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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
(29). 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 5% 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 10 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 19t 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-Il (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 cross-
sectional 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, | 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 corticotrophin-
releasing 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.
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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/).
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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, | 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 (CHs) 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 post-
translational 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 (mMRNA), 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.
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Figure 3. Overview of epigenetic mechanisms. The figure was created using BioRender
(https://biorender.com/).

1.6.4 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 ultra-
performance 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)



Chapter 1, Introduction and Aims | 19

1.9 References

1. Schaufeli W (2017): Burnout: A Short Socio-Cultural History. In: Neckel S, Katharina SA, Wagner G,

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

editors. Burnout, Fatigue, Exhaustion: An Interdisciplinary Perspective on a Modern Affliction. Palgrave
Macmillan, Cham, pp 105-127.

. Freudenberger H (1974): Staff Burn-Out. J Soc Issues 90: 159-165.

. Freudenberger HJ (1975): The staff burn out syndrome in alternative institutions. Psychotherapy 12: 73—

82.

. Freudenberger HJ (1977): Burn-out: Occupational hazard of the child care worker. Child Care Q 6: 90-99.
. Freudenberger H (1977): Burn-out: The organizational menace. Train Dev J 31: 26-27.

. Freudenberger HJ, Richelson G (1980): Burn-out: The High Cost of Achievement. Garden City, NY: Anchor

Press.

. Maslach C (1976): Burned-Out. Hum Behav 5: 16-22.
. Maslach C, Jackson SE (1981): The measurement of experienced burnout. J Organ Behav 2: 99-113.

. Pines A, Maslach C (1978): Characteristics of staff burnout in mental health settings. Hosp Community

Psychiatry 29: 233-237.

. Maslach C, Jackson SE, Leiter MP (1996): The Maslach Burnout Inventory Manual. Maslach Burn Invent
191-217.

Schaufeli WB, Leiter MP, Maslach C (2009): Burnout: 35 years of research and practice. Career Dev Int
14: 204-220.

Schaufeli WB, Maslach C, Maslach C, Maslach C, Schaufeli WB (2018): Historical and Conceptual
Development of Burnout. Professional Burnout. pp 1-16.

Melamed S, Shirom A, Toker S, Shapira | Burnout and risk of type 2 diabetes: a prospective study of
apparently healthy employed persons. Psychosom Med 68: 863-9.

Demerouti E, Bakker AB, Vardakou I, Kantas A (2003): The convergent validity of two burnout
instruments: A multitrait-multimethod analysis. Eur J Psychol Assess 19: 12-23.

Weber a, Jaekel-Reinhard a (2000): Burnout syndrome: a disease of modern societies? Occup Med
(Lond) 50: 512-517.

Butler S (2019): The Impact of Advanced Capitalism on Well-being: an Evidence-Informed Model. Hum
Arenas 2:200-227.

Godderis L, Boone A, Bakusic J (2020): COVID-19: A new work-related disease threatening healthcare
workers. Occup Med (Chic Ill) 70: 315-316.

Weber A, Jaekel-Reinhard A (2000): Burnout syndrome: A disease of modern societies? Occup Med
(Chic Ill) 50: 512-517.

Heinemann L V, Heinemann T (2017): Burnout Research: Emergence and Scientific Investigation of a
Contested Diagnosis. SAGE Open 7: 1-12.

Schaufeli W, De Witte H, Desart S (2019): Manual Burnout Assessment Tool (BAT). KU Leuven, Belgium:
Unpublished Internal Report.

Cox T, Griffiths A, Rial-Gonzalez E, Work © European Agency for Safety and Health at Work (2000):
Research on Work-Related Stress. Luxembourg: Office for Official Publications of the European
Communities. https://doi.org/http://europa.eu.int



20 | Chapter 1, Introduction and Aims

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.
41.
42.

