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Abstract 

The consequences of childhood maltreatment (CM) extend into adulthood, manifesting as risk 

factors associated with impaired physical and psychological health, and even with premature 

biological aging. These consequences might be biologically transmitted to the next generation via 

DNA methylation, a pivotal epigenetic mechanism involved in dynamic systemic adaptation of the 

gene transcription to cope with environmental challenges. The general aim of this thesis is to 

investigate, in mother-infant dyads, the associations of CM with changes of the DNA methylation 

levels and whether they are biologically transmitted to the next generation. In particular, the first 

aim of this thesis is to investigate the impact of CM on the regulation of DNA methylation of key 

genes involved in stress response (i.e. FKBP5, NR3C1, and CRHR1), using isolated peripheral 

blood mononuclear as a cellular model to study epigenetics in the context of CM. The second aim 

of this thesis is to explore the effects of CM on the epigenetic regulation of the oxytocingeric 

system, a physiological system that is involved in the modulation of mother-infant bonding and 

emotion regulation. The third aim is to determine whether CM accelerates biological aging in terms 

of DNA methylation of ELOVL2, a recently identified biomarker for age. The last and most 

important aim of this thesis is to examine the possible intergenerational effects of maternal CM on 

infant DNA methylation patterns shortly after parturition.  

Epigenetic alterations in the context of childhood, adolescence, and adulthood is a growing field of 

study. Study I provides the literature basis for the hypotheses of this dissertation: a review of the 

evidence for somatic and psychiatric consequences associated with lifetime trauma, as well as the 

potential mechanisms for their intergenerational transmission. In order to investigate the impact of 

CM on DNA methylation of genes involved in the stress response, Study II investigates the levels 
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of DNA methylation in immune cells collected from 117 women with varying CM severity in three 

selected genes involved in the physiological stress response: FK506 binding protein 51 (FKBP5), 

glucocorticoid receptor (NR3C1), and corticotropin-releasing hormone receptor 1 (CRHR1), 

additionally accounting for the role of the FKBP5 rs1360780 genotype. Study II reveals a 

relationship of CM and the epigenetic regulation of the targeted genes. Following a dose-response 

relationship, the overall levels of DNA methylation within FKBP5 and CRHR1 genes decreased 

with increasing CM severity. The overall methylation levels of NR3C1 were increased in women 

with mild to severe CM experiences when compared to women with no CM. The FKBP5 rs1360780 

genotype moderated the association between CM and FKBP5 methylation levels in a gene-by-

environment (G × E) interaction. The oxytocinergic system interplays with the immune response to 

adapt to environmental stress and has emerged as one buffering factor of the long-term effects of 

CM on physical and mental health. To explore the effects of CM in the molecular regulation of the 

oxytocinergic system, Study III investigates the associations between CM and OXTR methylation 

as well as OXTR genetic expression in the same cohort as Study II. Overall OXTR methylation 

levels and CM were not associated, but there were site-specific effects of CM in DNA methylation 

of four CpG units. Moreover, the OXTR rs53576 and OXT rs2740210 polymorphisms modulated 

OXTR mean DNA methylation levels in interaction with the severity of CM experiences, illustrating 

a G × E interaction. Based on the observations of premature onset of age-associated diseases in 

individuals with CM, CM has furthermore been hypothesized to be one factor contributing to 

accelerated aging. For a more comprehensive understanding of whether CM contributes to 

accelerated epigenetic aging, Study IV explores the DNA methylation of ELOVL2, a recently 

identified epigenetic biomarker for estimating the biological age of human cells. In line with 
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previous work, ELOVL2 methylation was strongly correlated with the chronological age of the 117 

analysed women. Morevoer, Study IV shows for the first time that CM is not associated with 

accelerated biological aging in terms of ELOVL2 methylation. This study also describes explorative 

analyses of DNA methylation in an extended region of the ELOVL2 gene and showes preliminary 

evidence for an association between the CM severity and DNA methylation of the exon 1 of 

ELOVL2. 

Finally, in order to explore a potential biological transmission of the observed CM-related changes 

in DNA methylation from CM-exposed mothers to their children, the DNA methylation of FKBP5, 

CRHR1, NR3C1 (Study II), OXTR (Study III), and ELOVL2 (Study IV) were further assessed in 

immune cells isolated from cord blood samples. There were positive associations of OXTR 

methylation levels between mothers and their infants, but only in dyads with non-CM mothers. 

However, there were no main effects of maternal CM on the DNA methylation levels of any of the 

targeted genes in the infants at the time of birth, suggesting that the epigenetic consequences of CM 

are not directly inherited by the offspring.  

In sum, this thesis identifies effects of CM on the epigenetic regulation of pivotal genes for stress 

response and emotion regulation in combination with genetic factors, and also shows that CM does 

not accelerate biological aging in terms of ELOVL2 DNA methylation in CM-affected individuals. 

