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1.1

Burnout

1.1.1 History of the concept
Before officially appearing in the work-related context, the verb “to burn out” was used in a more
poetic manner by William Shakespeare at the end of the sixteenth century. In the seventh poem of
The Passionate Pilgrim, Shakespeare wrote:
“She burn’d with love, as straw with fire flameth
She burn’d out love, as soon as straw outburneth”
Shakespeare probably used the phrase ‘burn’d out’ here for the first time in a psychological sense,
to describe energy depletion as a consequence of love (1).
Officially, the credit for coining the term “burnout” as we use it today was given by Herbert
Freudenberger, a practicing American psychologist and psychoanalyst, who published the first
burnout case report in 1974 (2). Freudenberger used the term “burnout” to describe the gradual
emotional depletion, loss of motivation and reduced commitment among the volunteers in a free
clinic for drug addicts and homeless people where he worked as a consultant psychologist. In the
following years, Freudenberger published several scientific articles on burnout (3) (4) (5) (6) and has
himself suffered from it twice, which gave him additional credibility to talk about it from an
experiential point of view. However, Freudenberger did not invent the term burnout itself but was
rather credited for describing and analysing it in a systematic way for the first time. When describing
clinical symptoms of burnout, Freudenberger emphasized exhaustion and fatigue as well as
unspecific somatic complaints, such as frequent headache and sleep problems, and he formulated
behavioural signs such as frustration, anger, cynicism and signs of depression. Freudenberger did
not only describe burnout symptoms, but also listed personality traits linked to vulnerability to
burnout and was interested in preventive strategies, some of which he pointed out in his
publications.
Approximately at the same time, the research group of Christina Maslach started introducing
research on burnout at the University of California at Berkeley (7) (8) (9). Maslach and her colleagues
were interested in burnout among human service workers and were conducting interviews to better
understand this phenomenon. Moreover, as a social psychologist, Cristina Maslach was interested
in measuring burnout, which led her to develop the first self-reported tool to measure burnout –
the Maslach Burnout Inventory (MBI), based on the three dimensions – exhaustion, cynicism (also
termed as depersonalization) and reduced professional efficacy (8) (10). The MBI went on becoming
the most widely used assessment tool for burnout until today and was a turning point in burnout
research (11).
Since its emergence in the scientific community, the term “burnout” was followed by a certain
degree of controversy, being deemed as a “pseudoscientific” concept and “pop psychology” (1).
However, the introduction of the MBI triggered an empirical phase of burnout and an exponential
increase in burnout publications, which never ceased to diminish (12). Even though other
conceptions of the phenomenon have been proposed and other assessment tools have been
designed and validated (13) (14), MBI still continued to dominate the field. Over the years, the focus
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of burnout extended beyond caregiving and helping professions and consequently, MBI has been
adapted to a wide variety of different professions (10).

1.1.2 Public health and socio-economic burden
Over the recent years, burnout has become an object of ever-increasing interest in industrialized
countries. Major changes in the working environment, technological advances, increasing time
pressure, work pace and complexity, job insecurity, etc. are just some of the challenges workers in
Western countries are facing (15). Moreover, the capitalistic imperatives of achievement,
performance, productivity and individualism are putting additional pressure on the modern
workforce (16). Witnessing the current COVID-19 outbreak has increased awareness of the
importance of mental well-being and burnout risk in specific vulnerable groups, such as healthcare
providers in the crisis situations such as the one we are currently facing (17).
Increasing prevalence and socio-economic burden of burnout have been repeatedly emphasized by
different stakeholders (18). The prevalence rates of burnout vary considerably and are often
considered unreliable and difficult to compare due to different definitions and cut-off values being
used (18). Consequently, the prevalence also varies between different sectors and can reach
enormous numbers in certain occupations. Namely, studies report burnout prevalence rates of up
to 30% in teachers, 31% in medical students, and between 44% and 68.6% in medical oncologists
(19). In addition, according to recent research conducted in the Work, Organization and Personnel
Psychology research group at KU Leuven, more than 7% of the working population in Flanders has
burnout complaints, whereas another 9% is in the “high risk zone” of developing burnout (20).
Not only does burnout present a societal challenge, but it also has significant effects on the
economic loss. Burnout has been associated with various forms of job withdrawal—absenteeism,
intention to leave the job, and actual turnover. Studies suggest that between 50% and 60% of all
lost working days have some link with work-related stress (21). In 2002, the European Commission
reported that the yearly cost of work-related stress in the EU15 was EUR 20 billion each year (22).
Not surprisingly, burnout is set as one of the main preventing goals in recent Belgian legislation,
which is aimed at reducing psychosocial risks at work (23).
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1.1.3 Challenges in burnout assessment
Despite the societal importance and extensive use of the term burnout in everyday life, the
vagueness around this concept is still a matter of debate among scientist and practitioners. To date,
no agreed-upon diagnostic criteria or clinical guidelines exist for identifying cases of burnout in
clinical practice (8). Consequently, burnout is mainly assessed in practice using self-reported tools
such as MBI. Moreover, there is a lack of systematic enquiry into the aetiology and psychopathology
of this syndrome. This is the reason why burnout was not included as a separate diagnostic category
in the 5th edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM) (24). In practice,
burnout is sometimes labelled under the DSM category of “adjustment disorders”, which are
characterized by impaired functioning and marked distress related to an identifiable stressor,
however whether burnout always fits this category is a matter of discussion among experts (25). In
the Netherlands, these guidelines were further adapted. This resulted in publication of “Dutch
practice guidelines for managing adjustment disorders in occupational and primary health care”
sanctioned by the Royal Dutch Medical Association (26), which provide further guidance for
clinicians (mainly occupational physicians and general practitioners) on diagnosing burnout and
making a differential diagnosis with other subcategories of adjustment disorders, such as distress
and nervous breakdown. Concerning the International Statistical Classification of Diseases (ICD)
(27), burnout appeared only as an additional diagnosis (Z 73.0) in its 10th edition. Sweden went one
step further in 2005, when the Swedish National Board of Health and Welfare has added the
“exhaustion disorder” (utmattningssyndrom) to the national version of the ICD-10 (code F43.8).
Similar to the guidelines for adjustment disorders in DSM, the Swedish definition of exhaustion
disorder emphasized a significant impairment of functionality as a diagnostic criteria, but with a
more specific description of symptoms and particularly emphasizing exhaustion as the central
feature. In May 2019, the World Health Organisation (WHO) has published an updated version of
ICD-11 (28), and classified burnout as an “occupational phenomenon” (and not a medical diagnosis)
referring to the initial definition of burnout introduced by Maslach and her colleagues. More
specifically, WHO conceptualised burnout as a syndrome resulting from chronic workplace stress
that has not been successfully managed and is characterised by three dimensions: feelings of energy
depletion or exhaustion, increased mental distance from one’s job or feelings of negativism or
cynicism related to one’s job and reduced professional efficacy. WHO representatives also cited the
review of Heinemann & Heinemann (19), emphasizing that “much of the research on burnout
focused on causes and associated factors, rather than on attempts to develop specific diagnostic
criteria, which led to vagueness and ambiguity around the concept of burnout.” Moreover, they
pointed out that the differentiation between depression and burnout was and remains a major
obstacle.

1.2

Depression

1.2.1 History, definition and assessment
Unlike burnout, depression has been established as an official mental disorder since several decades
ago. However, before the modern conceptualization of depression, the earliest written accounts of
what we know as depression today date all the way back to the second millennium B.C.E in
Mesopotamia. In these writings, depression was discussed as a spiritual condition caused by
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demonic possession and was dealt with by priests (29). In Ancient Greece, the term “melancholia”
was used by Hippocrates, who believed melancholia was caused by four imbalanced body fluids
called humours: yellow bile, black bile, phlegm, and blood (30). Hippocrates’ treatments of choice
included bloodletting, baths, exercise and diet. Despite some steps towards believing in somatic and
mental causes of depression during Ancient Greek and Roman era, beliefs that depression was
caused by demonic possessions extended all the way through Middle Ages and brutal and harsh
means of treatment were common. During the Renaissance, the idea that depression has natural
causes was revisited resulting also in the publication of the famous “Anatomy of Melancholy” by
Robert Burton in 1621, where he outlined the social and psychological causes of depression (31).
Finally, the conceptualization of depression as we know it today was introduced with the emergence
of psychiatry as an independent medical discipline in the early 19 th century (32) and the famous
work of German psychiatrist Emil Kraepelin. The word “melancholia” was gradually replaced by
“depression”, which was officially established in both disease classifications (ICD and DSM). The
latest version of DSM (DSM-5) distinguishes several types of depressive disorders, all of which are
defined through specific criteria. Major depression is characterized by the presence of at least one
of the two core symptoms – depressed mood and anhedonia or loss interest and pleasure
accompanied by at least four out of seven additional symptoms: decreased or increased appetite
and/or weight, insomnia or hypersomnia, psychomotor agitation or retardation, fatigue or loss of
energy, feelings of worthlessness and/or guilt, impaired concentration or decision making, and
suicidal ideation (24). In order to set the diagnosis of a major depressive episode, symptoms need
to persist at least two weeks and need to seriously impair functioning of the individual. In addition,
the diagnosis of depression is refined through different subtypes, such as melancholic depression –
characterized by appetite and weight decrease and insomnia and atypical depression – associated
with weight increase and hypersomnia (24). In other words, depression is a heterogeneous concept
and covers a broad spectrum of disorders.
Apart from depression as a clinical entity, existence of depressive symptoms has been extensively
investigated in its subclinical forms both from a categorical and dimensional point of view (33). In
addition, depression can be assessed either using clinician ratings, based on the DSM criteria or by
applying self-reported inventories (34). Among self-reported assessment tools, the most widely
used are the Beck Depression Inventory-II (BDI-II) (35) and the 9-item depression scale of the Patient
Health Questionnaire (PHQ-9) (36). These self-reported tools are commonly applied in both
scientific and clinical context to assess subclinical forms of depression or to grade symptoms severity
of clinical depression once the diagnosis is established.

1.2.2 Public health and socio-economic burden
Depression is one of the most prevalent mental disorders, affecting more that 150 million people
worldwide (37). In addition, depression is ubiquitous and it can affect people of all ages but occurs
about twice as often in women than in men (38). In Belgium, the lifetime prevalence of major
depression is around 7% (39), which is in line with global epidemiological estimations (40). However,
its prevalence is expected to rise in the years to come (41). Apart from its increasing prevalence,
depression is associated with severe suffering of the patients and their families, all of which makes
it one of major public health concerns (41). Moreover, depression is associated with a huge socio-
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economic burden, by causing excessive disability, mortality and secondary morbidity. Not
surprisingly, WHO marked depression as the “leading cause of disability worldwide, and a major
contributor to the overall global burden of disease” (42). In 2004, the total annual costs of
depression were estimated at EUR 118 billion, making it the most costly brain disorder in Europe
and accounting for 1% of the total economy in Europe (GDP).
Additional reasons contributing to the overall burden of depression are its chronicity and treatment
resistance. Approximately 50% of patients who experience a current major depressive episode will
experience relapse and almost 20% of patients will develop a chronic course of illness and will
become chronic psychiatric patients (43). In addition, around 60% of depressed patients experience
some form of treatment resistance. The two main approaches towards treatment of depression
include psychotherapy and pharmacotherapy. Whereas mild depressive episodes can be treated
with psychotherapy alone, moderate-to-severe forms require treatment with medication or
combination of medication and psychotherapy. In case of treatment resistance, alternative
treatment approaches, such as electroconvulsive therapy can be indicated (44). Over the years,
huge efforts have been made to identify depression subgroups more prone to treatment resistance
and potentially suitable for tailored treatment plans. Even though a combination of biological
targets and clinical risk factors seems particularly appealing (45), it seems that there is still a long
way to go before any of these findings come close to being translated into clinical practice.

1.3

Burnout-depression overlap

The overlap between burnout and depression has been subject of debate and is one of the hindering
factors for establishing uniform clinical guidelines for burnout. Depression and burnout overlap on
different levels. In addition, this overlap can be observed through two main approaches towards
mental health, namely categorical and dimensional perspective. Categorical approach emphasizes
the importance of diagnostic categories, and assumes each diagnostic category as a separate and
distinct from “normal”. On the other hand, the dimensional approach views psychopathology as a
continuum, which reflects individual differences in a maladaptive characteristic across the entire
population. In other words, dimensions reflect differences in degree, rather than in kind (46).
From categorical point of view, burnout and depression are considered distinct phenomena, each
of them having established criteria needed to set the diagnosis (although this is more vague in
burnout, as previously discussed). However, looking at the diagnostic criteria, it is obvious that
exhaustion, fatigue and loss of energy, which are the core dimensions of burnout (as indicated in
the WHO definition), are listed as one of the symptoms of depression in the official DSM criteria. In
addition, exhaustion resembles depressed mood on its emotional side, as illustrated by MBI’s items
“I feel like I'm at the end of my rope” or “I feel used up at the end of a workday” (47). On the other
hand, some more specific symptoms of depression, such as anhedonia are not commonly present
in burnout and are often mentioned as one of the core distinction features by practising clinicians
(48). Similarly, the Dutch practice guidelines for managing adjustment disorders in occupational and
primary health care point out more specific symptoms of depression, such as anhedonia,
psychomotor agitation, feelings of worthlessness, etc. as the key symptoms to distinguish these two
phenomena (Fig. 1) (26).
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Most arguments for burnout-depression overlap come from a dimensional approach, mainly from
the observed high correlation of self-reported symptoms of burnout and depression in crosssectional studies. Namely, several studies reported a high degree of depressive symptoms in
patients with burnout (49) (50). Among the three components of burnout, exhaustion shows the
strongest link to depressive symptoms, whereas cynicism and reduced professional efficacy show
weaker correlations (49). In addition, in a cross-sectional, population-based study in Finland, about
50% of people suffering from severe burnout (measured by MBI) also presented with clinical
depression (51). On the other hand, most studies applying factor analysis concluded that burnout
can be psychometrically distinguished from depression (52) (53).
In addition, there is some evidence from longitudinal studies for reciprocal causation between
burnout and depression. The majority of studies reported a unidirectional relationship with burnout
predicting depression but not vice versa (54) (55) (56). In contrast, a smaller number of studies
reported a one-direction link from depression to burnout (57) (58). Finally, some studies did find a
bidirectional causal association indicating that burnout and depression most likely develop “in
tandem” over time (59) (60) (61). In other words, the findings of these studies are heterogeneous
and more research is needed to understand the causal relationship between these two phenomena.
On the other hand, the contextual differences between burnout and depression, with burnout being
exclusively job-related and depression being more generic and context-free, are suggested as one
of the main discriminatory factors. A cross-sectional study by Bakker et al. performed on teachers
supports this, reporting the lack of reciprocity in private life to predict depression but not burnout
whereas lack of reciprocity in occupational life predicted burnout but not depression (52).
Interestingly, the somatic and biological levels of analysis seem to suggest certain degree of
discriminant validity of burnout and depression (62), however studies on this issue are scarce and
more research is needed.
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Fig. 1. Schematic representation of the burnout-depression overlap. The figure was created using BioRender
(https://biorender.com/).

1.4

Relevance of biological research in burnout and depression

In line with a discrepancy between the relatively short history of burnout conceptualization and
research versus a long history on clinical and scientific work on depression, our knowledge on
biological mechanisms underlying these two phenomena is substantially different. For the sake of a
simple comparison, a search for references in the PubMed search string by including terms
“burnout” and “biomarker” results in 80 articles, whereas a search on “depression” and “biomarker”
gave 10486 references (October 2020). In a recent review by Heinemann & Heinemann, the authors
provide an overview of trends in burnout research, showing that despite an increasing number of
publications in the last 20 years, most of research focused on causes and contributing factors
whereas research on biological mechanisms was the least represented subgroup (63).
Biological research on phenomena where chronic stress plays an important role, such as burnout
and depression, are important for several reasons. First, it helps us to gain more insight into the
understanding of development of these outcomes, which have a fundamental value but can also,
through small steps, lead to potential translational and clinical applications. In case of depression,
where diagnostic guidelines are quite solid, knowledge on biological mechanisms can help us
identify specific subgroups of patients at higher risk of negative outcomes, such as relapse or
treatment resistance and potentially create more personalized and tailored treatment approaches
(64). For burnout on the other hand, biological research can provide us with a better understanding
of the phenomenon itself, which might in the long run shed the light on the vagueness and
controversy around it. In addition, it could provide more insight into vulnerability factors and early
biological warning signals, which could in turn help develop preventive strategies for employees
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(65). Finally, investigating the similarities and differences between burnout and depression on
biological level can give us more insight into how these two phenomena overlap and in what way
they are unique (62).
As chronic stress plays a central role in both burnout and depression, most of biological research
around these outcomes focused on our stress response system. Therefore, in the following
paragraph, I will provide a brief overview of stress neurobiology.

1.5

Neurobiology of stress

At the individual and species level, acute stress presents a challenge to homeostasis, regardless of
its intensity, ranging from mildly alarming to life threatening. Interestingly, even though human
societies have changed dramatically and the stressors we are facing today are very different from
those our ancestors experienced, our psychological mechanisms for coping with adversity have not
substantially evolved over the past several thousands of years. In other words – exposure to any
kind of psychosocial stressor we are commonly facing today, such as work pressure will trigger
pretty much the same biological response as when our ancestors were facing a wild animal (66).
This theory is the main underpinning of the so-called “evolutionary mismatch theory”, which
received attention in behavioural research in recent years (67).
In order to achieve homeostasis, our body will elicit a “fight or flight” response, which mobilizes a
range of molecular, cellular and behavioural mechanisms in order to ensure survival. Once the
threat is gone, this response will shut down in order to allow our body to recover and restore.
However, whereas this stress reaction is necessary and adaptive in life-threatening situations,
accumulating long-term chronic stress in the form of psychological stressors can result in inability
of our body to recover properly and even permanent reprogramming of the whole stress response
system (68). Many scientists working in the field of stress evolution are speculating that our stress
response system was never meant to deal with chronic, psychosocial stressors and is therefore
“outdated”, which causes its maladaptive response to chronic stress. To better describe the effect
of chronic stress on our body, Bruce McEwen introduced the term “allostasis”, which he defined as
reprograming of the stress response system according to expected demands (69). This can cause
the stress system to become permanently hyperactive or hypoactive, both of which are maladaptive
and present a risk for mental health.
When we are exposed to a stressor, two main response systems will be activated: the autonomic
nervous system (ANS) and the hypothalamic pituitary adrenal (HPA) axis. The ANS, more specifically
its sympathetic part, is in charge of sending the information from the central nervous system to the
periphery rapidly and immediately triggering the “fight or flight response”. The main mediators of
ANS are adrenalin and noradrenaline, which trigger a number of physiological changes, such as
increase in blood pressure and heart rate, pupil dilatation, increased blood flow into muscles, etc.
all of which prepare our body to react (70). HPA axis on the other hand, is a neuroendocrine system
and therefore it acts somewhat slower but its effects can persist longer. HPA axis response involves
a cascade of events, starting with activation of the hypothalamus, which releases corticotrophinreleasing hormone (CRH) to the anterior pituitary gland. In response to this, the anterior pituitary
further releases adrenocorticotropic hormone (ACTH) into the blood stream, which will finally reach
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the adrenal cortex and stimulates production and release of cortisol (71). Cortisol induces a range
of reactions in different organic systems, including increase in blood pressure, immunosuppression,
elevation in blood glucose levels to provide more energy, etc. In addition, it provides a negative
feedback mechanism, by which it shuts down the HPA axis stress response and prevents its
excessive continuation.
On a cellular level, cortisol achieves its effects by binding to two different types of receptors – the
mineralocorticoid receptor (MR) and the glucocorticoid receptor (GR). The MR has high affinity for
endogenous glucocorticoids and plays a role in circadian fluctuations in these hormones. In contrast,
the GR has lower affinity for endogenous glucocorticoids and therefore plays a crucial role in the
states of increased cortisol, such as in chronic stress. As a steroid receptor, the GR is located in the
cytoplasm. In response to ligand (cortisol) binding, the GR-cortisol homodimer translocates to the
cell nucleus, where it can activate or suppress the activity of certain genes, by binding to specific
hormone response elements in the promoter regions of the target genes (72). In this way, cortisol
can also regulate the expression of the HPA axis related genes, such as the CRH and GR gene.

Fig. 2. A: Stress activates the hypothalamic pituitary adrenal (HPA) axis, which triggers the release of cortisol;
cortisol exerts a negative feedback mediated by the glucocorticoid receptors (GRs) in the hypothalamus and
anterior pituitary. B: GR signalling on a cellular level. CRH: corticotropin-releasing hormone, ACTH:
adrenocorticotropic hormone, pGRE: positive glucocorticoid response elements (enhance transcription),
nGRE: negative glucocorticoid response elements (repress transcription). The figure was created using
BioRender (https://biorender.com/).

In addition, the transcriptional effect of cortisol extend beyond the HPA axis itself. One of the
examples is the effect of glucocorticoids on adult hippocampal neurogenesis – formation of new
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neurons and synapses. Namely, the hippocampus is the area of the limbic brain particularly
important for cognition and memory formation. As such, the hippocampus is particularly rich with
GRs and is therefore very sensitive to elevated cortisol levels (73). In recent years, a growing body
of literature emerged showing that chronic stress and increased cortisol levels inhibit adult
hippocampal neurogenesis, which is in turn associated with cognitive impairment, such as those
occurring in burnout and depression. In this regard, the interplay between the HPA axis and the
brain-derived neurotrophic factor (BDNF) seems to play an essential role, since BDNF is one of the
key neurotrophins stimulating neural proliferation (74). However, the exact molecular mechanisms
by which this interaction takes place remain largely unknown. Another system interacting with the
HPA axis in the states of chronic stress is the serotonergic system. Serotonin (5-hydroxytryptamine,
5-HT) is a neurotransmitter mainly known for its function in the mood regulation. Moreover,
additional functions of this neurotransmitter keep on being discovered, one of them being the
regulation of the HPA axis (75). The way these two systems interact and in which direction is still
not elucidated. However, alterations in the expression of regulatory genes, such as those encoding
for the 5-HT receptors and transporters, have been implicated as potential mediators.
As the effects of chronic stress via cortisol involve alterations in different genes involved in the HPA
axis itself but also other systems, such as BDNF and 5-HT, one of the key suggested mediating
mechanisms of those effects is epigenetics. Therefore, in the following paragraph, I will provide a
brief overview of epigenetics and its relevance for the understanding of the underlying biological
mechanisms in chronic stress, burnout and depression.

1.6

Epigenetics

The term epigenetics emerged in 1940s and literally means “above” or “on top of” genetics (76). As
such, epigenetics refers to external modifications to DNA that turn genes "on" or "off" or determine
which genes will be activated or silenced. In other words, epigenetics is known as the study of
heritable changes in gene expression that do not involve a change in the DNA sequence itself. Simply
put, if we imagine the DNA sequence or our genetic code as letters of a sentence, epigenetics would
present all the additional information necessary to read this sentence properly, such as the
formatting, spacing and punctuation marks.
During ontogenesis, epigenetic modifications are necessary for proper formation and differentiation
of different cell types from one single cell – the zygote. In other words, epigenetic changes will
orchestrate the process in which two different cells containing identical genetic sequences will
differentiate in two cells with completely different function and set of expressed genes – such as for
instance a neural and a muscle cell (77).
There are three types of epigenetic modifications involved in gene regulation: DNA methylation,
histone modifications and microRNAs. Since this thesis is focused on DNA methylation, this term
will be introduced more broadly, whereas histone modifications and microRNAs will only be
mentioned briefly.
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1.6.1

DNA methylation

Methylation of the DNA occurs when a methyl-group (CH3) is covalently added to position 5 of the
cytosine pyrimidine ring. This reaction is catalysed by the enzymes DNA methyltransferases
(DNMTs), whereby a methyl-group is transferred from the methyl donor S-adenosylmethionine to
cytosine. De novo DNA methylation is catalysed by DNMT3a and DNMT3b whereas further
maintenance of DNA methylation throughout DNA replication cycles is catalysed by DNMT1. DNA
methylation predominantly occurs in the context of CpG dinucleotides (a location within the DNA
where a cytosine nucleotide is followed by a guanine nucleotide). CpG dinucleotides predominantly
cluster in CpG islands (regions enriched with densely packed CpG dinucleotides), which are most
often located in promoter regions of genes, often near transcription start sites. CpG islands are
predominantly unmethylated, allowing the binding of regulatory transcription factors, which
activate gene transcription and consequently enhance gene expression (turning genes on). In
contrast, CpG sites residing elsewhere such as in gene bodies and repetitive elements are often
highly methylated (78).
Demethylation on the other hand can either take place passively – through loss of DNA methylation
marks during successive rounds of replication or can be an active process. In case of active
demethylation, an enzymatic process takes place, whereby methyl groups are modified or removed
from methylated cytosines (5-mC). This process occurs in several steps, in which ten-eleven
translocation (TET1, 2 and 3) enzymes catalyse the oxidation of 5-mC to 5-hydroxymethylcytosine
(5-hmC) and the oxidation of 5-hmC to 5-formylcytosine (5-fC) and 5-carboxycytosine (5-caC), the
final products of the reaction (79).

1.6.2

Histone modifications

In the nucleus, DNA strand is wrapped around proteins called histones, together forming the known
beads-on-a-string structure of chromatin. There are two different forms of chromatin:
heterochromatin and euchromatin. Heterochromatin is a condensed form in which the DNA strand
is more tightly wound around the histones, which decreases the accessibility of DNA for the
transcription machinery and resulting in decreased gene expression. Conversely, euchromatin is a
decondensed form, in which DNA is accessible for transcription and therefore gene expression is
increased in this area. These changes in chromatin packing are mediated by different types of posttranslational covalent modifications of histones, mainly occurring in the tail domains. There are at
least eight different types of histone modifications including acetylation and methylation of lysines
and arginines, phosphorylation of serines and threonines, ubiquitinylation and sumoylation of
lysines, ADP ribosylation, deamination, and proline isomerization (80) (81).

1.6.3

MicroRNAs

The third type of epigenetic changes are the so-called non-coding RNAs. Regulatory non-coding
RNAs can be classified into microRNAs (miRNAs), short-interfering RNAs, long non-coding RNA, etc.
Unlike messenger RNAs (mRNA), these non-coding RNAs are not translated into functional proteins.
On the contrary, they regulate gene expression at the (post-)transcriptional level, binding to and
degrading those RNA molecules that would normally translate into proteins (82).
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It is important to mention that these three epigenetic processes (DNA methylation, histone
modifications and miRNAs) are highly interconnected. For instance, DNA methylation can silence
the expression of a miRNA, which would have silenced a certain gene. In this way, DNA methylation
would indirectly lead to enhanced expression rather than silencing (83). Similarly, a miRNA can
directly target DNA methyltransferases (84) or enzymes involved in histone modifications (85) and
thus inhibit DNA methylation or chromatin arrangement.