European Commission (2000): Guidance on Work-Related Stress Spice of Life or Kiss of Death?
Luxembourg: Office for Official Publications of the European Communities. https://doi.org/ec.europa.
eu/employment_social/publications/2002/ke4502361_en.pdf

Hoge Gezondheidsraad (2017): Burn-out En Werk. Brussel: HGR.

American Psychiatric Association (2013): Diagnostic and Statistical Manual of Mental Disorders.
Arlington. https://doi.org/10.1176/appi.books.9780890425596.744053

Chirico F (2015): Adjustment Disorders in DSM-5: Implications for Occupational Health Surveillance.
Acta Psychopathol 01: 3—6.

van der Klink JJ, van Dijk FJ (2014): Dutch practice guidelines for managing adjustment disorders in
occupational and primary health care. Scand J Work Environ Health 29: 478—487.

The ICD-10 Classification of Mental and Behavioural Disorders: Clinical Descriptions and Diagnostic
Guidelines (1992): World Health Organization. Geneva, Switzerland. Retrieved from
https://apps.who.int/iris/bitstream/handle/10665/37958/9241544228 eng.pdf?sequence=8&isAllow
ed=y%0Ahttps://icd.who.int/browse10/2016/en#/F20-F29

The ICD-11 Classification of Mental and Behavioural Disorders: Clinical Descriptions and Diagnostic
Guidelines. (2018): World Health Organization. Geneva, Switzerland.

Reynolds EH, Wilson JVK (2013): Depression and anxiety in Babylon. J R Soc Med 106: 478—481.

Tipton CM (2015): The history of “Exercise Is Medicine” in ancient civilizations. Adv Physiol Educ 38:
109-117.

Brink A (1979): Depression and Loss: A Theme in Robert Burton’s “Anatomy of Melancholy” (1621). Can
J Psychiatry 24: 767-772.

Marneros A (2008): Psychiatry’s 200th birthday. Br J Psychiatry 193: 1-3.

Ingram RE, Siegle GJ (2009): Methodological issues in the study of depression. In: Gotlib I, Hammen C,
editors. Handbook of Depression (2nd Ed.). Guilford Press, New York, pp 69—92.

Nezu A, Nezu C, Friedman J, Lee M (2009): Assessment of depression. In: Gotlib I, Hammen C, editors.
Handbook of Depression (2nd Ed.). Guilford Press, New York, pp 44-68.

Beck AT, Steer RA, Ball R, Ranieri W (1996): Comparison of Beck Depression Inventories -IA and -Il in
psychiatric outpatients. J Pers Assess 67: 588-97.

Kroenke K, Spitzer RL, Williams JB (2001): The PHQ-9: validity of a brief depression severity measure. J
Gen Intern Med 16: 606—13.

GBD 2017 (2018): Global, regional, and national incidence, prevalence, and years lived with disability for
354 diseases and injuries for 195 countries and territories, 1990 — 2017: a systematic analysis for the
Global Burden of Disease Study 2017. Lancet 392: 1789-1858.

Seedat S, Scott KM, Angermeyer MC, Bromet EJ, Ph D, Brugha TS, et al. (2009): Disorders in the WHO
World Mental Health Surveys. Arch Gen Psychiatry 66: 785—795.

Bruffaerts R, Bonnewyn A, Demyttenaere K (2008): Het voorkomen van depressie in Belgié: Stand van
zaken en reflecties voor de toekomst. Tijdschr Psychiatr 50: 655—-665.

Kessler RC (2012): The costs of depression. Psychiatr Clin North Am 35: 1-14.
Sartorius N (2001): The economic and social burden of depression. J Clin Psychiatry 62: 8-11.

World Health Organization (2020): Depression. Retrieved from https://www.who.int/news-room/fact-
sheets/detail/depression



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

Chapter 1, Introduction and Aims | 21

Kessing LV, Andersen PK (2005): Predictive effects of previous episodes on the risk of recurrence in
depressive and bipolar disorders. Curr Psychiatry Rep 7: 413-420.

