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 Social phobia (also known as social anxiety disorder) is characterized by a 
marked and persistent fear of one or more social situations in which one is exposed to 
possible scrutiny by others (or in which one could display anxiety symptoms), that will be 
humiliating or embarrassing. The situations invariably provoke this anxiety and therefore 
are avoided or endured with intense anxiety. People with social phobia recognize their fear 
as excessive or unreasonable, and it interferes markedly with social functioning.

 A panic attack is a period of intense fear or discomfort, in which four (or more) 
of the following symptoms develop abruptly and peak within 10 minutes: palpitations, 
sweating, trembling, shortness of breath, feeling of choking, chest pain, abdominal distress, 
feeling faint, derealization or depersonalization, fear of losing control, fear of dying, 
numbness, chills or hot flushes. Panic disorder is characterized by recurrent unexpected 
panic attacks, which are followed by a period of at least one month with at least one or 
more of the following symptoms: persistent concern about having additional attacks, worry 
about the consequences of an attack, or a change in behavior related to the attacks. Panic 
disorder is often accompanied by agoraphobia, marked anxiety about being in places from 
which escape might be difficult (or embarrassing) or in which help might not be available in 
the event of having panic symptoms. Typically these situations include being outside of the 
home alone, in a crowd or queue, or travelling in public transportation.

 Although the DSM defines distinct diagnoses for depression and anxiety disorders, 
they very often co-occur; with comorbidity rates around 60%, and lifetime comorbidity as 
high as 80% (8). In most people with MDD at least some anxiety symptoms are present if 
they do not meet the full criteria for an anxiety disorder, and vice versa.

 Depression and anxiety disorders share the same risk factors which include female 
sex (women have a twofold increased risk compared to men), lower socioeconomic status 
or educational attainment, financial or social problems, (un)employment, being part 
of an ethnic minority, absence of an intimate partner relationship, a recent negative or 
stressful life-event (such as job loss, or death of a close friend or relative) (6). Childhood 
trauma (emotional neglect, physical or sexual abuse) is a particularly important factor that 
increases the risk of developing depression more than twofold, and is predictive of a more 
severe course (9). 

DEPRESSIVE AND ANXIETY DISORDERS

Health impact, definitions and risk factors
Mental health problems cause immense suffering for millions of people around the globe. 
The most recent Global Burden of Disease data (1)  demonstrates that they are currently 
the greatest single contributor to disability worldwide (2). Depression and anxiety are 
the most prevalent mental health disorders. One in six people will meet the criteria for a 
depressive episode or anxiety disorder in their lifetime (lifetime prevalence 15%) (3).

 Depression and anxiety occur in all age groups but the onset is predominantly in 
early adulthood. Mental disorders, and depression in particular, are therefore the primary 
source of disability in young adults (4,5). The impact of these disorders on individuals and 
society is severe because they impair people at a crucial time in their lives when they are 
pursuing an education or career, forming relationships and starting families. The course 
of depression and anxiety disorders shows considerable variation in remission rates and 
chronicity, but overall relapse rates are high, as is comorbidity with other mental, substance 
use, and physical disorders (6). Researchers of the Global Burden of Disease of Mental 
Disorders Study Group conclude that: “In view of the magnitude of their contribution, 
improvement in population health is only possible if countries make the prevention and 
treatment of mental and substance use disorders a public health priority” (2).

 This thesis includes studies on major depressive disorder (MDD) and the most 
common anxiety disorders:  generalized anxiety disorder (GAD), social phobia (SP), panic 
disorder (PD) and agoraphobia (AP) as defined and described in the Diagnostic and 
Statistical Manual of Mental Disorders (DSM, fourth edition) by the American Psychiatric 
Association (7). In this classification system the core symptoms of major depressive disorder 
are the presence of depressed mood and/or loss of interest or pleasure (also known as 
anhedonia). Additional symptoms include appetite or weight change, sleep disturbance 
(insomnia or hypersomnia), psychomotor retardation or agitation, fatigue or loss of 
energy, feelings of worthlessness or excessive guilt, diminished ability to concentrate or 
indecisiveness and thoughts of death or suicide. MDD is defined as the presence of five or 
more of these symptoms, including at least one core symptom, for at least two consecutive 
weeks, causing marked distress or impairment.

 The core symptom of generalized anxiety disorder is excessive anxiety or worry 
about multiple events or activities of daily life for at least six consecutive months.  For a 
diagnosis of GAD this must be accompanied by three or more of the following symptoms:  
restlessness or feeling on edge, fatigue, difficulty concentrating, irritability, muscle tension, 
and sleep disturbance.
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Lifestyle, physiological & somatic risk factors of depression and anxiety disorders
Besides the risk factors mentioned above depression and anxiety disorders are associated 
with a number of lifestyle factors, physiological stress markers and (risk of) somatic 
diseases. Depression has been associated with cigarette smoking, alcohol use, (lack 
of) physical activity, poor diet and higher body mass index (BMI) (10–14). These are 
bidirectional associations; these lifestyle factors are accompanied by an increased risk 
of developing affective disorders, but people with these disorders are also more likely to 
engage in these lifestyle behaviors.