Figure 3. Overview of
(https://biorender.com/).
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Relevance of epigenetics for burnout and depression

Knowing that epigenetics is the key mechanisms by which the environment and genetics interact, it
is beyond doubt that its relevance and implications for stress-related mental health problems are
huge (86). The interplay between genetic vulnerability and adverse environmental factors are
known to play a key role in the development of psychopathology. Despite looking promising in the
beginning, genetic research showed only limited contribution of heritability in mental disorders,
such as depression. More specifically, a recent meta-analysis showed that about 40% of depression
risk can be attributed to genetics, leaving another 60% for environmental influences and
environment-genetics interplay (87). Not surprisingly, this ratio is not so clear in burnout due to
insufficient research and contradictory findings. Namely, whereas one study suggested that familial
clustering in burnout was entirely due to common environmental factors (88), another study
reported a modest contribution of genetics (30% in men and 13% in women), even though still quite
inferior compared to the variance attributed to individual and common environmental factors (70%
and 87% in men and women, respectively) (89).
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Another reason why epigenetics is appealing for stress-related research is the fact that epigenetic
changes, DNA methylation in particular, are more stable biomarkers, which are more likely to reflect
chronic exposure, such as that to psychosocial stress. In this view, a large body of longitudinal
research on the epigenetic effects of early life stress has shown that prenatal and early life adverse
environment can lead to epigenetic changes in the genes involved in the HPA axis regulation (90).
These changes can persist to adulthood, shaping the way the child will respond to stress later in life
and increasing the risk of psychopathology. In addition, DNA methylation changes were associated
with adult psychosocial stress (91) as well as range of psychiatric disorders (92), mainly through
cross-sectional and case-control studies. On the other hand, epigenetic changes are also potentially
reversible, and can therefore potentially present biological correlates of treatment progression and
recovery (93). Indeed, several longitudinal studies demonstrated that both psychotropic treatment
and psychotherapy can contribute to the reversal of DNA methylation patterns in stress-related
genes (94) (95) (96). Therefore, investigating epigenetic patterns can help us overcome the
limitations of purely measuring circulating proteins and hormones (such as cortisol), which undergo
daily fluctuations, are much less stables and are affected by a large number of confounding factors,
all of which limits their utility in stress research (93).
Despite the evident importance of epigenetic for chronic stress, only two studies attempted to
correlate DNA methylation with work stress and burnout ((97) (98) overview provided in Chapter 2)
and both of them being cross-sectional and reporting changes in stress-related genes. However,
none of these studies included clinical population of people with burnout, but the included subjects
were people at work who filled in self-reported questionnaires to rate burnout and work-related
stress. In the case of depression, epigenetic mechanisms have been somewhat studied but most of
the knowledge comes from purely cross-sectional or case-control studies comparing DNA
methylation levels in patients with depression and healthy controls ((99) overview provided in
Chapter 2). In contrast, longitudinal studies in depression are rare as well as simultaneous
assessment of DNA methylation and specific functional and clinical outcomes, such as stress
reactivity. In other words, even though patients with depression are shown to have differential DNA
methylation patters of specific genes, their functional effects remain largely unknown.
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1.7

Aims

The main aim of this PhD project was to investigate epigenetic changes in burnout and depression.
This PhD project was intended to provide first insight into DNA methylation mechanisms in burnout
and further deepen our understanding of these mechanisms in depression, particularly focusing on
their functional effects. To achieve these aims, first we conducted a systematic literature review to
identify potential target genes of interest (Chapter 2). Next, we developed and validated an ultraperformance liquid chromatography mass spectrometry (UPLC-MS/MS) method for simultaneous
assessment of salivary cortisol and cortisone in order to be able to measure these two hormones
with higher sensitivity and specificity than with the existing methods (Chapter 3). Further, we
investigated DNA methylation changes in genes involved in the HPA axis regulation (glucocorticoid
receptor gene - NR3C1 and serotonin transporter gene – SLC6A4) together with functional
measurement of the HPA axis activity (cortisol and cortisone) in burnout and depression (Chapter 4
and 5). Finally, we aimed to study DNA methylation changes in the brain-derived neurotrophic factor
(BDNF) gene and its functional correlates (either the BDNF protein levels or clinical outcomes) in
burnout and depression (Chapter 6 and 7).
Results included in this thesis are derived from three human studies: a study on healthy volunteers
(Chapter 3), a cross-sectional study on subjects with burnout and healthy controls (Chapter 4 and
6) and a longitudinal study on depressed patients and healthy controls (Chapter 5 and 7). Protocols
for each study were described in the corresponding Chapters.
CHAPTER 2: Stress, burnout and depression: A systematic review on DNA methylation
mechanisms
In Chapter 2, we conducted a systematic literature review in order to gain more insight into
potentially significant genes and pathways on which we could further focus in our clinical studies.
More specifically, our objective was to provide a comprehensive overview of DNA methylation
changes related to chronic psychosocial stress, burnout and depression. Based on the outcomes of
Chapter 2, we made a selection of genes on which we focused in the clinical studies (NR3C1, SLC6A4
and BDNF).
CHAPTER 3: Study of temporal variability of salivary cortisol and cortisone by LC-MS/MS using a
new atmospheric pressure ionization source
In Chapter 3, we aimed to overcome the limitations of the existing methods to measure salivary
cortisol and cortisone, mainly the low specificity for these compounds. Therefore, our objective was
to develop a sensitive and specific ultra-performance UPLC-MS/MS method for the simultaneous
identification and quantification of salivary cortisol and cortisone. In addition, we aimed to assess
impact of different covariates and the temporal variability of these hormones in healthy individuals
over 1 week. The outcomes of these studies are meant to provide the basis for cortisol and cortisone
assessment in burnout in Chapter 4.
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CHAPTER 4: Role of NR3C1 and SLC6A4 methylation in HPA axis regulation in burnout
In Chapter 4, our objective was to bridge the existing literature gap on DNA methylation changes in
burnout, by comparing DNA methylation patters of stress-related genes (NR3C1 and SLC6A4)
between people clinically diagnosed with burnout and healthy controls. In addition, we aimed to
study whether DNA methylation patterns play a role in HPA axis dysregulation in burnout, by looking
at their associations with salivary cortisol and cortisone in the same population.
CHAPTER 5: Increased methylation of NR3C1 and SLC6A4 is associated with blunted cortisol
reactivity to stress in major depression
In Chapter 5, we aimed to assess DNA methylation of NR3C1 and SLC6A4 in depressed patients and
healthy controls and their impact on HPA activity, measured through cortisol response to laboratory
stressors. In addition, we used a longitudinal design in order to test whether DNA methylation
changes in NR3C1 and SLC6A4 could predict symptom improvement in depressed patients after
treatment.
CHAPTER 6: Epigenetic perspective on the role of brain-derived neurotrophic factor in burnout
In Chapter 6, we aimed to investigate the role of BDNF in burnout, by focusing on three levels of
regulation: genetic, epigenetic and protein expression. More specifically, we assessed a common
polymorphism in the BDNF gene, DNA methylation of different BDNF regions and serum levels of
the BDNF protein in subjects in burnout and healthy controls.
CHAPTER 7: Interplay of Val66Met and BDNF methylation: effect on reward learning and
cognitive performance in major depression
Finally, in Chapter 7, our objective was to investigate the interplay between genetic and epigenetic
regulation of BDNF in depression. Similarly as in Chapter 6, we assessed a common polymorphism
in the BDNF gene and DNA methylation of different BDNF regions. However, instead of only focusing
between group differences in depressed patients and healthy controls, which have already been
studied, we focused on two specific outcomes that play an important role in the BDNF pathway: 1)
anhedonia and reward learning and 2) cognitive performance. As such, this study is designed to
provide additional insight into BDNF regulation in these specific functional outcomes, which has not
been studies so far in depression.
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1.8

Published papers and prepared manuscripts

Research conducted within this PhD thesis resulted in the following papers and manuscripts:
Bakusic J, Schaufeli W, Claes S, Godderis L (2017): Stress, burnout and depression: A systematic
review on DNA methylation mechanisms. Journal of Psychosomatic Research 92:34–44. (Chapter 2)
Bakusic J, Nys S De, Creta M, Godderis L, Duca RC (2019): Study of temporal variability of salivary
cortisol and cortisone by LC-MS / MS using a new atmospheric pressure ionization source. Scientific
Reports 9: 19313. (Chapter 3)
Bakusic J, Ghosh M, Polli A, Bekaert B, Schaufeli W, Claes S, Godderis L. Role of NR3C1 and SLC6A4
methylation in the HPA axis regulation in burnout. Manuscript submitted to Journal of Affective
Disorders. (Chapter 4)
Bakusic J, Vrieze E, Ghosh M, Bekaert B, Claes S (2020): Increased methylation of NR3C1 and SLC6A4
is associated with blunted cortisol reactivity to stress in major depression. Neurobiology of Stress
13: 100272. (Chapter 5)
Bakusic J, Ghosh M, Polli A, Schaufeli W, Claes S, Godderis L (2020): Epigenetic perspective on the
role of brain-derived neurotrophic factor in burnout. Translational Psychiatry 10: 354. (Chapter 6)
Bakusic J, Vrieze E, Ghosh M, Pizzagalli DA, Bekaert B, Claes S, Godderis L. Interplay of Val66Met
and BDNF methylation: effect on reward learning and cognitive performance in major depression.
Manuscript in preparation to be submitted to Biological Psychiatry. (Chapter 7)
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ABSTRACT
Despite that burnout presents a serious burden for modern society, there are no diagnostic criteria.
Additional difficulty is the differential diagnosis with depression. Consequently, there is a need to
dispose of a burnout biomarker. Epigenetic studies suggest that DNA methylation is a possible
mediator linking individual response to stress and psychopathology and could be considered as a
potential biomarker of stress-related mental disorders. Thus, the aim of this review is to provide an
overview of DNA methylation mechanisms in stress, burnout and depression. In addition to stateof-the-art overview, the goal of this review is to provide a scientific base for burnout biomarker
research. We performed a systematic literature search and identified 25 pertinent articles. Among
these, 15 focused on depression, 7 on chronic stress and only 3 on work stress/ burnout. Three
epigenome-wide studies were identified and the majority of studies used the candidate-gene
approach, assessing 12 different genes. The glucocorticoid receptor gene (NR3C1) displayed
different methylation patterns in chronic stress and depression. The serotonin transporter gene
(SLC6A4) methylation was similarly affected in stress, depression and burnout. Work-related stress
and depressive symptoms were associated with different methylation patterns of the brain-derived
neurotrophic factor gene (BDNF) in the same human sample. The tyrosine hydroxylase (TH)
methylation was correlated with work stress in a single study. Additional, thoroughly designed
longitudinal studies are necessary for revealing the cause-effect relationship of work stress,
epigenetics and burnout, including its overlap with depression.
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Appendix A: Quality assessment of included studies
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Bakusic J, De Nys S, Creta M, Godderis L, Duca RC. (2019). Study of temporal variability of
salivary cortisol and cortisone by LC-MS/MS using a new atmospheric pressure ionization
source. Scientific Reports. 9: 19313

ABSTRACT
There is a growing interest concerning the relevance of salivary cortisone levels in stress-related
research. However, studies investigating morning patterns and day-to-day variability of cortisone
versus cortisol levels are lacking. Cortisol and cortisone analysis by liquid chromatography-tandem
mass spectroscopy (LC-MS/MS) has been widely used for routine laboratory measurements in the
last years. The aim of this study was to develop an ultra-performance LC-MS/MS method for the
simultaneous quantification of salivary cortisol and cortisone levels for assessing the temporal
variability of these hormones. Saliva samples were collected from 18 healthy volunteers at 0, 15,
and 30 min after awakening on each day for 1 week and analysed with the newly developed method.
We used a novel atmospheric pressure ionization source, which resulted in high sensitivity and
specificity for both cortisol and cortisone as well as higher peak values and signal-to-noise ratio as
compared with the electrospray ionization source. Cortisone showed similar morning patterns as
cortisol: a 25% and 49% increase in levels at 15 and 30 min after awakening, respectively. Most
cortisone indices showed somewhat lower day-to-day variability and were less affected by staterelated covariates. We recommend further exploration of the potential of salivary cortisone as a
biomarker in stress-related research.
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Supplementary fig 1. Overview of cortisol (A) and cortisone (B) concentrations of each participant obtained on each day
over one sampling week at 0, 15 and 30 min after awakening
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4.1

Abstract

Background: Work-related stress and burnout have become major occupational health concerns.
The HPA axis is considered as one of the central mechanisms in stress response and burnout, and
its regulation is potentially mediated through epigenetic mechanisms. In the present study, we aim
to investigate epigenetic regulation of the HPA axis in burnout, by focusing on salivary cortisol and
cortisone and DNA methylation of glucocorticoid receptor gene (NR3C1) and serotonin transporter
gene (SLC6A4).
Methods: We conducted a cross-sectional study with 59 subjects with burnout and 70 healthy
controls. All participants underwent a clinical interview and psychological assessment. Saliva
samples were collected at 0, 30 and 60 min after awakening and were used to quantify cortisol and
cortisone. Pyrosequencing was performed on whole blood-derived DNA to assess DNA methylation.
Results: There were no between-group differences in cortisol levels, whereas burnout participants
had higher levels of cortisone. Job stress was associated with increased cortisol and cortisone in the
overall sample. We observed bidirectional changes in NR3C1 and SLC6A4 methylation in the burnout
group compared to the control group, some of which correlated with burnout symptoms. Increased
methylation in the specific region of SLC6A4 moderated the association between job stress and
burnout and was associated with increased cortisol. In addition, average methylation of NR3C1 was
negatively associated with cortisone levels.
Limitations: This is a cross-sectional study and therefore no conclusions on causality could be made.
Conclusions: We provide first evidence of the role of DNA methylation changes in NR3C1 and SLC6A4
in HPA axis dysregulation in burnout, which needs to be further explored.

4.2

Introduction

Work-related stress has become a major occupational health concern in industrialized countries,
not only affecting the well-being of employees but also posing an enormous socio-economic and
public health burden (1). Chronically persisting work-related stress is a risk factor for developing
chronic conditions such as cardiovascular diseases (2) but also mental health problems such as
burnout (3), depression (4) and chronic fatigue syndrome (5).
Occupational burnout in particular has received a great amount of media attention as well as
increased interest in the research community (6). Even though there is still a certain degree of
vagueness around its definition and clinical assessment (7), three symptoms are commonly
accepted as the core dimensions of burnout, namely exhaustion, depersonalization (cognitive
distance toward job by a cynical attitude) and reduced professional efficacy (8). The relationship
between work-related stress and burnout has been explored though various theoretical models,
one of them being the Job Demands-Resources (JD-R) model (9). The basic tenet of the JD-R model
is that job strain develops as a response to an imbalance between job demands and job resources
the individual has at disposal to cope with those demands (10). Moreover, the causal sequence
between the three dimensions of burnout has been described through different models. The most
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commonly used model proposes that burnout is initially presented with high levels of exhaustion,
which then lead to elevated levels of depersonalization (cynicism), in turn leading to low levels of
personal accomplishment (11).
However, knowledge on the psychobiological processes through which work-related stress
contributes to burnout development still remains limited. Identification of biological pathways
linking the exposure with adverse health effects is particularly relevant for the establishment of
biological plausibility of the observed association (12) and could help to develop strategies to
protect and promote well-being of employees, by identifying early warning biological signals (13).
Since burnout develops as a response to chronic work stress, it is hypothesized that the two main
stress response systems: the hypothalamic-pituitary-adrenal (HPA) axis and the autonomic nervous
system (ANS) could play a role in burnout (14). However, studies investigating HPA axis and ANS
biomarkers in work-related stress and burnout failed to confirm this, by giving inconclusive findings
(12) (15) (16). Since one of the key neuroendocrine mediators of the HPA axis effects is cortisol, the
biggest part of research on burnout biomarkers focused on assessing this hormone (17). Since
cortisol secretion follows a circadian rhythm, a common measure of cortisol in stress-related
research is the cortisol awakening response (CAR), which captures a peak in cortisol within the first
hour after awakening (18). However, even though initial findings of blunted CAR in burnout seemed
promising (19), they failed to be replicated as other studies also reported increased CAR in burnout
or absence of any changes (20).
In addition, since the salivary cortisol is immediately converted to its inactive metabolite cortisone,
relevance of salivary cortisone has gained interest recently. Salivary cortisone was shown to better
correlate with the unbound fraction of serum cortisol than salivary cortisol (21) (22) and was
associated with subjective and autonomic stress measures in healthy individuals (23). Whereas
studies on associations between salivary cortisol and work-related stress and burnout gave
inconclusive findings (12) (20) (16), no studies have focused on salivary cortisone in this context, to
the best of our knowledge.
Another possible reason for inconsistency in findings on HPA biomarkers is the potential
involvement of other more stable molecular mechanisms in its regulation, which could be more
reflective of chronic stress than acute biomarkers such as cortisol (20). One of the main such
molecular mechanisms suggested in the HPA axis dysregulation is epigenetics. Studies indicate that
stressful life events can lead to DNA methylation changes in stress-related genes and such changes
were also observed in mental disorders where chronic stress plays an important role, such as
depression (24) (25). A large body of research focused on epigenetic regulation of the glucocorticoid
receptor (GR) gene – NR3C1, particularly the region 1F, which overlaps with the nerve growth factorinducible protein A (NGFI-A) binding site and therefore plays an important role in the regulation of
gene expression (26). Despite the large interest in the biological research on the HPA axis regulation
in work-related stress and burnout in recent years, no studies were performed to investigate the
epigenetic regulation of NR3C1 in this context. In addition, another gene that has gained attention
in the epigenetic regulation of the HPA axis is the serotonin transporter gene - SLC6A4. This gene
has traditionally been investigated in the context of mood (dys)regulation and depression due to its
role in regulation of serotonin levels in the synaptic cleft (27). However, recent studies indicate that
SLC6A4 can also play a role in dysregulation of HPA axis activity and cortisol secretion (28) (29).
Interestingly, changes in DNA methylation of this gene were previously identified in nurses exposed
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to high stress working conditions (30). However, no studies on clinically diagnosed burnout
population have been performed.
With the present study, we aim to bridge the existing literature gaps, by focusing on two main
objectives. First, we aim to compare DNA methylation patterns of stress-related genes (NR3C1 and
SLC6A4) between people with burnout and healthy controls and test whether DNA methylation of
these genes is associated with job stress and self-reported burnout symptoms. Second, we aim to
investigate the underlying epigenetic mechanisms of HPA axis dysregulation in burnout, by
measuring salivary cortisol and cortisone and their link with DNA methylation.

4.3

Methods

4.3.1 Study population
For the present study, we recruited a well-characterized burnout group and a healthy control group,
in a cross-sectional design. A detailed description of the recruitment procedure, inclusion and
exclusion criteria has been previously described (31). Briefly, information about the study was
disseminated using media channels communication with organizations specialized in burnout
prevention and treatment, and flyers (control group) distributed at KU Leuven and UZ Leuven
facilities (Appendix D). All potential candidates were asked to fill in an online screening tool with
information about the burnout diagnosis and comorbidity. People who reported a diagnosis of
burnout made by a physician or psychologist and without comorbidity were considered for inclusion
in the burnout group. Among potential candidates for the control group, people who reported
current diagnosis of burnout or any psychiatric disorder were excluded. Subject who satisfied the
inclusion/ exclusion criteria in the initial assessment were invited for a clinical interview with a
psychologist, where burnout was assessed using the Dutch practice guidelines for managing
adjustment disorders in occupational and primary health care (32). According to these guidelines,
the diagnosis of burnout can be set if all three dimensions of symptoms are present (exhaustion,
cynicism/depersonalization and professional inefficacy), the symptoms must cause impaired
functioning and marked distress, must be linked to chronic workplace stress and there needs to be
at least 6 months between the onset of chronic stressor and the of symptoms. In addition, exclusion
criteria are presence of any psychiatric disorder, substance abuse or medical conditions that could
explain the complaints. Moreover, all participants were screened for major depressive disorder and
general anxiety disorder, by using MINI (33) and those fulfilling criteria were excluded (N=17).
Finally, 129 subjects were included in the study (N=59 with burnout and N=70 healthy control
subjects). All subjects were Caucasian.
This study was approved by the commission for Medical Ethics of the UZ Leuven (S59567) and all
subjects signed an informed consent priory to inclusion in the study.
4.3.2 Psychological assessment
A clinical interview was performed to assess burnout, inclusion and exclusion criteria and collect
data on variables related to burnout (e.g. medication use). To assess burnout dimensionally, all
subjects were asked to fill in a validated Dutch version of the Maslach Burnout Inventory – General
Survey (MBI-GS) (34), which is the Utrecht Burnout Scale-A (UBOS-A) (35). MBI-GS is intended for
burnout assessment in all occupations, and includes the following dimensions: exhaustion, cynicism
and reduced professional efficacy. To assess job demands, job resources and job stress, we applied
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the Short Inventory to Monitor Psychosocial Hazards (SIMPH), which has been previously validated
in the Belgian context (36). To measure job demands, we used the SIMPH scales workload,
emotional load and role conflict. To measure job resources, we applied the scales social support,
variety, skill utilization, autonomy, participation and role ambiguity (37). A cumulative job demands
and job resources score were calculated as the sum of individual scales. Balance between job
demands and job resources was calculated as the ratio between these two variables and was termed
“job stress”. To test whether the mentioned scales are grouped in two main components (job
demands and job resources), we conducted principal component analysis, which confirmed the
existence of the two main components (Appendix A). Depressive symptoms were assessed using
Beck Depression Inventory (BDI) II (38).
Finally, a questionnaire on socio-demographic data, smoking habits and alcohol consumption was
applied to assess confounding effect of these variables.
4.3.3

Cortisol and cortisone awakening response

All subjects were instructed to collect saliva samples at home, on a regular day using Cotton
Salivettes® (Cortisol, code blue) provided by Sarstedt (Nümbrecht, Germany). In order to capture
the morning peak in cortisol and cortisone concentrations and assess cortisol and cortisone
awakening response, subjects were asked to collect three samples on the same day: immediately
upon awakening (while still lying in bed), 30 and 60 min thereafter and note down the exact time of
awakening. Participants were asked to avoid drinking, eating and teeth brushing until collecting all
the samples. The importance of protocol adherence for validity of the obtained results was clearly
explained and subjects were asked to report any deviations from the protocol. Samples were stored
at 4 °C until delivery to the laboratory, where they were immediately centrifuged at 2000 x g for 5
min, transferred to 1.5-mL tubes and stored at −80 °C until analysis. Quantification of salivary
cortisol and cortisone was performed using highly sensitive and specific UPLC-MS/MS method,
previously developed and validated by our research group (39).
4.3.4

DNA methylation analysis

On the day of clinical assessment, blood was withdrawn into two EDTA tubes. One EDTA tube was
immediately transferred to a medical laboratory (Laboratoriumgeneeskunde, UZ Leuven) for white
blood cell subset analysis. DNA extraction was performed from the other EDTA tube using QIAamp
DNA Blood Mini Kit (Qiagen, Hilde, Germany) and quantity and purity of DNA were determined using
a NanoDrop spectrophotometer. The criteria for DNA purity was 260/280 ratio >1.8. Next, DNA
samples were bisulphite-converted using the EZ-96 DNA Methylation-Gold™ Kit (#D5008, Zymo
Research) according to the manufacturer’s protocol. Bisulphite-converted DNA sequences of
interest were then amplified using polymerase chain reaction (PCR). DNA methylation analyses
were carried out by pyrosequencing, using a PyroMark Q24 instrument (Qiagen) and the results
were analyzed using the PyroMark analysis 2.0.7 software (Qiagen). The primer sequences are
presented in Table B2 (Appendix B) and were based on those previously published in the literature
(40) (41) (42) and were designed to target the whole CpG island of NR3C1 1F region and part of the
CpG island overlapping with the SLC6A4 promoter region. Samples were randomized prior to DNA
extraction and a positive control (highly methylated DNA) (Qiagen) was included in each analysis.
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A detailed protocol with all analyzed amplicons, PCR and sequencing primers is provided in the
Appendix B.
4.3.5

Statistical analysis

For each analyzed outcome, normality of distribution was assessed using histogram, Q-Q plot and
normality test (Kolmogorov-Smirnov). Socio-demographic and clinical characteristics of the burnout
and the control group were compared using an independent sample t-test for continuous variables,
and Chi-Square test for categorical variables. Cortisol and cortisone data were analyzed using a
mixed model for repeated measures, with cortisol/cortisone as the outcome variable, measurement
(0, 30, 60 min after awakening) as a fixed factor, person as a random factor and age, gender and
time of awakening as covariates. Other predictors of interest were added to the model, as
appropriate. Cortisol and cortisone values were log-transformed prior to analysis to reduce
skewness and approximate normality.
To compare DNA methylation levels between groups (burnout vs. control) a non-parametric MannWhitney U test was applied because NR3C1 1F and SLC6A4 methylation data were not normally
distributed. To test associations between DNA methylation and clinical variables, we performed
partial correlation analysis, controlling for appropriate covariates. In case both the correlation with
job stress and burnout was observed with any of the biological parameters, we tested the
moderation effect, by using the PROCESS macro of SPSS version 21.0, developed by Hayes (43). In
the moderation analysis, job stress was used as a predictor variable, burnout (dichotomous - yes/no)
as the outcome variable and DNA methylation as a moderator variable.
All statistical analyses were performed using SPSS software package, version 25.0. All tests were
two-sided, and the significance level was set at 0.05.