This thesis shows first-hand evidence in humans that, in immune cells, the CM-associated 

epigenetic changes on the targeted genes are not biologically transmitted to the next generation – 

which is encouraging for the offspring of mothers with CM experiences, and contributes to the 

understanding of pathways that underlie the biological consequences of CM. These results could 
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be related to the increased risk for physical illness in CM-affected individuals, and set a potential 

starting point for the development of new treatment approaches. 
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 Introduction 

Daily news is dominated by civilian forms of trauma including childhood maltreatment (CM) and 

domestic violence. According to the World Health Organization (WHO), CM includes any 

experiences of physical, sexual and/or emotional abuse as well as physical and/or emotional 

neglect. CM occurs worldwide (WHO, 2014) and it is estimated that nearly one out of every four 

adults has experienced physical abuse during childhood or adolescence (Stoltenborgh, Bakermans-

Kranenburg, Alink, & Van Ijzendoorn, 2015). Furthermore, the WHO underlines the contributions 

of the CM-associated detrimental consequences on affected individuals, their families, and society. 

On an individual level, these consequences include psychiatric disorders and substance abuse. On 

a society level, CM contributes to higher rates of criminality and significant governmental and 

societal costs (Butchart, Phinney Harvey, Mian, Fürniss, & Kahane, 2006). CM prevalence is 

comparable across the globe (Stoltenborgh et al., 2015), making it a global priority. 

CM can shape a child’s development via early life programing (Bale et al., 2010). As a repetitive 

and polytraumatizing stressor, CM constitutes a major threat to the physical, mental, and emotional 

development of a child (Afifi et al., 2011; Batten, Aslan, Maciejewski, & Mazure, 2004; Danese 

& Tan, 2014; Springer, Sheridan, Kuo, & Carnes, 2007), resulting in adult health issues (Bale et 

al., 2010). Indeed, the susceptibility to mental illness dramatically increases in the aftermath of CM 

exposure (Afifi et al., 2011; Kendler, Kuhn, & Prescott, 2004; MacMillan et al., 2001; Nanni, Uher, 

& Danese, 2012), presumably because childhood constitutes a key time-period in physiological 

and neuronal development (see section 1.1 for more details). 
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Most interestingly, CM can impact biological processes via epigenetic modifications of immune 

and central nervous system (CNS) cells (Jaenisch & Bird, 2003; Lutz & Turecki, 2014; McGowan 

et al., 2009). Epigenetic mechanisms are long-term DNA modifications that modulate gene 

regulation and expression without affecting the sequence of DNA. They are usually considered as 

biological manifestations of environmental experiences (Jaenisch & Bird, 2003). When epigenetic 

modifications occur on germ line cells, they can be inherited by the next generation. This concept 

is referred to as epigenetic germline inheritance (Bohacek & Mansuy, 2015; Gapp & Bohacek, 

2018) and it remains a potential mechanism in the intergenerational transmission of environmental 

biological changes. Thus, it might cause a multigenerational impact of CM (Gapp & Bohacek, 

2018). This is the reason why epigenetic changes, e.g. DNA methylation or microRNAs, have been 

proposed as a key factor linking CM experiences to an elevated risk of psychopathology and 

adverse physical health issues in adults and their offspring.  

This thesis investigates the potential molecular mechanisms underlying the intergenerational 

transmission of consequences of CM, focusing on DNA methylation. The following paragraphs 

build the theoretical background of this thesis. First, the long-lasting consequences of CM and its 

associated risks are reviewed. The second paragraph introduces the field of epigenetics in the 

context of traumatic experiences. This section also describes the gene by environment (G × E) 

modulation of the stress response axis and the oxytocinergic system. The next section delineates 

the observed effects of CM on biological premature aging, including epigenetic patterns. The fourth 

paragraph focuses on the role of DNA methylation on the transmission of biological consequences 

of CM across generations. The final paragraph provides a summary of the aims of this thesis.  
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1.1. The Long-lasting Associations of Childhood Maltreatment on Health 

The widespread accepted definition of CM used in the present thesis is that given by the American 

Centres for Disease Control and Prevention: “any act or series of acts of commission or omission 

by a parent or other caregiver that results in harm, potential for harm, or threat of harm to a child”, 

from birth to 18 years of age (Leeb, Paulozzi, Melanson, Simon, & Arias, 2008, page 11). Acts of 

commission (abuse) include emotional, physical, and sexual abuse, while acts of omission (neglect) 

comprise emotional and physical neglect. For an in-depth description of each CM subtype see Leeb 

et al. (2008).  

