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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 19th 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 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, 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 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.   

 

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 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 (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 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) 
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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 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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