Otte C, Gold SM, Penninx BW, Pariante CM, Etkin A, Fava M, et al. (2016): Major depressive disorder.
Nat Rev Dis Prim 2: 1-21.

Schiweck C, Claes S, Van Oudenhove L, Lafit G, Vaessen T, de Beeck GO, et al. (2020): Childhood trauma,
suicide risk and inflammatory phenotypes of depression: insights from monocyte gene expression.
Transl Psychiatry 10.

Kotov R, Waszczuk MA, Krueger RF, Forbes MK, Watson D, Clark LA, et al. (2017): The hierarchical
taxonomy of psychopathology (HiTOP): A dimensional alternative to traditional nosologies. J Abnorm
Psychol 126: 454-477.

Maslach C, Jackson SE, Leiter MP (1996): Maslach Burnout Inventory Manual (3rd. Ed.). Palo Alto, CA:
Paolo Alto, CA: Consulting Psychologists Press.

Persoons P (2017): Burn-out en depressie met atypische kenmerken: Zijn het beide
stemmingsstoornissen of niet? Tijdschr Geneeskd 73: 619—-630.

Bianchi R, Boffy C, Hingray C, Truchot D, Laurent E (2013): Comparative symptomatology of burnout and
depression. J Health Psychol 18: 782-787.

Bianchi R, Schonfeld IS, Laurent E (2014): Is burnout a depressive disorder? A reexamination with
special focus on atypical depression. Int J Stress Manag 21: 307-324.

Ahola K, Honkonen T, Isometsa E, Kalimo R, Nykyri E, Aromaa A, Lonnqvist J (2005): The relationship
between job-related burnout and depressive disorders - Results from the Finnish Health 2000 Study. J
Affect Disord 88: 55—62.

Bakker AB, Schaufeli WB, Demerouti E, Janssen PPM, Van Der Hulst R, Brouwer J (2000): Using equity
theory to examine the difference between burnout and depression. Anxiety, Stress Coping 13: 247—
268.

Schaufeli WB, Bakker AB, Hoogduin K, Schaap C, Kladler A (2001): on the Clinical Validity of the Maslach
Burnout Inventory and the Burnout Measure. Psychol Health 16: 565-582.

Armon G, Melamed S, Toker S, Berliner S, Shapira | (2014): Joint effect of chronic medical illness and
burnout on depressive symptoms among employed adults. Heal Psychol 33: 264-272.

Hakanen JJ, Schaufeli WB (2012): Do burnout and work engagement predict depressive symptoms and
life satisfaction? A three-wave seven-year prospective study. J Affect Disord 141: 415-24.

Shin H, Noh H, Jang Y, Park YM, Lee SM (2013): A longitudinal examination of the relationship between
teacher burnout and depression. J Employ Couns 50: 124-137.

Armon G, Shirom A, Melamed S (2012): The Big Five Personality Factors as Predictors of Changes Across
Time in Burnout and Its Facets. J Pers 80: 403-427.

Campbell J, Prochazka A V., Yamashita T, Gopal R (2010): Predictors of persistent burnout in internal
medicine residents: a prospective cohort study. Acad Med 85: 115.

Ahola K, Hakanen J (2007): Job strain, burnout, and depressive symptoms: a prospective study among
dentists. J Affect Disord 104: 103-10.

Salmela-Aro K, Savolainen H, Holopainen L (2009): Depressive symptoms and school burnout during
adolescence: Evidence from two cross-lagged longitudinal studies. J Youth Adolesc 38: 1316-1327.

Toker S, Biron M (2012): Job burnout and depression: Unraveling their temporal relationship and
considering the role of physical activity. J Appl Psychol 97: 699-710.



22 | Chapter 1, Introduction and Aims

62

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.
82.

83.

. Orosz A, Federspiel A, Haisch S, Seeher C, Dierks T, Cattapan K (2017): A biological perspective on
differences and similarities between burnout and depression. Neurosci Biobehav Rev 73: 112-122.