Upon exposure to trauma, the sympathetic nervous system and the hypothalamic–pituitary–adrenal 

(HPA) axis are activated, resulting in the release of catecholamines and cortisol, respectively 

(Guilliams & Edwards, 2010). To elaborate, acute stress induces corticotropin release hormone 

(CRH) secretion into the blood stream by the hypothalamus. CRH eventually binds, among others, 

to receptor 1 for corticotropin release factor (CRH-R1; encoded by the gene CRHR1). The 

constituted CRH/CRH-R1 complex initiates the peripheral stress response, which ultimately ends 

with the release of cortisol from the adrenal gland into the peripheral blood stream (Guilliams & 

Edwards, 2010). When cortisol binds to the central glucocorticoid receptor (GR; encoded by the 

gene NR3C1), it induces a negative feedback loop that prevents the continuous secretion of 

glucocorticoids. The cortisol-GR complex is additionally influenced by its co-chaperone FK506 

binding protein 51 (FKBP51; encoded by the gene FKBP5), which reduces the sensitivity of GR 

to cortisol and thereby diminishes the GR-induced negative feedback inhibition of peripheral 

cortisol release (de Kloet, Joëls & Holsboer, 2005). Chronic and repetitive exposure to early life 

stress, such as CM, constantly triggers central and peripheral stress response. The stress response 
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system is generally critical for survival in order to overcome environmental stressors. However, 

constant activation during key developmental time-periods might disrupt one or several domains 

of this pivotal system and can have detrimental effects on both somatic and mental health. On the 

biological level, CM is associated with an increased likelihood of cardiovascular disease, diabetes, 

and obesity (Batten et al, 2004; Danese & McEwen, 2012; Danese & Tan, 2014; Norman et al., 

2012; Thomas, Hyppönen, & Power, 2008).  

On the psychological level, the link between CM and increased risk of mental health outcomes has 

been well documented and extends throughout adulthood (Li, D’Arcy, & Meng, 2016; Lippard & 

Nemeroff, 2020). CM is associated with higher risk of clinical mental health problems such as 

posttraumatic stress disorder (PTSD – a psychiatric disorder that can develop after exposure to 

traumatic experiences), depression, anxiety disorder, personality disorder, and psychosocial 

problems, to the point of suicidal tendencies (Afifi et al., 2011; Lang et al., 2008; Lindert et al., 

2014; Lippard & Nemeroff, 2020; Pratchett & Yehuda, 2011; Springer et al., 2007). Research on 

PTSD shows that higher number of types of traumatic event increases the risk of developing any 

physical disease (Kolassa, Ertl, Eckart, Kolassa, Onyut, & Elbert, 2010). Similarly to adult trauma, 

a building block effect of cumulative experiences during childhood on developmental problems 

has been proposed (Schury & Kolassa, 2012). This building block effect is known as maltreatment 

load (Schury & Kolassa, 2012) and it seems not to be limited to mental disease, but also to extend 

into the biological level. For example, a study on adult women with a history of CM showed that 

adenosine triphosphate (ATP) synthesis was significantly increased with higher maltreatment load 

(Boeck et al., 2016). Another study targeting the metabolic fingerprint of childhood maltreatment 

on serum revealed a biomolecular signature of CM on eight candidate biomarkers involved in 

antioxidant-, lipid-, and endocannabinoid-associated pathways, and that can influence on oxidative 
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stress, inflammation, and energy metabolism (Koenig, Karabatsiakis et al., 2018); thus shedding 

light on the relevance of those pathways on potential impaired psychological and physical health 

later in life (Koenig, Karabatsiakis et al., 2018). 

Most of the studies linking childhood maltreatment with pernicious consequences have a cross-

sectional, observational design. Just recently, the focus has been moved to the modulating role of 

the immune and stress system in disease outcome in CM individuals across the lifespan. The 

aforementioned dose-response links between CM and the measured biomarkers might reflect a 

response to cumulative traumatic stress. When a stressor triggers the activation of the stress-

response, the highly-integrated nervous, endocrine, and immune systems cooperate in order to 

adapt to the environmental challenge (Danese & McEwen, 2012). This process is termed allostasis 

(McEwen, 1998). A repeated or prolonged activation of the stress response can impair the body’s 

ability to maintain allostasis (McEwen, 1998), reaching the so-called allostatic load, or allostatic 

‘overload’ in more severe cases (Danese & McEwen, 2012). Early life years comprise of a 

“sensitive period” when the brain and neuroendocrine systems are more susceptible to 

environmental influences, yet retaining some plasticity (Teicher, Tomoda, & Andersen, 2006). As 

a consequence, when allostatic load is reached during such a sensitive period, the repetitive and 

chronic exposure to stress during childhood, e.g. CM, can have long-term negative consequences 

for the child’s developing brain and behaviour. Supporting this theory, the physiological systems 

that respond to allostatic challenges are disturbed in individuals exposed to chronic or traumatic 

stress. For example, CM is associated with lower density of central and peripheral glucocorticoid 

receptors, higher cortisol levels, and general insensitivity to cortisol (Carpenter et al., 2007; Tyrka, 

Price, Marsit, Walters, & Carpenter, 2012). CM is also associated with chronic low-grade 

inflammation and impaired immune functioning, including impaired wound healing (Christian, 
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Graham, Padgett, Glaser, & Kiecolt-Glaser, 2006; Kiecolt-Glaser et al., 2011), and with weakened 

immune response (Dhabhar, 2014). Finally, the constant activation of the neuro-immunological 

system in individuals with CM experiences might provoke a wear and tear of the immune cells 

(Cicchetti, Handley, & Rogosch, 2015), consequently increasing the risk for age-related diseases 

(Danese & McEwen, 2012). In sum, by negatively impacting the regulation of neuroendocrine and 

immune activity, CM compromises the physiological adaptation to environmental challenges. The 

complex inter-regulation of the physiological systems that deal with allostatic overload defines 

each individual’s capacity to cope with chronic stress, and depends on the own environment (e.g. 

early life stress, socioeconomic status), psychological factors (e.g. attachment strategies, social 

support), and biological factors such as the genetic makeup. Ultimately, each individual’s 

physiological system coping with allostatic overload can lean towards disease resilience or the 

development of stress-related disorders (Juster, McEwen, & Lupien, 2010). 

