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Abstract 
 
Background 
Oxidative stress is a biological process, caused by an imbalance between reactive oxygen 
species (ROS) and antioxidants, in favour of the ROS. This imbalance leads to oxidative 
damage to lipids, proteins and DNA and ultimately cell death. Studies in rodents have shown 
that the brain, particularly the amygdala and hippocampus, is sensitive to oxidative stress, 
although studies on the association between oxidative stress and brain morphology in 
humans are lacking. Oxidative stress has also been associated with major depressive 
disorder (MDD) and may be related to volumetric abnormalities in the amygdala and 
hippocampus in MDD and anxiety disorders.  
 
Methods 
In this study we aimed to examine the association between two robust measures of oxidative 
damage in plasma (8-OHdG and F2-isoprostanes) and volume of the hippocampus and 
amygdala in a large sample of individuals with and without MDD and/or anxiety (N = 297). In 
secondary analyses, we examine whether this association is similar in patients and controls. 
8-OHdG and F2-isoprostanes plasma levels were determined using liquid chromatography 
tandem mass spectrometry and volume of the hippocampus and amygdala and 
hippocampal subfields was determined using Freesurfer.  
 
Results & conclusion 
We found no association between plasma markers (or interaction with MDD and/or anxiety 
disorder diagnosis) and subcortical volume, suggesting that peripheral oxidative stress 
damage is not associated with subcortical brain volume.  
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Introduction 

Oxidative stress is a complex biological process, which is the result of an imbalance between 
the production of (or exposure to) reactive oxygen species (ROS) and antixodants defences, 
in favour of the ROS. ROS play an important role in many biological processes, such as 
apoptosis, transcription factor activation and cell signalling pathways (Halliwell, 2000; 
Halliwell, 2011). However, when present in excessive amounts, ROS can cause damage to 
cellular structures such as membranes, proteins and DNA (Ďuračková, 2010), and prolonged 
exposure to oxidative stress can therefore cause cellular dysfunction and cell death 
(Filomeni & Ciriolo, 2006). Oxidative stress has also been related to various psychiatric 
disorders, such as major depressive disorder (Hovatta et al., 2010; Black et al., 2015; Bouayed 
et al., 2009) and psychosis (Martinez-Cengotitabengoa et al., 2012) and may contribute to the 
onset or a negative course trajectory of psychiatric disorders through changes in brain 
structure (Moylan et al., 2003).  

The brain is particularly susceptible to oxidative stress, due to its high rate of oxygen 
consumption, large content of polyunsaturated fatty acids, its regional high iron levels, and 
proportionately low antioxidant capacity (Noseworthy & Bray, 1998). Structures particularly 
sensitive to oxidative stress are the amygdala and the hippocampus (Wang & Michaelis, 
2010). Amygdala and hippocampal neurons are most sensitive to degeneration in 
neurodegenerative diseases with increased oxidative stress, such as Alzheimer’s disease 
(Braak & Braak, 1991; Terry et al., 1991). Furthermore, a preclinical study in rodents has 
shown that induced oxidative stress causes lipid peroxidation specifically in the 
hippocampus and the amygdala of the rat brain (Candelario-Jalil et al., 2001). Hippocampal 
neurons are particularly susceptible to oxidative stress, because of their high consumption 
of oxygen, large content of easily oxidizable polyunsaturated fatty acids and relatively low 
antioxidant levels (Evans, 1993). Various studies have shown that oxidative stress in the 
hippocampus causes reduced neurogenesis and increased neuronal death (Mattson, 2000; 
Huang et al., 2012). In the only human study to date, Lindqvist et al. (2014) calculated a ‘total 
net antioxidant score’, which consisted of oxidants (oxidized glutathione) and antioxidants 
(reduced glutathione, glutathione peroxidase and vitamin C) and reported an association 
with total hippocampal volume, and volume of the CA3 & dentate gyrus subfields in 
particular. However, this study did not correct for lifestyle and medication use, which may 
influence both oxidative stress markers (Black 2016) and hippocampal volume (Vermetten et 
al., 2003) and the sample size was limited (N = 35).  