Heinemann L V., Heinemann T (2017): Burnout research: Emergence and scientific investigation of a
contested diagnosis. SAGE Open 7. https://doi.org/10.1177/2158244017697154

Holtzheimer PE, Nemeroff CB (2006): Future prospects in depression research. Dialogues Clin Neurosci
8:175-189.

Kerr JI, Naegelin M, Weibel RP, Ferrario A, La R, Wangenheim F Von, et al. (2020): The effects of acute
work stress and appraisal on psychobiological stress responses in a group office environment.
Psychoneuroendocrinology 121: 104837.

Chrousos GP (1992): The concepts of stress and stress system disorders. Overview of physical and
behavioral homeostasis. JAMA J Am Med Assoc 267: 1244-1252.

Li NP, van Vugt M, Colarelli SM (2018): The Evolutionary Mismatch Hypothesis: Implications for
Psychological Science. Curr Dir Psychol Sci 27: 38-44.

Schneiderman N, Ironson G, Siegel SD (2005): Stress and health: Psychological, behavioral, and
biological determinants. Annu Rev Clin Psychol 1: 607—-628.

McEwen BS (1998): Stress, Adaptation, and Disease: Allostasis and Allostatic Load. Ann N Y Acad Sci
840: 33-44.

Goldstein DS (2010): Adrenal responses to stress. Cell Mol Neurobiol 30: 1433—1440.

Smith SM, Vale WW (2006): The role of the hypothalamic-pituitary-adrenal axis in neuroendocrine
responses to stress. Dialogues Clin Neurosci 8: 383—395.

Oakley RH, Cidlowski JA (2013): The Biology of the Glucocorticoid Receptor: New Signaling Mechanisms
in Health and Disease. J Allergy Clin Inmunol 132: 1033-1044.

Saaltink DJ, Vreugdenhil E (2014): Stress, glucocorticoid receptors, and adult neurogenesis: A balance
between excitation and inhibition? Cell Mol Life Sci 71: 2499-2515.

Schaaf MJM, De Kloet ER, Vreugdenhil E (2000): Corticosterone effects on bdnf expression in the
hippocampus implications for memory formation. Stress 3: 201-208.

Duval F, Mokrani MC, Monreal J, Weiss T, Fattah S, Hamel B, Macher JP (2002): Interaction between the
serotonergic system and HPA and HPT axes in patients with major depression: Implications for
pathogenesis of suicidal behavior. Dialogues Clin Neurosci 4: 417—-425.

Jablonka E, Lamb MJ (2002): The Changing Concept of Epigenetics. Ann NY Acad Sci 981: 82—96.

Fraser R, Lin CJ (2016): Epigenetic reprogramming of the zygote in mice and men: On your marks, get
set, go! Reproduction 152: R211-R222.

Smith ZD, Meissner A (2013): DNA methylation: Roles in mammalian development. Nat Rev Genet 14:
204-220.

Kohli RM, Zhang Y (2013): TET enzymes, TDG and the dynamics of DNA demethylation. Nature 502:
472-479.

Peterson CL, Laniel MA (2004): Histones and histone modifications. Curr Biol 14: 546-551.
Kouzarides T (2007): Chromatin Modifications and Their Function. Cell 128: 693—-705.

Holoch D, Moazed D (2015): RNA-mediated epigenetic regulation of gene expression. Nat Rev Genet 16:
71-84.

Han L, Witmer PD, Casey E, Valle D, Sukumar S (2007): DNA methylation regulates microRNA



84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Chapter 1, Introduction and Aims | 23

expression. Cancer Biol Ther 6: 1290-1294.

Fabbri M, Garzon R, Cimmino A, Liu Z, Zanesi N, Callegari E, et al. (2007): MicroRNA-29 family reverts
aberrant methylation in lung cancer by targeting DNA methyltransferases 3A and 3B. Proc Natl/ Acad
Sci US A 104: 15805-15810.