Taken together, the persistent alterations associated with childhood maltreatment, including 

alterations in the HPA axis and inflammatory response, may contribute to lifetime disease 

vulnerability via immune dysregulation. This then raises the question, how can traumatic stress 

lead to long-lasting endocrinological and immunological changes from a molecular point of view? 

The following section describes how enduring epigenetic modifications might explain the 

biological embedding of childhood adverse experiences.  
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1.2. How does CM get under the Skin? The Role of Epigenetics 

One of the major challenges in trauma research lies in defining the biological pathways that could 

explain the long-lasting link between an early-life environmental factor, such as CM, and the 

systemic (mal)adaptation of biological systems. In addition, we are only starting to understand 

what factors explain which individuals succumb and which remain resilient to disease after the 

exposure to CM. Consistently, research efforts have focused on identifying and understanding i) 

the biological mechanisms that arrange a long-lasting implementation of the CM consequences that 

remain years and decades thereafter, and ii) the factors accounting for biological predispositions to 

clinical outcomes. Part of the answer may lie in genetic predisposition, but genetic background 

alone does not seem to sufficiently explain risk for disease in the context of trauma exposure. Here, 

epigenetic mechanisms and G × E interactions, which occurs when two or more allelic variants 

respond to environmental challenges with different sensitivity or physiological kinetics, may 

explain how life experiences influence gene activity and thus biological responses to the 

environment. This concept is known as behavioural epigenetics (Miller, 2010). In the following 

paragraphs, it will be discussed how the environment can persistently shape DNA expression and 

regulation, with the focus on DNA methylation.  

Based on Rosalind Franklin’s X-ray diffraction images of DNA, James Watson and Francis Crick 

described the molecular structure of DNA as a double helix (Watson & Crick, 1953). After this 

essential discovery, it was believed that the biological information encoded in DNA flows in a 

unique single direction, following the so-called “central dogma of molecular biology”. This dogma 

states that DNA transcribes into RNA, which is translated into proteins (Crick, 1970). Subsequent 

genomic studies have helped to bring light to more complex mechanisms behind the expression of 
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genetic information, building upon the earlier work of Watson and Crick and basic Mendelian 

genetics, especially with the successful sequencing of the human genome (Szyf & Bick, 2013). 

Some of the processes adding complexity to genetic risk are the non-additive genetic variations 

(e.g. epistasis, gene × gene interactions, additive domination), and structural variations (e.g. 

translocations, inversions, insertions/deletions).  

Genome-wide association studies (GWAS) have identified that differences in behaviour and 

disease susceptibility can be attributed to single nucleotide polymorphisms (SNPs), at least 

partially (Eichler et al., 2010; Manolio et al., 2009). However only a small fraction of human 

phenotypic variation and disease is caused by SNPs (Eichler et al., 2010; Manolio et al., 2009). We 

now know that genetic risk factors alone do not completely explain the estimated heritability for 

the majority of diseases, a phenomenon referred to as the missing heritability problem (Chaufan & 

Joseph, 2013; Eichler et al., 2010; Manolio et al., 2009). Indeed, it seems that these inter-individual 

differences in genetic sequences (i.e., allelic variations) interact with environmental conditions to 

predict phenotypic outcomes rather than operating alone (Caspi & Moffitt, 2006). For example, a 

twin study showed that genetic factors account for 60% of an individual’s risk for schizophrenia 

(Picchioni & Murray, 2007), and a large-scale meta-analysis reported that genetic risk factors 

account only for a small proportion of the total phenotypic variance (Gershon, Alliey-Rodriguez, 

& Liu, 2011). More striking for the scientific community was the discovery of modifications on 

DNA that are acquired throughout life: the epigenetic mechanisms (Holliday & Pugh, 1975; 

Jaenisch & Bird, 2003). As mentioned before, epigenetic mechanisms are molecular reactions that 

change the way the DNA is expressed without changing the genetic sequence. In contrast to the 

genetic sequence, which despite mutations remains unchanged throughout the lifespan and across 

all cells within the same individual, epigenetic modifications allow for flexible molecular 
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adaptation to environmental challenges. This is possible partially due to the activity of the enzymes 

called methyltransferases, that are responsible for dynamic addition and removal of methyl groups 

(-CH3) within DNA and histones structures (Ramchandani, Bhattacharya, Cervoni, & Szyf, 1999; 

Rice & Allis, 2001; Strahl & Allis, 2000). However, epigenetic changes need to be at least 

somewhat stable, because they are crucial for the cellular differentiation processes (Morgan, 

Santos, Green, Dean, & Reik, 2005). In sum, epigenetic mechanisms can be stable and endure 

throughout the years, but they are malleable at the same time. Based on these observations, experts 

conceptualized the idea of behavioural epigenetics, which describes behavioural adaptations by 

epigenetically shaped gene expression patterns in response to burdening life experiences (Miller, 

2010). Accordingly, epigenetic modifications of genetic loci under investigation, in interaction 

with genetic risk factors (e.g. SNPs), might influence the body’s long-term adaptation to the 

environment and the variability in disorder liability (Slatkin, 2009).  