Measuring ROS in vivo is also difficult due to the high reactivity and short half-life of 
ROS. An alternative approach is examining the effect of oxidative damage on lipids or DNA. 
8-hydroxy-2’-deoxtyguanosine (8-OHdG) and 8-iso-prostaglandin F2α (F2-isoprostanes) 
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have been widely used as measure of oxidative DNA and lipid damage respectively and are 
considered robust markers of oxidative stress (Niki, 2014; Valavanidis et al., 2009).  

In order to gain more insight into the association between oxidative stress and brain 
morphology in humans, we examined the association between these two peripheral plasma 
markers and amygdala and hippocampal volume in a large sample of participants (N = 297). 
Furthermore, we explored whether oxidative stress was related to volume of hippocampal 
subfields. Based on previous findings within a larger sample from the same study, we 
expected similar oxidative stress levels in patients and controls after controlling for lifestyle 
and supplement use (Black et al., 2016; Black et al., 2016). We also expected a negative 
association between plasma markers of oxidative stress and brain morphology in both 
patients and controls. Therefore in our primary analyses, we examined across groups which 
regions are associated with oxidative DNA and lipid damage. In secondary analyses we 
explored whether there was an interaction with psychiatric status in the association between 
oxidative stress markers and brain morphology. 

 

Materials and methods 
 
Participants 

 
The Netherlands Study of Depression and Anxiety (NESDA) is a longitudinal cohort study, 
with the aim to study the psychosocial, biological and genetic determinants of the course of 
depression and anxiety disorders in 2981 participants. The NESDA study includes individuals 
with major depressive disorder (MDD) and/or an anxiety disorder and individuals without a 
psychiatric disorder. Participants were recruited from the community, general practitioners 
and specialized mental health care institutions (for details, please see Penninx et al., 2008). 

A subgroup of 301 NESDA patients and healthy controls participated in the 
neuroimaging study of NESDA. An inclusion criterion for individuals in the patient group was 
a 6-month DSM-IV diagnosis of MDD and/or anxiety disorder. Participants in the control 
group had no history of psychiatric disorders. DSM-IV diagnoses were established using the 
Composite International Diagnostic Interview (CIDI version 2.1) (Wittchen, 1994). Severity of 
depression and anxiety was assessed using the Dutch versions of the Beck Anxiety Inventory 
(BAI; Beck et al. 1988) and the Inventory of Depressive Symptomology (IDS: Rush et al. 1986). 
Both patients and controls with a history of drug or alcohol abuse were excluded from the 
imaging study, as well as subjects with general MRI contraindications and presence or history 
of a severe internal or neurological disorder. Additional exclusion criteria were the use of 
psychotropic medication with the exception of stable use of selective serotonin reuptake 
inhibitors (SSRIs) or infrequent benzodiazepine use for patients and use of any psychoactive 
medication for control subjects. The Ethical Review Boards of the three participating centres 
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(Academic Medical Centre Amsterdam, Leiden University Medical Centre and University 
Medical Centre Groningen) have approved this study and all individuals have provided a 
written informed consent. 

In this current study we included all healthy controls and all patients with a diagnosis 
of MDD and/or anxiety from whom structural MRI measures were obtained. Four patients 
were excluded because of poor image quality, which left a total of 297 subjects (66 patients 
and 231 controls). 8-OHdG levels were available for 285 subjects, while F2-isoprostane levels 
were available for 248 participants. 

  
Imaging 
 
3T Philips scanners (Philips, Best, The Netherlands) were used to perform the imaging study 
at the three participating centres (Academic Medical Centre Amsterdam, Leiden University 
Medical Centre and University Medical Centre Groningen). In Amsterdam, a SENSE-6 channel 
head coil was used, while the scan sites in Leiden and Groningen used a SENSE-8 channel 
head coil. Anatomical scans were acquired using a sagittal three-dimensional gradient-echo 
T1-weighted sequence (TR: 9 ms; TE: 3.5 ms; matrix 256x256; voxel size: 1 mm³; 170 slices). 