Bianchi M, Renzini A, Adamo S, Moresi V (2017): Coordinated actions of microRNAs with other
epigenetic factors regulate skeletal muscle development and adaptation. Int J Mol Sci 18: 1-14.

Mahgoub M, Monteggia LM (2013): Epigenetics and psychiatry. Neurotherapeutics 10: 734-41.

Sullivan PF, Neale MC, Kendler KS (2000): Genetic Epidemiology of Major Depression: Review and Meta-
Analysis. 1552-1562.

Middeldorp CM, Stubbe JH, Cath DC, Boomsma DI (2005): Familial clustering in burnout: a twin-family
study. Psychol Med 35: 113-20.

Middeldorp CM, Cath DC, Boomsma DI (2006): A twin-family study of the association between
employment, burnout and anxious depression. J Affect Disord 90: 163-9.

Janusek LW, Tell D, Mathews HL (2019): Epigenetic perpetuation of the impact of early life stress on
behavior. Curr Opin Behav Sci 28: 1-7.

Matosin N, Cruceanu C, Binder EB (2017): Preclinical and Clinical Evidence of DNA Methylation Changes
in Response to Trauma and Chronic Stress. Chronic Stress 1: 247054701771076.

Kuehner JN, Bruggeman EC, Wen Z, Yao B (2019): Epigenetic regulations in neuropsychiatric disorders.
Front Genet 10: 1-30.

Kular L (2018): Epigenetics applied to psychiatry: Clinical opportunities and future challenges. Psychiatry
Clin Neurosci 72: 195-211.

Roberts S, Keers R, Breen G, Coleman JRI, Johren P, Kepa A, et al. (2019): DNA methylation of FKBP5 and
response to exposure-based psychological therapy. Am J Med Genet Part B Neuropsychiatr Genet 180:
150-158.

Thomas M, Knoblich N, Wallisch A, Glowacz K, Becker-Sadzio J, Gundel F, et al. (2018): Increased BDNF
methylation in saliva, but not blood, of patients with borderline personality disorder. Clin Epigenetics
10: 1-12.

Vinkers CH, Geuze E, van Rooij SJH, Kennis M, Schir RR, Nispeling DM, et al. (2019): Successful
treatment of post-traumatic stress disorder reverses DNA methylation marks. Mol Psychiatry.

Alasaari JS, Lagus M, Ollila HM, Toivola A, Kivimaki M, Vahtera J, et al. (2012): Environmental stress
affects DNA methylation of a CpG rich promoter region of serotonin transporter gene in a nurse
cohort. PLoS One 7: e45813.

Song Y, Miyaki K, Suzuki T, Sasaki Y, Tsutsumi A, Kawakami N, et al. (2014): Altered DNA methylation
status of human brain derived neurotrophis factor gene could be useful as biomarker of depression.
Am J Med Genet B Neuropsychiatr Genet 165B: 357-64.

Li M, D’Arcy C, Li X, Zhang T, Joober R, Meng X (2019): What do DNA methylation studies tell us about
depression? A systematic review. Transl/ Psychiatry 9: 68.






Chapter

Stress, burnout and depression: A
systematic review on DNA methylation
mechanisms






Chapter 2 | 27

Stress, burnout and depression: A systematic review on DNA methylation
mechanisms

This paper was published in Journal of Psychosomatic Research?:

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. Copyright Elsevier.

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 state-
of-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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Despite that burnout presents a serious burden for modern society, there are no diagnostic criteria. Additional dif-
ficulty is the differential diagnosis with depression. Consequently, there is a need to dispose of a burnout bio-
marker. 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 de-
pression. In addition to state-of-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 stud-
ies are necessary for revealing the cause-effect relationship of work stress, epigenetics and burnout, including its
overlap with depression.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

the Diagnostic and Statistical Manual of Mental Disorders, currently in
its fifth edition [5], and only appears as a factor influencing health status

Psychosocial stress is a major contributor to morbidity, mortality,
and health-care costs. While acute intermittent stress may be essential
for successful adaptation to changing natural and social environments,
chronic excessive stress carries a high risk of damaging consequences
to the health [1]. Chronically persisting environmental and work-relat-
ed stress can lead to severe psychosocial syndromes such as burnout
and depression [2], which are among the top causes of disability and
disease burden in modern society.