Among all the known epigenetic mechanisms (e.g. histone modification, micro RNAs), DNA 

methylation (DNAm) is the most extensively described in the context of chronic and/or traumatic 

stress and psychiatric conditions. DNAm consists of the addition of a methyl group to a cytosine 

(C) residue when it is followed by a guanosine (G) in the DNA strand, referred to as “CpG site” 

(Jaenisch & Bird, 2003). While all CpG sites are susceptible to being methylated, in mammals the 

majority of unmethylated CpGs –and thus susceptible to becoming methylated in response to the 

environment – are concentrated in specific genetic regions called CpG islands (Bird, Taggart, 

Frommer, Miller, & Macleod, 1985). CpG islands are typically located at or near the transcription 

start site of genes (Hartld & Jones, 2005). DNAm in these genetic regulatory regions can alter their 

transcriptional state, leading to changes in gene expression. It is suggested that when a DNA strand 

is highly methylated, the added methyl groups may physically impede the recognition of the 
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transcription factors (TF) to the promoter, thereby influencing the accessibility of the gene 

expression machinery (Jaenish & Bird, 2003). As a consequence, it is generally believed that higher 

DNA methylation within a gene regulatory sequence is associated with lower RNA expression of 

the corresponding gene (Jaenish & Bird, 2003). In mammals, DNA methylation is particularly 

abundant in the brain early during embryogenesis and brain development (Razin & Shemer, 1995). 

Consequently, it is suggested that repeated exposure to maltreatment during childhood can explain 

long-term physiological changes via epigenetic shaping, by adapting the developing brain to the 

challenging environment. This process is often referred to as phenotypic plasticity (Bagot & 

Meaney, 2010). Implications of epigenetic signatures of CM for higher psychological vulnerability 

have been postulated (Cecil, et al., 2018; Radtke et al., 2015). In the following sections, previous 

evidence for an effect of early-life stress and lifetime traumatic experiences on epigenetic 

dysregulation of pivotal neuroendocrinological pathways are described. Highlighted are two broad 

categories of epigenetically mediated effects of CM: The first one involves epigenetic 

programming of the stress response (i.e. of key genes of HPA axis functioning). The second 

involves the oxytocinergic system.  

1.2.1. Effects of CM on the Epigenetic Regulation of the Stress Response 

As discussed in the previous section, research has shown that persistent HPA axis over-activation 

is associated with enduring alterations in the stress response, which are presumably at the core of 

the adverse health consequences observed in affected individuals (Carpenter et al., 2007; Van 

Voorhees & Scarpa, 2004). On a biological level, this dysregulation of the HPA axis can be 

biologically embedded by DNA methylation, thereby influencing the accessibility of the gene 

expression machinery (Jaenish & Birt, 2003). Genome-wide studies have shown widespread 
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differences in methylation between individuals with CM experiences and controls (Cicchetti, 

Hetzel, Rogosch, Handley, & Toth; 2016; Yang et al., 2013). Using a candidate gene approach, 

targeted (epi)genetic studies have mostly focused on two key genes for HPA regulation, namely 

NR3C1 and FKBP5. The respective protein products of these two genes, GR and FKBP51, inter-

regulate each other. On the one hand, when GR is bound to a glucocorticoid molecule it can bind 

to the glucocorticoid response elements (GREs) within the FKBP5 introns 2, 5 and 7, directly 

activating FKBP5 transcription (Binder, 2009; Paakinaho, Makkonen, Jääskeläinen, & Palvimo, 

2010). On the other hand, binding of FKBP51 to the GR reduces GR affinity to cortisol and inhibits 

its translocation into the nucleus (Binder, 2009; De Kloet et al., 2005; Wochnik, et al., 2005). Both 

mechanisms contribute to an ultra-short feedback loop of GR signalling, promoting GR resistance 

(Zannas, Wiechmann, Gassen, & Binder, 2016). One of the first observations in animal models 

showed that high maternal care in terms of licking behaviour decreased NR3C1 methylation in pups 

(Weaver et al., 2004). In humans, CM has been constantly associated with higher NR3C1 

methylation in both central and peripheral cells: Hippocampal cells of suicide victims with a history 

of childhood abuse showed higher methylation levels of the exon 1F NR3C1 promoter compared 

to suicidal victims without a history of child abuse. Higher NR3C1 DNAm was furthermore 

associated with decreased levels of GR mRNA (McGowan, et al., 2009). Adding to the hypothesis 

of early environmental effects on NR3C1 epigenetic status in humans, mounting evidence suggests 

increased NR3C1 methylation levels associated with CM in blood cells (Bustamante et al., 2016; 