4.4

Results

4.4.1 Demographic and clinical characteristics
Socio-demographic and clinical characteristics of the study sample (N=129) are presented in Table
1 (31). The two groups were comparable in terms of sex distribution and educational level, but
differed in age (burnout group was older on average). As expected, participants in the burnout
group scored higher on exhaustion and cynicism scales of MBI-GS and lower on professional
efficacy. In addition, burnout subjects had higher levels of job demands, lower levels of job
resources as well as higher job stress (calculated as job demands/job resources ratio).
Blood samples were missing for eight subjects due to problems with blood withdrawal and therefore
DNA methylation analysis was performed on 121 subjects. Two additional samples were excluded
because they did not pass the quality control, which finally resulted in DNA methylation analysis of
52 subjects with burnout and 67 healthy controls. Saliva samples for cortisol and cortisone
measurements were returned from 108 participants (45 in the burnout group and 63 in the control
group).
4.4.2 Cortisol and cortisone awakening response
Group comparison revealed no significant differences in the morning cortisol levels (B=-0.020,
F=0.27, p=0.601). However, burnout participants had significantly higher cortisone levels (B=-0.73,
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F=6.61, p=0.011), when controlled for age, gender and time of awakening. This difference was
driven by the overall higher cortisone levels rather than difference in specific time points (nonsignificant group*time interaction). Between-group differences in cortisol and cortisone are
presented in Figure 1 and Table C1.
In the dimensional analysis on the overall sample (Table C2), cortisol and cortisone levels were not
associated with any of burnout symptoms (exhaustion, cynicism, professional efficacy) nor
depressive symptoms (all ps>0.05). In contrast, both cortisol and cortisone were positively
associated with job stress (cortisol: B=0.362, F=5.64, p=0.018; cortisone: B=0.324, F=8.03, p=0.005).
Since there was no significant interaction effect with the group (burnout vs. control, all ps>0.05),
we did not perform further group-specific associations between cortisol/cortisone and dimensional
symptom measures.
Table 1. Socio-demographic and clinical data of the study sample
Age and scores from self-reported questionnaires (job stress and burnout) are displayed as mean ± standard
deviation. P-values are derived from statistical analysis using independent sample t-test for continuous
variables or Chi-Square test for categorical variables. MBI-GS: Maslach Burnout Inventory – General Survey;
SIMPH: Short Inventory to Monitor Psychological Hazard; BDI-II: Beck Depression Inventory-II
Control group (N=70)

Burnout group (N=59)

p-value

Age (years)

38.2 ± 12.1

48.5 ± 8

<0.001**

Female sex (%)

64.3%

64.4%

0.989

Educational level (low/high)a

9/61

14/45

0.085

Current smoker (%)
Yes
No

10%
90%

8.5%
91.5%

0.430

Antidepressant treatment
Yes
No

2.8%
97.2%

42.4%
57.6%

0.001**

Job stress assessment (SIMPH)
Job demands (JD)
Job resources (JR)
Job stress (JD/JR)

17.04 ± 4.8
58.88 ± 14.7
0.30 ± 0.1

21.67 ± 3.6
50.67 ± 9.9
0.45 ± 0.1

<0.001**
<0.001**
<0.001**

Burnout assessment (MBI-GS)
Exhaustion
Cynicism
Professional efficacy

13.6 ± 4.6
8.9 ± 3.7
32.6 ± 5.4

28.4 ± 6.9
18 ± 6.2
28 ± 7

<0.001**
<0.001**
<0.001**

Depressive symptoms (BDI-II)

5.1 ± 5.8

20.9 ± 9.6

<0.001**

Time of awakeningb (hour)

7.97 ± 1.6

7.51 ± 1.1

0.044*

a

Low education= finished secondary school or less; High education= any additional education after secondary
school
b
On the saliva sampling day
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Fig. 1: Mean (±SE) salivary cortisol (A) and cortisone (B) concentrations at 0, 30 and 60 min after awakening
in the burnout and the control group. Cortisol: B=-0.020, F=0.27, p=0.601; cortisone: B=-0.73, F=6.61,
p=0.011

4.4.3 NR3C1 and SLC6A4 methylation
When comparing the total average NR3C1 methylation levels between the groups, we observed no
significant difference (p=0.146). However, when looking at average methylation of specific
amplicons, we observed increased methylation of amplicon 1 (p=0.028) and decreased methylation
of amplicon 3 (p=0.002) in the burnout group. Comparison of individual CpGs within these
amplicons after Bonferroni correction showed increased methylation of CpG21 in amplicon 1
(p=0.002) and decreased methylation of CpG30 in amplicon 3 (p=0.004) in the burnout group. Both
of these CpGs overlap with the NGFI-A–binding sites. Figure 2 illustrates between group differences
in NR3C1 methylation.
Regarding the SLC6A4 gene (Figure 3), there were no group differences in the total average
methylation level (p=0.477) nor between different amplicons (all ps>0.05). Looking at the individual
CpGs within these amplicons, participants with burnout had increased methylation of CpG8
(p=0.017) and decreased methylation of CpG16 (p=0.026) and CpG22 (p=0.010), but none remained
significant after Bonferroni correction for multiple testing. Between-group comparison of average
methylation levels, individual amplicons and CpGs of both genes is provided in Table C3. All the
identified differences remained significant when controlled for age, gender, smoking and white
blood cell count (data not presented).
To reduce multiple testing, we only kept the total average methylation of both genes and the
differentially methylated regions in the between-group comparison in further analysis. For NR3C1,
we kept those CpGs that were differentially methylated and overlapped with the NGFI-A–binding
sites (CpG21, CpG30 and CpG31) whereas for SLC6A4 we kept all the three differentially methylated
CpGs (CpG8, CpG16 and CpG22), since these regions contain multiple binding sites for different
transcription factors (44).
As confirmatory analysis, we tested the associations between methylation and clinical measures in
the overall sample, by performing partial correlation analysis, controlled for age, gender, smoking
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and blood cell count. In these analyses, methylation of NR3C1 amplicon 1 was associated with
burnout symptoms (exhaustion, cynicism) as well as job stress and depressive symptoms whereas
methylation of NR3C1 amplicon 3 was negatively associated with depressive symptoms. In addition,
methylation of CpG8 in the SLC6A4 was significantly associated with all burnout dimensions
(exhaustion, cynicism, professional efficacy) as well as job stress (Table C4) and was a moderator of
the effect of job stress on burnout as the dichotomous outcome (X2=5.577, p=0.0182), as illustrated
in Figure 4.

Fig. 2: Overview of NR3C1 1F methylation per individual CpG (A) and as average (B) in the control group
(lighter shade) and the burnout group (darker shade). Different colors correspond to the different analyzed
amplicons and total average of the whole CpG island is presented in grey (B). Data are presented as the
median (central line), 25th-75th percentile (box), 2.5th and 97.5th percentile (whiskers) and outliers (individual
points). NGFI-A binding sites are underlined (canonical - solid line and noncanonical - broken line). *p<0.05,
**p<0.01 (Mann-Whitney U test)

Fig. 3: Overview of SLC6A4 methylation per individual CpG (A) and as average (B) in the control group (lighter
shade) and the burnout group (darker shade). Different colors correspond to the different analyzed
amplicons and total average of the whole CpG island is presented in grey (B). Data are presented as the
median (central line), 25th-75th percentile (box), 2.5th and 97.5th percentile (whiskers) and outliers (individual
points). *p<0.05, **p<0.01 (Mann-Whitney U test)
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Fig. 4: Moderation effect of SL6A4 (CpG8) methylation on the association between job stress and burnout as
the outcome variable. Burnout is expressed as dichotomous outcome (burnout vs healthy), based on the
clinical assessment. Methylation slopes are presented as mean-1SD (0.89), mean (1.58), and mean+1SD
(2.28). The outcome variable is expressed as log-odds (logits) or the linearized probability (odds ratios) of
group membership (burnout group).

4.4.4 Associations between cortisol/cortisone and DNA methylation
Next, we tested whether DNA methylation of NR3C1 and SLC6A4 was associated with
cortisol/cortisone levels. We found that the total average NR3C1 methylation was negatively
associated with cortisone in the overall sample (B=-0.066, F=6.83, p=0.009), with significant
group*methylation interaction (p=0.044). Group specific analysis showed that this association was
significant in the burnout group (B=-0.148, F=14.681, p<0.001), but not in the control group
(B=0.005, F=0.03, p=0.867).
Regarding the SLC6A4 gene, total average methylation was not associated with cortisol/cortisone
levels (p>0.05). However, methylation of CpG8 was positively associated with cortisol levels
(B=0.049, F=4.88, p=0.028), without group*methylation interaction (p=0.080). Other regions of
NR3C1 and SLC6A4 were not associated with cortisol or cortisone levels (all ps>0.05). Associations
between NR3C1 and SLC6A4 methylation and cortisol/cortisone levels are given in Table C5.

74 | Chapter 4

4.5

Discussion

In the present study, we aimed to investigate NR3C1 and SLC6A4 methylation in burnout and their
regulation of the HPA axis, by simultaneously assessing salivary cortisol and cortisone and DNA
methylation in people with burnout and healthy controls.
First, we found no group differences in salivary cortisol but we observed increased cortisone levels
in the burnout group. Absence of changes in cortisol has been previously reported in several studies
(45) (46) (47). However, other studies also reported increased (48) (49) or decreased (50) (19)
cortisol levels, although there was a large heterogeneity in the way burnout was assessed across
these studies. These findings lead to the proposition of different models to explain cortisol
dysregulation in different stages of burnout development. A recent hypothetical phase model
suggests 4 phases in burnout development – engaged, strained, cynical and burned-out, which are
based on different levels of exhaustion, cynicism, vigor and dedication (51). This model suggests a
gradual increase in cortisol levels throughout the first three phases, finally resulting in the HPA axis
exhaustion and a consequent hypocortisolemia in the last phase (burned-out). The reason why we
did not observe group differences in CAR could be the fact that our burnout participants differed in
the exhaustion and cynicism levels, however, our sample was relatively small for further subgroup
analysis. Interestingly, we did observe a positive association between cortisol and job stress in the
overall sample, which was driven by the control group. This indeed might indicate that HPA axis
hyperactivity reflects high levels of strain and a risk of developing a burnout. Future studies on
bigger sample size could further investigate cortisol patterns in people in different burnout stages.
Interestingly, we did observe increased salivary cortisone in the burnout group compared to healthy
controls. In addition, similar to cortisol, cortisone levels were positively associated with job stress,
but were not associated with burnout symptoms. The reason why we observed a difference in
cortisone but not cortisol levels could be the fact that salivary cortisone better reflects blood cortisol
levels. To the best of our knowledge, morning cortisone levels were not assessed in burnout so far,
and therefore we cannot compare these findings. However, salivary cortisone was shown to highly
correlate with self-reported anxiety state and autonomic parameters (heart rate) after laboratory
stress induction in healthy adults (23). In the same study, salivary cortisone had higher
discriminatory power than cortisol to differentiate people who underwent a laboratory stress task
from those undergoing a placebo task. These finding together with our results suggest that salivary
cortisone could be an interesting marker to be considered in future studies on burnout, at least in
addition to cortisol.
Next, our study is the first one to demonstrate differential DNA methylation patterns in NR3C1 and
SLC6A4 between subjects with burnout and healthy controls. We observed bidirectional changes in
DNA methylation of NR3C1. More specifically, we identified increased methylation of amplicon 1,
which was mainly driven by methylation of one specific CpG, which overlaps with the transcription
factor (NGFI-A) binding site and therefore can be of relevance for gene expression. On the other
hand, the region of amplicon 3 showed decreased methylation in burnout, both assessed as the
average methylation as well as multiple CpGs overlapping with the transcription factor binding sites.
Previously, increased methylation of NR3C1 was associated with other mental disorders, such as
major depression (52) (53) (54) and was suggested as one of the mechanisms contributing to
glucocorticoid resistance after prolonged HPA axis hyperactivity (55). On the other hand, decreased
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NR3C1 methylation of the 1F region was previously observed in patients with chronic fatigue
syndrome (CFS) (56) and veterans with posttraumatic stress disorder (PTSD) (57) and was further
associated with higher NR3C1 expression and increased GR sensitivity (57). Even though we
observed bidirectional changes, the larger part of the assessed CpGs was hypomethylated and
therefore our findings might suggest that burnout is, similar to CFS and PTSD, followed by increased
GR sensitivity. The fact that in our study cortisone was negatively associated with the average NR3C1
methylation in the burnout group might also support this idea, suggesting that decreased NR3C1
methylation and potentially increased GR sensitivity are the effect of HPA axis hyperactivity.
However, further studies assessing both DNA methylation and mRNA expression are needed to
further explore this. Another possibility is that the bidirectional changes we captured reflect
different stages of HPA axis dysregulation in people with burnout.
When assessing SLC6A4 methylation, we did not observe between-group differences in the average
levels, but we did observe increased methylation of one specific CpG. It is important to mention that
this significance did not survive correction for multiple testing, however it was associated with job
stress, burnout symptoms and cortisol levels, which can unlikely all be attributed to false positive
results. Previously, SLC6A4 methylation was assessed in a study with nurses exposed to low and
high stress environment (30) and decreased methylation was associated with high stress, which is
in contrast with our findings. However, the authors assessed different region of SLC6A4 promoter,
which makes the findings difficult to compare. Interestingly, in our previous study, we observed
hypermethylation of the same CpG in patients with major depression (54), and so did several other
authors (25), which suggests that potentially common mechanisms are involved in dysregulation of
the serotonergic system in burnout and depression. Moreover, in our study, SLC6A4 methylation
enhanced the effect of high job stress on burnout. Since our study was cross-sectional, we cannot
draw conclusions on causality, however this moderation is an interesting starting point for future
longitudinal studies. Finally, increased SLC6A4 methylation was also associated with increased CAR
in our study population, which is in line with the increasing number of studies demonstrating the
importance of DNA methylation changes in this gene for HPA axis (dys)regulation (28) (29) (58). The
exact intermediary mechanism linking SLC6A4 methylation and HPA axis still need to be elucidated
in further studies. The region of the gene where we observed DNA methylation changes contains
multiple transcription binding sites of importance for the glucocorticoid system (such as GR-α) (44),
which might present one of the links between the two systems. In other words, the increased
methylation in this region might lead to lower transcriptional activation of SLC6A4 by
glucocorticoids. Whereas in vitro studies demonstrated the effect of glucocorticoids on SLC6A4
expression (59), the exact role of DNA methylation in this process still needs to be clarified.
The present study has several strengths and limitations. The main strength of the study is a good
characterization of the burnout group, by using a clinical interview and strict inclusion/exclusion
criteria. In previous studies, burnout was often assessed only based on self-reported symptoms and
this was pointed out as one of the main limitations in biological research (60). In addition, we
performed white blood cell count and included this as a covariate in the DNA methylation analysis,
which was rarely done in previous studies even though the number of leucocytes is known to affect
DNA methylation (61). Concerning limitations, our study was cross-sectional and therefore no
conclusions on causal associations could be made. In addition, the study was powered for DNA
methylation analysis and therefore it is possible that some of the negative findings involving cortisol
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and cortisone are a result of low power. Finally, we assessed peripheral DNA methylation, which
might not completely reflect the central nervous system. However, usefulness of peripheral markers
in stress-related research has been recognized, especially when looking at DNA methylation of CpGenriched promoter regions, which was shown to be highly correlated across peripheral and brain
tissues (62).

4.6

Conclusion

To conclude, we found the first evidence of DNA methylation changes of NR3C1 and SLC6A4 in
burnout, some of which were also associated with job stress and burnout symptoms. In addition,
lower NR3C1 methylation and higher SLC6A4 methylation were associated with increased salivary
cortisol and cortisone concentrations in the same population. We recommend future studies to
investigate HPA axis dysregulation in different burnout phases and recovery. In addition,
simultaneous assessment of potential intermediary mechanisms, such as GR sensitivity and
potentially other biological endpoints such as inflammatory markers could provide more insight into
the complex molecular regulation of HPA axis in burnout.
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4.9

Supplementary information

4.9.1 Appendix A – Principal component analyses
Table A1. Descriptive statistics
Descriptive Statistics
Mean

SD

Analysis N

Workload
Emotional Load

7.65
6.06

2.103
2.321

126
126

Social Support
Variety
Skill Utilization

15.37
8.89
7.51

5.247
2.424
2.579

126
126
126

Autonomy
Participation
Role Conflict
Role Ambiguity

7.91
7.31
5.42
8.18

2.485
2.588
1.781
2.518

126
126
126
126

Autonomy

Participation

Role Conflict

Role
Ambiguity

.416

.001

.402

.262

.104

.264

.405

.227

Emotional Load

.416

1.000

.011

.155

.044

.031

.025

.438

.176

Social Support

.001

.011

1.000

.467

.522

.379

.540

-.052

.439

Variety

.402

.155

.467

1.000

.765

.318

.549

.181

.400

Skill Utilization

.262

.044

.522

.765

1.000

.297

.548

.058

.339

Autonomy

.104

.031

.379

.318

.297

1.000

.504

.117

.252

Participation

.264

.025

.540

.549

.548

.504

1.000

-.082

.535

Role Conflict

.405

.438

-.052

.181

.058

.117

-.082

1.000

.052

Role Ambiguity

.227

.176

.439

.400

.339

.252

.535

.052

1.000

.000

.497

.000

.002

.122

.001

.000

.005

.450

.042

.312

.363

.392

.000

.024

.000

.000

.000

.000

.283

.000

.000

.000

.000

.021

.000

.000

.000

.261

.000

.000

.096

.002

.180

.000

Correlation
Sig. (1-tailed)

Workload

Skill
Utilization

1.000

Variety

Social
Support

Workload

Workload

Emotional
Load

Table A2. Correlation matrix

Emotional Load

.000

Social Support

.497

.450

Variety

.000

.042

.000

Skill Utilization

.002

.312

.000

.000

Autonomy

.122

.363

.000

.000

.000

Participation

.001

.392

.000

.000

.000

.000

Role Conflict

.000

.000

.283

.021

.261

.096

.180

Role Ambiguity

.005

.024

.000

.000

.000

.002

.000

.280
.280

.227
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Table A3. Total Variance Explained
Total Variance Explained
Initial Eigenvalues
Component Total

Extraction Sums of Squared Loadings

Rotation Sums of
Squared Loadings

% of Variance

Cumulative %

Total

% of Variance

Cumulative %

Total

1

3.494

38.821

38.821

3.494

38.821

38.821

3.414

2

1.793

19.926

58.747

1.793

19.926

58.747

2.010

3

.863

9.587

68.334

4

.795

8.829

77.162

5

.658

7.316

84.478

6

.517

5.741

90.219

7

.383

4.261

94.480

8

.284

3.153

97.633

9

.213

2.367

100.000

Figure A1. Scree plot

Table A4. Component Matrix
Component Matrix
Component
1

2

Workload

.457

.648

Emotional Load

.240

.739

Social Support

.693

-.359

Variety

.829

.055

Skill Utilization

.790

-.125

Autonomy

.565

-.147

Participation

.806

-.258

Role Conflict

.194

.768

Role Ambiguity

.655

-.045
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4.9.2 Appendix B – Analyzed regions, PCR and sequencing primer design and validation
The analyzed sequences include the whole CpG island of the NR3C1 exon 1F and part of the CpG island
overlapping with the SLC6A4 promoter region. NR3C1 1F CpG island was covered using four amplicons.
Primers for Amplicon 1, 2 and 3 were designed using the protocol published by Alexander et al. (1) whereas
primers for NR3C1 1F_Amplicon 4 were designed using a slightly modified version of those previously
published by Vangeel et al. (2). The SLC6A4 CpG island was analyzed using three amplicons and the primers
were designed according to the sequences previously reported by Wankerl et al. (3). For the sake of
comparability, we used the same numbering of CpG positions as the authors of the reference articles. All
analyzed amplicons are presented in Table B1. An overview of all PCR and sequencing primers is given in
Table B2.
PCR amplification was performed according to the cycling conditions presented in Table B2. During the
validation procedure, we performed gel electrophoresis for the PCR products amplified with annealing
temperatures in the range 50-60 °C to determine the optimal cycling conditions, which were then further
applied.

Table B1. Overview of analyzed amplicons for NR3C1 and SLC6A4
Region
NR3C1 1F_Amplicon 1
(CpG 21-9)

Strand
Sense

NR3C1 1F_Amplicon 2
(CpG 29-22)
NR3C1 1F_Amplicon 3
(CpGs 39-30)

Sense

NR3C1 1F_Amplicon 4
(CpG 40-47)
SLC6A4_Amplicon 1
(CpG 8-12)
SLC6A4_Amplicon 2
(CpG 14-22)
SLC6A4_Amplicon 3
(CpG 23-32)

Antisense

Sense

Sense
Sense
Sense

Analyzed amplicon
TYGYGTYGTYGTYGTYGGGTYGAGTTGYGTGAAG
TGTGTTATTTYGAAAGGGGTTAYGGGGTTGTAYG
GAAAYGGTGTYG
TTTTGYGGGTGATAGYGGGYGGGTTATAAGAGT
YGGGGYGTTTTTYGYGGTTGAGTTGYGT
GTTTTTTTTTTYGTTATTTTTTTTTYGTTTTYGTTTA
GTTTYGYGGTTTTAGATTTATTYGGGAGTTYGTTT
TGTTTTTTGGYGGTAAGYGTYGTT
AAATTYGGTGGTTTTTTTAAYGTYGTTTTAGAGAG
ATTAGGTYGGTTTTYGTYGTTGTYGTYGTTATTTTTT
TYGTTTTGTGGGYGYGGGGYGGTAGGGGAGGYG
TTYGTTYGGTTTTGTTTTGTYGGTTGTTTYGYGTTT
YGTTTTTTTTTGYGAGYGTGTGTGTGTGTYGG
YGGGYGYGTATTTYGTTYGTAGYGYGGTTTTTTTTT
GGYGAGYGTAA

SLC6A4_Amplicon 2
and 3
CpG (14-32)

SLC6A4_Amplicon 1
(CpG 8-12)

NR3C1
1F_Amplicon 4
(CpG 47-40)

Region
NR3C1
1F_Amplicon 1, 2
and 3 (CpG 39-9)

PCR primer
Forward:
AGA GGG TTA TAG AGT TTT TTT A
Reverse:
/5Biosg/ CCT TCC CTA AAA CCT C
Forward:
TTT GAA GTT TTT TTA GAG GG
Reverse:
/5Biosg/ CCC CCA ACT CCC CAA AAA
Forward:
GGG TTT TTA AGT TGA GTT TAT AT
Reverse:
/5Biosg/ CTA ACT TTC CTA CTC TTT
AAC TT
Forward:
AAG AGT AGG AAA GTT AGG A
Reverse:
/5Biosg/ CCC TCA CAT AAT CTA ATC T

95 °C 15’00’’
49x (95 °C 35’’, 56 °C 35’’, 72 °C 35’’)
72 °C 5’00’’
4 °C ∞

Amplicon 2 (CpG 14-22): GTA GGA AAG TTA GGA TTT
Amplicon 3 (CpG 23-32): TTT TGG TTT TGG GGT

GAG TAG ATT TTT GTG TG

Cycling conditions
95°C 15’00’’
49x (95 °C 35’’, 54 °C 35’’, 72 °C 35’’)
72 °C 5’00’’
4°C ∞
94 °C 15’00’’
50x (94 °C 1’, 58 °C 1’, 72 °C 1’)
72 °C 10’00’’
4°C ∞
95 °C 15’00’’
49x (95 °C 35’’, 56 °C 35’’, 72 °C 35’’)
72 °C 5’00’’
4°C ∞

Pyrosequencing primer
Amplicon 1 (CpG 21-9): GAG TTG AGT GAG TGG T
Amplicon 2 (CpG 29-22): GGT AAG AGT AGT TAG TGT
Amplicon 3 (CpG 39-30): AGA GGG TTA TAG AGT TTT
TTT A
GAA AAG AAA TTG GAG

Table B2. Overview of PCR, sequencing primers and PCR cycling conditions
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Figure B1. Overview of the analyzed NR3C1 sequence
The sequence of the analyzed CpG island overlapping with the promoter and exon of the 1F region as
previously described by Alexander et el. (1). For easier comparability, the numbering of the CpG positions
corresponds to that in the reference article as well as in the review article of Palma-Gudiel et al (4). The
underlined regions correspond to canonical (solid line) and noncanonical (broken line) NGFI-A binding sites
(5) (6). Exon 1F is depicted in bold. Base pare positions (according to the NCBI genome browser) are indicated
on the left side.

Figure B2. Overview of the analyzed SLC6A4 sequence
The sequence of the analyzed SLC6A4 promoter-associated CpG island as previously described by Wankerl et
al. (3) (GenBank accession number: NG_011747). CpG sites are marked in red and are numbered in the same
way as in the reference article for a better comparability. Base pair positions (according to the NCBI genome
browser) are indicated on the left side of the figure.
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4.9.3 Appendix C – Overview of basic statistical analyses
Table C1. Group effect (burnout/control) on cortisol and cortisone awakening response
Data are analyzed using linear mixed model with cortisol and cortisone as the outcome measures, group as
a predictor and age, gender, time of awakening as covariates. Cortisol and cortisone values were log
transformed prior to analysis.
Cortisol

Cortisone

B

F

p

B

F

p

Intercept

0.862

44.35

<0.001

0.980

119.74

<0.001

Measurement

16.20

<0.001

<0.001

0.27

0.601

0.180
0.110
-0.073

19.56

Group

0.218
0.073
-0.020

6.61

0.011*

Age

0.011

0.44

0.509

0.003

4.47

0.035*

Sex

-0.057

2.87

0.091

-0.005

0.04

0.849

Time of
Awakening

-0.041

12.22

0.001

-0.009

1.07

0.301

Table C2. Effect of clinical parameters on cortisol and cortisone awakening response
Data are analyzed using linear mixed model with cortisol and cortisone as the outcome measures, clinical
parameters as predictors in separate models and age, gender, time of awakening as covariates. Cortisol and
cortisone values were log transformed prior to analysis.
Cortisol (both groups, N=126)

Cortisone (both groups, N=126)

B

F

p

B

F

p

Exhaustion (MBI-GS)

0.002

0.80

0.372

0.003

3.80

0.052

Cynicism (MBI-GS)

0.001

0.16

0.685

0.001

0.56

0.455

Professional efficacy
(MBI-GS)
Job stress (SIMPH)

-0.000

0.04

0.846

-0.001

0.57

0.451

0.362

5.64

0.018

0.324

8.03

0.005

Depressive
symptoms (BDI-II)

0.002

1.00

0.319

0.001

0.83

0.363
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Table C3. Between group differences in NR3C1 and SLC6A4 methylation tested using Mann-Whitney U test.
Control group

Burnout group

Mean rank

Mean rank

Group differences
Z

p-value

NR3C1

Control group

Burnout group

Group differences

Mean rank

Mean rank

Z

p-value

SLC6A4

Total average

65.10

55.75

-1.45

0.146

Total average

63.00

58.43

-0.71

0.477

Amplicon 1
(CpG9-21)
Amplicon 2
(CpG22-29)
Amplicon 3
(CpG30-39)
Amplicon 4
(CpG40-47)
CpG9

53.88

67.88

-2.20

0.028

61.01

58.66

-0.37

0.713

59.85

60.19

-0.05

0.957

57.50

61.95

-1.78

0.075

69.59

49.98

-3.05

0.002

Amplicon 1
(CpG8-12)
Amplicon 2
(CpG14-22)
Amplicon 3
(CpG23-31)