 Unhealthy lifestyle factors are well-established risk factors for most major 
age-related chronic diseases, including cardiovascular disease, type 2 diabetes, and cancer 
as well as all-cause mortality. Depression and anxiety are associated with an increased risk 
of somatic diseases and mortality (15). This is also a bidirectional association, as somatic 
poor health is also a risk factor for developing depression and anxiety (16). Part of the 
association between affective disorders and somatic ill health can be explained by the 
abovementioned lifestyle factors, however even when taking those into account, affective 
disorders carry an increased risk for morbidity and mortality.

 There is increasing evidence to suggest that the increased risk of morbidity 
may be caused by heightened activity of the body’s physiological stress systems, the 
inflammatory system, the hypothalamic-pituitary-adrenal axis and the autonomic nervous 
system. Increased levels of inflammatory makers have been demonstrated in depression 
(17), and there is some preliminary evidence suggesting anti-inflammatory medications 
are effective (add-on) treatments for depression (18). The hypothalamic-pituitary-adrenal 
axis (HPA-axis) that regulates the production and release of the stress-hormone cortisol 
show signs of chronic over-activity in depression, causing increased levels of cortisol and 
a decreased responsiveness of the system as a whole (19). The autonomic nervous system 
(ANS) may also be hyperactive; subjects with depression have higher resting heart rates 
than controls, and show signs of increased sympathetic and decreased parasympathetic 
nervous system activity (20), however current findings are inconsistent. Antidepressant use 
is an important factor in this association (21), affecting both sympathetic and parasympa-
thetic activity, negatively impacting the overall autonomic activity profile (22). Finally both 
depression and anxiety disorders have been associated with accelerated cellular ageing 
(23,24), as measured by telomere length, the non-coding DNA structures at the end of 
chromosomes there to protect the DNA from damage.

 Oxidative stress is a well-established mechanism in both ageing and major chronic 
diseases (25), and is predictive of mortality (26). It is related to heightened physiological 
stress states and is a key mechanism in physiological ageing (27). The role of oxidative 
stress in depression and anxiety disorders is therefore worthy of further exploration.

WOMEN AUTHORS ON DEPRESSION

“Others imply that they know what it is like to be depressed because they 
have gone through a divorce, lost a job, or broken up with someone. But 
these experiences carry with them feelings. Depression, instead, is flat, 
hollow, and unendurable. It is also tiresome. People cannot abide being 
around you when you are depressed. They might think that they ought to, 
and they might even try, but you know and they know that you are tedious 
beyond belief: you are irritable and paranoid and humorless and lifeless and 
critical and demanding and no reassurance is ever enough. You're frightened, 
and you're frightening, and you're "not at all like yourself but will be soon," 
but you know you won't.” 

― Kay Redfield Jamison, An Unquiet Mind: A Memoir of Moods and Madness

“Depression is the most unpleasant thing I have ever experienced. . . . It is 
that absence of being able to envisage that you will ever be cheerful again. 
The absence of hope. That very deadened feeling, which is so very different 
from feeling sad. Sad hurts but it's a healthy feeling. It is a necessary thing to 
feel. Depression is very different.” 

― J.K. Rowling

“The reason why I hadn't washed my clothes or my hair was because it 
seemed so silly. I saw the days of the year stretching ahead like a series of 
bright, white boxes, and separating one box from another was sleep, like a 
black shade. Only for me, the long perspective of shades that set off one box 
from the next had suddenly snapped up, and I could see day after day glaring 
ahead of me like a white, broad, infinitely desolate avenue. It seemed silly to 
wash one day when I would only have to wash again the next. It made me 
tired just to think of it.” 

– Sylvia Plath, The Bell Jar
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 Besides endogenous mitochondrial production of ROS there are many exogenous 
environmental sources or ROS or factors that increase oxidative stress. These include 
among others tobacco smoke, alcohol consumption, (ultraviolet)radiation, air pollution, 
heavy metals and pesticides (29). In addition, oxidative stress is closely related to the 
inflammatory response, with inflammation increasing oxidative stress and vice versa in an 
increasing cycle, together causing cellular damage and dysfunction (30).

 Oxidative stress has been implicated in physiological ageing since what is now 
called the “oxidative stress theory of ageing” was first proposed by Harman over half a 
century ago (27). The core idea of this theory is unchanged: oxidative stress causes wear 
and tear at the macromolecular level, and this damage accumulates over a lifespan leading 
to decline of cellular function. Most major age-related diseases have been associated with 
increased oxidative stress and/or decreased antioxidant status, including cardiovascular 
disease (31), cancer (32), neurological (33) and psychiatric disorders (34).

Markers of oxidative stress
There is no single preferred or gold-standard marker of oxidative stress. Markers of 
oxidative stress are currently essentially not used in the routine practice of clinical 
medicine. But there are a number of possible approaches to estimate oxidative stress 
levels in the body (35).

 ROS themselves are by definition highly reactive and consequently have short 
half-lives making measurement extremely difficult, but they can be captured through 
radical trapping techniques. There are also assays available for a wide range of antioxidant 
enzymes and non-enzymatic antioxidants, that include well-known antioxidants such 
as ascorbic acid (vitamin C) and tocopherol (vitamin E) (28). Measuring either ROS or 
antioxidants is informative, but each reflect only one side of the redox homeostasis, 
leaving the question unanswered what the outcome of the interaction between the two 
is. Specific markers reflecting oxidative damage to lipids, proteins or DNA (35) can provide 
more information as they represent the outcome of exposure to ROS and the activity of the 
antioxidant defenses.