Burnout is a prolonged response to chronic occupational stress, and
is defined as a combination of (emotional) exhaustion, cynicism (also
termed as depersonalization), and lack of professional efficacy (or re-
duced personal accomplishment) [3]. So far, no binding diagnostic
criteria exist for identifying cases of burnout [4]. It is not present in
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and contact with health services in the International Classification of Dis-
eases[6]. In contrast, the DSM-5 [5] provides the definition and classifi-
cation of depression. Accordingly, depression covers a broad spectrum
of disorders, which are multifactorial in origin including genetic, devel-
opmental, and environmental risk factors [7,8]. Whether burnout is a
form of depression or a distinct phenomenon is still an object of contro-
versy. Despite a considerable amount of research on both concepts, the
distinction between burnout and depression remains unclear [9]. Fur-
thermore, in spite of a rapid increase in research dedicated to physical
and biological aspects of burnout, a clear distinction between burnout
and depression at somatic and biological levels remains inconclusive
as well [10]. Even though numerous studies have tried to retrieve specif-
ic biomarkers for burnout [11], as well as biological parameters that
could differentiate burnout from depression [12,13], so far the results
are inconsistent.

Chronic psychosocial stress plays a central role in the etiology of
both, burnout and depression [ 14]. Recently, there is a growing number
of studies exploring mechanisms of stress adaptation and stress
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susceptibility. This led to the understanding that individual response
to stress is mediated by the interplay between environmental factors
and genetics [15]. A growing number of studies suggest that this in-
teraction occurs through epigenetic mechanisms, whose main
concept refers to variation in gene expression rather that gene
sequence. Therefore, epigenetic mechanisms, including DNA meth-
ylation changes could play a crucial role in development of psycho-
pathology [16]. In view of this, studies indicate epigenetic and
functional changes of at least two types of stress-associated genes:
those that directly govern the hypothalamic-pituitary-adrenal axis
(HPA-axis) function, and those that cause long-term dysregulation
of neuronal processes, and are significant for proper regulation of
mood, emotions, and cognition [17].

A number of studies have shown that DNA methylation, as a reac-
tion to external stress, plays an important role in pathogenesis of
various stress-related psychiatric disorders, such as MDD and post-
traumatic stress syndrome (PTSD) [18,19]. On the one hand, DNA
methylation was thoroughly studied as a mediator in the effects of
trauma and early life stress on mental health and the development
of adult psychopathology [20,21]. On the other hand, studies observ-
ing epigenetic changes in correlations with chronic adult stress have
expanded quite recently, even though the importance of chronic

psychosocial stress in psychopathology contribution has been well
known [22]. In terms of work-related stress and DNA methylation,
scientific evidence have just started emerging, resulting in only a
few studies so far.

The aim of this review is to provide a comprehensive overview of
changes in DNA methylation related to chronic psychosocial/work
stress exposure, on the one hand and burnout/depression as the clinical
outcome, on the other. In addition to state-of-the-art overview, the goal
of this review is also to provide a scientific base for burnout biomarker
research. Bearing in mind the difficult differential diagnosis between
burnout and depression as well as possibly similar mechanisms in
which work-related and chronic psychosocial stress in general affect
DNA methylation, we are convinced that the results of this review
could be useful starting point for research in this area.

2. Methodology
2.1. Study identification
We performed a literature search of studies associating chronic psy-

chosocial/work stress or burnout/depression with DNA methylation.
The literature reviewed here was identified via the MEDLINE (through

Records identified from
reference lists of studies
assessed in full text:

Records identified through
databases searching:

e PubMed, n=621

n=3 .