Perroud et al., 2011; van der Knaap et al., 2014). In contrast, FKBP5 methylation levels are 

decreased in association with CM (Klengel et al., 2013; Tyrka, Ridout, et al., 2015). Another 

promising candidate gene to understand the consequences of CM on the regulation of stress is 

CRHR1, which codes for the corticotropin-releasing hormone receptor 1. Rodent studies have 
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shown an association between chronic mild stress and Crhr1 hypermethylation (Sotnikov et al., 

2014). The epigenetic regulation of the CRHR1 in association with CM in humans was assessed 

for the first time in study II of this thesis. 

Besides the environmental exposure to CM, individual genetic variability might further account for 

vulnerability to health outcomes. Indeed, there does exist a crucial influence of genetic factors on 

steroid signalling (Tucker-Drob et al., 2017). The rs1360780 SNP within the FKBP5 gene (T/C 

alleles) has gained scientific attention in the past years. In contrast to the rs1360780 C allele, the 

rarer T allele facilitates a 3D conformation of the chromatin in which the GREs are more accessible 

to the transcription factors and thus eases GR-mediated induction of FKBP5 transcription (Klengel 

et al., 2013; Zannas, et al., 2016). The T allele is associated with FKBP5 upregulation, an increase 

in GR resistance, and consequently an upregulation of the FKBP5-induced inhibition of the GR, 

especially during the stress recovery period (Binder, 2009; Zannas & Binder, 2014), ultimately 

prolonging the stress hormone system activation upon exposure to stress (Binder, 2009). Healthy 

T-allele carriers show prolonged cortisol responses after exposure to psychosocial stressors 

(Buchmann et al., 2014; Höhne et al, 2014; Ising et al, 2008). In the context of disease, FKBP5 

rs1360780 T allele might confer risk for future outcomes (Binder et al., 2008; Xie et al., 2010), 

decrease FKBP5 methylation in interaction with early-life trauma (Klengel et al., 2013), and 

increase GR resistance (Zannas et al., 2016). Moreover, only teenagers with the rs1360780 CC 

genotype showed attenuated cortisol levels with increasing severity of childhood maltreatment 

(Buchmann et al., 2014). In a comprehensive study, Klengel and colleagues showed that a 

FKBP5 genotype × early trauma interaction can i) predict lifetime PTSD, and depression and ii) 

mediate FKBP5 DNA methylation within the GREs regions in blood cells as well as in multipotent 

neuronal cells. In carriers of the FKBP5 T allele, the risk of suffering from lifetime PTSD was 
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significantly increased by exposure to early trauma, and FKBP5 methylation decreased when 

compared to carriers of the protective CC genotype (Klengel et al., 2013). Authors thus 

hypothesized that, in rs1360780 T-allele carriers, a continuous cortisol release associated with early 

life stress exposure might lead to DNA methylation changes of the GREs regions within the FKBP5 

gene. Lower methylation levels in this region partially impede the ultra-short feedback loop that 

balances FKBP51 and glucocorticoid receptor activity, disrupting hormonal regulation and 

ultimately increasing the risk for certain psychiatric disorders (Klengel et al., 2013). In sum, 

FKBP5 rs1360780 functional polymorphisms are suggested to modulate long-term alterations of 

neuroendocrine stress regulation associated with CM, which might set the ground for premorbid 

risk or resilience to stress-related disorders (Buchmann et al., 2014).   

Based on the above given information, study II aimed at investigating effects of CM on DNA 

methylation within NR3C1, FKBP5, and CRHR1, further accounting for the FKBP5 rs1360780 

genotype. As well as the aforementioned candidate epigenetic studies focusing on HPA 

neuroendocrine and genetic factors, CM has been reported to shape the epigenetic regulation of 

other biological pathways, either alone or in combination with genetic risk/protective factors. So 

far, reported pathways include, among others, neurodevelopmental pathways (brain-derived 

neurotrophic factor [BDNF]; Peng et al., 2018), neurotransmitters (serotonin transporters 

[SLC6A4, HTR3A], monoamine oxidase A [MAOA]; Booij, Tremblay, Szyf , & Benkelfat, 2015; 

Checknita et al., 2018; Kang et al., 2013), inflammatory regulation (Suderman et al., 2104), and 

the oxytocin signalling pathway (oxytocin gene [OXT], oxytocin receptor [OXTR]; Gouin et al. 