Volumetric segmentation was performed using FreeSurfer image analysis suite 
(version 5.3; Martinos Center for Biomedical Imaging, Harvard-MIT, Boston, MA; 
http://surfer.nmr.mgh.harvard.edu/). FreeSurfer performs averaging and motion correction, 
Talairach transformation, removal of non-brain tissue, intensity normalization and cortical 
reconstruction and segmentation of cortical regions and subcortical structures. For a quality 
check, a visual inspection of subcortical structures was performed, using a protocol 
developed by the ENIGMA consortium (http://enigma.ini.usc.edu/protocols/imaging-
protocols/). In our current study, we focus on the amygdala and hippocampus volumes due 
to their specific vulnerability to oxidative stress (Lindqvist et al., 2014; Wang & Michaelis, 
2010). 

In secondary analyses, we examined the relationship between oxidative stress and 
the volume of four hippocampal subfields: the subiculum, CA1, CA3 and the molecular layer 
of granule cells of the dentate gyrus (GCMLDG). These regions were chosen based on the 
regions included by the study of Lindqvist et al (2014). However, manual segmentation of 
hippocampal subfields was used in this study, while we used an automated parcellation 
protocol. However, our chosen regions are comparable with the regions included in the 
aforementioned study (in the study by Lindqvist et al., referred to as: subiculum, CA1, CA1/2 
and CA3/DG). We used a revised version of the automated subregion parcellation protocol 
(van Leemput et al., 2009) to segment the hippocampus into hippocampal subregions. This 
new module is incorporated in FreeSurfer 6.0 (Iglesias et al., 2015) and uses a probabilistic 
atlas, built upon manual delineations of the hippocampus from 15 ex-vivo scans (see Iglesias 
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et al., 2015 for a description of this method). A previous study from the ENIGMA consortium 
has reported high test-retest reliability of subfield segmentation using this method (Whelan 
et al., 2016). 

 
Oxidative stress markers 
 
Blood was collected in the morning after an overnight fast using a vacutainer blood 
collection tube and transported to local laboratory sites for processing within 1 hour of 
withdrawal. Plasma samples were stored at -80 ºC and transported to the Metabolic 
Laboratory of the VU University. The measurement of both markers in this sample has 
previously been described in more detail elsewhere (Black et al., 2016a). F2-isoprostanes (the 
total, i.e. free and esterified, concentration of 8-iso prostaglandin F2α [iPF2α-III]) were 
determined by liquid chromatography tandem mass spectrometry (LC-MS/MS), with intra- 
and inter-assay variations were 4.6% and 8.2%, respectively. Plasma levels of 8-hydroxy-2-
deoxyguanosine (8-OHdG) were determined by LC-MS/MS with intra- and inter-assay CVs of 
3.1% and 6.3%, respectively. 
 
Linear regression analysis 
To investigate the relationship between oxidative stress and subcortical volume, linear 
regression analyses were performed in SPSS 21 (IBM). Since we expected a similar negative 
association between oxidative stress and the different region volumes in both patients and 
controls, we performed this analysis across patients and controls. We examined the 
relationship between 8-OHdG level and F2-isoprostanes level and hippocampal and 
amygdala volume. 8-OHdG & F2-isoprostanes were log-transformed to obtain a normal 
distribution for the analyses. 

In secondary analyses, we examined the association between oxidative stress and 
hippocampal subfield volume. Furthermore, we examined the interaction between oxidative 
stress and presence of an affective disorder (presence of depression and/or anxiety, coded 
as yes/no) on brain morphology. Finally, we additionally corrected for lifestyle, medication 
use and presence of an affective disorder (see below).  

Separate analyses were conducted for each ROI and both measures of oxidative 
stress. In order to correct for multiple comparisons, we calculated an adjusted p-value using 
the Benjamini-Yekutieli method, which is described in Narum (2006). We corrected for all 
tests performed (N = 36) resulting in an adjusted significance threshold: results are now 
considered significant if p< 0.01198). 
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Covariates 
Potential variance due to age, sex, education level attained (in years), scan site and 
intracranial volume (ICV) was corrected for in all linear regression analyses. In secondary 
analyses we additionally corrected for presence of an affective disorder (coded as a dummy 
variable: yes/no), smoking (coded as a dummy variable: current smoker/non-smoker), 
alcohol use (number of alcoholic drinks per week), SSRI use (coded as a dummy variable: 
yes/no), BMI and frequent vitamin supplement use (coded as a dummy variable: yes/no), as 
earlier studies within our study sample have indicated that these factors can influence our 
markers of oxidative stress (Black et al., 2016a). 