63.00

58.43

-0.70

0.482

54.23

66.19

-1.89

0.059

54.75

65.75

-1.73

0.084

CpG8

53.49

68.69

-2.38

0.017

CpG10

56.75

61.91

-0.82

0.414

CpG9

61.10

58.54

-0.40

0.689

CpG11

55.42

65.90

-1.64

0.100

CpG10

64.72

53.71

-1.72

0.085

CpG12

57.16

63.65

-1.02

0.309

CpG11

58.04

62.62

-0.72

0.473

CpG13

60.22

59.72

-0.08

0.938

CpG12

61.58

57.89

-0.58

0.564

CpG14

56.47

64.55

-1.27

0.205

CpG14

60.95

57.65

-0.52

0.603

CpG15

57.52

62.10

-0.72

0.472

CpG15

64.08

53.68

-1.64

0.101

CpG16

57.61

63.08

-0.86

0.391

CpG16

65.71

51.62

-2.22

0.026

CpG17

61.70

57.81

-0.61

0.541

CpG17

64.16

53.59

-1.67

0.096

CpG18

58.07

62.48

-0.69

0.489

CpG18

64.24

53.48

-1.70

0.090

CpG19

57.12

63.71

-1.03

0.301

CpG19

58.70

60.51

-0.28

0.776

CpG20

58.91

61.40

-0.39

0.696

CpG20

64.08

53.69

-1.64

0.102

CpG21

51.26

71.26

-3.14

0.002*

CpG21

64.77

52.81

-1.89

0.059

CpG22

62.84

56.46

-1.00

0.316

CpG22

66.70

50.37

-2.56

0.010

CpG23

59.14

61.08

-0.30

0.760

CpG23

58.48

60.75

-0.36

0.719

CpG24

58.10

62.37

-0.67

0.502

CpG24

59.95

58.94

-0.16

0.873

CpG25

58.77

61.54

-0.44

0.663

CpG25

60.41

58.39

-0.32

0.750

CpG26

59.61

60.48

-0.14

0.892

CpG26

59.60

59.38

-0.03

0.972

CpG27

57.14

63.57

-1.01

0.312

CpG27

57.14

62.40

-0.83

0.406

CpG28

60.38

59.53

-0.13

0.894

CpG28

55.72

64.14

-1.33

0.183

CpG29

59.27

60.91

-0.26

0.797

CpG29

57.93

61.42

-0.55

0.581

CpG30

69.16

50.53

-2.90

0.004*

CpG30

60.36

58.44

-0.30

0.762

CpG31

67.49

52.67

-2.31

0.021

CpG31

55.05

64.96

-1.57

0.117

CpG32

66.18

54.36

-1.84

0.066

CpG33

67.63

51.48

-2.38

0.017

CpG34

67.23

51.99

-1.93

0.017

CpG35

66.43

54.04

-1.93

0.054

CpG36

68.11

51.88

-2.53

0.012

CpG37

64.46

56.56

-1.23

0.219

CpG38

60.29

61.91

-0.25

0.802

CpG39

61.10

60.88

-0.03

0.973

CpG40

60.15

58.67

-0.23

0.816

CpG41

55.98

63.96

-1.26

0.209

CpG42

57.92

61.50

-0.56

0.573

CpG43

56.50

63.31

-1.07

0.283

CpG44

54.73

65.56

-1.71

0.088

CpG45

58.82

60.37

-0.24

0.807

CpG46

61.10

57.47

-0.57

0.567

CpG47

54.23

66.19

-1.89

0.059

*p<0.05 after Bonferroni correction. CpG positions with NGFI-A–binding sites are underlined.
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Table C4. Summary of partial correlations between clinical parameters and NR3C1 and SLC6A4 methylation
in both groups, controlled for age, gender, smoking and white blood cell count.
Both groups (N=126)
Exhaustion
(MBI-GS)

Cynicism
(MBI-GS)

Professional efficacy
(MBI-GS)

Job stress
(SIMPH)

Depressive
symptoms (BDI-II)

CpG9

0.209*

0.187

0.001

0.181

0.111

CpG10

0.109

0.122

0.129

0.079

0.087

CpG11

0.293**

0.285**

-0.083

0.226*

0.148

CpG12

0.177

0.110

-0.058

0.272**

0.023

CpG13

0.077

0.056

0.186

0.100

0.077

CpG14

0.199*

0.152

0.025

0.238*

0.227*

CpG15

0.102

0.130

0.065

0.165

0.146

CpG16

0.092

0.237*

0.084

0.131

0.189

CpG17

0.010

0.026

0.155

0.128

-0.011

CpG18

0.111

0.074

0.141

0.033

0.120

CpG19

0.095

0.204*

0.121

0.217*

0.237*

CpG20

0.051

0.127

0.151

0.108

0.047

CpG21

0.140

0.195

0.033

0.136

0.219*

CpG22

-0.122

-0.173

0.148

-0.057

-0.113

CpG23

-0.016

-0.037

0.081

-0.077

0.001

CpG24

-0.003

0.004

-0.051

0.041

-0.006

CpG25

-0.070

-0.091

0.160

-0.044

-0.017

CpG26

-0.123

-0.128

0.021

-0.048

0.032

CpG27

-0.084

-0.099

0.058

-0.122

-0.021

CpG28

0.040

0.044

0.017

0.259

0.185

CpG29

-0.082

-0.068

0.250*

-0.112

-0.039

CpG30

-0.068

-0.092

0.079

-0.056

-0.156

CpG31

-0.091

-0.076

0.130

-0.064

-0.203*

CpG32

-0.040

-0.035

-0.020

-0.045

-0.096

CpG33

-0.136

-0.199*

0.044

-0.103

-0.226*

CpG34

-0.125

-0.152

0.114

-0.041

-0.230*

CpG35

-0.133

-0.227*

-0.057

-0.077

-0.275**

CpG36

-0.079

-0.158

-0.018

-0.111

-0.302**

CpG37

-0.101

-0.051

-0.005

-0.191

-0.191

CpG38

-0.003

0.013

-0.112

-0.103

-0.413

CpG39

-0.106

-0.127

0.052

-0.053

-0.074

CpG40

0.137

0.133

0.025

0.059

0.201*

CpG41

0.042

0.095

-0.030

-0.047

0.222*

CpG42

0.099

0.209*

-0.193

0.074

0.215*

CpG43

0.094

0.064

-0.033

0.157

0.188

CpG44

0.114

0.022

-0.109

0.025

0.220*

CpG45

0.190

0.130

-0.139

0.166

0.183

NR3C1
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CpG46

0.078

0.159

-0.131

0.135

0.171

CpG47

0.079

0.187

0.075

0.064

0.289**

Amplicon 1
(CpG9-21)
Amplicon 2
(CpG22-29)
Amplicon 3
(CpG30-39)
Amplicon 4
(CpG40-47)
Total average

0.232*

0.241*

0.149

0.239*

0.203*

-0.097

-0.147

0.169

0.013

-0.007

-0.141

-0.179

0.036

-0.147

-0.279**

0.194

0.141

0.027

0.123

0.295**

-0.056

-0.068

0.091

0.006

-0.101

CpG8

0.333**

0.304**

-0.203*

0.328**

0.105

CpG9

0.081

0.104

-0.207*

0.269**

0.154

CpG10

-0.037

-0.160

0.230*

-0.039

-0.175

CpG11

0.122

0.076

-0.007

0.056

0.102

CpG12

-0.008

-0.019

0.024

-0.031

-0.076

CpG14

0.049

-0.003

-0.018

0.084

-0.049

CpG15

-0.150

-0.150

0.122

-0.081

-0.134

CpG16

-0.060

-0.130

0.020

0.016

-0.210*

CpG17

-0.063

-0.138

0.092

0.002

-0.175

CpG18

-0.115

-0.084

0.141

-0.047

-0.196*

CpG19

0.125

0.073

0.046

0.082

-0.039

CpG20

-0.044

-0.109

0.180

0.039

-0.197*

CpG21

-0.089

-0.174

0.197*

-0.132

-0.196*

CpG22

-0.193

-0.183

0.103

-0.094

-0.193

CpG23

-0.027

-0.047

-0.015

0.007

-0.012

CpG24

-0.066

-0.090

-0.012

-0.035

-0.105

CpG25

-0.052

-0.089

0.005

-0.109

0.049

CpG26

-0.147

-0.173

0.106

-0.061

-0.120

CpG27

0.088

0.093

-0.142

0.084

0.082

CpG28

0.125

0.050

-0.188

0.129

0.118

CpG29

0.067

0.096

-0.119

0.050

0.066

CpG30

-0.081

-0.114

0.022

-0.062

-0.106

CpG31

0.048

-0.027

0.031

0.101

0.086

Amplicon 1
(CpG8-12)
Amplicon 2
(CpG14-22)
Amplicon 3
(CpG23-31)
Total average

0.148

0.068

-0.047

0.213*

-0.011

-0.040

-0.097

0.073

0.028

-0.191

-0.011

-0.054

-0.038

0.019

0.005

0.029

-0.064

-0.006

0.114

-0.105

SLC6A4

MBI-GS: Maslach Burnout Inventory-General Survey; BDI-II: Beck Depression Inventory-II; SIMP: Short Inventory
to Monitor Psychological Hazard. *p<0.05, **p<0.01 (without correction for multiple testing). CpG positions with
NGFI-A–binding sites are underlined.
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Table C5. Effect DNA methylation on cortisol and cortisone awakening response
Data are analyzed using linear mixed model with cortisol and cortisone as the outcome measures, DNA
methylation as predictor and age and gender as covariates. Cortisol and cortisone values were log
transformed prior to analysis.
Cortisol

Cortisone

B

F

p

B

F

p

CpG21

0.003

0.018

0.893

-0.018

1.576

0.210

CpG30

-0.007

0.254

0.615

0.006

0.279

0.598

CpG31

0.003

0.175

0.676

-0.008

1.923

0.167

Amplicon 1 (CpG9-21)

-0.016

0.360

0.549

-0.018

0.716

0.398

Amplicon 3 (CpG30-39)

0.017

2.266

0.133

-0.003

0.111

0.740

Total average

-0.053

2.680

0.103

-0.066

6.834

0.009**

CpG8

0.049

4.882

0.028*

0.021

1.503

0.221

CpG16

0.015

2.756

0.098

-0.001

0.005

0.942

CpG22

0.011

0.328

0.567

-0.030

3.678

0.056

Total average

0.04

2.159

0.143

0.011

0.236

0.627

NR3C1

SLC6A4
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Appendix D – Flyer used for recruitment of participants (control group)
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Increased methylation of NR3C1 and SLC6A4 is associated with blunted cortisol
reactivity to stress in major depression
This paper was published in Neurobiology of Stress1:

Bakusic J, Vrieze E, Ghosh M, Bekaert B, Claes S, Godderis L. (2020). Increased methylation
of NR3C1 and SLC6A4 is associated with blunted cortisol reactivity to stress in major
depression. Neurobiology of Stress. 13:100272. Copyright Elsevier.

ABSTRACT
Background: Epigenetic changes are considered the main mechanisms behind the interplay of
environment and genetic susceptibility in major depressive disorder (MDD). However, studies
focusing on epigenetic dysregulation of the HPA axis stress response in MDD are lacking. Our
objective was to simultaneously asses DNA methylation of the glucocorticoid receptor gene (NR3C1)
and serotonin transporter gene (SLC6A4) and HPA axis response to stress in MDD.
Methods: We recruited 80 depressed inpatients and 58 gender and age matched healthy controls.
All participants underwent the Trier Social Stress Test (TSST) and salivary cortisol was repeatedly
measured to assess HPA axis reactivity. DNA methylation of the NR3C1 (exon 1F) and SLC6A4 CpG
islands was quantified from whole blood DNA. In the MDD group, clinical assessment was repeated
at 8-week follow-up to test the predictive potential of DNA methylation for symptom improvement.
Results: Depressed patients had blunted cortisol reactivity to TSST compared to healthy controls
(p=0.01). In addition, they presented with increased average SLC6A4 (p=0.003) and NR3C1
methylation (p=0.03), as well as methylation of two individual NR3C1 CpG loci overlapping with the
NGFI-A-binding sites (CpG12 and CpG20). Methylation of one of these two loci (CpG20) predicted
lower symptom improvement at the follow-up (p=0.007). Both, average NR3C1 and SLC6A4
methylation were associated with lower cortisol reactivity in the MDD group and explained about
18% of variability in cortisol response to TSST.
Conclusions: We provide evidence of the role of NR3C1 and SLC6A4 DNA methylation in HPA axis
dysregulation in MDD, which needs to be further explored.

_________________________________
1The

paper on the next page was reprinted with permission from the publisher of Neurobiology of
Stress Elsevier.
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Supplementary information
Pyrosequencing protocol
200 ng of genomic DNA was bisulfite converted using the EZ-96 DNA Methylation-Gold™ Kit (#D5008, Zymo
Research). Converted DNA was eluted with 35 μL of M-elution buffer. Next, 1 μL of converted DNA was
amplified by PCR in a total volume of 25 μL containing 0.2 μM of primers and 2× Qiagen PyroMark PCR Master
Mix (#978703, Qiagen). All analyzed amplicons are presented in Table A1.
The analyzed sequences include the whole CpG island of the NR3C1 exon 1F and part of the CpG island
overlapping with the SLC6A4 promoter region. NR3C1 1F CpG island was covered using four amplicons.
Primers for Amplicon 1, 2 and 3 were designed using the protocol published by Alexander et al. (1) whereas
primers for NR3C1 1F_Amplicon 4 were designed using a slightly modified version of those previously
published by Vangeel et al. (2). SLC6A4 island was analyzed using three amplicons and the primers were
designed according to the sequences previously reported by Wankerl et al. (3). For the sake of comparability,
we used the same numbering of CpG positions as the authors of the reference articles. An overview of all
PCR and sequencing primers is given in Table A2.
PCR amplification was performed according to the cycling conditions presented in Table A3. During the
validation procedure, we performed gel electrophoresis for the PCR products amplified with annealing
temperatures in the range 50-60 °C to determine the optimal cycling conditions, which were then further
applied.
Subsequently, 20 μL of biotinylated PCR product was immobilized to Streptavidin Sepharose High
Performance beads (#17-5113-01, GE Healthcare) followed by annealing to 25 μL of 0.3 μM sequencing
primer at 80 °C for 2 min followed by a 10 min cooling down period. Pyrosequencing was performed using
Pyro Gold reagents (#970802, Qiagen) on the PyroMark Q24 instrument (Qiagen) following the
manufacturer’s instructions. Pyrosequencing results were analyzed using the PyroMark analysis 2.0.7
software (Qiagen). 100% methylated control DNA (Qiagen) was applied with every sample batch for technical
variation analysis.
Table A1. Overview of analysed amplicons for NR3C1 and SLC6A4
Region
NR3C1 1F_Amplicon 1
(CpG 21-9)

Strand
Sense

NR3C1 1F_Amplicon 2
(CpG 29-22)
NR3C1 1F_Amplicon 3
(CpGs 39-30)

Sense

NR3C1 1F_Amplicon 4
(CpG 40-47)
SLC6A4_Amplicon 1
(CpG 8-12)
SLC6A4_Amplicon 2
(CpG 14-22)
SLC6A4 _Amplicon 3
(CpG 23-32)

Antisense

Sense

Sense
Sense
Sense

Analyzed amplicon
TYGYGTYGTYGTYGTYGGGTYGAGTTGYGTGAAG
TGTGTTATTTYGAAAGGGGTTAYGGGGTTGTAYG
GAAAYGGTGTYG
TTTTGYGGGTGATAGYGGGYGGGTTATAAGAGT
YGGGGYGTTTTTYGYGGTTGAGTTGYGT
GTTTTTTTTTTYGTTATTTTTTTTTYGTTTTYGTTTA
GTTTYGYGGTTTTAGATTTATTYGGGAGTTYGTTT
TGTTTTTTGGYGGTAAGYGTYGTT
AAATTYGGTGGTTTTTTTAAYGTYGTTTTAGAGAG
ATTAGGTYGGTTTTYGTYGTTGTYGTYGTTATTTTTT
TYGTTTTGTGGGYGYGGGGYGGTAGGGGAGGYG
TTYGTTYGGTTTTGTTTTGTYGGTTGTTTYGYGTTT
YGTTTTTTTTTGYGAGYGTGTGTGTGTGTYGG
YGGGYGYGTATTTYGTTYGTAGYGYGGTTTTTTTTT
GGYGAGYGTAA
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Table A2. Overview of PCR and sequencing primers for DNA methylation analysis
Region
NR3C1
1F_Amplicon 1, 2
and 3 (CpG 39-9)

PCR primer
Forward:
AGA GGG TTA TAG AGT TTT TTT A
Reverse:
/5Biosg/ CCT TCC CTA AAA CCT C

NR3C1
1F_Amplicon 4
(CpG 47-40)

Forward:
TTT GAA GTT TTT TTA GAG GG
Reverse:
/5Biosg/ CCC CCA ACT CCC CAA AAA
Forward:
GGG TTT TTA AGT TGA GTT TAT AT
Reverse:
/5Biosg/ CTA ACT TTC CTA CTC TTT
AAC TT
Forward:
AAG AGT AGG AAA GTT AGG A
Reverse:
/5Biosg/ CCC TCA CAT AAT CTA ATC T

SLC6A4_Amplicon 1
(CpG 8-12)

SLC6A4_Amplicon 2
and 3
CpG (14-32)

Pyrosequencing primer
Amplicon 1 (CpG 21-9): GAG TTG AGT GAG TGG T
Amplicon 2 (CpG 29-22): GGT AAG AGT AGT TAG
TGT
Amplicon 3 (CpG 39-30): AGA GGG TTA TAG AGT
TTT TTT A
GAA AAG AAA TTG GAG

GAG TAG ATT TTT GTG TG

Amplicon 2 (CpG 14-22): GTA GGA AAG TTA GGA
TTT
Amplicon 3 (CpG 23-32): TTT TGG TTT TGG GGT

Table A3. Overview of PCR cycling conditions
Region

Cycling conditions

NR3C1 1F_Amplicon 1, 2 and 3
(CpG 39-9)

95°C 15’00’’
49x (95 °C 35’’, 54 °C 35’’, 72 °C 35’’)
72 °C 5’00’’
4°C ∞
94 °C 15’00’’
50x (94 °C 1’, 58 °C 1’, 72 °C 1’)
72 °C 10’00’’
4°C ∞
95 °C 15’00’’
49x (95 °C 35’’, 56 °C 35’’, 72 °C 35’’)
72 °C 5’00’’
4°C ∞
95 °C 15’00’’
49x (95 °C 35’’, 56 °C 35’’, 72 °C 35’’)
72 °C 5’00’’
4 °C ∞

NR3C1 1F_Amplicon 4
(CpG 47-40)

SLC6A4_Amplicon 1
(CpG 8-12)

SLC6A4_Amplicon 2 and 3
(CpG 14-32)
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Figure A1. Overview of the analyzed NR3C1 sequence
The sequence of the analyzed CpG island overlapping with the promoter and exon of the 1F region as
previously described by Alexander et el. (1). For easier comparability, the numbering of the CpG positions
corresponds to that in the reference article as well as in the review article of Palma-Gudiel et al (4). The
underlined regions correspond to canonical (solid line) and noncanonical (broken line) NGFI-A binding sites
(5) (6). Exon 1F is depicted in bold. Base pare positions (according to the NCBI genome browser) are indicated
on the left side.

Figure A2. Overview of the analyzed SLC6A4 sequence
The sequence of the analyzed SLC6A4 promoter-associated CpG island as previously described by Wankerl et
al. (3) (GenBank accession number: NG_011747). CpG sites are marked in red and are numbered in the same
way as in the reference article for a better comparability. Base pair positions (according to the NCBI genome
browser) are indicated on the left side of the figure.
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Table A4. Between group differences in NR3C1 and SLC6A4 methylation tested using Mann-Whitney U test.
Control group

MDD group

Mean rank

Mean rank

Group differences
Z

p-value

NR3C1

Control group

MDD group

Group differences

Mean rank

Mean rank

Z

p-value

SLC6A4

Total average

60.82

75.79

-2.17

0.030

Amplicon 1
(CpG9-21)
Amplicon 2
(CpG22-29)
Amplicon 3
(CpG30-39)
Amplicon 4
(CpG40-47)
CpG9

54.58

78.85

-3.55

<0.001*

Total average

62.92

72.53

-1.40

0.161

Amplicon 1
(CpG8-12)
Amplicon 2
(CpG14-22)
Amplicon 3
(CpG23-31)

56.98

77.56

-2.99

0.003*

65.38

72.49

-1.03

0.303

69.23

68.83

-0.06

0.953

62.77

74.38

-1.68

0.092

69.91

68.34

-0.23

0.819

58.57

77.43

-2.73

0.006*

64.18

71.71

-1.10

0.270

CpG8

58.11

76.76

-2.71

0.007*

CpG10

67.19

69.52

CpG11

65.11

70.18

-0.35

0.726

CpG9

63.93

72.61

-1.26

0.207

-0.74

0.456

CpG10

43.79

86.96

-6.27

<0.001*

CpG12

55.79

CpG13

61.44

76.92

-3.10

0.002*

CpG11

69.30

68.79

-0.07

0.941

73.75

-1.80

0.072

CpG12

71.51

67.21

-0.62

0.532

CpG14
CpG15

64.80

71.25

-0.94

0.345

CpG14

71.11

67.45

-0.53

0.594

61.22

73.92

-1.86

0.063

CpG15

67.02

70.46

-0.50

0.616

CpG16

63.02

72.58

-1.40

0.162

CpG16

71.59

67.09

-0.66

0.512

CpG17

67.59

69.18

-0.23

0.816

CpG17

69.74

68.46

-0.19

0.851

CpG18

68.94

68.17

-0.11

0.911

CpG18

67.98

69.75

-0.26

0.797

CpG19

64.16

71.72

-1.11

0.268

CpG19

69.27

68.80

-0.07

0.946

CpG20

60.46

74.48

-2.05

0.040

CpG20

66.26

71.01

-0.69

0.488

CpG21

62.56

72.92

-1.52

0.129

CpG21

66.84

70.58

-0.54

0.586

CpG22

64.05

73.45

-1.36

0.173

CpG22

68.98

69.01

-0.004

0.997

CpG23

72.97

66.98

-0.87

0.385

CpG23

63.79

72.82

-1.32

0.188

CpG24

69.40

69.58

-0.03

0.979

CpG24

67.00

70.47

-0.50

0.613

CpG25

67.53

70.08

-0.37

0.711

CpG25

71.32

67.30

-0.59

0.558

CpG26

66.20

71.89

-0.83

0.409

CpG26

64.59

72.23

-1.11

0.266

CpG27

71.06

68.37

-0.39

0.696

CpG27

68.47

69.39

-0.13

0.893

CpG28

64.74

72.95

-1.19

0.234

CpG28

70.12

68.18

-0.28

0.777

CpG29

69.60

69.43

-0.26

0.979

CpG29

69.60

68.56

-0.15

0.879

CpG30

67.86

70.69

-0.41

0.682

CpG30

62.55

73.73

-1.63

0.103

CpG31

61.91

75.00

-1.90

0.058

CpG31

75.98

63.87

-1.76

0.078

CpG32

69.89

69.22

-0.10

0.923

CpG33

61.63

75.21

-1.97

0.049

CpG34

59.47

76.77

-2.51

0.012

CpG35

65.18

72.63

-1.08

0.280

CpG36

64.72

72.97

-1.20

0.231

CpG37

66.36

71.78

-0.78

0.432

CpG38

63.97

72.70

-1.27

0.203

CpG39

69.64

68.54

-0.16

0.873

CpG40

64.67

73.00

-1.21

0.227

CpG41

66.60

71.60

-0.72

0.469

CpG42

68.21

70.44

-0.32

0.746

CpG43

65.94

72.08

-0.89

0.373

CpG44

62.32

72.96

-1.55

0.120

CpG45

63.40

73.93

-1.53

0.127

CpG46

65.76

72.21

-0.94

0.349

CpG47

69.34

69.62

-0.04

0.967

*p<0.05 after Bonferroni correction. CpG positions with NGFI-A–binding sites are underlined.
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Table A5. Summary of Spearman correlations between depressive symptoms and NR3C1 and SLC6A4 methylation in
both groups and in MDD patients
Both groups (N=138)

MDD group (N=80)

Depression
severity
(HDRS)

Anhedonia
(SHAPS)

Positive
affect
(PANAS)

Negative
affect
(PANAS)

Depression
severity
(HDRS)

Anhedonia
(SHAPS)

Positive
affect
(PANAS)

Negative
affect
(PANAS)

CpG12

0.256**

0.227**

-0.191*

0.262**

0.069

0.117

0.014

0.211

CpG20

0.119

0.189*

-0.181*

0.077

-0.014

0.206

-0.149

-0.158

0.241**

0.234**

-0.197*

0.201*

-0.054

-0.043

0.189

-0.037

0.115

0.121

-0.056

0.217*

-0.203

-0.191

0.278*

0.038

0.114

0.148

-0.076

0.148

-0.060

-0.107

0.100

0.039

CpG8

0.236**

0.179*

-0.163

0.227**

0.036

-0.004

0.035

0.048

CpG10

0.495**

0.428**

-0.498**

0.466**

0.168

0.106

0.190

0.128

NR3C1

Amplicon 1
(CpG9-21)
Amplicon 4
(CpG40-47)
Total average
SLC6A4

Amplicon 1
0.242**
0.175*
-0.227**
0.243**
0.138
0.064
-0.148
0.085
(CpG8-12)
HDRS: Hamilton Rating Scale for Depression; PANAS: Positive and Negative Affect Scale; SHAPS: Snaith-Hamilton Pleasure Scale
*p<0.05, **p<0.01
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Table A6. Socio-demographics and clinical characteristics of MDD patients lost to follow up and the remaining
MDD group. Due to small size of the group that dropped out, statistical tests were not performed and pvalues were not presented, but the descriptive parameters were compared for clinical significance.
MDD lost to follow-up (N=15)

MDD included in the follow-up (N=65)

Age (year, mean ± SD)

47.3 ± 13.1

44.9 ± 11.9

Gender (female/male)

7/8

40/25

Educational level (low/high)a

11/4

37/28

Age of onset (year, mean ± SD)

35.1 ± 11.3

36.3 ± 13.7

Number of episodes (%)
First
Second
Third or higher

33.3
26.7
40

33.8
33.8
32.4

Early life stress event (% yes)b

28.6

40.0

Antidepressant use (%)
None
SSRI
SNRI
Other (TCA, mirtazapine, bupropion)

0
20
46.7
33.3

4.6
46.1
30.8
18.5

Depression severity (HDRS)
16.8 ± 5.1
16.9 ± 5.1
Positive affect (PANAS)
18.0 ± 7.4
18.1 ± 5.5
Negative affect (PANAS)
31.7 ± 10.8
33.6 ± 8.2
Anhedonia (SHAPS)
36.3 ± 9.1
35.6 ± 7.2
Neuroticism (NEO-FFI)
7.9 ± 1.5
8.1 ± 1.2
a
Low education= finished secondary school or less; High education=any additional education after secondary school
b
Early life stress event: assessed by Structured Trauma Interview (STI)
HDRS: Hamilton Rating Scale for Depression; PANAS: Positive and Negative Affect Scale; SHAPS: Snaith-Hamilton
Pleasure Scale; NEO-FFI: NEO-Five Factor Inventory Scale
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Epigenetic perspective on the role of brain-derived neurotrophic factor in burnout
This paper was published in Traslational Psychiatry1:

Bakusic J, Ghosh M, Polli A, Bekaert B, Schaufeli W, Claes S, Godderis L. (2020). Epigenetic
perspective on the role of brain-derived neurotrophic factor in burnout. Translational
Psychiatry. 10:354.

ABSTRACT
Brain-derived neurotrophic Factor (BDNF) plays a potential role in the neurobiology of burnout, but
there are no studies investigating the underlying genetic and epigenetic mechanisms. Our aim is to
further explore the role of BDNF in burnout, by focusing on the Val66Met polymorphism and
methylation patterns of the BDNF gene and serum BDNF (sBDNF) protein expression. We conducted
a cross-sectional study by recruiting 129 individuals (59 with burnout and 70 healthy controls).
Participants underwent a clinical interview, psychological assessment and blood sample collection.
Polymorphism and DNA methylation were measured on DNA from whole blood, using
pyrosequencing and sBDNF levels were measured using ELISA. We found significantly increased
methylation of promoter I and IV in the burnout group, which also correlated with burnout
symptoms. In addition, DNA methylation of promoter I had a significant negative effect on sBDNF.
For DNA methylation of exon IX, we did not find a significant difference between the groups, nor
associations with sBDNF. The Val66Met polymorphism neither differed between groups, nor was it
associated with sBDNF levels. Finally, we did not observe differences in sBDNF level between the
groups. Interestingly, we observed a significant negative association between the presence of
depressive symptoms and sBDNF levels. The current study is the first to show that BDNF DNA
methylation changes might play an important role in downregulation of the BDNF protein levels in
burnout. The presence of depressive symptoms might have an additional impact on these changes.