 This thesis will focus in particular, but not exclusively, on two plasma markers 
of oxidative damage: 8-OHdG and F2-isoprostanes, which reflect oxidative damage to 
DNA and lipids respectively. Both markers are described in more detail in the methods  
paragraph of this chapter.

OXIDATIVE STRESS

What is oxidative stress?
Oxidative stress refers to an imbalance between oxidants  and antioxidants, in favour of 
the oxidants, and the biological damage this causes (25). Oxidants are capable of oxidizing 
other substances by taking electrons from them. By accepting electrons, oxidants become 
negatively charged molecules with one or more unpaired electrons, also known as free 
radicals. Free radicals derived from oxygen are the most important class and are also 
known as reactive oxygen species (ROS). The unpaired electrons make these molecules 
highly reactive and unstable (28). 

 The most important endogenous source of ROS are the mitochondria. The primary 
function of these organelles is energy production by creating adenosine triphosphate (ATP) 
through the electron transport chain in which the major products of glucose are oxidized. 
This process is also known as aerobic respiration and is dependent on oxygen. This form of 
energy production is highly efficient and was therefore a key event in the evolution from 
single cell anaerobic organisms to complex multicellular aerobic organisms. The electron 
transport chain however “leaks” ROS, as a normal by-product of ATP production. ROS 
perform a number of beneficial physiological roles in cellular signalling and in the defence 
against pathogens, where their reactive properties are used to attack invading microor-
ganisms. However, their reactivity also means they have potentially damaging effects to 
proteins, lipids and DNA.

 To protect against these harmful effects, all aerobic organisms have developed a 
range of enzymatic and non-enzymatic antioxidant defences. These antioxidants defences 
include antioxidant enzymes (such as superoxide dismutase [SOD], glutathione peroxidase 
and catalase) and non-enzymatic antioxidants (including ascorbic acid [vitamin C], alpha-to-
copherol [vitamin E], glutathione [GSH], carotenoids and flavonoids) (25). There are a range 
of mechanisms for antioxidant defence including: agents that remove ROS by catalysis (e.g. 
SOD), agents that decrease ROS formation, quenching of ROS (e.g. carotenoids), agents 
that are preferentially oxidized to preserve more important biomolecules (e.g. uric acid), 
and replacement of molecules sensitive to oxidative damage with those resistant to it (28).

 Maintaining “redox homeostasis”, the balance between the useful properties of 
ROS and their potentially damaging effects, is an important feature of the biology of all 
aerobic organisms. If redox regulation falls short, either because ROS are present in excess 
(due to increased production or environmental exposure) or in case of compromised 
defences (a lowered antioxidant status) oxidative damage occurs to lipids, proteins and 
DNA which disrupts normal cell metabolism, causing cellular dysfunction and ultimately 
cell death (25).
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Determinants of oxidative stress and associations with other stress systems
Markers of oxidative stress are increasingly being studied in both somatic and psychiatric 
disorders to increase understanding of their pathophysiology, to identify biological makers 
that predict the prognosis or treatment outcome, and eventually to find novel therapies. 
This thesis therefore also covers topics to advance to field of oxidative stress research in general. 

 As described above there is no gold-standard single measure of oxidative stress. 
There is also no clear consensus on how sampling, sociodemographic, health and lifestyle 
variables should be accounted for in studies on oxidative stress in all fields of medicine. 
There is a lot of variation in whether, how and which factors studies include. This may 
contribute to a considerable proportion of the heterogeneity in oxidative stress research.

  To adequately interpret current findings and inform future research on the many 
disorders, including psychiatric disorders, in which oxidative stress is involved, a clear 
understanding of which factors determine levels of oxidative stress markers in needed. 
Therefore a chapter of this thesis is devoted to studying a wide range of sampling, socio-
demographic health and lifestyle determinants of oxidative stress. These findings in part 
inform the methodology for the studies conducted on the main aim, the association 
between oxidative stress and depression and anxiety disorders, supplying a strong rationale 
for the covariates included in these studies.

 Secondly, based on current knowledge of chronic stress responses, oxidative 
stress is likely associated with other major physiological stress systems including the 
inflammatory system, the hypothalamic-pituitary-adrenal axis and the autonomic nervous 
system. All of these systems have also been implicated in depression and anxiety disorders. 
Whether and how the systems are associated, and whether this association is impacted by 
the presence of psychopathology, however not been yet been investigated.

ARE DEPRESSION AND ANXIETY ASSOCIATED WITH OXIDATIVE STRESS?

Current evidence on depression, anxiety and oxidative stress
Oxidative stress is worth exploring in depression and anxiety disorders from a number of 
perspectives. Firstly, oxidative stress may be part of the pathophysiological mechanism that 
explains the association between these disorders and the increased risk of somatic disease 
and mortality. Secondly, increased oxidative stress, either through (unhealthy) lifestyle or 
possible mitochondrial dysfunction may cause oxidative damage to the brain, making an 
individual more vulnerable to developing affective disorders. Thirdly, if oxidative stress is 
associated with affective disorders, markers of oxidative stress could be useful in clinical 
practice to predict course or treatment response. Finally, if oxidative stress is a contributing 
mechanism to affective disorders (in some subgroups of patients), decreasing oxidative 
stress or strengthening antioxidant defences could be new avenues for treatment.