Embase, n=406

e PsycINFO, n=0

A

n=1027

Total records identified:

Duplicates removed:

n=63

A4

n=964

Records screened based on
title and abstract:

Records excluded:

n=915

A

Full-text articles assessed for
eligibility:

n=54

Full-text articles excluded, n=29:

Not having adequate design, n=7
Not fitting within the age limit, n=8

v

Studies included in the review:

n=25

> Psychotic depression or depression
overlapping with anxiety, n=3
e Comparing specific characteristics of
depression with DNA methylation, n=10
Reporting the same results, n=1

Fig. 1. PRISMA flow diagram of the study inclusion process.
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PubMed), EMBASE and PSYCHINFO databases, using the keywords
“work stress” OR “chronic psychosocial stress” OR “burnout” OR “de-
pression”, crossed with “DNA methylation”. Additional articles were
found scanning the list of references of original publications and review
articles.

2.2. Study selection

Studies included in the review met the following criteria: 1) use of a
case-control or cohort design; 2) performed on adult animal models or
adult human population (18-65 years old); 3) use of quantitative
methods to measure chronic psychosocial/work stress or clinical tools
to assess burnout/depression; 4) use of at least one analysis investigat-
ing DNA methylation.

2.3. Data extraction

For each study, we extracted information on the following variables:
1) species, 2) experimental group characteristics, 3) sample size, 4) tis-
sue used for DNA extraction, 5) gene and region examined, 6) DNA
methylation assessment, 7) stress exposure, 8) effects of stress on

Hypothalamus
(PVN)

Anterior pituitary gland

Adrenal gland

Peripheral cell
FKBP5

f
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DNA methylation, 9) burnout/depression assessment, 10) effects of
burnout/depression on DNA methylation.

3. Results

Based on our search strategy, a total of 964 articles were identi-
fied. After an initial title and abstract scan, 51 studies were consid-
ered for further inspection. After full text inspection, 29 studies
were excluded. Out of these, 7 studies did not meet the inclusion
criteria, 9 did not fit within the age limit, 10 observed specific clinical
characteristics of depression (processing of emotional stimuli, treat-
ment response etc.), 3 assessed psychotic depression or depression
overlapping with anxiety disorders and, finally, two article displayed
results of the same study, so we included one of them in the review. 3
additional studies were included by scanning the references of rele-
vant articles. An overview of the steps in the literature search is given
in Fig. 1.

In total, 25 papers met all the criteria, including both, studies that
used animal models (6) and human studies (19). Studies examining
chronic stress and DNA methylation were predominantly performed
on animal samples and generally focused on HPA-axis related genes
(3 different genes in various tissue samples). On the other hand, the

Stria
terminalis

PVN - Paraventricular Nucleus

CREF - Corticotrophin Releasing Factor

GR - Glucocorticoid Receptor

ACTH - Adrenocorticotrophic Hormone

GC - Glucocorticoids
t Hypermethylation related to chronic stress
} Hypomethylation related to chronic stress
t Hypermethylation related to depression
|} Hypomethylation related to depression
= No association with depression

NR3cint U 1 =

Fig. 2. Summary of the results on DNA methylation of the HPA-axis genes. The figure presents the HPA-axis response to stress stimuli. Detection of environmental stressors by the limbic
system induces neurons in the paraventricular nucleus (PVN) of the hypothalamus to produce corticotrophin releasing factor (CRF), which triggers secretion of adrenocorticotrophic
hormone (ACTH) from the pituitary gland. This in turn leads to peripheral secretion of glucocorticoids (GC) from the adrenal glands into the blood stream and a negative feedback
loop. The genes involved in this pathway are marked in blue: CRF—corticotrophin releasing factor gene; NR3C1—glucocorticoid receptor gene; FKBP5—FK506 binding protein 5 gene.
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Fig. 3. Summary of the results on DNA methylation of the genes involved in neurotransmission and neural processes. A) Genes involved in serotonergic transmission; B) Genes involved in
dopaminergic/noradrenergic transmission; C) Genes encoding for neural growth factors and neural adhesion molecules. The genes are marked in blue: SLC6A4—serotonin transporter
gene; SLC6A2—noradrenaline transporter gene; 5SHTA1—serotonin receptor gene; MAO—monoamine oxidase A gene; TH—tyrosine hydroxylase gene; BDNF—brain derived
neurotrophic factor gene; GDNF—glial cell line-derived neurotrophic factor gene; NCAM, L1, CHL1—genes encoding for neural adhesion molecules.