_________________________________
1The

paper on the next page was reprinted with permission from the publisher of Translational
Psychiatry Nature Research.
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Supplementary information 1
Assay validation and pyrosequencing protocol
200 ng of genomic DNA was bisulfite converted using the EZ-96 DNA Methylation-Gold™ Kit (#D5008, Zymo
Research). Converted DNA was eluted with 35 μL of M-elution buffer. Next, 1 μL of converted DNA was
amplified by PCR in a total volume of 25 μL containing 0.2 μM of primers and 2× Qiagen PyroMark PCR Master
Mix (#978703, Qiagen). All analysed amplicons are given in Supplementary table 1. The analyzed sequences
include two regions that lie within promoter of exon I (promoter Ia and promoter Ib), one region within
promoter of exon IV and a coding region in exon IX of the BDNF gene. Primers overlapping with promoter of
exon I were ordered from Qiagen (#PM00155540 and #PM00155547 PyroMark CpG Assays). Primer
sequences for promoter IV and exon IX were designed using PyroMark Assay Design SW 2.0 (Qiagen). The
sequence of exon IX included Val66Met polymorphism (rs 6265). Supplementary table 2. provides an
overview of PCR and sequencing primers.
The assays were validated according to the validation steps recommended in the pyrosequencing manual
(PyroMark Q24 User Manual, Qiagen). This included testing the following controls: 1) PCR without template
DNA, 2) PCR with template DNA but no sequencing primer, 3) Sequencing primer without any PCR product,
4) Biotinylated primer without any PCR product, 5) Sequencing primer and biotinylated primer together
without PCR product. These tests were run for each of the four assays and they all resulted in absence of
signal.
PCR amplification was performed according to the cycling conditions presented in Supplementary table 3.
As previously reported (1), during optimization of the PCR protocol, we performed gel electrophoresis for
the PCR products amplified with annealing temperatures in the range 50-60 °C to determine the optimal
cycling conditions, which were then further applied. The expected product sizes of the PCR amplicons were
182 (promoter Ia), 118 bp (promoter Ib), 321 bp (promoter IV) and 398 bp (exon IX).
Subsequently, 20 μL of biotinylated PCR product was immobilized to Streptavidin Sepharose High
Performance beads (#17-5113-01, GE Healthcare) followed by annealing to 25 μL of 0.3 μM sequencing
primer at 80 °C for 2 min followed by a 10 min cooling down period. Pyrosequencing was performed using
Pyro Gold reagents (#970802, Qiagen) on the PyroMark Q24 instrument (Qiagen) following the
manufacturer’s instructions. Pyrosequencing results were analysed using the PyroMark analysis 2.0.7
software (Qiagen). Eight CpGs were analysed for promoter of exon I (four for promoter Ia and four for
promoter Ib), seven CpGs promoter of exon IV, and five CpGs for of exon IX. 100% methylated control DNA
(Qiagen) was applied with every sample batch for technical variation analysis.
Supplementary table 1. Overview of analyzed amplicons
The sequence of exon IX includes Val66Met polymorphism (rs 6265), which is marked G/A in the
corresponding sequence. All CG pairs (CpGs) assessed for methylation are marked in bold.
Region
Promoter of exon Ia
Promoter of exon Ib

Strand
Sense
Antisense

Promoter of exon IV

Sense

Coding region of exon
IX

Antisense

Analyzed amplicon
CTG CAT GCG TCG AAG CGC GA
TTA CTT TCC GCC AAC ACG TGA CCT CTT CGC TTC CCA GCT TGC
GT
TTA TCG CGG AGA GGG TTG TTT TCG TTG TCG TTT TTT TCG GCG
AAT TAG TAT GAA ATT TTT TTG TTT TTG TCG AGA TTA AAT GGA
GTT TTT
TAT TAT TGG TTG ATA TTT TCG AAT ACG/A TGA TAG AAG AGT
TGT TGG ATG AGG ATT AGA AAG TTC GGT TTA ATG AAG AAA
ATA ATA AGG ACG TAG ATT TGT ATA CGT TTA GGG TGA TGT
TTA GTA GTT AA
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Supplementary table 2. Overview of PCR and sequencing primers for DNA methylation analysis
To assess DNA methylation in promoter of exon I, we used commercially available assays designed by QIAGEN
and we report the product codes and analysed sequences. For DNA methylation of promoter of exon IV and
the coding region of exon IX, we designed PCR and sequencing primers using PyroMark Assay Design SW 2.0
(Qiagen).
Region

PCR primer

Pyrosequencing primer

Promoter of
exon Ia

P8_PM00155540

P8_PM00155540

Number of
CpGs
4

Promoter of
exon Ib

P9_PM00155547

P9_PM00155547

4

Promoter of
exon IV

Forward: GGG TTG GAA GTG AAA ATA TTT GTA
AA
Reverse: /5Biosg/CC CCA TCA ACC AAA AAC TCC
ATT TAA TC
Forward: ATG AAG GTT GTT TTT ATG AAA GAA
GTA
Reverse: /5Biosg/AC CCA CTC ACT AAT ACT A

GTG GAT TTT TAT TTA TTT
TTT TAT

7

AGG TTT AAG AGG TTT GA

5

Coding region
of exon IX

Supplementary table 3. Overview of PCR cycling conditions
Region

Cycling conditions

Promoter of exon Ia

95 °C 15’00’’
45x (94 °C 30’’, 56 °C 30’’, 72 °C 30’’)
72 °C 10’00’’
4°C ∞
95°C 15’00’’
45x (94 °C 30’’, 56 °C 30’’, 72 °C 30’’)
72 °C 10’00’’
4°C ∞
95 °C 15’00’’
45x (94 °C 30’’, 54 °C 30’’, 72 °C 30’’)
72 °C 10’00’’
4°C ∞
95 °C 15’00’’
45x (94 °C 30’’, 54 °C 30’’, 72 °C 30’’)
72 °C 10’00’’
4 °C ∞

Promoter of exon Ib

Promoter of exon IV

Coding region of exon IX
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Supplementary table 4. Overview of reproducibility analysis performed on three random samples and a
positive control for each assay, which were run in triplicates. DNA methylation (DNAm) was presented as the
average % and variability was expressed as standard deviation (SD) of the three replicates.
Name
Promoter of exon Ia
Sample 1
Promoter of exon Ia
Sample 2
Promoter of exon Ia
Sample 3
Promoter of exon Ia
Positive control
Promoter of exon Ib
Sample 1
Promoter of exon Ib
Sample 2
Promoter of exon Ib
Sample 3
Promoter of exon Ib
Positive control
Promoter of exon IV
Sample 1
Promoter of exon IV
Sample 2
Promoter of exon IV
Sample 3
Promoter of exon IV
Positive control
Exon IX
Sample 1
Exon IX
Sample 2
Exon IX
Sample 3
Exon IX
Positive control

Average DNAm %
Replicate 1
3.9475

Average DNAm %
Replicate 2
5.235

Average DNAm %
Replicate 3
4.0275

Variability (SD)

3.0975

4.7175

4.2525

0.83

3.4625

3.6975

3.5225

0.12

87.9925

79.5075

82.0275

4.36

5.8525

6.155

6.515

0.33

5.135

5.595

5.65

0.28

4.2775

4.225

3.805

0.26

85.1225

91.625

87.3525

3.30

3.3314

3.1986

3.4029

0.10

3.0414

3.03

3.1271

0.12

4.7543

4.4514

5.02

0.29

90.3771

90.0529

90.9629

0.46

78.912

80.254

78.656

0.86

85.418

84.05

84.424

0.71

86.202

86.324

85.386

0.51

69.21

70.62

72.292

1.54

0.72
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Supplementary information 2
Supplementary table 1. Between group differences in DNA methylation and serum BDNF (sBDNF) protein
levels
Data are expressed as mean (SD). Group differences were analyses using a mixed model for DNA methylation
and independent sample t-test for sBDNF.

Control group

Burnout group

Group differences

Mean (SD)

Mean (SD)

Mean difference

95% CI

p-value

Promoter exon Ia
All CpGsa

3.44 (1.58)

3.71 (1.55)

0.27

0.01, 0.53

0.043

Promoter exon Ib
All CpGsa

4.87 (2.47)

5.42 (2.77)

0.55

0.3, 0.79

<0.001

Promoter exon IV
CpG1b

5.75 (1.18)

6.61 (1.84)

0.86

0.31, 1.41

0.002

Promoter exon IV
CpG2b

2.78 (0.80)

2.94 (0.98)

0.17

-0.16, 047

0.308

Promoter exon IV
CpG3b

2.97 (0.75)

3.01 (0.83)

0.04

-0.24, 0.33

0.764

Promoter exon IV
CpG4b

2.81 (0.80)

2.97 (0.95)

0.16

-0.16, 0.48

0.324

Promoter exon IV
CpG5b

3.44 (0.87)

3.72 (1.48)

0.29

-0.14, 0.72

0.192

Promoter exon IV
CpG6b

1.32 (0.70)

1.43 (0.64)

0.10

-0.14, 0.35

0.403

Promoter exon IV
CpG7b

6.46 (1.73)

7.40 (2.15)

0.94

0.23, 1.64

0.01

Coding region of exon IX
All CpGsa

80.0 (16.11)

80.74 (14.95)

0.74

-0.92, 2.4

0.384

DNA methylaition (%)

sBDNF protein expression
43.28 (11.59)
40.69 (9.83)
-2.56
-6.46, 1.34
0.197
(ng/mL)
a
If no interaction between the group (control vs burnout) and the CpG was observed, the main effect of the group
(control vs. burnout) over all CpGs was reported
b

If we observed a significant interaction between the group (control vs. burnout) and the CpG, the results were
reported for each CpG site separately
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Supplementary table 2. Correlation between symptoms of burnout and depression with DNA methylation
and sBDNF
Correlation between burnout and depressive symptoms and DNA methylation were analysed using a mixed
model and association between burnout and depressive symptoms and sBDNF levels were assessed using
linear regression analysis. Data are expressed as B-coefficient and confidence intervals (CI).

B (CI)
p-value

Cynicism
(MBI-GS)
B (CI)
p-value

Professional efficacy
(MBI-GS)
B (CI)
p-value

Promoter exon Ia
All CpGsa

0.06 (-0.01, 0.13)
0.089

0.06 (-0.01, 0.14)
0.103

0.07 (-0.05, 0.19)
0.245

0.01 (-0.002, 0.02)
0.088

Promoter exon Ib
All CpGsa

0.14 (0.08, 0.21)
<0.001

0.15 (0.08, 0.22)
<0.001

-0.12 (-0.24, -0.01)
0.034

0.02 (0.009, 0.03)
<0.001

Promoter exon IV
CpG1b

0.16 (0.01, 0.32)
0.032

0.23 (0.07, 0.39)
0.004

-0.20 (-0.47, 0.07)
0.14

0.03 (0.003, 0.05)
0.030

Promoter exon IV
CpG2b

0.05 (-0.03, 0.14)
0.211

0.05 (-0.04, 0.14)
0.308

-0.08 (-0.23, 0.07)
0.308

0.003 (-0.01, 0.02)
0.669

Promoter exon IV
CpG3b

-0.03 (-0.10, 0.05)
0.483

-0.02 (-0.10, 0.06)
0.622

-0.01 (-0.14, 0.12)
0.868

-0.001 (-0.01, 0.01)
0.910

Promoter exon IV
CpG4b

0.01 (-0.07, 0.10)
0.807

-0.04 (-0.13, 0.05)
0.416

0.06 (-0.09, 0.21)
0.428

-0.004 (-0.02, 0.01)
0.560

Promoter exon IV
CpG5b

0.06 (-0.05, 0.18)
0.295

0.12 (-0.01, 0.24)
0.065

-0.04 (-0.24, 0.17)
0.719

0.008 (-0.01, 0.03)
0.450

Promoter exon IV
CpG6b

-0.003 (-0.07, 0.06)
0.924

-0.02 (-0.09, 0.05)
0.573

0.05 (-0.05, 0.15)
0.322

0.0 (-0.01, 0.01)
0.967

Promoter exon IV
CpG7b

0.26 (0.07, 0.44)
0.008

0.22 (0.01, 0.42)
0.038

-0.53 (-0.85, -0.21)
0.001

0.04 (0.006, 0.07)
0.02

Coding region of exon IX
All CpGsa

0.34 (-0.11, 0.79)
0.138

0.15 (-0.34, 0.63)
0.554

-0.36 (-1.13, 0.41)
0.361

0.05 (-0.22, 0.13)
0.168

Exhaustion (MBI-GS)

Depression (BDI-II)
B (CI)
p-value

DNA methylaition (%)

sBDNF protein
-0.77 (-1.82, 0.28)
-0.84 (-1.98, 0.29)
0.61 (-1.20, 2.43)
-0.26 (-0.43, -0.08)
expression (ng/mL)
0.149
0.144
0.503
0.004
a
If no interaction between the group (control vs burnout) and the CpG was observed, the main effect of the group
(control vs. burnout) over all CpGs was reported
b

If we observed a significant interaction between the group (control vs. burnout) and the CpG, the results were
reported for each CpG site separately
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7.1

Abstract

Background: There is a growing interest in the role of brain-derived neurotrophic factor (BDNF) in
major depressive disorder (MDD). BDNF potentially exhibits opposite effects in the pathways linked
to anhedonia and reward learning on the one hand and cognitive performance, on the other.
However, the epigenetic mechanisms behind this remain unknown. In the present study, we aimed
to investigate the interplay of DNA methylation of different BDNF exons and the common Val66Met
polymorphism on anhedonia, reward learning and cognitive performance in MDD.
Methods: We recruited 80 depressed patients and 58 age- and gender-matched healthy controls.
Participants underwent clinical assessment including neuropsychological testing and a probabilistic
reward task to assess reward learning. Val66Met polymorphism and DNA methylation of BDNF
promoters I, IV and exon IX were assessed from whole blood derived DNA, using pyrosequencing.
Results: BDNF promoter I methylation was lower in MDD patients (p=0.042) and was negatively
associated with self-reported anhedonia. In depressed patients, both Val66Met polymorphism and
DNA methylation of promoter I were significantly associated with reward bias (p=0.050 and
p=0.040, respectively), without an interaction effect. On the other hand, methylation of exon IX had
a negative impact on executive functioning (p=0.002) and mediated the effect of Val66Met on this
outcome in patients with MDD.
Conclusions: Our results provide the first evidence of Val66Met susceptibility to differential
epigenetic regulation of BDNF exons in reward learning and executive functioning in MDD, which
needs to be further explored.

7.2

Introduction

Major depressive disorder (MDD) is one of the leading causes of disability worldwide, affecting more
than 150 million people (1). In addition, the efficacy of the current treatment for MDD, which
includes antidepressants and/or psychotherapy, is suboptimal, and only about 30% of patients will
achieve adequate remission after optimal treatment according to consensus guidelines (3). Efforts
to improve treatment strategies are, among others, hindered by the insufficient knowledge about
the underlying pathophysiological mechanisms (4).
Over the past years, molecular studies of depression have moved beyond the monoamine
hypothesis. Novel observations led to the “neurotrophic hypothesis of depression”, highlighting the
functional significance of alterations in neurotrophic factors, particularly the brain-derived
neurotrophic factor (BDNF) (5). BDNF regulates neural development in early stages of life and plays
a critical role in neural differentiation, and neurite and synaptic growth in adult brain (6). In addition,
by regulating synaptic plasticity and neurogenesis in different brain regions, BDNF seems to have a
pivotal role in memory acquisition and consolidation (7).
Findings from multiple individual studies as well as meta-analyses suggest that depressed patients
are characterized by decreased peripheral concentrations of BDNF compared to healthy controls (8)
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(9) (10) (11). Moreover, the functional significance of reduced BDNF levels in MDD was
demonstrated in studies showing that this blunting was associated with neural atrophy and loss in
key limbic regions such as hippocampus and prefrontal cortex (5) (12). These alterations are in line
with the observed reduced performance of depressed patients in cognitive tasks (12). In contrast,
increased BDNF levels in brain regions involved in mesolimbic dopaminergic circuit, such as the
ventral tegmental area (VTA) and nucleus accumbens (NA), were shown to induce stress-related
depressive-like behaviour in animal studies (13) (14). Mesolimbic BDNF signalling seems to play a
role in a range of motivation and reward related behaviours (15), and has therefore been implicated
in the pathophysiology of MDD, particularly with regard to loss of pleasure or anhedonia, one of the
core symptoms of depression (16).
A growing body of research emphasizes the significance of the interplay between genetic
vulnerability, reflected in the existence of single-nucleotide polymorphisms (SNPs), and epigenetic
regulation of the BDNF gene in psychopathology. The BDNF gene has a complex structure,
containing 11 exons and 9 have functional promoters that are brain region- and tissue-specific (17).
In particular, a large number of studies focused on investigating the rs6265 SNP as a potential risk
biomarker in MDD (18). This SNP is located at exon IX and causes guanine (G) to adenosine (A)
replacement at codon 66, resulting in substitution of valine (Val) to methionine (Met) and a
consequent impairment of the activity-dependent release of BDNF (19). Although there is some
evidence of the role of rs6265 in depression, the findings are inconsistent, especially in terms of
identifying which of the two allele (Val or Met) indicates higher vulnerability (18).
One of the possible reasons for this inconsistency is the potential moderating effect of epigenetic
regulation on the effect of the polymorphism on clinical outcomes. Epigenetic regulation of BDNF
in depression has been increasingly studied, particularly DNA methylation, which plays an important
role in the interaction of environmental factors and genetic susceptibility in MDD (20). Briefly, DNA
methylation involves transfer of a methyl group to the CpG nucleotides, which mainly leads to gene
silencing when located in the gene promoter region (21). In the context of BDNF, DNA methylation
of promoters of exon I and IV have been the most extensively studied (22) (23). Increased BDNF
methylation in depressed patients compared to healthy subjects has been reported in several
studies, mainly in promoter of exon I and IV (24) (25) (26) (27). Most of these studies assessed purely
differences in BDNF methylation between depressed patients and healthy controls.
In contrast, the moderating and mediating roles of BDNF methylation on the association of
Val66Met and specific functional outcomes corresponding to differential BDNF pathways in MDD
remain largely unexplored. Despite the well-established role of BDNF in anhedonia and reward
circuits on the one hand and cognitive performance on the other, the effect of interplay between
the rs6265 SNP and BDNF methylation on these outcomes in MDD remains poorly understood. To
the best of our knowledge, there are no studies investigating genetic and epigenetic regulation of
BDNF in the context of anhedonia and reward learning in MDD. Regarding cognitive performance,
only one study focused on the effect of rs6265 and methylation of BDNF exon I and IV (28), but
without assessing methylation of exon IX, which contains the polymorphism. Previously, we found
methylation of exon IX to be highly correlated with rs6265 and serum BDNF concentration (29) and
changes in methylation of this exon were previously associated with changes in BDNF expression in
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MDD patients (30). Therefore, in the present study, we aimed to investigate the genetic (rs6265)
and epigenetic regulation of BDNF exon I, IV and IX in MDD and their impact on two major outcomes:
1) anhedonia and reward learning and 2) cognitive performance.

7.3
7.3.1

Materials and Method
Study population

Eighty depressed patients and 58 healthy control subjects, matched for age and gender, were
recruited at baseline, in the context of a longitudinal study. All patients were hospitalized at
different psychiatric wards at the University Psychiatric Centre of the University of Leuven in
Belgium. A detailed recruitment procedure and inclusion/exclusion criteria were described
previously (31) (32). Briefly, the MDD diagnosis and psychiatric comorbidity were evaluated by a
psychiatrist using the Structured Clinical Interview for DSM-IV-TR (SCID-I) (33). Patients with other
mood spectrum disorders, substance abuse or unstable medical conditions were excluded. Almost
all patients started antidepressant treatment prior to admission to the hospital. During follow up,
treatment was not standardized and patients were treated with psychopharmacology and/or
psychotherapy, as clinically appropriate. Healthy participants did not meet criteria for any current
or past psychiatric disorder or unstable medical conditions were assessed only at baseline.
The study was approved by the UZ Leuven Medical Ethics Committee and all participants gave their
informed consent prior to inclusion.
7.3.2 Clinical and neuropsychological assessment
During the psychiatric interview, the 17-item Hamilton Rating Scale for Depression (HDRS) (34) was
used to assess the severity of depression and the semi-structured trauma questionnaire (STI) was
used to assess early life stress (ELS) (35), focusing on childhood experience with sexual and physical
violence. Anhedonia was assessed using self-reported Snaith-Hamilton Pleasure Scale (SHAPS) (36)
and positive and negative affect were measured using the Positive and Negative Affect Schedule
(PANAS) (37).
To assess different aspects of cognitive performance, a battery of neuropsychological tests was
administered to all participants. This included: (1) executive functioning/cognitive interference:
Stroop Color and Word Test (SCWT) (38), (2) processing speed: Trial Making Test A (TMT-A) (39), (3)
attention: Digit Span Forward (DS-F) (40) (4) executive control: Trial Making Test B (TMT-B) (39) and
Digit Span Backward (DS-B) (40). All scores were transformed to percentiles, based on age, gender
and education level, according to the appropriate reference categories (39) (41).
7.3.3

Reward task

A computerized reward learning task was used to measure participants’ ability to modulate
behaviour as a function of reward (42). The task has been previously described in detail (32) (43)
and has been shown to objectively measure reward responsiveness in healthy individuals and
depressed patients (42). Briefly, the task lasted approximately 25 minutes and included 300 trials,
divided in 3 blocks of 100 trials. In each trial, a cartoon face with either short or long mouth
appeared for 100 msec. Participants were instructed to indicate which type of mouth was presented
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and a monetary award was given for approximately 40 correct answers. An asymmetric
reinforcement ratio was used to induce a response bias, meaning that subjects received a reward 3
times more frequently for correct identification of one mouth (the “rich stimulus”) than for correct
identification of the other mouth (the “lean stimulus”). Before the task, participants were instructed
that the goal of the task is to win as much money as possible. Response bias (RB) towards the rich
stimulus was used as a measure of reward learning was calculated as the difference in RB over Blocks
(1, 2 and 3).
7.3.4

Genetic and epigenetic analysis

Whole blood samples were collected from all participants at baseline to obtain DNA. DNA was
extracted from whole blood and the quantity and purity of DNA were determined using a NanoDrop
spectrophotometer. Next, DNA samples were bisulphite-converted using the EZ-96 DNA
Methylation-Gold™ Kit (#D5008, Zymo Research), according to the manufacturer’s protocol.
Polymerase chain reaction (PCR) was used to amplify the bisulphite-converted DNA sequences
selected for genetic and epigenetic analyses. For this, 1 μL of converted DNA was amplified by PCR
in a total volume of 25 μL containing 0.2 μM of primers and 2× Qiagen PyroMark PCR Master Mix
(#978703, Qiagen). Pyrosequencing was performed using Pyro Gold reagents (#970802, Qiagen) on
the PyroMark Q24 instrument (Qiagen) following the manufacturer’s instructions. Pyrosequencing
results were analysed using the PyroMark analysis 2.0.7 software (Qiagen). The analysed sequences
include 8 CpGs in the promoter of exon I (4 in promoter Ia and 4 in promoter Ib), 7 CpGs in promoter
of exon IV and 5 CpGs in a coding region in exon IX (including Val66Met polymorphism) of the BDNF
gene. Primer validation was performed through gel electrophoresis using MultiNA (Shimadzu
Benelux BV, Belgium). Control DNA was used to perform gel electrophoresis and to validate each
pyrosequencing analysis. All samples were randomized prior to DNA methylation analysis.
A detailed protocol with all analysed amplicons, PCR and sequencing primers is provided in the
Supplementary information and has been previously described in detail (2).
7.3.5

Statistical analysis

Comparisons of socio-demographic and clinical variables between the control and the depression
group were performed using an independent sample t-test for continuous variables, and Chi-Square
test for categorical variables. Genotype differences between the groups were tested using ChiSquare test. The effect of polymorphism on DNA methylation as well as DNA methylation
differences between groups were tested using Mann-Whitney U test due to skewed distribution of
DNA methylation data. Methylation was analysed as average methylation percent across different
CpGs within each assay (promoter Ia, Ib, IV and exon IX) to avoid multiple testing. CpG-specific
analyses were only performed in the between-group comparison and to test the effect of
polymorphism on DNA methylation of specific CpGs. As these analyses were explorative in nature,
no additional correction for multiple testing was applied. Explorative associations between DNA
methylation and clinical variables (anhedonia, depression severity, cognitive performance) were
tested using Spearman’s correlation. The observed correlations were further tested in univariate
linear models, with appropriate covariates. The effect of the polymorphism on clinical variables
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(anhedonia, depression severity, cognitive performance) was tested either using an independent
sample t-test or Mann-Whitney U test, depending on the distribution of the outcome variable.
In case we observed an association between both the polymorphism and DNA methylation and any
of the cognitive performance outcomes, we tested potential mediation effect of DNA methylation
on this association, by using the PROCESS macro of SPSS version 21.0, developed by Hayes (10). In
the mediation analysis, the polymorphism was used as a predictor variable, cognitive performance
as the outcome variable and DNA methylation as a mediator variable. Mediation effect was
interpreted using the bias-corrected bootstrap confidence intervals, whereby the mediation effect
was considered significant when the bias-corrected 95% confidence intervals did not contain zero.
To test the association between polymorphism/DNA methylation and response bias, we applied a
repeated measures ANOVA with response bias as the outcome variable and with Block (1,2,3) and
polymorphism/DNA methylation as predictors. This model was also used to test for potential
interactions between polymorphism and DNA methylation on response bias. The GreenhouseGeisser correction was used when the sphericity assumption was violated.
All statistical analyses were performed using SPSS software package, version 26.0. All tests were
two-sided, and the significance level was set at 0.05.