 

Results 
 
Sample characteristics 
 
A total of 297 participants were included in this study. Sample characteristics are presented 
in Table 1. Mean age was 37.7 years, and 33% was male. Mean IDS score in patients was 23.5 
(SD:11.9) and mean BAI score was 13.8 (SD:9.9). 22% of all participants used SSRIs. The 
average defined daily dose (DDD) for SSRI users was 1.38 (SD:0.71). 4.5% used below 1 DDD 
(so below the minimal advised daily dose), 83.8% of SSRI users used between 1-2 DDD. 10.6% 
used more than 2 DDD. SSRI use was added as a covariate in secondary analyses.  
 
Table 1. Sample characteristics. 

 N = 297 
Demographic information  
Age (years; SD) 37.73 (10.06) 
Sex (% male) 33.3% 
Education (years; SD) 12.78 (3.20) 
Structural neuroimaging measures  
ICV (liter; SD) 1.509 (0.182) 
Mean hippocampal volume (mm3; SD) 3989.40 (419.13) 
Mean subiculum volume (mm3; SD) 412.18 (42.42) 
Mean CA1 volume (mm3; SD) 612.47 (65.16) 
Mean GCMLDG volume (mm3; SD) 295.39 (28.19) 
Mean CA3 volume (mm3; SD) 210.91 (26.24) 
Mean amygdala volume (mm3; SD) 1638.43 (197.70) 
Oxidative stress markers  
8-OHdG (pmol/L) 41.00 (29.88-51.00) 
F2-isoprostanes (pmol/L) 113.82 (94.99-140.48) 
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Table 1. (Continued). 
Lifestyle variables  
BMI 24.12 (21.71-27.16) 
Alcohol use (drinks per week) 2.42 (0.19-8.23) 
Vitamin supplement use (% current frequent 
user) 

12.1% 

Medication use  
SSRI use (% yes) 22.2% 
Presence of affective disorder (%) 77.8% 

Data are shown as mean (standard deviation) or as frequencies. For the measures of oxidative stress, the 
median and interquartile range is presented. ICV: intracranial volume; GCMLDG: granule cells of the molecular 
layer of the dentate gyrus. 
 
Primary analyses 
 
8-OHdG levels did not differ between patients with depression and/or anxiety disorders and 
controls (mean 8-OHdG in patients: 41.0 pmol/liter (SD:15.3) mean 8-OHdG in controls: 44.8 
pmol/liter (SD:15.2), p = 0.220). F2-isoprostane levels also did not differ between groups 
(mean in patients: 119.1 pmol/liter (SD:37.5), mean in controls: 119.9 (SD:32.8), p = 0.142). As 
these measures did not differ between groups and we expected a similar negative 
association between oxidative stress and subcortical volume, we examine this association 
across patients and controls in primary analyses while controlling for age, sex, education 
level, scan site and intracranial volume. 
 
Hippocampus & amygdala volume 
 
There was no significant association between 8-OHdG level or F2-isoprostanes level and 
amygdala volume or hippocampus volume (see Table 2). 
 
Table 2. Association between oxidative stress markers, hippocampal and amygdala volume. 

 8-OHdG  F2-isoprostanes  
 Beta SE p Partial r Beta SE p Partial r 
Hippocampus 0.053 0.051 0.298 0.063 -0.038 0.061 0.526 -0.041 
Amygdala -0.097 0.055 0.080 -0.105 0.046 0.066 0.485 0.045 

Beta: standardized beta; SE: standard error. Results are corrected for age, sex, education, scan site and 
intracranial volume. 
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Secondary analyses  
 
Hippocampal subfields volume 
 
No significant correlations were found between 8-OHdG level or F2-isoprostanes level and 
volume of the subiculum, CA1, granule cells of the molecular layer of the dentate gyrus (GC-
ML-DG), and CA3 (see Table 3). 
 