2017; Kogan, Cho, Beach, Smith, & Nishitani, 2018; Smearman et al., 2016). The latter is 

especially important in the context of CM because of its role in psychosocial and parent-child 

interactions. Thus, it will be the focus of the following section.  
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1.2.2. Effects of CM on the Epigenetic Regulation of the Oxytocin Pathway  

Although CM constitutes a risk factor for lifetime psychological distress, many individuals who 

experience early-life stress do not develop stress-related disorders later in life. This implies the 

existence of resilience factors that promote positive adaptations (Cicchetti, 2013; Hamilton, Micol-

Foster, & Muzik, 2015). Some of the most important buffering factors of the long-term 

consequences of CM are positive, supportive social interactions and relationships (Cicchetti, 

Rogosch, Toth, & Sturge-Apple, 2011; Cicchetti, 2013), because they have been shown to buffer 

or even offset the extent of the negative impact of CM on i) HPA neuroendocrinological activity 

(Cicchetti et al. 2011), ii) on poor physical health (Jaffee, Takizawa, & Arseneault, 2017), iii) on 

systemic inflammation (Chen et al., 2011) and iv) on immunocellular bioenergetics (Boeck et al., 

2018). On a biomolecular level, the oxytocinergic system (OS) might mediate these positive and 

supportive social relationships. The OS maintains its neurobehavioral foundation on the 

neuropeptide oxytocin (OXT) and its G-protein coupled receptor (OXTR). OXT functions as a 

GABAergic neurotransmitter within the central nervous system, and as a hormone in the periphery 

by binding to OXTR (Gimpl & Fahrenholz, 2001). In the context of early life social interactions, 

OXT plays a crucial role in fostering interpersonal relationships (e.g. reproductive behaviour) as 

well as in parturition, breastfeeding, maternal behaviour, and mother-child bonding (Feldman, 

Weller, Zagoory-Sharon, & Levine, 2007; Hurlemann & Scheele, 2016). Moreover, some authors 

have suggested a CM-induced reduction of central OXT concentrations in adult women (Heim et 

al., 2009; Toepfer et al., 2017) and the OXTR density in peripheral blood mononuclear cells 

(PBMC) was reduced with increasing severity of CM experiences (Krause et al., 2018). In the 

context of psychopathology, OXT plays a role in the development of depression (McQuaid, 

McInnis, Abizaid, & Anisman, 2014) and higher OXT plasma levels were associated with lower 
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symptoms of stress-related disorders (Scantamburlo et al., 2007) and with higher separation anxiety 

in the perinatal period (Eapen et al., 2014). The previously listed observations highlight that the 

regulation of the oxytocinergic system remains susceptible to environmental shaping (Toepfer et 

al., 2017). As discussed before, DNA methylation can act as a biological tool for environment-

driven adaptation of biological systems. Accordingly, higher methylation of the OXTR gene was 

associated with early life adversity (Unternaehrer et al., 2015; Unternaeherer et al., 2016) and 

patients with depression show specific DNAm patterns within the OXTR gene (Maud, Ryan, 

McIntosch, & Olsson, 2018).  

An individual’s genotype of regulator genes of the oxytocinergic pathway can affect OXT release 

into the bloodstream or the binding efficacy of OXT to its receptor. In a G × E interaction manner, 

how CM experiences affect OXT/OXTR physiology remains at the mercy of the individual’s 

genetic makeup (Bell et al., 2015; Bradley et al., 2011; Toepfer et al., 2017). Single nucleotide 

polymorphisms (SNP) within oxytocin pathway genes have been identified as potential modulators 

of psychological distress and stress reactivity, as well as social interactions (Apter-Levy, Feldman, 

Vakart, Ebstein, & Feldman, 2013; Bradley et al., 2011; Hostinar, Cicchetti, & Rogosch, 2014; 

Jonas et al., 2013). Research has mostly focused on allelic variants within the OXTR gene, 

especially on the sites rs53576 (G/A) and rs2254298 (G/A), and within the OXT gene, such as 

rs2740210 (A/C). Rs53576 and rs2254298 were found to be involved in G × E interactions that 

modulate risk for psychopathology (Cataldo, Azhari, & Esposito, 2018; Jonas et al., 2013; 

Thompson, Parker, Hallmayer, Waugh, & Gotlib, 2011; Toepfer et al., 2017). The GG genotype 

for OXTR rs53576 and a history of CM seem to interact leading to emotion dysregulation (Bradley 

et al., 2011) and higher levels of internalizing symptoms (Hostinar et al., 2014). In adolescent girls, 

rs2254298 interacts with familial psychopathology to predict depression and anxiety symptoms 

https://www.sciencedirect.com/topics/social-sciences/psychopathology
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(Thompson, et al., 2011). Finally, the polymorphism rs2740210 in OXT interacts with early life 

adversity to predict depressive symptoms (Jonas et al., 2013) and quality of maternal care (Mileva-

Seitz et al., 2013). While variations in these SNPs alone are unlikely to explain large variations in 

OXTR methylation levels, their combination with CM experiences might indeed impact the OXTR 

epigenetic regulation, thus potentially modulating behavioural consequences, maternal behaviour, 

and pathways for intergenerational transmission of oxytocinergic system adaptations.  

Taken together, the above listed observations reveal a complex relationship between the 

oxytocinergic system and early life stress, which might affect OXTR regulation on epigenetic and 

systemic levels upon exposure to early life stress. Study III of this thesis aims to extend the 

understanding of the relationship between CM and (epi)genetic regulation of OXTR.  