7.4
7.4.1

Results
Population characteristics

At baseline, data were obtained from 80 depressed patients and 58 healthy control subjects
matched for age and gender. Socio-demographic and clinical characteristics of all participants
included at baseline are presented in Table 1. Socio-demographic features were comparable
between the groups, except from education level, which differed significantly (X 2=19.3, p<0.001).
Since the education level was accounted for when transforming the scores on cognitive test into
percentiles, we did not additionally control for this. As expected, depressed patients had higher
levels of anhedonia and more frequently reported early life stress events (ps<0.001). Regarding the
cognitive performance tests, relative to healthy controls, depressed patients had significantly
poorer performance in SCWT, TMT-A and TMT-B (all ps<0.001) but not in DS-F (p=0.098) nor DS-B
(p=0.411).
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Table 1. Socio-demographic and clinical characteristics of participants at baseline
P-values are derived from statistical analysis using independent sample t-test or Mann-Whitney U test for
continuous variables or Chi-Square test for categorical variables.
Control group (N=58)

Depressed group
(baseline, N=80)

Age (year, mean ± SD)

45.5 ± 12.0

45.4 ± 12.1

t=0.08
p=0.93

Gender (female/male)

31/27

47/33

X2=0.38
p=0.53

Educational level (low/high)a

13/45

48/32

X2=19.3
p<0.001**

96.6
1.7
0
1.7

4
41
34
21

-

10.3
0.6 ± 1.3
19.2 ± 4.1

38.0
16.9 ± 5.0
35.7 ± 7.6

X2=13.18, p<0.001**
t=27.54, p<0.001**
t=16.58, p<0.001**

Antidepressant use (%)
None
SSRI
SNRI
Other (TCA, mirtazapine,
bupropion)
Early life stress event (% yes)b
Depression severity (HDRS)
Anhedonia (SHAPS)

Significance

Cognitive performance
(percentile ± SD)
SCWT
65.3 ± 25.3
29.6 ± 2.5
Z=-6.75, p<0.001**
TMT-A
67.8 ± 22.6
35.2 ± 23.0
Z=-6.74, p<0.001**
TMT-B
65.2 ± 26.6
38.3 ± 26.4
Z=-5.30, p<0.001**
DS-F
34.3 ± 25.5
29.7 ± 27.8
Z=-1.65, p=0.098
DS-B
45.9 ± 25.9
42.0 ± 25.5
Z=-0.82, p=0.411
a
Low education= finished secondary school or less; High education=any additional education after secondary
school
b
Early life stress event: assessed by Structured Trauma Inventory Scale (STI)
HDRS: Hamilton Rating Scale for Depression; SHAPS: Snaith-Hamilton Pleasure Scale; SCWT: Stroop Color and
Word Test; TMT-A: Trial Making Test part A; TMT-B: Trial Making Test part B; DS-F: Digit Span Forward; DSB: Digit Span Backward
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7.4.2 Val66Met polymorphism and depression
Evaluating the polymorphism data, depressed patients and healthy subjects did not differ
significantly in the number of Met carriers (36.2% in the MDD group compared to 32.8% in the
control group, X2=0.181, p=0.720). In addition, Val66Met polymorphism was not associated with
any clinical features (depression severity, anhedonia), neither in the whole sample nor in the
depression group separately (all ps>0.05, data not shown). In terms of the effect of Val66Met on
BDNF methylation, presence of a Met allele had a negative effect on the average methylation of the
exon IX (mean difference 8.78%, p<0.001), as well as 4 out of 5 individual CpGs in this region (Table
S2). In addition, Met carriers had lower average methylation of exon Ia (mean difference 0.35%,
p=0.006) and exon Ib (mean difference 0.28%, p=0.014) as well as several individual CpGs in these
two regions (presented in Table S2). For exon IV, only association with one CpG was found (CpG5:
mean difference 0.34%, p=0.011). Group (depression vs. control) was not a moderator of any of
these associations (all ps>0.05).
7.4.3

BDNF methylation and depression

When comparing the average methylation levels of different BDNF regions between the depression
and the control group (Figure 1, Table S3), we observed significantly decreased methylation of BDNF
exon Ia in the depression group (mean difference 0.30%, p=0.042), as well as 2 individual CpGs
(CpG1: mean difference 0.29%, p=0.040, CpG2: mean difference 0.46%, p=0.013). The group effect
on average methylation of exon Ia remained significant when controlling for the Val66Met
polymorphism (B=0.282, p=0.043, ηp2=0.03).
As a confirmatory analysis, we tested whether the observed methylation differences were
associated dimensionally with clinical features such as anhedonia and depression severity (Table
S4). In the overall sample, average methylation of BDNF exon Ia was negatively associated with
anhedonia (Spearman's Rho=-0.180, p=0.036) and negative affect (Spearman's Rho=-0.198,
p=0.021). In the depression group, no associations were observed (all ps>0.05).
For exon Ib, IV and IX, there were no significant group differences (all ps>0.05, results presented in
Figure 1 and Table S3). In the dimensional analyses (Table S4), average methylation of exon Ib was
negatively associated with anhedonia in the overall sample (Spearman's Rho=-0.177, p=0.039) and
in the MDD group separately (Spearman's Rho=-0.225, p=0.047) and was positively associated with
positive affect in the depression group (Spearman's Rho=0.232, p=0.040). For exon IV, no
associations were observed in the overall sample, but in the MDD group, average methylation was
negatively associated with depression severity (Spearman's Rho=-0.245, p=0.031) and positively
with positive affect (Spearman's Rho=0.288, p=0.011).
None of the average methylation levels differed between subjects with and without early life stress,
neither in the overall sample nor among depressed patients (all ps>0.05). Similarly, type of
antidepressant did not have an impact on DNA methylation (all ps>0.05).
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Figure 1. Overview of BDNF methylation in the control group (grey) and the depression group (black). DNA
methylation is presented as mean and standard error of the mean for each of the analysed regions: promoter
Ia (A), promoter Ib (B), promoter IV (C) and exon IX (D). Methylation of each individual CpG as well as the
average methylation levels across all CpGs are presented for each analysed region. Significance levels are
derived from Mann-Whitney U test (*p<0.05, **p<0.01).
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7.4.4 Val66Met, BDNF methylation and reward learning
In the overall sample, there was no significant effect of polymorphism on response bias
(F(2,250)=1.843, p=0.136, ηp2=0.015). However, DNA methylation of BDNF promoter Ib had a
significant positive effect on reward bias (F(2,248)=3.804, p=0.026, ηp2=0.030), indicating that
participants with lower BDNF promoter Ib methylation showed lower response bias during the
computerized reward learning task. More specifically, this association was driven by the effect of
DNA methylation of this region on response bias in Block 1 (B=0.040, p=0.043) and 2 (B=0.071,
p=0.008), but not Block 3 (B=-0.004, p=0.882). In addition, we did not observe a significant
interaction effect between polymorphism and BDNF promoter Ib methylation on response bias
(F(2,244)=0.131, p=0.865, ηp2=0.001). DNA methylation of other BDNF regions (promoter Ia,
promoter IV and exon IX) did not have a significant effect on the performance on the reward learning
task (all ps>0.05, data not shown).
In contrast, in the depression group, we observed a significant association between polymorphism
and response bias (F(2,146)=3.061, p=0.050, ηp2=0.040), whereby Met carriers had significantly
lower response bias than Val/Val homozygotes (Figure 2). Similar as in the overall sample, DNA
methylation of BDNF promoter Ib had a significant positive effect on response bias (F(2,144)=3.301,
p=0.040, ηp2=0.044). More specifically, depressed patients with lower DNA methylation of promoter
Ib showed lower response bias in Block 2 (B=0.077, p=0.015) but not in Block 1 and 3 (all ps>0.05).
When both predictors (polymorphism and promoter Ib methylation) were added to the model, only
the effect of DNA methylation remained significant (p=0.047) whereas the effect of polymorphism
was lost (p=0.072), indicating a potential indirect (mediating) effect of polymorphism on reward
bias, via DNA methylation. When testing the interaction effect between polymorphism and DNA
methylation on the performance on the reward learning task, no significant effect was found
(F(2,140)=1.635, p=0.199, ηp2=0.023). DNA methylation of other BDNF regions did not have a
significant effect on reward bias in the depression group (all ps>0.05). The effect of polymorphism
and BDNF promoter Ib methylation on response bias is presented in Table 2.

Fig 2. Comparison of reward bias as a function of blocks, as measured by the computerized reward learning
task, between Val/Val homozygotes (blue) and Met carriers (orange) in the depression group. Data are
presented as mean and standard error of the mean.

3.804

Block*Promoter Ib DNAm

3.656

Block*Promoter Ib DNAm
0.413
3.529
0.131

Block*SNP

Block*Promoter Ib DNAm

Block*SNP*Promoter Ib DNAm

Interaction

1.592

Block*SNP

Multivariate model

1.843

Block*SNP

Univariate models

F

0.865

0.034

0.650

0.030

0.207

0.026

0.163

p

0.001

0.028

0.003

0.029

0.013

0.030

0.015

ηp2

1.635

3.101

2.641

3.126

2.675

3.301

3.061

F

0.199

0.048

0.075

0.047

0.072

0.040

0.050

p

0.023

0.042

0.036

0.042

0.036

0.044

0.040

ηp2

1.608

0.525

1.668

0.508

0.132

0.471

0.089

F

0.206

0.593

0.194

0.603

0.876

0.626

0.915

p

Table 2. Overview of the effect of polymorphism and BDNF promoter Ib methylation on reward bias analyzed using repeated measures
ANOVA. Significant predictors are marker in bold.
Both groups
Depressed group
Control group

0.032

0.011

0.034

0.010

0.003

0.009

0.002

ηp2
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7.4.5 Val66Met, BDNF methylation and cognitive performance
Regarding the effect of Val66Met on cognitive performance, there were no significant associations
in the overall sample (all ps>0.05). However, in the depression group, Met carriers had better
performance on the SCWT (Z=2.71, p=0.007) and DS-B (Z=2.62, p=0.009), as presented in Figure 3.
In the overall sample, average methylation of different assays was not significantly associated with
cognitive performance (all ps>0.05). However, in depressed patients, average methylation of exon
IX (containing the polymorphism) was negatively associated with performance of the SCWT
(Spearman's Rho=-0.228, p=0.046) and DS-B (Spearman's Rho=-0.334, p=0.002), as illustrated in
Figure 4.
In addition, mediation analysis revealed that exon IX methylation was a significant mediator of the
effect of Val66Met on DS-B (Effect 20.05, CI [1.47, 50.20]) but not SCWT (Effect 0.83 CI [-29.88,
22.17]). The mediation effect of exon IX methylation on the association between Val66Met and DSB is presented in Figure S5.

Figure 3. Comparison of cognitive performance between Val/Val homozygotes (blue) and Met carriers
(orange) in the depression group. Data are presented as mean and standard error of the mean. Significance
levels are derived from Mann-Whitney U test (*p<0.05, **p<0.01). SCWT: Stroop Color and Word Test; TMTA: Trial Making Test part A; TMT-B: Trial Making Test part B; DS-F: Digit Span Forward; DS-B: Digit Span
Backward.

146 | Chapter 7

Figure 4. Correlation matrix (Spearman correlation) between BDNF methylation of different regions and
cognitive performance in the depression group. Positive correlations are presented in blue whereas negative
correlations are given in red and the intensity of colors corresponds to the values of Spearman’s Rho
correlation coefficient. Significance: *p<0.05, **p<0.001. SCWT: Stroop Color and Word Test; TMT-A: Trial
Making Test part A; TMT-B: Trial Making Test part B; DS-F: Digit Span Forward; DS-B: Digit Span Backward.

7.5

Discussion

In the present study, we probed the role of genetic and epigenetic regulation of BDNF in major
depression, by focusing on anhedonia, reward learning and cognitive performance as the main
outcomes. Our results demonstrated that lower BDNF methylation of promoter I contributed to
more pronounced anhedonia and impaired reward learning in depressed patients. The presence of
Met allele in the common BDNF polymorphism (Val66Met) had a negative effect on reward learning,
but this seemed to be an indirect effect, via DNA methylation of promoter I. On the other hand, Met
allele exhibited a protective function for cognitive performance (executive functioning in particular),
through the mediating effect of reduced methylation in the BDNF coding region (exon IX) in the
same population of depressed patients.
To the best of our knowledge, our study was the first to test the association between genetic and
epigenetic control of BDNF in reward learning in MDD. Even though there are no other similar
studies to compare these findings, the observed impairing effect of decreased BDNF methylation
seems to be in line with the growing data demonstrating the depressogenic and anhedonic effects
of BDNF in the mesolimbic reward circuitries in animals exposed to chronic social defeat stress (15)
(16) (44). In addition, the fact that we found a negative association between self-reported
anhedonia and promoter I methylation as well as decreased methylation of this region in betweengroup comparison with a healthy population makes our conclusions stronger and more convincing.
Interestingly, increased BDNF plasma levels have been previously associated with decreased reward
learning in patients with bulimia nervosa (45). Even though this is a different clinical and nosological
phenotype from MDD, these data together with our findings provide evidence for the role of BDNF
in reward circuitries disruption that extend beyond diagnostic categories. In the present study, we
did not assess mRNA expression or serum/plasma BDNF levels and therefore our conclusions on the
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functional consequences of decreased BDNF promoter I methylation are limited. However, our
previous work (2) together with other research (46) has shown a negative correlation between
promoter I methylation and BDNF expression. In addition, we also observed association between
depression severity and reduced positive affect with decreased promoter IV methylation, which was
previously shown to correlate negatively with BDNF expression (17). This might be an additional
indicator of increased BDNF expression in our population of depressed patients, even though direct
association with anhedonia or reward learning was not found.
In our study, we also find a significant effect of genotype (Val66Met) on reward learning, whereby
Met carriers showed a more blunted reward bias in the reward learning task than Val/Val
homozygotes. We could speculate that our findings are consistent with research indicating that the
Met allele is a vulnerability allele for depression (and mental disease in general) due to its impairing
effect on BDNF translocation and secretion (19). However, as mentioned before, this conclusion
failed to be replicated (18) (47) (48), perhaps indicating that this polymorphism determines
vulnerability to environment-induced epigenetic changes rather than being a risk factor per se.
Indeed, in our study, Val66Met was not associated with any of the outcomes in healthy participants,
but only in the MDD group. In addition, this effect was lost after we controlled for DNA methylation
of BDNF promoter I, indicating the predominant effect of epigenetic regulation and a potentially
indirect (mediating) effect of the polymorphism. The importance of environment-induced
epigenetic regulation of BDNF is also supported by evidence showing that BDNF signalling pathway
does not play a role in reward circuitries in normal conditions, but gains importance once these are
disrupted (49).
In contrast, among the MDD group, we found increased BDNF exon IX methylation to be associated
with poorer executive functioning, particularly in the executive domain (STROOP and DS-B). To the
best of our knowledge, methylation of this region has never been tested before with respect to
cognitive performance in depressed patients. Previously, Ferrer et al. (28) found methylation of
exon I and IV to be associated with visual learning and memory, but reported no association with
cognitive function tested in the present study, which is in line with our findings. Exon IX has been
previously shown to be particularly abundant in the hippocampus (50) and demethylation of this
region was shown to induce adult hippocampal neurogenesis (51). In addition, in our study, exon IX
methylation was a mediator of the effect of Val66Met on the executive functions, whereby presence
of the Met allele appeared to be protective, which is somewhat surprising. Specifically, previous
meta-analysis (52) have shown that Met carriers had lower hippocampal volume, but also provided
evidence for publication bias and small effect sizes, questioning whether the observed effect is
subject to a winners curse. Moreover, some recent studies indicate that the Met allele can be
protective for executive functions in the presence of depressive symptoms (53), and can promote
recovery of executive functioning after PTSD (54), indicating a potentially differential effect of
Val66Met on cognitive function in healthy individuals and in the presence of psychopathology. In
our study, the effect of Val66Met on executive function was predominantly indirect, thought DNA
methylation of BDNF exon IX. Therefore, our results indicate that Val66Met is a vulnerability factor
susceptible to epigenetic regulation and future studies should account for DNA methylation when
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further exploring the complex role of this polymorphism in different neural processes and
psychopathology.
Several limitations need to be taken into account when interpreting the results of our study. First,
almost all depressed patients were undergoing antidepressant treatment at the time of inclusion,
which might have influenced BDNF methylation levels (55) (56). Due to high collinearity with the
MDD diagnosis, we did not include medication as a covariate in the analysis, however we did test
the effect of different types of medication on BDNF methylation levels and found no significant
differences. Medication could have influenced the between-group differences in BDNF methylation,
but it is highly unlikely that antidepressants could explain the observed correlations with anhedonia,
reward learning and cognitive performance found in the MDD group. In addition, all patients
included in the MDD group were hospitalized and therefore might be more prone to the chronic
course of illness, which might limiter generalizability of our findings.

7.6

Conclusion

To conclude, we provide evidence that Val66Met is susceptible to DNA methylation regulation in
different BDNF exons, which can in turn contribute to impaired reward learning and executive
functioning in patients with MDD. We recommend future studies to simultaneously assess
Val66Met, DNA methylation and possibly mRNA expression of different BDNF transcripts in order
to learn more about their role in different pathways of relevance for MDD.
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7.9

Supplementary information

PCR and sequencing primers
To assess DNA methylation in promoter of exon I, we used commercially available assays designed by QIAGEN
and we report the product codes and analysed sequences. For DNA methylation of promoter of exon IV and
the coding region of exon IX, we designed PCR and sequencing primers using PyroMark Assay Design SW 2.0
(Qiagen).
PCR cycling conditions for all primers were as follows:





Activation step: 95 °C for 15'
45 cycles including 3 steps
o Denaturation: 94 °C for 30''
o Annealing step with temperature indicated in Table S1. for 30''
o Extension: 72 °C for 30''
Final extension step: 72 °C for 10'

Assay validation, reproducibility analysis and the pyrosequencing protocol were described in detail
previously1.
Table S1. Overview of PCR and sequencing primers for DNA methylation analysis

P8_PM00155540

Number
of CpGs
4

Annealing
temperature
56 °C

P9_PM00155547

P9_PM00155547

4

56 °C

Forward: GGG TTG GAA GTG AAA
ATA TTT GTA AA
Reverse: /5Biosg/CC CCA TCA ACC
AAA AAC TCC ATT TAA TC
Forward: ATG AAG GTT GTT TTT
ATG AAA GAA GTA
Reverse: /5Biosg/AC CCA CTC ACT
AAT ACT A

GTG GAT TTT TAT TTA
TTT TTT TAT

7

54 °C

AGG TTT AAG AGG
TTT GA

5

54 °C

Region

PCR primers

Sequencing primer

Promoter
of exon Ia
Promoter
of exon Ib
Promoter
of exon IV

P8_PM00155540

Coding
region of
exon IX

1 Bakusic J, Ghosh M, Polli A, Schaufeli W, Claes S, Godderis L. Epigenetic perspective on the role of brain-derived neurotrophic

factor in burnout. Transl Psychiatry. 2020; 10:354.
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Table S2. Differences in BDNF methylation between Val/Val homozygotes and Met carriers in the overall
sample (N=138) tested using Mann-Whitney U test.

Promoter exon Ia
Average
CpG1
CpG2
CpG3
CpG4
Promoter exon Ib
Average
CpG1
CpG2
CpG3
CpG4
Promoter exon IV
Average
CpG1
CpG2
CpG3
CpG4
CpG5
CpG6
CpG7
Coding region of exon IX
Average
CpG1
CpG2
CpG3
CpG4
CpG5

Val/Val
Mean rank

Met carriers
Mean rank

Group differences
Z
p-value

75.36
75.51
74.10
72.34
74.66

55.93
55.65
58.23
61.46
57.21

-2.748
-2.810
-2.245
-1.539
-2.468

0.006
0.005
0.025
0.124
0.014

74.53
72.82
70.58
74.21
73.56

57.09
60.32
64.56
57.69
58.93

-2.455
-1.760
-0.847
-2.325
-2.059

0.014
0.078
0.397
0.020
0.039

70.61
70.73
71.24
69.39
66.47
73.64
68.99
67.20

61.54
61.32
60.35
63.88
69.48
55.75
64.65
68.08

-1.284
-1.333
-1.542
-0.780
-0.426
-2.533
-0.614
-0.124

0.199
0.182
0.123
0.435
0.670
0.011
0.539
0.901

93.43
74.88
93.50
79.21
79.22
69.35

24.63
59.42
24.50
51.30
51.28
69.78

-9.629
-2.164
-9.656
-3.905
-3.909
-0.060

<0.001
0.030
<0.001
<0.001
<0.001
0.952
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Table S3. Between group differences in BDNF methylation tested using Mann-Whitney U test.

Promoter exon Ia
Average
CpG1
CpG2
CpG3
CpG4
Promoter exon Ib
Average
CpG1
CpG2
CpG3
CpG4
Promoter exon IV
Average
CpG1
CpG2
CpG3
CpG4
CpG5
CpG6
CpG7
Coding region of exon IX
Average
CpG1
CpG2
CpG3
CpG4
CpG5

Control group
Mean rank

MDD group
Mean rank

Group differences
Z
p-value

76.47
76.54
78.28
71.64
74.72

62.57
62.52
61.22
66.17
63.88

-2.035
-2.053
-2.497
-0.801
-2.035

0.042
0.040
0.013
0.423
0.042

68.87
65.44
61.42
72.33
68.82

68.23
70.71
73.61
65.73
68.27

-0.093
-0.770
-1.780
-0.964
-0.082

0.926
0.442
0.075
0.335
0.935

64.23
60.55
69.41
63.97
70.32
68.69
66.72
60.27

69.85
72.49
66.13
70.03
65.47
68.06
68.06
72.69

-0.826
-1.755
-0.483
-0.891
-0.713
-0.300
-0.196
-1.827

0.409
0.079
0.629
0.373
0.476
0.764
0.844
0.068

68.95
62.46
68.91
65.50
69.05
71.39

69.90
74.61
69.93
72.40
69.83
68.13

-0.138
-1.762
-0.147
-1.001
-0.112
-0.472

0.890
0.078
0.883
0.317
0.911
0.637

Table S4. Summary of Spearman correlations between depressive symptoms and BDNF methylation in both
groups and in MDD patients
Both groups (N=138)

MDD group (N=80)

Depression
severity
(HDRS)

Anhedonia
(SHAPS)

Positive
affect
(PANAS)

Negative
affect
(PANAS)

Depression
severity
(HDRS)

Anhedonia
(SHAPS)

Positive
affect
(PANAS)

Negative
affect
(PANAS)

BDNF
methylation
Promoter Ia

-0.160

-0.180*

0.117

-0.198*

-0.061

-0.003

-0.026

-0.043

Promoter Ib

-0.059

-0.177*

0.103

-0.021

-0.150

-0.225*

0.232*

0.042

Promoter I
(average Ia and
Ib)
Promoter IV

-0.086

-0.154

0.094

-0.087

-0.095

-0.084

0.125

0.005

-0.022

-0.015

0.057

0.006

-0.245*

-0.078

0.288*

0.047

Exon IX

-0.048

0.031

0.050

-0.009

-0.050

0.011

0.119

-0.075

HDRS: Hamilton Rating Scale for Depression; PANAS: Positive and Negative Affect Scale; SHAPS: Snaith-Hamilton Pleasure Scale; *p<0.05
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Figure S5. Mediation analysis testing mediating effect of BDNF exon IX on the association between Val66Met
polymorphism and cognitive performance (Digit Span Backward) in the depression group.
Total effect (c) of Val66Met on cognitive performance=16.22, SE=5.67, t=2.86, p=0.0054
Direct effect (c') of Val66Met on cognitive performance=-3.82, SE=13.60, t=-0.28, p=0.7794
Indirect effect (ab) of Val66Met on cognitive performance=20.05, Bootstrapped SE=12.0, Lower
Bootstrapped CI=0.94; Upper Bootstrapped CI=49.37
DNAm: DNA methylation; DS-B: Digit Span Backward
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8

DISCUSSION

The main objective of this PhD project was to investigate epigenetic changes in burnout and
depression. More specifically, we aimed to investigate and compare the underlying epigenetic
mechanisms in burnout and depression, and understand their associations with clinical symptoms
and functional effects reflecting disruption in specific pathways. To achieve these aims, we first
started by conducting a systematic literature review, intended to give an overview of potential gene
candidates that could be of relevance in burnout and depression (Chapter 2). Based on the results
of the review, we selected three genes on which we focused in our clinical studies: NR3C1, SLC6A4
and BDNF. In addition, in order to be able to interpret functional significance of the observed DNA
methylation patterns, we assessed functional measurements of the HPA axis activity (cortisol and
cortisone awakening response in burnout and cortisol response to laboratory stressor in depression)
and studied their link with NR3C1 and SLC6A4 methylation (Chapter 4 and 5). Moreover, to
overcome methodological limitations in cortisol and cortisone quantification, we developed a novel
UPLC-MS/MS method for simultaneous quantification of cortisol and cortisone with high accuracy
and precision (Chapter 3), which we then applied in the burnout study (Chapter 4). In the case of
BDNF gene, we assessed functional measurements of relevance for the BDNF pathway (BDNF
protein levels in burnout and anhedonia, reward learning, and cognitive performance in depression)
and tested their associations with BDNF polymorphism and DNA methylation (Chapter 6 and 7).
In addition, bearing in mind the overlap between burnout and depression, our indirect objective
was also to compare these two phenotypes on epigenetic (DNA methylation) level. However, since
data collection for the burnout study and the depression study took place at different time points,
we were not able to align these two protocols and ensure direct comparability of the DNA
methylation findings without introducing a large number of potential sources of bias. Therefore, we
did not perform direct comparison of absolute DNA methylation levels between patients with
burnout and depression, but each of these groups was compared to the corresponding control
group, recruited at the same time. Nevertheless, we will use the opportunity to do a descriptive
meta-comparison of the obtained findings in burnout and depression here in the Discussion of the
thesis, focusing on similarities and differences in the obtained findings between these two
phenotypes. In addition, an indirect comparison of the main obtained findings regarding DNA
methylation in burnout and depression (relative to the corresponding control groups) is presented
in Table 1.