Table 3. Association between oxidative stress markers and hippocampal subfield volume 

 8-OHdG  F2- isoprostanes  
 Beta SE p Partial r Beta SE p Partial r 
Subiculum 0.009 0.051 0.860 0.011 0.040 0.060 0.506 0.043 
CA1 0.070 0.049 0.156 0.085 -0.048 0.057 0.408 -0.053 
GCMLDG 0.053 0.051 0.300 0.062 -0.038 0.061 0.535 -0.040 
CA3 0.032 0.054 0.552 0.036 -0.099 0.064 0.122 -0.100 

Beta: standardized beta; SE: standard error; GCMLDG: granule cells of the molecular layer of the dentate 
gyrus. Results are corrected for age, sex, education, scan site and intracranial volume. 
  
Interaction with presence of an affective disorder 
 
In secondary analyses we examined the interaction between oxidative stress markers and 
the presence of an affective disorder (coded as a dummy: yes/no) on brain morphology 
(while correcting for age, sex, educational level and scan site) in order to examine whether 
the association between oxidative stress & brain volume is different in patients and controls. 
We did not observe a significant interaction effect on volume of the amygdala, total 
hippocampus volume or volume of the hippocampus subfields (see Table 4).  
 
Table 4. Interaction effect between oxidative stress markers and presence of a psychiatric 
disorder on brain morphology 

 8-OHdG*diagnosis F2- isoprostanes *diagnosis 
 Beta SE p Beta SE p 
Hippocampus -0.112 0.532 0.833 -0.286 0.470 0.543 
Amygdala 0.095 0.569 0.868 0.275 0.507 0.587 
Subiculum 0.678 0.532 0.204 0.130 0.469 0.781 
CA1 0.477 0.505 0.346 -0.558 0.441 0.208 
GCMLDG 0.457 0.532 0.391 -0.447 0.474 0.347 
CA3 0.031 0.565 0.956 -0.589 0.500 0.241 

Beta: standardized beta; SE: standard error; GCMLDG: granule cells of the molecular layer of the dentate gyrus. 
Results are corrected for age, sex, education, scan site and intracranial volume. 
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Correction for lifestyle, medication use and presence of an affective disorder 
 
We additionally corrected for smoking, alcohol use, SSRI use, BMI, presence of an affective 
disorder, and vitamin supplement use in linear regression analyses. Correction for these 
additional lifestyle and medication factors did not change the above mentioned results: no 
significant association was found between biomarker level and brain morphology (see Table 
5).  
 
Table 5. Association between oxidative stress markers and brain morphology corrected for 
lifestyle, medication use and diagnosis 

 8-OHdG  F2- isoprostanes  
 Beta SE p Partial r Beta SE p Partial r 
Hippocampus 0.053 0.052 0.303 0.063 -0.027 0.061 0.657 -0.029 
Amygdala -0.105 0.056 0.060 -0.115 0.033 0.068 0.623 0.032 
Subiculum 0.010 0.052 0.846 0.012 0.066 0.062 0.286 0.070 
CA1 0.062 0.049 0.210 0.077 -0.060 0.058 0.308 -0.067 
GCMLDG 0.056 0.052 0.283 0.066 -0.046 0.062 0.458 -0.049 
CA3 0.045 0.055 0.414 0.050 -0.100 0.065 0.125 -0.101  

Beta: standardized beta; SE: standard error; GCMLDG: granule cells of the molecular layer of the dentate 
gyrus. Results are corrected for age, sex, education, scan site, presence of an affective disorder, alcohol use, 
smoking, body mass index, supplement use, SSRI use and intracranial volume. 
 