majority of studies on work stress, burnout, depression and DNA
methylation were human and focused on genes involved in neuro-
transmission and neural processes (9 different genes). Results
displaying DNA methylation of the HPA-axis genes are summarized
in Fig. 2, whereas the ones showing DNA methylation patterns of
the genes involved in neurotransmission and neural processes are
given in Fig. 3.

3.1. Quality assessment and characteristics of included studies

We assessed the risk of bias and quality of interventional (animal)
studies by adopting the SYRCLE's risk of bias tool for animal studies
[23]. We included items from selection bias and performance/detection
bias groups and added two additional items relevant for the scope of
this review (baseline DNA methylation assessment and assessment of
stress-induced behavior). Two studies were of high quality (6-8 out of
8), three of intermediate quality (3-5 out of 8), and one study of low
quality (2 out of 8). Quality of observational (human) studies was
assessed with the Newcastle-Ottawa Scale (NOS) [24]. We modified
the scale by adding an additional category for sample size, with a possi-
ble score of 0-3. An overall score of 0-4 was considered low quality, 5-8
intermediate, and 9 or more high quality. The majority of studies were
of intermediate quality (5-8 out of 12). Quality assessment of included
studies is presented in Appendix A.

Characteristics of included studies were described in four sep-
arate tables based on whether they focused on the effects of
chronic psychosocial stress on DNA methylation (animal studies
and a human study presented in a separate table), correlation be-
tween work stress/burnout and DNA methylation (human studies)
or association between depression and DNA methylation (human
studies).

3.2. Chronic psychosocial stress and DNA methylation in animal studies

Animal models were used in 6 studies [2,25-29] and the results
are presented in Table 1. The majority of studies examined genes
involved in HPA-axis regulation: i.e., corticotrophin-releasing fac-
tor gene (CRF) [26,27] and glucocorticoid receptor gene (GR) [25,
28]. Genes outside the HPA-axis investigated in the animal studies
include the genes encoding for neural adhesion molecules of the
immunoglobulin superfamily (NCAM, L1 and CHL1) [25], the sero-
tonin receptor gene (5HT1A) [29] and the gene encoding for glial
cell line-derived neurotrophic factor (GDNF) [2]. All the studies
used candidate-gene approach, and observed DNA methylation in
the CpG islands in the promoter region of determined genes. DNA
methylation was assessed by pyrosequencing of bisulfate-convert-
ed DNA [26-28] or using bisulfite mapping and direct sequencing
[2,25,29].

In the study of Desarnaud et al. [25], no association was found be-
tween social defeat stress and DNA methylation levels in the promoter
region of GR gene or NCAM, L1 and CHL1 gene.

In the study of Uchida and colleagues [2], Chronic ultra-mild stress
(CUMS) induced increased methylation levels in 2 CpG sites in the pro-
moter region of the GDNF gene in the nucleus accumbens in the stress-
vulnerable (BALB) mouse group as well as in 1 CpG site in the same re-
gion in the stress-resilient (B6) mouse group. Furthermore, increased
DNA methylation was associated with the expression of depression-
like behavior.

In the study of Witzman et al. [28], stress-induced changes in
DNA methylation were observed in the CpG sites in exon 7 of GR
gene in different tissues. Chronic psychosocial stress induced an in-
crease in the overall methylation level of the gene in the adrenal
and pituitary glands.
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