8.1

Overview of the main findings

We started this research by providing a systematic overview of the literature on DNA methylation
changes in stress, burnout and depression (Chapter 2) (1). To the best of our knowledge, this is the
first and the only literature review that provides any kind of insight into potential DNA methylation
mechanisms in burnout and compares them to those in depression, which is in contrast with a
relatively large number of literature reviews on DNA methylation and epigenetic mechanisms in
general in depression (2) (3) (4) (5) (6) (7). In addition, this review seems to have inspired other
researchers to build their protocols on assessing epigenetic changes in burnout. More specifically,
the published protocol of the largest burnout cohort in Germany – the Dresden Burnout Study
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includes an epigenetic part, in which the authors referred to out literature review when justifying
the choice of genes (8). In our literature review, we also critically discussed the methodological
points that need to be taken into account in DNA methylation analysis, such as the importance of
systematic clinical assessment of burnout and inclusion of covariates, all of which we further applied
in our clinical study on burnout subjects. Furthermore, when discussing the selected number of
target genes of interest (NR3C1, SLC6A4 and BDNF), we also drew preliminary hypotheses on the
expected findings. More specifically, we speculated that DNA methylation patterns of NR3C1 and
BDNF could potentially differ in burnout and depression, whereas DNA methylation patters of
SLC6A4 are most likely shared in these outcomes, all of which were to great extent confirmed in our
clinical studies.
Table 1. Overview of the hypotheses and the main obtained findings regarding DNA methylation of
the target genes in burnout and depression. The findings present the direction of DNA methylation
change (↑ increased, ↓ decreased) observed in the group comparison relative to the corresponding
control group. For NR3C1 and SLC6A4, arrows corresponding to individual CpGs with significant
difference in DNA methylation after Bonferroni correction are marked in bold and individual CpGs
with no observed difference are not presented. For NR3C1, CpG positions with NGFI-A–binding sites
are underlined.
Burnout
group

Depression
group

NR3C1

Burnout
group

Depression
group

SLC6A4

Hypothesis

↓

↑

Findings
Total
average
Amplicon 1
(CpG9-21)
Amplicon 2
(CpG22-29)
Amplicon 3
(CpG30-39)
Amplicon 4
(CpG40-47)
CpG12

Hypothesis

↑

↑

↑

-

-

↓

-

-

↑

-

CpG20
CpG21
CpG30
CpG31

Depression
group

↑

↑

BDNF
↑

↑

Findings
-

Burnout
group
Hypothesis
Findings

Total
average
Amplicon 1
(CpG8-12)
Amplicon 2
(CpG14-22)
Amplicon 3
(CpG23-31)

-

-

Promoter Ia

-

↓

-

↑

Promoter Ib

↑

-

-

-

Promoter IV

↑

-

-

-

Exon IX

-

-

↑

CpG8

↑

↑

-

↑

CpG10

-

↑

↑

-

CpG16

↓

-

↓

-

CpG22

↓

-

↓

-

CpG33

↓

-

CpG34

↓

-

CpG36

↓

-

8.1.1

Main findings regarding epigenetic regulation of BDNF in burnout and depression

As in every research, we obtained some negative findings as well as many positive findings and
interesting associations, some of which are more clear and easy to interpret whereas others being
more complex and not so straightforward. Perhaps the most straightforward findings we obtained
in burnout were those concerning the BDNF pathway. As discussed in Chapter 6, our findings clearly
indicated hypermethylation of the promoter of exon I and IV in subjects with burnout compared to
healthy controls, which was also associated with downregulation of the serum BDNF protein levels
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(9). Apart from the group differences in DNA methylation patterns, BDNF methylation was also
associated with burnout symptoms dimensionally, in the expected direction in line with the
underlying mechanisms, making our findings more convincing. Therefore, our findings provide a
solid basis for understanding of the epigenetic regulation of BDNF in burnout, which needs to be
further explored and replicated in future studies. In addition, we did not observe any role of the
common Val66Met BDNF polymorphism in these associations, indicating absence of genetic
vulnerability at this specific locus, but rather emphasizing the environmental component in BDNF
regulation in burnout. It is generally considered that changes in BDNF signalling induced by chronic
stress contribute to the development of symptoms via their deteriorating effect on hippocampal
neurogenesis (10). This could also be supported by the evidence showing cognitive decline in
burnout patients (11), however we did not directly assess this in our study and therefore more
research is needed to further explore this hypothesis.
Interestingly, these findings are in contrast to what we observed in depression. As presented in
Chapter 7, we observed decreased methylation of promoter of exon I in depressed patients
compared to healthy controls, most likely indicating increased BDNF expression. In addition, our
research was the first to link increased BDNF methylation with anhedonia and reduced reward
learning in depressed patients. More specifically, we observed the effect of both Val66Met and
BDNF methylation on reward learning, whereby the effect of Val66Met was likely indirect, via BDNF
methylation. Even though these findings are novel, they are supported by the literature,
demonstrating the depressogenic and anhedonic effects of BDNF in the mesolimbic reward
circuitries (12) (13) (14). Interestingly, this could be a distinguishing point between burnout and
depression on a biological level. Namely, whereas anhedonia presents one of the core symptoms of
major depression necessary to set the diagnosis (apart from persisting depressed mood), it is not
necessarily present in burnout (15) and is therefore not included as a specific item in self-reported
burnout assessment tools. In fact, clinicians often refer to anhedonia as the core clinical feature that
distinguishes these two phenomena in clinical practice (15). Impaired reward learning, as one of the
three subdomains of anhedonia (in addition to reward liking and reward wanting) is also the core
characteristic of depression (16). Interestingly, in a scoping literature review (17), the authors
introduced the idea that fatigue and anhedonia are followed by changes in distinct biological
pathways. Even though BDNF pathway is not mentioned, the authors refer to dopamine as the
potentially distinctive biological signature, which is closely connected to the BDNF signalling, as we
discussed earlier (18). In addition, we assessed depressive symptoms in our burnout study (Chapter
4 and 6) we observed that even though burnout patients score high on a self-reported depression
scale, the symptoms they report are mainly non-specific somatic-vegetative symptoms, such as loss
of energy, fatigue, changes in sleep pattern, etc. whereas affective depressive symptoms are not
that commonly present in this population, as presented in Chapter 6 (9). In addition, somaticvegetative depressive symptoms correlated more strongly with all burnout dimensions than
cognitive-affective depressive symptoms, as presented in Table 2. Therefore, genotype dependent
decreased BDNF methylation and potentially increasing BDNF signalling (in the mesolimbic
dopaminergic pathway) could be a potentially distinctive methylation pattern in depression, relative
to burnout. Interestingly, the idea that gene-environment interaction in the BDNF pathway could
offer some evidence for biological distinction between burnout and depression was previously
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introduced in a literature review by Orosz et al. (19). Building on our findings, future neuroimaging
studies assessing Val66Met, BDNF methylation and imaging data to assess neural activity in the
mesolimbic dopaminergic circuitry in patients with depression and burnout could provide significant
complementary evidence to further explore this hypothesis.

CONTROL
GROUP

BURNOUT
GROUP

BOTH GROUPS

Table 2. Overview of Pearson correlations between burnout dimensions (measured by MBI-GS) and
depressive symptoms (measured by BDI-II) in the burnout study (Chapter 4 and 6).
Depressive
symptoms

Cognitiveaffective

Somaticvegetative

Exhaustion

0.736**

0.549**

0.772**

Cynicism

0.678**

0.558**

0.684**

Professional
efficacy

-0.424**

-0.395**

-0.401**

Exhaustion

0.416**

0.210

0.492**

Cynicism

0.430**

0.298*

0.453**

Professional
efficacy

-0.365**

-0.305*

-0.348**

Exhaustion

0.382**

0.239

0.404**

Cynicism

0.259*

0.304*

0.201

Professional
efficacy

-0.075

-0.160

-0.014

*p<0.05, **p<0.001

Moreover, we observed the association between Val66Met and BDNF exon IX methylation with
cognitive performance (in the executive domain) in depressed patients. In addition, methylation of
exon IX mediated the effect of polymorphism on cognitive performance. These are novel findings
that provide insight into the molecular mechanisms behind the role of BDNF in cognitive
performance, which was previously suggested in the “neurotrophic hypothesis” of depression (20)
(10). As previously mentioned, this hypothesis highlights the significance of BDNF in stress-induced
neural atrophy and loss, which predominantly occurs in the hippocampal region and is, in its turn,
linked to impaired cognitive performance in mental disorders such as depression. As this hypothesis
suggests BDNF downregulation to be involved in deteriorating effects in this region, our findings are
in line with this, as we observed increased exon IX methylation to be have a negative effect on
cognitive performance and it is also known that exon IX is highly expressed in hippocampus (21).
Interestingly, as mentioned before, we would expect a similar mechanism to take place in burnout,
however we did not observe changes in methylation patterns of exon IX in burnout patients (but
rather exon I and IV). On the other hand, in our depression sample, changes in exon IX were not
visible in the between-group comparisons (depression vs. control) and were not associated with any
other clinical features apart from cognitive performance, which indicates their exclusive effect on
this specific outcome. Unfortunately, we did not assess cognitive performance in our burnout study,
which might have led to overlooking similar findings in exon IX or Val66Met. Future studies assessing
cognitive performance, Val66Met and BDNF methylation of different exons, including exon IX could
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provide more insight into the potential role of this exon in epigenetic mechanisms associated with
cognitive decline in burnout and compare them to those in depression.

Fig. 1. Schematic representation of the main findings on epigenetic regulation of BDNF in burnout and
depression. The figure was created using BioRender (https://biorender.com/).

8.1.2

Main findings regarding epigenetic regulation of the HPA axis in burnout and depression

Before investigating epigenetic regulation of the HPA axis, we set an important methodological step
in Chapter 3, by developing a sensitive and specific UPLC-MS/MS method to quantify salivary
cortisol and cortisone, with improved performance compared to the previous methods (22) (23)
(24). Moreover, the validation study in a healthy sample to test day-to-day variability of cortisol and
cortisone provided important insights into some of the factors that need to be taken into account
when using salivary cortisol and cortisone as stress biomarkers (25). The main one is undoubtedly
the high day-to-day variability of both cortisol and cortisone we observed in our healthy population.
Needless to say, this calls into question the utility of these biomarkers as correlates of chronic stress
conditions such as burnout and therefore our findings in the burnout population (Chapter 4) should
also be interpreted with caution. This high variability could also be the reason why we failed to
identify any differences in CAR between burnout patients and healthy controls, as measurements
performed on a single day might not allow detecting potential differences and repeated measures
on several consecutive days may be necessary. In contrast, we did observe increased morning
salivary cortisone levels in burnout and somewhat lower variability of this compound in our
validation study, which might indicate that more effort should be given to investigating the potential
of cortisone to be used as a surrogate biomarker in stress-related conditions such as burnout (26).
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In addition, we also identified time of awakening as one of the main covariates affecting morning
salivary cortisol and cortisone levels and we applied these findings in our burnout study, by
assessing this covariate in our participants and controlling for it in the statistical analysis. We also
recommend other authors to proceed in a similar fashion when measuring these biomarkers, as we
noted that is often not the case.
Unlike the BDNF findings, the results on epigenetic regulation of the HPA axis in burnout (Chapter
4) are perhaps somewhat less conclusive and more difficult to interpret. The main reason for this is
that we observed bidirectional changes in NR3C1 methylation in the between group comparison
(burnout vs. healthy), which makes it more difficult to hypothesize on the potential effect of these
changes on mRNA expression and GR receptor sensitivity. However, overall, a bigger region of this
gene was hypomethylated in burnout and therefore we may assume that the potential functional
effect of these changes could be increased expression of the GR and the consequent increased
sensitivity of the HPA axis. What could also additionally support this hypothesis is the fact that we
observed a negative association between salivary cortisone levels and the average NR3C1
methylation and a clear increase in cortisone levels in the burnout group. As this is the first study to
provide any data on NR3C1 regulation in burnout, further studies simultaneously assessing NR3C1
methylation, GR sensitivity (for instance, by performing in vitro lysozyme suppression test or cortisol
response to a psychological or pharmacological stressor (27)) and potentially other endpoints such
as inflammatory markers (28) could complement our findings.
Interestingly, these observations are in contrast to what we found in depression. In our study on
depressed patients (Chapter 5), we found uniformly increased methylation of NR3C1 in between
group comparison with the control group. In addition, the fact that we found blunted cortisol
reactivity to a laboratory psychosocial stressor (TSST) in depressed patients and the direct
association between this outcome and the average NR3C1 methylation makes these finding
convincing and sound. Another novel finding in the depression study was the predictive value of the
baseline NR3C1 methylation for symptom improvement at the 8-week follow-up. These findings
could also have potential translational implications, as a lot of effort is being made to identify
biomarkers of treatment resistance in depression, as we already mentioned in the Introduction of
this thesis. However, some important considerations need to be taken into account when
considering epigenetic markers in translational and clinical context, which will be discussed in one
of the following sections (Implications for clinical practice and future perspectives). In addition,
further studies investigating whether these changes are persisting after treatment could provide
important complementary data to help understand whether NR3C1 methylation is a state or a trait
marker (persistent vulnerability factor) in depression. Whereas the bluntness in cortisol response
to stress in depressed patients seems to improve after treatment and therefore most likely
represents a state marker (29), NR3C1 methylation changes were shown to persist after treatment
in some other conditions such as PTSD (30) and could potentially present a trait marker. This seems
worth exploring in future studies.
There could be different interpretations of the observed difference in DNA methylation patterns of
NR3C1 in burnout and depression. First, it is possible that HPA axis dysregulation in burnout and
depression occurs in opposite directions, regardless whether this is a state or a trait feature. A large
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body of previous research supported the idea that stress-induced dysregulation of HPA axis can go
in the direction of hyperactivity in certain phenotypes and hypoactivity in others (31). With this
regard, burnout might be more similar to conditions such as PTSD and CFS, which are characterized
by hypoactive HPA axis. On molecular level, this could involve decreased NR3C1 methylation and
increased NR3C1 expression (and therefore GR sensitivity), which in turn lead to HPA axis
hypoactivity most likely due to enhanced sensitivity to the negative feedback induced by cortisol
(32) (33) (27). Considering the core symptom of CFS is persisting exhaustion and fatigue, the overlap
with burnout regarding this clinical feature is obvious (15) and therefore one of the potential
biological correlates of this overlap could include HPA axis dysregulation in the same direction. The
idea of HPA axis hypersensitivity and hypoactivity in burnout was supported by the first study
demonstrating increased HPA suppression after chemical stressor (dexamethasone) by Pruessner
et al. (34) and another study showing increased GR sensitivity in job related exhaustion (35).
However, some later studies failed to replicate this (36) and therefore more research is needed to
further explore this hypothesis. On the other hand, depression seems to be characterized by
increased NR3C1 methylation, decreased NR3C1 expression and GR sensitivity, which is further
linked to glucocorticoid resistance and the inability of HPA axis to respond to novel stressors
(blunted cortisol response to stress). We can conclude this directly from our findings, but also a
large body of previous research (37). In this sense, depression might be more similar to some other
phenotypes such as anxiety disorders or bipolar disorder (38) (29) when it comes to HPA
dysregulation patterns.
However, another possible reason for the observed findings could be that both burnout and
depression are characterized by increased and decreased HPA axis activity at different stages of
clinical symptom progression and chronicity. Inconclusive findings on daily cortisol levels in both
burnout and depression (37) could be in favour of this hypothesis. Moreover, one of the theories
explaining bluntness of cortisol response to stress in depression suggests that this bluntness is likely
preceded by a prolonged period of increased HPA axis activity, which in later stages of illness and a
more chronic course finally results in glucocorticoid resistance and failure of the HPA axis to respond
to novel stressors (31). A study by Lennartsson et al. (39) suggests a similar pattern in burnout,
showing that participants with more severe burnout had blunted HPA axis response to a
psychological stressor whereas no difference was observed in earlier stages of the syndrome.
However, the study sample was rather small (19 burnout patients and 37 healthy controls) and this
is the only study to demonstrate such findings. Therefore, more research investigating HPA axis
sensitivity in burnout is necessary, taking into account different stages and severity of the syndrome.
Overall, both burnout and depression are somewhat heterogeneous phenotypes and larger studies,
subgrouping participants into different categories based on symptom duration and severity, are
needed to further understand potentially evolving HPA axis dysregulation in these conditions,
including the role of NR3C1 methylation in the underlying molecular mechanisms.
Finally, an interesting discussion point is that we found DNA methylation at the exact the same CpG
position (CpG8) of the SLC6A4 gene to be increased on both burnout and depression and negatively
associated with cortisol levels in both outcomes. Even though one could speculate that it is
questionable whether DNA methylation changes in one particular CpG could be of functional and
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clinical relevance, it is still intriguing that we observed identical changes in both phenotypes. In
addition, the fact that we observed associations between DNA methylation of this CpG with cortisol
awakening response in burnout and cortisol response to stress in depression provides evidence to
consider these changes as functionally relevant and reduces chances that these are simply false
positive findings. As we anticipated in the literature review (Chapter 2), DNA methylation changes
in SLC6A4 seems to be a shared epigenetic mechanism between burnout and depression and
possibly other stress-related phenotypes. As discussed in Chapter 4 and 5, even though DNA
methylation of this gene was extensively studied in the context of psychiatric disorders (40), little is
known on the relevance of these changes for HPA axis dysregulation and therefore our findings are
of added value. The exact mechanisms by which DNA methylation changes in SLC6A4 regulate HPA
axis activity are yet to be elucidated as there are most likely a number of intermediary mechanisms
involved. In addition, it is not clear whether increased SLC6A4 methylation is a cause or a
consequence of cortisol disruption, even though there is some evidence for the latter (41). Future
studies assessing mRNA expression of SLC6A4 or longitudinal studies assessing SL6CA4 methylation
and HPA axis measurements at different time points could provide more clarity.

Fig. 2. Schematic representation of the main findings on epigenetic regulation of the HPA axis in burnout and
depression. The figure was created using BioRender (https://biorender.com/).

8.2 Methodological considerations of DNA methylation analysis
To begin with, DNA methylation of target genes can be approached in two ways: using an
epigenome-wide analysis or using different methods to sequence (parts of) preselected candidategenes, both of which have their advantages and limitations. Epigenome-Wide Association Studies
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(EWAS) are more explorative in nature, as they allow to identify DNA methylation patters in a large
number of genes. More specifically, the most recent version of Illumina Methylation-EPIC, allows to
assess about 850 thousand CpG sites across the whole epigenome (42). However, even this
remarkable number of CpGs represents only less than 5% of the entire epigenome and therefore
the majority of it still remains unexplored. Epigenome-wide approach can be used as a first
screening step to identify potential biomarkers that are worth further exploration using targeted
approaches. However, this technology is very expensive and requires specific expertise to conduct
pre-processing and bioinformatics analysis. In addition, it requires big sample sizes with enough
statistical power to perform the huge number of comparisons and conducting these analyses with
smaller sample sizes is risky in terms of cost-effectiveness. Finally, epigenome-wide analysis allow
identification of pathways involving genes that are differentially methylated, however if the link
between these pathways and the clinical phenotype we are testing is not clear, the interpretation
and clinical relevance of such findings becomes questionable (43). Therefore, we decided to use the
targeted approach in our studies, applying the pyrosequencing technique (44) to sequence our
genes of interest, i.e. those that are involved in pathways of potential relevance for burnout and
depression. Pyrosequencing is an accurate and currently the most sensitive method to
quantitatively measure DNA methylation in single CpG sites in a selected region and is therefore
widely used for targeted sequencing and hypothesis-driven approach (45). It allows the precise
characterisation of DNA methylation patterns of a target region, but on the other hand it can only
sequence about 100-150 base pairs per analysis, which commonly covers a maximum of 20-25 CpG
sites. In case one is interested in sequencing a larger gene region, several assays can be designed to
cover these regions through multiple analyses, which is what we did in our studies. We also carefully
selected our target genes of interest, based on the literature review (1) (Chapter 2) and we further
determined specific regions of interest within these genes, based on their functional relevance for
the gene expression, if this was known. In case no information was available in the literature on the
specifically relevant gene regions (e.g. those overlapping with transcription factor binding sites), we
focused on the promoter CpG islands, which are in general shown to affect gene expression (46).
One of the unavoidable discussion points in stress epigenetics is the tissue relevance. Since the focus
of this thesis was to assess epigenetic changes related to mental health outcomes, one could argue
whether DNA methylation patterns assessed in peripheral tissues accurately reflect what occurs in
the brain as DNA methylation occurs in a tissue-specific manner (47). However, due to ethical
reasons, peripheral sources of DNA such as blood or saliva are commonly used in human studies.
Consequently, we should be cautious when interpreting these results and making conclusions about
what happens in the brain. However, in recent years, studies on post-mortem brain tissues provided
some important insights on the possibilities to use these tissues as surrogates. Conclusions of these
studies are mixed as some reported weak brain-blood associations in DNA methylation patterns for
most of the genome (48) while other showed that intra-tissue correlations can substantially differ
across different genes and even different gene regions (49). Namely, a study by Davies et al. (49)
demonstrated that brain-blood correlations are highly dependent on the gene region, with
intragenic CpG islands and low CpG density promoters showing the highest inter-individual
variability whereas the promoter regions rich with densely packed CpG islands were the most
conserved across these tissues. These findings support the utility of blood DNA methylation patters

168 | Chapter 8, Discussion
analysed in this thesis, as almost all regions we assessed were high CpG density promoter regions,
with the exception of exon IX of BDNF. Similar conclusions were derived from the only study in live
participants focusing on genes relevant for psychiatric research (50). In this study, brain methylation
levels were compared to those in blood, saliva and buccal swab of patients with medically
intractable epilepsy undergoing brain resection. Results showed that promoter regions were the
least variable and that within-subject correlation of DNA methylation patterns with the ones in the
brain was higher in blood compared to saliva and buccal swab. Therefore, these findings altogether
support the idea that blood DNA methylation patterns can likely reflect the brain patterns. We
suggest future studies performing this kind of comparison to apply targeted, gene-specific approach
assessing correlations over larger regions of CpG rich promoters of the genes relevant for psychiatric
research, which could give valuable input for future research in this field. It is also important to
mention that the effects of stress are systemic and extend far beyond the brain and central nervous
system and looking at peripheral sources of DNA methylation could thus have added value in this
context. For instance, the effects of HPA axis are exhibited through the release of cortisol in
peripheral circulation and therefore assessing DNA methylation of the glucocorticoid receptor gene
(NR3C1) using peripheral DNA sources is certainly of great interest for stress research.

8.3

Strengths and limitations of the present research

Apart from specific strength and limitations we pointed out in each Chapter, some more general
ones are important to take into account when interpreting the overall findings of this thesis. One of
the main strengths of our burnout clinical study is a good characterisation of the burnout sample.
Namely, inconsistency in how burnout is assessed is repeatedly pointed out as one of the main
limitations of biological research in this field (51) (52) (37). In addition, most previous studies
investigating burnout biomarkers relied on self-reported tools, such as MBI to classify participants
into those having burnout and healthy controls. Even though MBI is still the most commonly used
self-reported assessment tools for burnout, MBI was developed for research purposes and was
never intended to be used in clinical practice to identify burnout cases (53). In fact, Maslach (the
MBI author) strongly advised against using a unitary construct combining the three dimensions
(exhaustion, cynicism and professional efficacy) as she pointed out the importance of the
multidimensionality of the syndrome (54). Still, there is a strong tendency in the research
community to use these kinds of unitary constructs to distinguish burned-out from nonburned-out
subjects (55). When doing so, researchers mainly used normative cut-offs derived from the
questionnaire manual, however, this is problematic since these cut-offs are built based on a healthy
sample of workers, and therefore they most likely lead to overestimation of burnout cases.
Moreover, there is also inconsistency in the principles used to combine the scores from the three
dimensions. Namely, whereas some researchers use more strict criteria, requiring participants to
have both high scores on the exhaustion and cynicism dimensions in combination with low
professional efficacy, other researchers apply the “exhaustion + 1” rule whereby high exhaustion in
combination with high depersonalization or low professional efficacy is enough to categorize the
participants as burned-out (56). Therefore, we tried to overcome these limitations by designing a
more strict protocol for inclusion of participants, which included both clinical assessment by an
expert (psychologist) as well as self-reported data. As explained in the method sections of Chapter
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4 and 6, we performed two rounds of rigorous selection of participants in order to make our burnout
sample as homogeneous as possible. This included a first round of screening, where only
participants with burnout diagnosis set by a physician or a psychologist and without comorbidity
were invited for a clinical interview. The clinical interview was based on Dutch practice guidelines
for managing adjustment disorders in occupational and primary health care (57) and was also used
to exclude psychiatric comorbidity. To the best of our knowledge, there are no validity studies on
the use of these guidelines (i.e. studies on the inter-rater agreement) nor was this performed within
the scope of this thesis, which could be considered as a limitation. However, these guidelines are
sanctioned by the Royal Dutch Medical Association and are considered state-of-the-art. In addition,
assessment by using both clinical interview and self-reported assessment tools (MBI) allowed us to
apply both categorical approach (between-group comparisons) as well as dimensional approach
(testing correlations with self-reported burnout dimensions) in all our analyses.
Next, the moderate sample sizes obtained in both the burnout and the depression study allowed us
to ensure enough power to investigate even subtle differences in DNA methylation of target genes
(observed effect sizes for the burnout and the depression study presented in Table 3 and Table 4,
respectively). In total, we included 129 participants in the burnout study (59 with burnout and 70
healthy controls) and 138 participants in the depression study (80 depressed patients and 58
healthy controls), which are relatively big sample sizes compared to previous studies with similar
designs (1). In addition, the sample size for the burnout study was estimated based on a power
calculation targeting DNA methylation as the outcome. It is important to mention that performing
a very precise power calculation was difficult since there were no available data on the expected
variability of gene-specific DNA methylation in the burnout population, due to the lack of research.
As this is the main component to perform power calculation for a cross-sectional study like ours
(58), we performed an estimation of this variability based on studies done in depressed patients
using the same genes we targeted in our study (59) (60) (61) (62). Therefore, we believe that the
sample size estimated this way minimized the chances of obtaining false negative findings regarding
DNA methylation (which was our primary outcome of interest), although we cannot claim the same
for other outcomes with higher variability (such as cortisol and serum BDNF protein levels), for
which the analyses might have been underpowered. In addition, we used the observed variance in
our studies (mean DNA methylation and standard deviations) to estimate optimal sample sizes for
future studies (Table 3 and 4).

170 | Chapter 8, Discussion
Table 3. Observed variance (mean and SD) in the burnout study, effect sizes and the estimated
sample size necessary to obtain power of 0.8 with the significance level 0.05. Estimation was
performed using G*Power software.

Region
NR3C1
Amplicon 1
Amplicon 3
CpG21
CpG30
SLC6A4
CpG8
CpG16
CpG22
BDNF
Promoter Ia
Promoter Ib
Promoter IV

Control group
Mean
SD

Burnout group
Mean
SD

Estimations
Effect size d
Sample size per
group

1.499
3.999
1.045
2.337

0.350
1.426
0.587
1.289

1.718
3.257
1.652
1.813

0.764
1.134
1.129
0.765

0.369
0.576
0.675
0.494

123
51
38
69

1.436
5.561
2.519

0.548
1.969
0.908

1.769
4.789
2.065

0.810
1.466
0.565

0.482
0.445
0.600

72
85
47

3.442
4.877
3.648

1.122
1.031
0.540

3.710
5.423
4.014

1.094
1.060
0.632

0.241
0.522
0.623

283
62
44

Table 4. Observed variance (mean and SD) in the depression study, effect sizes and the estimated
sample size necessary to obtain power of 0.8 with the significance level 0.05. Estimation was
performed using G*Power software.