 At the start of this thesis there was some evidence to suggest oxidative stress is 
higher and antioxidant capacity is lower in depression and anxiety disorders (36). A few 
examples of the existing evidence include one study on 8-OHdG and one on F2-isopros-
tanes in approximately 80 MDD outpatients which demonstrated higher levels of both 
markers compared to controls (37,38). Superoxide dismutase (SOD) was found to be 
upregulated in multiple studies on both MDD and anxiety disorders (39–41), possibly as a 
response to increased exposure to oxidative stress. There were also reports of lower levels 
of well-known non-enzymatic antioxidants such as vitamin E (42) and vitamin C (39) in 
depression, but also multiple studies with conflicting findings, reporting no or even inverse 
associations (43–48). A meta-analysis (36) on both oxidants and antioxidants reported very 
high heterogeneity (±80-90%), reflecting highly inconsistent findings across studies.

  Most studies had relatively small sample sizes (between 50 and 150 subjects) and 
many lack data on important lifestyle factors that could be potential confounders. Use of 
antidepressant medications, which have been demonstrated to affect oxidative stress and 
antioxidant measures, are also not accounted for in a considerable number of studies. In 
addition many studies used measures that may not be sufficiently specific to be considered 
valid markers of oxidative stress. 

 Overall, the size and scope of the evidence for an association between oxidative 
stress and depression is limited; and anxiety disorders are only explored in a handful of 
studies. Consequently, even though there are reasons to believe that oxidative stress is 
associated with depression and anxiety disorders, the current overall evidence is limited. 
This forms the main rationale for the conducting the further studies on this topic.

Chapter one
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clinical diagnosis of bipolar disorder, obsessive-compulsive disorder, posttraumatic stress 
disorder (PTSD), a substance use or a psychotic disorder. Participants underwent a 4-hour 
face-to-face assessment that included an interview, blood collection, physical examination 
and written questionnaires. Diagnoses of depressive and anxiety disorders were 
established with the Composite International Diagnostic Interview (CIDI version 2.1) (49). 
The full details of NESDA’s rationale, methods and sample have been described in a design 
paper (50). This thesis includes data from the baseline assessment.

 The Coronary Artery Risk Development in Young Adults Study (CARDIA) is an 
ongoing observational cohort study that aims to identify determinants of the development 
of (sub)clinical cardiovascular diseases and its risk factors. Between 1985 to 1986, CARDIA 
performed community-based recruitment of 5,115 participants in Birmingham (Alabama), 
Chicago (Illinois), Minneapolis (Minnesota) and from the membership of a prepaid 
health care plan in Oakland (California). The study sample was balanced by race, sex and 
education. Follow-up examinations were conducted at years 2, 5, 7, 10, 15, 20, and 25. The 
majority of the baseline sample has been retained at the follow-up assessments (90%, 86%, 
81%, 79%, 74%, 72%, and 72%, respectively). CARDIA participants underwent assessments 
that included an interview, blood collection, physical examination and written question-
naires. These included the Center for Epidemiologic Studies Depression (CES-D) scale as 
a measure of depressive symptoms (51). Full details of the study design, recruitment and 
assessment procedures have been published in a design paper (52). This thesis includes 
data from the assessments at years 10, 15 and 20. 

Oxidative stress and antioxidant markers in this thesis

There are dozens of markers available relating to oxidative stress and antioxidants. Studies 
in this thesis focus on two well-established makers of oxidative damage and two important 
antioxidants, and have been measured in plasma or serum samples.

Oxidative damage markers

8-hydroxy-‘2-deoxyguanosine (8-OHdG)

8-OHdG is an oxidized product of the guanine base and one of the most abundant and 
widely studied free radical induced DNA lesions. 8-OHdG was first described in 1984 by 
Kasai et al.(53) and has since been studied in relation to exposure to exogenous sources of 
ROS and to the presence and development of disease. It has been investigated especially in 
relation to cancer owing to the fact that 8-OHdG is a DNA lesion with mutagenic potential 
(54,55), but also in cardiovascular disease (56).

Central aims of this thesis 
The main objective of this thesis is to establish whether there is an association between 
oxidative stress and depression and anxiety disorders; hypothesizing oxidative damage will 
be higher and antioxidants lower in these disorders.  The central aims can be summarized 
as follows:

1. To establish the key sampling, sociodemographic, lifestyle and health    
 determinants of oxidative stress by investigating the cross-sectional associations  
 between makers of oxidative damage and sociodemographics,    
 (unhealthy) lifestyle factors and (risk factors for) chronic disease (Chapter 2).

2. To establish: 

a. The cross-sectional associations between oxidative damage or antioxidants  
 and major depressive disorder, anxiety disorders and depressive symptoms  
 (Chapters 3-6).

b. The longitudinal associations between oxidative damage or antioxidants and   
 major depressive disorder, anxiety disorders and depressive symptoms, and to   
 ascertain whether depressive symptoms predict future oxidative    
 damage and antioxidants levels, and/or vice versa (Chapters 4 & 6).

3. To establish the cross-sectional association between oxidative stress and three   
 other major physiological stress systems: the inflammatory system, the hypo- 
 thalamic pituitary adrenal axis and the autonomic nervous system. (Chapter 7).

