 
since we have taken into account multiple potential con-
founding factors.

For this explorative study with small group size, the 
results were presented without error probability correc-
tion. Another potential limitation of the present study 
is that the oxidative stress measurements may be influ-
enced by changes in energy metabolism or associated with 
weight gain in the patient cohorts. However, we attempted 
to account for such effects and did not observe an associa-
tion of any of the analytes with these characteristics in drug-
naïve patients with schizophrenia and depression. We did 
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not control for sleep habits and/or the presence of obstruc-
tive sleep apnea in the study population which might pos-
sibly interfere with oxidative stress parameters. The tested 
oxidative stress parameters were not related to age, sex, dis-
ease severity or cumulative drug dosage over the treatment 
period. In addition, sympathetic nervous system activation 
and cigarette smoking could be identified as potential con-
founders. Finally, the potential influence of age, sex, can-
nabis use, adipose tissue mass, severity of symptoms and 
the use of modern antipsychotic and antidepressant drugs 
after 6 weeks of treatment on the oxidative stress measures 
cannot be ruled out because of the relatively low number of 
investigated cases in this study. This will require re-testing 
in a larger patient cohort. The lacking differentiation of the 
applied ELISA between proBDNF and mature BDNF meas-
urements is another limitation of the present study [27].

Conclusion

Based on our study in drug-naïve patients with schizophre-
nia and major depression, we suggest a disease-inherent 
association of oxidative stress related to lipid peroxidation 
in schizophrenia, while smoking may be the driving fac-
tor for an increased production of 8-iso-PGF2α in acutely 
ill patients with depression. Nevertheless, it still remains 
unclear if oxidative stress is a causal factor or an epiphe-
nomenon after the prodromal disease phase. For instance, 
endocrine stress axis activation (a common feature of psy-
chiatric disease) may be related to oxidative stress. Taken 
together, the results of this study highlight the importance 
of accounting for potential confounding factors such as 
age, sex, smoking, stress levels and other physiometric 
characteristics in biomarker-related studies of psychiatric 
disorders.
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