Region
NR3C1
Total average
Amplicon 1
Amplicon 4
CpG12
SLC6A4
Total average
Amplicon 1
CpG8
CpG10
BDNF
Promoter Ia

Control group
Mean
SD

Depression group
Mean
SD

Estimations
Effect size d
Sample size per
group

1.533
0.975
1.275
1.435

0.239
0.389
0.335
0.738

1.606
1.023
1.290
1.622

0.192
0.204
0.125
0.504

0.337
0.155
0.059
0.296

146
690
4672
189

2.117
2.173
1.108
3.215

0.238
0.567
0.279
1.867

2.162
2.418
1.344
4.040

0.293
0.753
0.557
1.384

0.189
1.133
0.536
0.502

463
14
59
67

3.448

0.792

3.152

0.820

0.367

123

What could also be considered as one of the strengths is the fact that we tried to not only purely
identify DNA methylation patterns in our outcomes of interest, but also understand their functional
effects. We believe this to be a very important aspect of epigenetic research, as the question of
potential functional and clinical relevance of the observed DNA methylation difference is often
being posed (63). In addition, as phenotypes in mental health and psychiatric research are mostly
heterogeneous and there is a certain overlap in diagnostic categories, it is essential to go beyond
between-group comparisons of DNA methylation patters (which sometimes give inconsistent
results) and to try to identify specific clinical and functional outcomes of relevance for the identified
changes, which might extend beyond diagnostic categories. To get this kind of a more coherent
picture, when investigating BDNF methylation patterns in burnout, we also assessed the common
polymorphism (Val66Met) and the serum BDNF protein levels, in addition to clinical assessment.
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Even though the effect of genetics on DNA methylation is quite well established (64), it is still not
that common that researches assess these two levels of regulation in the same study. In the
depression study, where pure cross-sectional studies investigating BDNF methylation were already
performed, we measured the interaction with Val66Met and specific clinical outcomes of relevance
for the BDNF-related pathways: anhedonia and reward learning and cognitive performance.
Similarly, when assessing methylation of NR3C1 and SLC6A4, we also performed functional
measurements of the HPA axis activity (CAR in burnout and cortisol response to stress in
depression), which gave us important insights into the functional relevance of the observed DNA
methylation changes in these genes. In addition, we believe this approach partially compensated
for the absence of mRNA measurements in out studies, which is one of the limitations worth
mentioning. Assessment of mRNA expression of the target genes would be of added value for our
findings, as it would add another layer of understanding to the whole picture. However, we believe
that we partially compensated for this limitation by including the other mentioned clinical and
functional measurements, which allowed us to directly interpret the functional relevance of the
observed changes on the epigenetic level.
Another methodological strength of our study is the fact that we accounted for blood cell count
when testing association between DNA methylation and other outcomes. We used whole blood as
a source of DNA, which contains material from several types of white blood cells (leucocytes), as
well as free-circulating DNA. Assessing DNA methylation using whole blood derived DNA involves
measuring DNA methylation patterns from all these multiple sources of DNA. The absolute number
of leucocytes or differences in proportion of one specific leucocyte subtype can thus contribute to
variability in DNA methylation. For this reason, some researchers choose to assess DNA methylation
profiles from one single cell type, however this approach has its limitations as well. Namely, unless
we have enough evidence to believe that a specific cell type is relevant for a given clinical outcome,
we could risk missing important findings. Therefore, we have decided to use whole blood derived
DNA for our methylation analysis and perform blood cell count, which we included as a covariate in
our analyses, according to recommendations for gene-specific analyses (73). More precisely, this is
the approach we applied in the burnout study (Chapter 4 and 6) for which the protocol was designed
within this thesis. We consider this an important strength of this study, as most gene-specific studies
still do not account for this even though cell count was repeatedly shown to impact DNA
methylation (74) and we have confirmed this in our study. For the study on depressed patients
(Chapter 5 and 7), the protocol development and data collection were performed prior to this
thesis, as part of another project and blood cell count was not performed, which is a limitation of
this study. We recommend all future studies to perform blood cell count and take this into account
in the analyses to obtain more reliable findings.
When discussing covariates that could affect DNA methylation, it is worth mentioning that we had
a significant difference in age between our burnout and control subjects in the burnout study
(Chapter 4 and 6). Bearing in mind the potential effect of age on DNA methylation, our initial
intention was to match the age between the groups as close as possible, but this was not achieved.
However, we did include age as a covariate in the between-group comparison of DNA methylation
levels of all target genes both in Chapter 4 and 6 in order to control for this effect.
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Finally, an important limitation to be taken into account when interpreting the outcomes of our
work is the cross-sectional design of our clinical studies. Namely, in both the burnout and the
depression study, biological samples for epigenetic analyses of patients and controls were collected
at one time point. The depression study was longitudinal in its design for the clinical part and other
outcomes that were not analysed as part of this PhD project. In other words, the DNA samples and
the epigenetic analyses were performed only at the baseline even though we did test their
predictive potential for symptom improvement at the 8-week follow-up (Chapter 5). However, DNA
samples were not collected at the follow-up and therefore we could not make any conclusions on
the potential changes in DNA methylation patters after treatment, which would certainly be of
added value (65) (66). It is thus important to emphasize that the results we presented in Chapters
4 to 7 provide information on the association between DNA methylation changes and other
outcomes of interest but cannot be used to make any conclusions about causality. More specifically,
we cannot be sure when in the process of burnout and depression development and progress do
the identified DNA methylation changes occur and whether they are subjected to further evolution
or reversal as the symptoms improve or worsen. Further longitudinal studies are necessary to better
understand these aspects, on which we certainly lack knowledge, particularly in the case of burnout.
That being said, it would be particularly insightful to obtain more information on the evolution of
DNA methylation patterns in workers exposed to high levels of job stress, by following them up over
time and looking at these patters as burnout develops. In addition, longitudinal studies following up
burnout patients during recovery would provide more insight into stability and the potential
reversibility of these DNA methylation patterns.

8.4 Diagnostic categories vs. transdiagnostic approach in mental health
In recent years, great efforts have been invested in biological research aimed at investigating
diagnostic biomarkers of mental disorders. However, the question of specificity of biomarkers in
this field is inevitably linked to the discussion on the specificity of diagnostic categories in mental
health and psychiatry. Since its formulation, the Diagnostic and Statistical Manual of Mental
Disorders (DSM) has been criticized from different angles, mainly due to the fact that the diagnostic
categories are formulated on the basis of clinical phenomenological work, which resulted in a
discrepancy between these diagnostic categories and the etiological, pathophysiological and
phenotypic complexity of psychiatric disorders (67). In other words, the diagnostic categories are
criticized for not being empirically rooted and not being distinguishable enough to form clear
independent entities (68). Not surprisingly, an increasing amount of biological research did not
seem to support the idea of pathophysiological specificity of these categories, but rather on
contrary, it proved that most biological vulnerability factors are shared among different mental
disorders and cross diagnostic categories. For instance, genome-wide studies showed major overlap
in the genetic risk factors for adult-onset psychiatric disorders (69). Concerning epigenetics, this
perhaps seems as a more promising avenue, as epigenetic changes reflect interaction between
genetics and environment. However, research also shows that some epigenetic patters are shared
across diagnostic categories (70) (71). In fact, some of our results also support this, as we observed
the same changes in SLC6A4 methylation in burnout and depression, which are this most likely a
shared epigenetic mechanism between these two, but also other phenotypes (40). Instead, what
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could be (more) specific for certain epigenetic patters is their link to particular functional correlates
(for instance, anhedonia and reward learning for BDNF, as we observed in Chapter 7). In other
words, it is more likely that specific symptoms, clusters of symptoms and functional outcomes,
shared across diagnostic categories, are reflected in common biological mechanisms. This idea is
the core of transdiagnostic approach for investigating mental diseases, recently introduced with the
idea of developing, for research purposes, new ways of classifying mental disorders based on
dimensions of observable behaviour and neurobiological measures (72). This approach was further
implemented by several large-scale studies aimed at identifying biological and epigenetic patterns
linked to specific transdiagnostic behavioural outcomes (73) or identification of specific biological
endophenotypes within certain diagnostic categories, such as depression (74).
As discussed in the introduction of this thesis, burnout is not (yet) classified as a mental disorder
and it is therefore not included in the DSM, but is officially recognized as an occupational health
phenomenon in the International Classification of Diseases (ICD). Bearing in mind the vagueness
around the definition and assessment of this phenomenon, not surprisingly, whether burnout
should be recognized as a (mental) disorder or be classified as any kind of diagnostic category has
also been a subject of controversy. In addition to the already mentioned issues common for all
mental diseases, the question of burnout status is additionally sensitive due to its occupational
health implications. In other words, determining the status of burnout is directly reflected on the
possibility to get a compensation for sick leave and therefore also has an impact on employers. For
instance, before burnout was established as a work-related disease in Belgium, patients were often
diagnosed with “work-related depression” to get a sick leave certificate. However, the therapeutic
approach towards burnout and depression is different, and therefore introducing such terms might
cause confusion in terms of treatment approaches. In other words, diagnostic categories have much
broader implications than purely naming the problem (68). They are the pillar on which our
healthcare systems works and we will have to carefully rethink which steps need to be taken in
order for a more transdiagnostic approach to be implemented in clinical practice, if this is to happen
in the future. On the other hand, one should indeed be careful not to medicalise burnout, which in
turn puts on the responsibility on the individual, whereas burnout clearly has an essential
organizational component. Therefore, with all the respect to the biological research on burnout, we
should not forget that this is just one lens through which we can observe and characterize this
phenomenon, but other layers of it, such as psychological, organizational and societal are at least
as equally important. It is only through an integrative approach, including a better understanding of
all these aspects of burnout that we can contribute to reducing its burden. The same stands for
depression.

8.5

Implications for clinical practice and future perspectives

Throughout this project, the most common question coming from general audience when we
presented our results was whether we are able to identify burnout by analysing persons’ DNA. The
current answer is obviously “no”, but we believe it is important to discuss potential translational
aspects of our research, although some of it was already elaborated through previous discussion
points.
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In the context of burnout, biomarkers could help better characterise this phenomenon, and this is
the assumption we introduced in the beginning of this thesis. We often hear in clinical practice or
in the media that some people, including employers “do not believe” in burnout. We believe that
the results such as those obtained here can have an important contribution in acclaiming this
phenomenon (without necessarily calling it a disease) by showing that it is reflected in disruption of
biological (epigenetic) processes occurring in our body. In addition, some of the findings presented
in this thesis (BDNF methylation patterns in anhedonia and reward learning) are an interesting
starting point for identifying biological mechanisms differing in burnout and depression. Finally,
epigenetic markers could have an implication for screening of workers with high risk of developing
burnout. However, bearing in mind the costs of epigenetic analysis, in order for this to be costefficient and reasonable, these biomarkers would be expected to provide more information than
the existing self-reported screening tools, which are far more simple and less expensive to use.
Nevertheless, this might not be so unrealistic. We do know that burnout develops over a long period
of time, which means that employees often push themselves far beyond their limits and ignore early
warning signs and symptoms. Therefore, perhaps feedback in the form of biological warning signals
would be more effective in making people aware (both employees and employers) that it is time to
take the necessary action before falling into a severe burnout. In order for any of this applications
to become more realistic, we first need to have more data from longitudinal studies, which would
give us insight into stability and reversibility of the epigenetic patterns. More specifically, studies
following workers exposed to high stress and those following workers with burnout during recovery
would be of particular interest and added value, as we mentioned before. Moreover, these studies
would provide more insight into the within-person evaluation of DNA methylation patters, which
could have additional translational potential in predicting evolution of symptoms.
Discussion on translation implication of epigenetic biomarkers cannot go without mentioning
development of epigenetic pharmacotherapy (75). DNA methyltransferase inhibitors targeting the
whole epigenome have already been recognized in the context of cancer treatment, however
targeted gene-specific approaches are more likely to be of relevance for mental health.
Interestingly, one such approach (CRISPR‐dCas9) has recently been proposed and was shown to
induce long‐lasting targeted changes in DNA methylation (including BDNF) in vitro and in vivo in
rodents (76) (77) (78). This approach relies on its long‐lasting, albeit reversible, action thus possibly
limiting chronic or repeated administration in patients. In addition, novel approaches using natural
or synthetic carrier nanoparticles are aimed at overcoming the tissue-specificity limitation, by
delivering the epimodifier to the central nervous system (79). No matter how promising and
appealing, this research is still in its initial stage and time will show whether the enthusiasm around
it was justified.
Despite all the enthusiasm around the possible translational relevance of epigenetic biomarkers,
there are still numerous technical and methodological considerations and limitation that need to be
dealt with before this gets closer to reality. Most of this considerations were already discussed in
the previous sections of the discussion. Apart from these, a couple of others deserve to be
mentioned. The first one is related to technical challenges concerning pyrosequencing analyses,
including reproducibility and sensitivity. As presented in the results of this thesis, most of the
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changes in DNA methylation we identified are small differences in methylation % - below 5%, which
therefore require very high sensitivity and reproducibility in order to be sure that we observe is not
a variability artefact (80). As mentioned before, pyrosequencing is currently the most sensitive
technique and is therefore considered the method of choice to detect these small differences in
DNA methylation, however epigenetics is a fast evolving field and it is possible that we will dispose
of improved techniques in the near future that will allow even more sensitive detection of such DNA
methylation patterns. Concerning reproducibility, we performed reproducibility analysis using
random triplicates and observed small variability (9), which supports the validity of our findings.
However, the variability can also differ between the target genes and therefore there is certainly
still room for improvement, which will hopefully be achieved by introducing novel techniques.
Finally, even though our results point out the relevance of gene-specific DNA methylation changes
for phenotypes such as burnout and depression, the observed size effects are mostly small,
indicating that they explain small portion of variability of the analysed outcomes. Even though these
small changes were previously shown to significantly affect gene expression and we also
demonstrated their importance for different functional outcomes, it is certain that these processes
are not isolated and that they most likely act in synergy with other epigenetic and biological
changes. Therefore, the future perhaps lies in simultaneous assessment of different epigenetic
markers – including DNA methylation in multiple genes but also other epigenetic marks such as
histone modifications and microRNAs in combination with different proteins (such as serum BDNF,
inflammatory markers, etc.), which could allow us to obtain bigger effect sizes and a more
comprehensive set of biomarkers. The genetic-epigenetic interaction adds on another layer of
complexity as these two can in an additive manner, in synergy, or through mediation process.
Therefore, taking into account the genetic-epigenetic interplay when assessing target genes (such
as BDNF Val66Met and BDNF methylation of different exons) should be a mandatory step.
Application of more sophisticated statistical methods and artificial intelligence in future studies
might provide novel approaches towards assessing more complex sets of biomarkers in burnout and
depression in an integrative way, which is certainly necessary to further understand these complex
phenotypes and eventually reduce their medical and socio-economic burden. We hope that this
thesis is one piece of this puzzle.
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Summary
Burnout and depression present some of the main public health and socio-economic burdens in the
modern society. Burnout also overlaps with depression, which hinders its clinical assessment.
Despite an increasing amount of research on burnout, our knowledge on biological mechanisms in
burnout remains scarce, as well as its comparison to depression on this level. Recently, epigenetics
has emerged as the key mechanism by which environment and genetics interact, however no
studies were conducted to test the relevance of epigenetics for burnout. In contrast, epigenetic
mechanisms in depression have been somewhat studied, however often without simultaneous
assessment of their functional effects. Therefore, the main objective of this PhD project was to
investigate and compare DNA methylation changes, as one of the main epigenetic mechanisms, in
burnout and depression.
To achieve this, first we conducted a systematic literature review (Chapter 2) in order to gain more
insight into potentially significant genes and pathways on which we could further focus in our clinical
studies. Based on the outcomes of Chapter 2, we made a selection of genes on which we focused in
the clinical studies: the glucocorticoid receptor gene (NR3C1), the serotonin transporter gene
(SLC6A4) and the brain-derived neurotrophic factor gene (BDNF).
In Chapter 3, we developed a sensitive and specific UPLC-MS/MS method for the simultaneous
identification and quantification of salivary cortisol and cortisone, with improved performance
compared to the previous methods. In addition, we assessed the impact of different covariates and
the temporal variability of these hormones in healthy individuals over 1 week. We concluded that
both cortisol and cortisone show high day-to-day variability and we identified the main covariates
affecting their fluctuations. This method was applied to quantify salivary cortisol and cortisone in
Chapter 4 and the covariates were included in the statistical models in this chapter.
Chapters 4-7 were based on two clinical studies: a cross-sectional study on subjects with burnout
and healthy controls and a longitudinal study on depressed patients and healthy controls. In Chapter
4 and 5, we investigated DNA methylation patters of stress-related genes (NR3C1 and SLC6A4) in
burnout (Chapter 4) and depression (Chapter 5), together with functional measurements of the
(hypothalamic pituitary adrenal) HPA axis (cortisol and cortisone). In Chapter 4, we observed overall
decreased NR3C1 methylation in burnout patients compared to healthy controls, indicating
potentially increased expression and the overall increased sensitivity of the HPA axis in burnout.
What could also support this hypothesis is the fact that we observed a negative association between
salivary cortisone levels and the average NR3C1 methylation and a clear increase in cortisone levels
in the burnout group.
In contrast, in Chapter 5, we observed uniformly increased methylation of NR3C1 in depressed
patients, compared to the control group. In addition, we found blunted cortisol reactivity to a
laboratory psychosocial stressor in depressed patients and the direct association between this
outcome and the average NR3C1 methylation, which makes these finding convincing and sound.
Another novel finding in this study was the predictive value of the baseline NR3C1 methylation for
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symptom improvement at the 8-week follow-up, which could also have potential translational
implications, as a lot of effort is being made to identify biomarkers of treatment resistance in
depression. Finally, an interesting observation is that we found DNA methylation at the exact same
CpG position (CpG8, chr17:4835) of the SLC6A4 gene to be increased in both burnout and
depression and negatively associated with cortisol levels in both outcomes, indicating potentially
shared epigenetic mechanism between these two phenotypes.
In Chapter 6 and 7, we focused on elucidating the role of BDNF methylation in burnout (Chapter 6)
and depression (Chapter 7). In Chapter 6, we assessed a common polymorphism in the BDNF gene
(Val66Met), DNA methylation of different BDNF regions and serum levels of the BDNF protein in
subjects in burnout and healthy controls. We observed hypermethylation of the BDNF promoter of
exon I and IV in subjects with burnout compared to healthy controls, which was also associated with
downregulation of the serum BDNF protein levels and was associated with burnout symptoms
dimensionally. We did not observe any role of the common BDNF polymorphism in these
associations, indicating absence of genetic vulnerability at this specific locus, but rather emphasizing
the environmental component in BDNF regulation in burnout.
In Chapter 7, we assessed the common polymorphism in the BDNF gene and DNA methylation of
different BDNF regions in depression, focusing on two specific outcomes that play an important role
in the BDNF pathway: 1) anhedonia and reward learning and 2) cognitive performance.
Interestingly, we observed decreased methylation of BDNF promoter I in depressed patients
compared to healthy controls, which is opposite to what we found in burnout. Moreover, we
observed an association between both BDNF polymorphism and DNA methylation and impaired
reward learning. This could be a distinguishing point between burnout and depression on a
biological level, indicating that BDNF upregulation might be more specific for depression,
particularly with regard to pathways involved in anhedonia and reward learning, which are not
necessarily impaired in burnout. Finally, we observed the association between the BDNF
polymorphism and cognitive performance (in the executive domain) in depressed patients, which
was mediated by methylation of exon IX. This indicates that exon-specific epigenetic regulation
BDNF might play a different role when it comes to different functional outcomes (anhedonia vs.
cognitive performance) in depression.
To conclude, we observed DNA methylation changes in stress-related genes in burnout and
depression, which had functional effects on the BDNF pathway and HPA axis functioning. Some
identified patterns seem to be shared between these two phenotypes (SLC6A4 methylation),
whereas other were changed in opposite direction (BDNF and NR3C1). Future replication studies on
larger samples and longitudinal studies to better understand the evolution of these epigenetic
patterns over time and in different stages of symptom progression and recovery are necessary to
deepen the knowledge on this topic and understand its potential translational utility.
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Samenvatting
Burn-out en depressie vormen enkele van de belangrijkste volksgezondheids- en socio-economische
uitdagingen in onze moderne samenleving. Burn-out overlapt ook met depressie, wat de klinische
evaluatie bemoeilijkt. Ondanks het groeiend onderzoek naar burn-out, blijf onze kennis over
achterliggende biologische mechanismen beperkt, evenals de vergelijking met depressie. Recent
wordt epigenetica beschouwd als één van de belangrijkste mechanismes waarbij omgeving en
genetica met elkaar interageren. Tot op heden zijn er immers amper studies uitgevoerd naar
epigenetische veranderingen in burn-out. Daarentegen zijn epigenetische mechanismen bij
depressie enigszins bestudeerd, maar vaak zonder gelijktijdige beoordeling van hun functionele
effecten. Daarentegen zijn epigenetische mechanismen bij depressie enigszins bestudeerd, maar
vaak zonder gelijktijdige beoordeling van hun functionele effecten. Daarom was het hoofddoel van
dit doctoraatsproject om de epigenetische veranderingen in burn-out en depressie te onderzoeken
en vergelijken.
Hiervoor hebben we eerst een systematische literatuurstudie uitgevoerd (Hoofdstuk 2) om meer
inzicht te krijgen in mogelijk significante genen en pathways waarop we ons verder kunnen
concentreren in de klinische studies. Op basis van de uitkomsten van Hoofdstuk 2 hebben we een
selectie gemaakt van genen waarop we ons hebben gericht in de klinische studies: het
glucocorticoid receptorgen (NR3C1), het serotonine transportergen (SLC6A4) en het brain-derived
neurotrophic factorgen (BDNF).
In Hoofdstuk 3 hebben we een gevoelige en specifieke UPLC/MS-MS-methode ontwikkeld voor de
gelijktijdige identificatie en kwantificering van speekselcortisol en cortisone, met verbeterde
prestaties in vergelijking met de vorige methoden. Daarnaast hebben we de impact van
verschillende covariaten en de temporele variabiliteit van deze hormonen bij gezonde individuen
gedurende 1 week beoordeeld. We concludeerden dat zowel cortisol als cortisone een hoge
dagelijkse variabiliteit vertonen en we identificeerden de belangrijkste covariaten die zorgen voor
fluctuaties. Deze methode werd toegepast om cortisol en cortisone in het speeksel te kwantificeren
in Hoofdstuk 4 en de covariaten werden opgenomen in de statistische modellen in dit hoofdstuk.
De Hoofdstukken 4-7 waren gebaseerd op twee klinische studies: een cross-sectionele studie bij
proefpersonen met burn-out en gezonde controles en een longitudinale studie bij depressieve
patiënten en gezonde controles. In Hoofdstuk 4 en 5 onderzochten we DNA-methylatiepatronen
van stressgerelateerde genen (NR3C1 en SLC6A4) bij burn-out (Hoofdstuk 4) en depressie
(Hoofdstuk 5), samen met functionele metingen van de hypothalamus hypofyse bijnier (HPA-) as
(cortisol en cortisone). In Hoofdstuk 4 hebben we een algehele verminderde NR3C1-methylatie
ontdekt bij burn-outpatiënten in vergelijking met gezonde controles, wat wijst op een mogelijk
verhoogde expressie en de algehele verhoogde gevoeligheid van de HPA-as bij burn-out. Wat deze
hypothese ook zou kunnen ondersteunen, is het feit dat we een negatief verband hebben
waargenomen tussen speeksel cortisoneniveaus en de gemiddelde NR3C1-methylering en een
duidelijke toename van cortisoneniveaus in de burn-outgroep.
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Daarentegen hebben we in Hoofdstuk 5 een uniform verhoogde methylatie van NR3C1 gevonden
bij depressieve patiënten in vergelijking met de controlegroep. Bovendien was er verminderde
cortisolreactiviteit op een psychosociale stressfactor in het laboratorium bij depressieve patiënten
gevonden en het directe verband tussen deze uitslag en de gemiddelde NR3C1-methylatie, wat deze
bevinding overtuigend en solide maakt. Een andere nieuwe bevinding in deze studie was de
voorspellende waarde van de NR3C1-methylatie bij baseline voor symptoomverbetering bij de
follow-up van 8 weken, wat ook potentiële translationele implicaties zou kunnen hebben, aangezien
er veel wordt gedaan om biomarkers van behandelingsresistentie te identificeren bij depressie. Ten
slotte is een interessante observatie dat we een verhoogde DNA-methylatie op exact dezelfde CpGpositie (CpG8, chr17:4835) van het SLC6A4-gen vonden bij zowel burn-out als depressie, die negatief
geassocieerd werd met cortisol niveaus in beide uitkomsten, wat wijst op mogelijk gedeelde
epigenetische mechanismen tussen deze twee fenotypes.
In Hoofdstuk 6 en 7 leggen we de focus op het toelichten van de rol van BDNF-methylatie bij burnout (Hoofdstuk 6) en depressie (Hoofdstuk 7). In Hoofdstuk 6 hebben we een algemeen
polymorfisme in het BDNF-gen (Val66Met), DNA-methylatie van verschillende BDNF-regio's en
serum niveaus van het BDNF-eiwit bij personen met burn-out en gezonde controles onderzocht. We
toonden hypermethylatie van de BDNF-promotor van exon I en IV bij personen met burn-out in
vergelijking met gezonde controles aan, wat ook werd geassocieerd met downregulatie van de
BDNF-eiwitniveaus in serum en werd geassocieerd met burn-out symptomen. We hebben geen rol
van het gewone BDNF-polymorfisme in deze associaties gevonden, wat wijst op de afwezigheid van
genetische kwetsbaarheid op deze specifieke locus, maar eerder op de invloed van
omgevingscomponent in BDNF-regulatie bij burn-out.
In Hoofdstuk 7 hebben we het algemeen polymorfisme in het BDNF-gen en DNA-methylatie van
verschillende BDNF-regio’s onderzocht bij depressie, met focus op twee specifieke uitkomsten die
een belangrijke rol spelen in het BDNF-pad: 1) anhedonie en beloningsgevoelig leergedrag en 2)
cognitieve prestaties. Interessant genoeg hebben we een verminderde methylatie van BDNFpromotor I gevonden bij depressieve patiënten in vergelijking met gezonde controles, wat
tegengesteld is met onze bevindingen in burn-out. Bovendien werd er assotiatie gevonden tussen
zowel BNDF-polymorfisme als BDNF-methylatie en verminderd beloningsgevoelig leergedrag. Dit
zou een onderscheidend punt kunnen zijn tussen burn-out en depressie op biologisch niveau, wat
aangeeft dat de verhoogde expressie van BDNF specifieker kan zijn voor depressie, meer bepaald
met betrekking tot trajecten die betrokken zijn bij anhedonie en beloningsgevoelig leergedrag, die
niet noodzakelijkerwijs verstoord zijn bij burn-out. Ten slotte hebben we de associatie
waargenomen tussen het BDNF-polymorfisme en cognitieve prestaties (in het uitvoerende domein)
bij depressieve patiënten, die bemiddeld was door methylatie van exon IX. Dit geeft aan dat exonspecifieke epigenetische regulatie van BDNF een andere rol zou kunnen spelen als het gaat om
verschillende functionele uitkomsten (anhedonie vs. cognitieve prestaties) bij depressie.
Samenvattend hebben we DNA-methylatieveranderingen waargenomen in stressgerelateerde
genen bij burn-out en depressie, die functionele effecten hadden op het BDNF-pad en het
functioneren van de HPA-as. Sommige geïdentificeerde patronen lijken te worden gedeeld tussen
deze twee fenotypes (SLC6A4-methylatie), terwijl andere in tegengestelde richting zijn veranderd
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(BDNF en NR3C1). Toekomstige replicatiestudies op grotere steekproeven en longitudinale studies
om de evolutie van deze epigenetische patronen in de loop van de tijd en in verschillende stadia van
symptoomprogressie en -herstel beter te begrijpen zijn nodig om de kennis over dit onderwerp te
verdiepen en het potentiële translationeel nut ervan te begrijpen.
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