METHODS 

Cohort studies in this thesis
The Netherlands Study of Depression and Anxiety (NESDA) is an ongoing observational 
cohort study that aims to identify the social, psychological, biological and genetic factors 
that determine the onset and course of depressive and anxiety disorders. A total of 2,981 
participants were included between 2004-2007 from three sites in the Netherlands 
(Amsterdam, Leiden and Groningen). This sample includes subjects between 18 and 
65 years old with a current (57%) or remitted (21%) depressive or anxiety disorder and 
control subjects with no lifetime history of any psychiatric disorder (22%). Participants 
were recruited from the community, primary care and specialized mental health care, 
in order to obtain a sample representative of a broad range of depressed and anxious 
subjects. Exclusion criteria were insufficient command of the Dutch language, a primary 
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Carotenoids

Carotenoids owe their potent antioxidant action to their ability to quench ROS (65). This 
property may explain why higher carotenoid levels are associated with reduced risks of 
metabolic syndrome (66,67), diabetes mellitus (68–70), cardiovascular disease (71,72) 
and cancer (73). In humans, the most important carotenoids include α- and β-carotene, 
lycopene, zeaxanthin/lutein and β-cryptoxanthin. As highly lipophilic molecules they 
are located in the lipid-bilayer of the cell membrane where they protect against lipid 
peroxidation (74). Diet is the sole source of carotenoids for mammals. Carotenoids are 
present in many (but not all) foods with orange, yellow or red colours such as carrots, 
mangos and tomatoes, and are also found in kale and spinach. 

OUTLINE

Sociodemographic, health and lifestyle determinants of oxidative stress

Chapter 2 explores the cross-sectional association of 8-OHdG and F2-isoprostanes with 
lifestyle factors and health indicators in a subsample of the NESDA cohort without current 
psychopathology. We hypothesized that poor lifestyle and the presence of disease would 
be associated with higher oxidative damage.

The association between oxidative stress and depressive and anxiety disorders

Cross-sectional associations

Chapters 3-6 focus on the main objective, the association between oxidative stress and 
depression and anxiety disorders. Chapter 3 summarizes the (then) current evidence for 
oxidative stress in depressive disorders. It comprises a systematic review and meta-analysis 
of the literature on 8-OHdG and F2-isoprostanes in depression.

 Chapter 4 examines associations between oxidative damage markers, 8-OHdG and 
F2-isoprostanes, and depression and anxiety disorders in the NESDA cohort. In addition, 
this chapter focusses on whether this association is independent of antidepressant use. 
Chapter 5 covers the association between antioxidant uric acid and depression and anxiety 
disorders, also in the NESDA cohort.  

 Chapter 6 explores the association of the antioxidant carotenoids and oxidative 
damage marker F2-isoprostanes with depressive symptoms in the CARDIA cohort. Also this 
chapter investigates whether, and which, health and lifestyle factors explain (part of) this 
association.

F2-isoprostanes

F2-isoprostanes are currently considered to be the most representative marker of oxidative 
lipid damage. F2-isoprostanes are products of oxidation of arachidonic acid. They are 
prostaglandin like compounds, but contrary to the prostaglandins they are specific 
products of oxidative stress. They are chemically stable and measurable in all tissues and 
body fluids, making them suitable and reliable markers (57). Increased levels of F2-iso-
prostanes have been demonstrated in atherosclerotic plaques and F2-isoprostanes maybe 
active contributors to the pathophysiology of atherosclerosis (58). The have been studied 
in a wide range of diseases, especially in cardiovascular disease and its risk factors (59).

Methods for determining 8-OHdG and F2-isoprostanes

There are two main methods for determining 8-OHdG and F2-isoprostanes in tissues 
or body fluid samples; indirectly through immuno-assay techniques (ELISA [Enzyme-
Linked Immuno Sorbent Assay]) or directly using gas or liquid chromatography coupled 
to electro-detection or (tandem) mass-spectrometry. The former is simpler and cheaper 
to perform with commercially available kits but is not considered as reliable as the gold 
standard  method of chromatography with mass-spectrometry (60–62). Both markers can 
be measured either in a specific tissue or cell type (e.g. liver tissue or leukocytes) or in 
urine or plasma, reflecting ‘whole body’ levels of oxidative stress. Finally, it should also be 
kept in mind that products of oxidative damage in urine or plasma may not only reflect the 
levels of oxidative damage, but also of the rate of repair of this damage.

Non-enzymatic antioxidants

Uric acid

Uric acid contributes to over half of plasma antioxidant capacity (63) as a free-radical 
scavenger. It is the end-product of purine metabolism, which breaks down the nucleosides 
adenosine and guanosine and is best known for its central role in the pathophysiology of 
gout. It may be a particularly important central nervous system (CNS) antioxidant, owing to 
its stabilizing effect on a second important antioxidant, ascorbic acid, which is abundant in 
neurons (64). As a possible CNS antioxidant, uric acid may be of significant importance in 
depression and anxiety disorders.
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Longitudinal associations

Chapters 4 & 6 include analyses on the longitudinal association between oxidative stress 
and depression and/or anxiety disorders. Chapter 4 investigates whether baseline oxidative 
stress predicts chronicity of symptoms or remission a two year follow-up in subjects with 
depressive and anxiety disorders. Chapter 6 explores the direction of the association 
between oxidative stress and depressive symptoms in the CARDIA cohort. Longitudinal 
analyses are conducted to ascertain whether depressive symptoms predict oxidative 
stress/antioxidant markers in the future, or vice versa.