Discussion 
 
The aim of this study was to examine the relationship between plasma levels of two robust 
measures of oxidative damage, 8-OHdG and F2-isoprostanes, and volume of the amygdala 
and hippocampus in a large sample of participants with and without depression and/or 
anxiety. In secondary analyses, we examined the relationship between these markers of 
oxidative stress and volume of specific hippocampal subfields and additionally corrected for 
lifestyle, medication use and presence of a psychiatric disorder. Furthermore, in interaction 
analyses, we checked whether the associations between oxidative stress and brain 
morphology were similar in patients and controls. Results show that 8-OHdG and F2-
isoprostanes plasma levels did not differ between patients and controls. There was also no 
evidence for a direct association between the oxidative stress markers (or in interaction with 
diagnosis) and amygdala and hippocampal (subfield) volume. 

Consistent with findings from previous findings within a larger sample from the 
NESDA study (N = 2841), we did not find evidence for increased oxidative stress in individuals 
with depression (Black et al., 2016). A previous meta-analysis did show increased levels of F2-
isprostanes and 8-OHdG in depression, but also very high heterogeneity (Black et al., 2015). 
The inconsistencies across studies may be driven by lifestyle factors and antidepressant use, 
which many studies did not fully account for.  
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Contrary to our expectations, we did not observe a relationship between peripheral oxidative 
stress measures and brain morphology. Preclinical studies have shown the particular 
vulnerability of hippocampal neurons to oxidative stress (Anantharam et al., 2007; Wilde et 
al, 1997; Wang et al., 2009). In the only study in humans to date, Lindqvist et al. did show a 
positive relation between net antioxidant score and hippocampal volume, and with CA3 and 
the DG in particular (Lindqvist et al., 2014). However, the sample size was small (N = 35) and 
different analysis techniques were used to determine subfield volume (i.e. manual 
segmentation opposed to the FreeSurfer segmentation algorithm). Furthermore, this study 
did not correct for lifestyle factors, including smoking and alcohol, which may affect both 
oxidative stress markers and hippocampal volume (Black et al., 2016b; Vermetten et al., 
2003). Previous findings may have been driven by these lifestyle factors, explaining why we 
were unable to replicate these findings. Finally, we did not find evidence for an interaction 
between oxidative stress markers and presence of an affective disorder on brain 
morphology, indicating that the absence of an association between oxidative stress and 
brain volume was similar in patients and controls and suggestive that oxidative stress, as 
assessed with peripheral plasma markers does not underlie abnormalities in brain volume 
observed in MDD.  
 Strengths of this study include the large sample size and the use of robust plasma 
markers of oxidative damage, which were determined using gold-standard techniques. 
These markers may provide more evidence about the long-term balance between ROS and 
anti-oxidants than ROS with short half-lives. Furthermore, we controlled for lifestyle, 
medication use and supplement use in secondary analyses. Lastly, the fact that this study 
included individuals with and without depression and/or anxiety provided more variation in 
oxidative stress markers and brain volume to detect a relationship. 

We acknowledge certain limitations of the study. We measured oxidative stress in 
peripherally in plasma, which may not reflect oxidative stress in the central nervous system, 
due to the blood brain barrier (BBB). While there is some evidence for an association 
between peripheral and central oxidative stress markers (Pratico et al., 2002; Quinn et al., 
2003), oxidative stress is a complex and dynamic biological process and its complexity is not 
captured in single measurements of peripheral biomarkers. These limitations apply to all 
studies with a similar methodology, but should be kept in mind, because it implies that the 
lack of an association with the biomarkers in this study does not rule out the involvement of 
oxidative damage in the alterations in brain morphology characteristics of depression. A 
previous post-mortem study demonstrated increased levels of RNA (but not DNA damage) in 
the prefrontal cortex of patients with major mental disorders, including MDD (Che et al., 
2010). New techniques including measurement of glutathione using magnetic resonance 
spectroscopy (MRS) are needed to directly examine central oxidative stress.  
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To conclude, in the largest study in humans to date, we did not find evidence for a difference 
in oxidative stress plasma markers between patients with depression and/or anxiety and 
controls, nor for an association between these measures and subcortical brain volume. 
Measurement of oxidative stress markers in cerebrospinal fluid (CSF) or the use or new 
techniques including measurement of glutathione using magnetic resonance spectroscopy 
(MRS) will allow more direct measurement of oxidative stress in the central nervous system. 
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