The association between oxidative stress and physiological stress-systems

Chapter 7 investigates whether oxidative stress is related to other physiological stress 
systems that are known to be involved the development of somatic and psychiatric disease. 
In this chapter the cross-sectional associations of 8-OHdG and F2-isoprostanes with 
markers of inflammation, the hypothalamic-pituitary-adrenal axis and autonomic nervous 
system are explored in the NESDA cohort. The expectation was that increased activity of 
each of these stress systems would be associated with higher oxidative damage. In addition 
possible interactions with the presence of psychopathology are explored.

Summary, discussion and conclusion

Chapter 8 summarizes and discusses the main findings of this thesis. The possible method-
ological limitations described, as well as the clinical implications of the findings and recom-
mendations for future research. 

Figure 1.1 Overview of associations by chapter. 

Numbers correspond with chapters in which the associations are addressed.

Chapter one



22 23

33. Miller E, Morel A, Saso L, Saluk J, Miller E, Morel A, et al. Isoprostanes and neuroprostanes  
 as biomarkers of oxidative stress in neurodegenerative diseases. Oxid Med Cell Longev.   
 Hindawi Publishing Corporation; 2014;2014:572491. 

34. Black CN, Bot M, Scheffer PG, Cuijpers P, Penninx BWJH. Is depression associated with   
 increased oxidative stress? A systematic review and meta-analysis.  
 Psychoneuroendocrinology. 2015 Jan;51:164–75. 

35. Dalle-Donne I, Rossi R, Colombo R, Giustarini D, Milzani A. Biomarkers of oxidative damage  
 in human disease. Clin Chem. United States; 2006 Apr;52(4):601–23. 

36. Palta P, Samuel LJ, Miller ER 3rd, Szanton SL. Depression and oxidative stress: results from a  
 meta-analysis of observational studies. Psychosom Med. United States; 2014    
 Jan;76(1):12–9. 

37. Forlenza MJ, Miller GE. Increased serum levels of 8-hydroxy-2’-deoxyguanosine in clinical  
 depression. Psychosom Med. United States; 2006;68(1):1–7. 

38. Yager S, Forlenza MJ, Miller GE. Depression and oxidative damage to lipids.  
 Psychoneuroendocrinology. England; 2010 Oct;35(9):1356–62. 

39. Khanzode SD, Dakhale GN, Khanzode SS, Saoji A, Palasodkar R. Oxidative damage and   
 major depression: the potential antioxidant action of selective serotonin re-uptake  
 inhibitors. Redox Rep. England; 2003;8(6):365–70. 

40. Sarandol A, Sarandol E, Eker SS, Erdinc S, Vatansever E, Kirli S. Major depressive disorder is  
 accompanied with oxidative stress: short-term antidepressant treatment does not alter   
 oxidative-antioxidative systems. Hum Psychopharmacol. England; 2007 Mar;22(2):67–73. 

41. Kuloglu M, Atmaca M, Tezcan E, Ustundag B, Bulut S. Antioxidant enzyme and  
 malondialdehyde levels in patients with panic disorder. Neuropsychobiology.  
 Switzerland; 2002;46(4):186–9. 

42. Maes M, De Vos N, Pioli R, Demedts P, Wauters A, Neels H, et al. Lower serum vitamin E   
 concentrations in major depression. Another marker of lowered antioxidant defenses in   
 that illness. J Affect Disord. NETHERLANDS; 2000 Jun;58(3):241–6. 

43. Zhang G, Zhao M, Xia R, Wang Y, Zhang G. [Relationship between oxidative stress   
 and depression in patients with rheumatoid arthritis]. Beijing Da Xue Xue Bao. China;  
 2012 Apr;44(2):199–203. 

44. Tiemeier H, Hofman A, Kiliaan AJ, Meijer J, Breteler MMB. Vitamin E and depressive   
 symptoms are not related. The Rotterdam Study. J Affect Disord. Netherlands; 2002   
 Oct;72(1):79–83. 

45. Kupper N, Gidron Y, Winter J, Denollet J. Association between type D personality,   
 depression, and oxidative stress in patients with chronic heart failure. Psychosom Med.   
 United States; 2009 Nov;71(9):973–80. 

46. Talarowska M, Galecki P, Maes M, Gardner A, Chamielec M, Orzechowska A, et al. Malond- 
 ialdehyde plasma concentration correlates with declarative and working memory in   
 patients with recurrent depressive disorder. Mol Biol Rep. Netherlands; 2012    
 May;39(5):5359–66. 

47. Maes M, Mihaylova I, Kubera M, Uytterhoeven M, Vrydags N, Bosmans E. Increased   
 8-hydroxy-deoxyguanosine, a marker of oxidative damage to DNA, in major depression  
 and myalgic encephalomyelitis / chronic fatigue syndrome. Neuro Endocrinol Lett.   
 Sweden; 2009;30(6):715–22. 

17. Dowlati Y, Herrmann N, Swardfager W, Liu H, Sham L, Reim EK, et al. A meta-analysis of   
 cytokines in major depression. Biol Psychiatry. United States; 2010 Mar;67(5):446–57. 

18. Köhler O, Benros ME, Nordentoft M, Farkouh ME, Iyengar RL, Mors O, et al. Effect of   
 Anti-inflammatory Treatment on Depression, Depressive Symptoms, and    
 Adverse Effects. JAMA Psychiatry. 2014 Dec 1;71(12):1381. 

19. Vreeburg SA, Hoogendijk WJG, van Pelt J, Derijk RH, Verhagen JCM, van Dyck R, et al. Major  
 depressive disorder and hypothalamic-pituitary-adrenal axis activity: results from a large  
 cohort study. Arch Gen Psychiatry. 2009 Jun;66(6):617–26. 

20. Penninx BWJH, Milaneschi Y, Lamers F, Vogelzangs N. Understanding the somatic conse-  
 quences of depression: biological mechanisms and the role of depression symptom profile.  
 BMC Med. 2013 Jan;11:129. 

21. Licht CM, Penninx BW, Jc De Geus E. Effects of Antidepressants, but not Psychopa-  
 thology, on Cardiac Sympathetic Control: A Longitudinal Study. Neuropsychopharmacology.  
 2012;37(10):2487–95. 

22. Penninx BWJH. Depression and cardiovascular disease: Epidemiological evidence on their  
 linking mechanisms. Neurosci Biobehav Rev. 2016 Jul 25; 

23. Verhoeven JE, Révész D, van Oppen P, Epel ES, Wolkowitz OM, Penninx BWJH. Anxiety   
 disorders and accelerated cellular ageing. Br J Psychiatry. 2015 Feb 5; 

24. Verhoeven JE, Révész D, Epel ES, Lin J, Wolkowitz OM, Penninx BWJH. Major depressive   
 disorder and accelerated cellular aging: results from a large psychiatric cohort study.  
 Mol Psychiatry. 2014 Aug;19(8):895–901. 

25. Valko M, Leibfritz D, Moncol J, Cronin MTD, Mazur M, Telser J. Free radicals and anti-  
 oxidants in normal physiological functions and human disease. Int J Biochem Cell Biol.   
 England; 2007;39(1):44–84. 

26. Schöttker B, Brenner H, Jansen EHJM, Gardiner J, Peasey A, Kubínová R, et al. Evidence for  
 the free radical/oxidative stress theory of ageing from the CHANCES consortium:   
 a meta-analysis of individual participant data. BMC Med. 2015;13:300. 

27. Salmon AB, Richardson A, Pérez VI. Update on the oxidative stress theory of aging: does   
 oxidative stress play a role in aging or healthy aging? Free Radic Biol Med. NIH    
 Public Access; 2010 Mar 1;48(5):642–55. 

28. Halliwell, Barry. Gutteridge J. Free Radicals in Biology and Medicine. Fourth. Oxford: Oxford  
 University Press; 2007. p. 79-80. 

29. Aseervatham GSB, Sivasudha T, Jeyadevi R, Arul Ananth D. Environmental factors and   
 unhealthy lifestyle influence oxidative stress in humans--an overview. Environ Sci Pollut Res  
 Int. 2013 Jul;20(7):4356–69. 

30. Lugrin J, Rosenblatt-Velin N, Parapanov R, Liaudet L. The role of oxidative stress during   
 inflammatory processes. Biol Chem. 2014 Feb;395(2):203–30. 

31. Elahi MM, Kong YX, Matata BM. Oxidative Stress as a Mediator of Cardiovascular Disease.  
 Oxid Med Cell Longev. 2009 Jan;2(5):259–69. 

32. Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M. Free radicals, metals and antioxidants  
 in oxidative stress-induced cancer. Chem Biol Interact. Ireland; 2006 Mar;160(1):1–40. 

Chapter one



24 25

63. Ames BN, Cathcart R, Schwiers E, Hochstein P. Uric acid provides an antioxidant defense in  
 humans against oxidant- and radical-caused aging and cancer: a hypothesis. Proc Natl Acad  
 Sci U S A. 1981 Nov;78(11):6858–62. 

64. Bowman GL, Shannon J, Frei B, Kaye JA, Quinn JF. Uric acid as a CNS antioxidant.  
 J Alzheimers Dis. 2010 Jan;19(4):1331–6. 

65. Jomova K, Valko M. Health protective effects of carotenoids and their interactions with   
 other biological antioxidants. Eur J Med Chem. 2013 Jan;70:102–10. 

66. Ford ES, Mokdad AH, Giles WH, Brown DW. The metabolic syndrome and antioxidant   
 concentrations: findings from the Third National Health and Nutrition Examination Survey.  
 Diabetes. 2003 Sep;52(9):2346–52. 

67. Beydoun MA, Shroff MR, Chen X, Beydoun HA, Wang Y, Zonderman AB. Serum antioxidant  
 status is associated with metabolic syndrome among U.S. adults in recent national surveys.  
 J Nutr. 2011 May;141(5):903–13. 

68. Coyne T, Ibiebele TI, Baade PD, Dobson A, McClintock C, Dunn S, et al. Diabetes mellitus   
 and serum carotenoids: findings of a population-based study in Queensland, Australia. Am  
 J Clin Nutr. 2005 Sep;82(3):685–93. 

69. Ford ES, Will JC, Bowman BA, Narayan KM. Diabetes mellitus and serum carotenoids:   
 findings from the Third National Health and Nutrition Examination Survey. Am J Epidemiol.  
 1999 Jan 15;149(2):168–76. 

70. Hozawa A, Jacobs DR, Steffes MW, Gross MD, Steffen LM, Lee D-H. Associations of serum  
 carotenoid concentrations with the development of diabetes and with insulin concen-  
 tration: interaction with smoking: the Coronary Artery Risk Development in Young Adults  
 (CARDIA) Study. Am J Epidemiol. 2006 May 15;163(10):929–37. 

71. Sesso HD, Buring JE, Norkus EP, Gaziano JM. Plasma lycopene, other carotenoids, and reti- 
 nol and the risk of cardiovascular disease in women. Am J Clin Nutr. 2004 Jan;79(1):47–53. 

72. Osganian SK, Stampfer MJ, Rimm E, Spiegelman D, Manson JE, Willett WC. Dietary  
 carotenoids and risk of coronary artery disease in women. Am J Clin Nutr. 2003   
 Jun;77(6):1390–9. 

73. Eliassen AH, Liao X, Rosner B, Tamimi RM, Tworoger SS, Hankinson SE. Plasma carotenoids  
 and risk of breast cancer over 20 y of follow-up. Am J Clin Nutr. 2015 Jun;101(6):1197–205. 

74. Fiedor J, Burda K. Potential role of carotenoids as antioxidants in human health and  
 disease. Nutrients. 2014 Jan;6(2):466–88. 

48. Rawdin BJ, Mellon SH, Dhabhar FS, Epel ES, Puterman E, Su Y, et al. Dysregulated re-  
 lationship of inflammation and oxidative stress in major depression. Brain Behav Immun.  
 2013 Jul;31:143–52. 

49. Kessler RC, Wittchen H-U, Abelson JM, Mcgonagle K, Schwarz N, Kendler KS, et al. Method- 
 ological studies of the Composite International Diagnostic Interview (CIDI) in the US nation 
 al comorbidity survey (NCS). Int J Methods Psychiatr Res. 1998 Feb;7(1):33–55. 

50. Penninx BWJH, Beekman ATF, Smit JH, Zitman FG, Nolen WA, Spinhoven P, et al.  
 The Netherlands Study of Depression and Anxiety (NESDA): rationale, objectives and   
 methods. Int J Methods Psychiatr Res. 2008 Jan;17(3):121–40. 

51. Radloff LS. The CES-D Scale: A Self-Report Depression Scale for Research in the General   
 Population. Applied Psychological Measurement. 1977. p. 385–401. 

52. Friedman GD, Cutter GR, Donahue RP, Hughes GH, Hulley SB, Jacobs DR, et al. CARDIA:   
 study design, recruitment, and some characteristics of the examined subjects. J Clin Epide 
 miol. 1988;41:1105–16. 

53. Kasai H, Hayami H, Yamaizumi Z, SaitôH, Nishimura S. Detection and identification of   
 mutagens and carcinogens as their adducts with guanosine derivatives. Nucleic Acids Res.  
 1984 Feb 24;12(4):2127–36. 

54. Valavanidis A, Vlachogianni T, Fiotakis C. 8-hydroxy-2’ -deoxyguanosine (8-OHdG): A critical  
 biomarker of oxidative stress and carcinogenesis. J Environ Sci Health C Environ Carcinog   
 Ecotoxicol Rev. United States; 2009 Apr;27(2):120–39. 

55. Loft S, Danielsen P, Løhr M, Jantzen K, Hemmingsen JG, Roursgaard M, et al. Urinary   
 excretion of 8-oxo-7,8-dihydroguanine as biomarker of oxidative damage to    
 DNA. Arch Biochem Biophys. 2012 Feb 15;518(2):142–50. 

56. Kroese LJ, Scheffer PG. 8-hydroxy-2’-deoxyguanosine and cardiovascular disease:   
 a systematic review. Curr Atheroscler Rep. 2014 Nov;16(11):452. 

57. Niki E. Biomarkers of lipid peroxidation in clinical material. Biochim Biophys Acta -   
 Gen Subj. Elsevier B.V.; 2014;1840(2):809–17. 

58. Liu W, Morrow JD, Yin H. Quantification of F2-isoprostanes as a reliable index of   
 oxidative stress in vivo using gas chromatography-mass spectrometry (GC-MS)    
 method. Free Radic Biol Med. United States; 2009 Oct;47(8):1101–7. 

59. Morrow JD. Quantification of isoprostanes as indices of oxidant stress and the    
 risk of atherosclerosis in humans. Arterioscler Thromb Vasc Biol. 2005    
 Feb;25(2):279–86. 

60. Proudfoot J, Barden A, Mori TA, Burke V, Croft KD, Beilin LJ, et al. Measurement   
 of urinary F(2)-isoprostanes as markers of in vivo lipid peroxidation-A comparison   
 of enzyme immunoassay with gas chromatography/mass spectrometry. Anal Bio  
 chem. 1999 Aug 1;272(2):209–15. 

61. Barregard L, Møller P, Henriksen T, Mistry V, Koppen G, Rossner P, et al. Human and meth  
 odological sources of variability in the measurement of urinary     
 8-oxo-7,8-dihydro-2’-deoxyguanosine. Antioxid Redox Signal. 2013 Jun 20;18(18):2377–91. 

62. Garratt LW, Mistry V, Singh R, Sandhu JK, Sheil B, Cooke MS, et al. Interpretation of urinary  
 8-oxo-7,8-dihydro-2’-deoxyguanosine is adversely affected by methodological inaccuracies  
 when using a commercial ELISA. Free Radic Biol Med. 2010 Jun 1;48(11):1460–4. 

Chapter one