1.3. CM and Biological Aging 

Increasing global life expectancy inevitably brings forth population aging. In contrast to 

chronological age, i.e. the number of years of life, the biological age of an organism can be 

estimated based on endocrine, immunological, or molecular observations (Jin, 2010). If the 

biological age is higher than the chronological age of an individual, we speak of accelerated aging. 

Childhood maltreatment has been hypothesized to be a contributing factor for accelerated aging 

based on several prominent findings. First, individuals with CM show an increased risk and earlier 

onset of age-related diseases, i.e. cardiovascular diseases, diabetes, and cancer (Batten, Aslan, 

Maciejewski, & Mazure, 2004; Castle, 2000; Danese et al., 2009; Danese & McEwen, 2012; 

Danese et al., 2008; Holman et al., 2016). Second, the examination of age-related biomarkers 

indicate premature biological aging in CM-affected individuals; including shorter telomere length 
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(a robust biomarker of cellular age), alterations of mitochondrial biogenesis, which are important 

in cellular aging and apoptosis (Tyrka et al., 2010; Tyrka et al., 2016), and higher levels of reactive 

oxygen species (ROS; Boeck et al., 2016). Finally, individuals with early life adverse experiences 

show higher levels of inflammatory markers associated with aging, such as C-reactive protein 

(CRP), fibrinogen and proinflammatory cytokines (Carpenter et al., 2010; Coelho et al., 2014; 

Danese et al., 2007; Danese & McEwen, 2011; Ehrlich, Boss, Chen, & Miller, 2016; Hartwell et 

al., 2013). Besides the long list of identified biomarkers associated with CM, the cellular extent of 

CM-experiences on accelerated aging concerning the epigenome remains poorly investigated. 

Epigenetic processes, including DNA methylation, change reliably with age throughout the 

lifespan (Jovanovic et al., 2017). Based on this observation, Horvarth (2013) identified and 

validated an “epigenetic clock”, a combination of DNA methylation tags that enable accurate 

estimation of age throughout the entire lifespan (Horvath, 2013; Horvath & Raj, 2018). The 

“epigenetic clock” allows to define the specific DNA methylation patterns of healthy physiological 

aging (Horvath & Raj, 2018; Jones, Goodman, & Kobor, 2015) and turned the attention of aging 

research towards DNA methylation. Among all the genes that undergo stable DNAm changes with 

increasing age, ELOVL2 (which encodes for the enzyme elongase 2 of very long-chain fatty acids) 

is especially interesting because it encodes for a transmembrane protein involved in the synthesis 

of long polyunsaturated fatty acids (PUFA; Leonard et al., 2002) and thus plays a key role in the 

structural organization of the cellular membrane (Jump, 2002) and in the endocannabinoid system 

(Bandeira-Melo, Bozza, & Weller, 2002; Bozza & Bandeira-Melo, 2005; Schmitz & Ecker, 2008). 

ELOVL2 methylation has been repeatedly identified as a robust marker for chronological age 

estimation with a mean absolute deviation from chronological age ranging between 5 and 6.41 

years (Bacalini et al., 2017; Bysani et al., 2017; Garagnani et al., 2012; Park et al., 2016; Zbiec-
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Piekarska et al., 2015). The remaining uncertainty range might be the result of other – so far 

unknown – environmental factors that potentially moderate biological aging, like lifetime chronic 

or traumatic stress. Indeed, lifetime stress has been associated with accelerated epigenetic aging 

(Zannas et al., 2015). Similarly, using the “epigenetic clock” from Horvath, experiencing violence 

during childhood was also associated with an increased epigenetic age in DNA extracted from 

saliva samples of school-age children (Jovanovic et al., 2017). 

Keeping in mind the evidence of DNAm of ELOVL2 as a strong biomarker for age and the 

described metabolic functions of ELOVL2, the study of the associations of CM and ELOVL2 

methylation can be particularly promising to assess potential accelerated biological aging 

associated with early life experiences (Study IV).   

1.4. Intergenerational Associations of the Effects of CM 

The previous sections provided an overview of systemic and epigenetic traces of CM in affected 

individuals. However, there is mounting evidence showing that the long-lasting consequences of 

CM can be found even in following (non-affected) generations. This phenomenon is referred to as 

intergenerational transmission of the consequences of CM and will be described in the following 

paragraphs.  

Besides epidemiological and psychological approaches, stress research aims to identify whether 

there are direct biological mechanisms for the intergenerational transmission of CM-associated 

biomolecular changes impacting development, health, behaviour, and the risk for psychopathology 

of the offspring. Two broad categories of intergenerational transmission can be considered. The 

first involves behavioural and psychosocial factors (e.g. postnatal maternal care, positive social, 
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and parental interaction) that affect the development of the child during their early life. These 

include parental reflection of their own negative childhood experiences (i.e. cycle of maltreatment) 

and the early environmental exposures of the offspring to parental distress. The second, and the 

focus of this thesis, includes: direct biological transmission of preconceptional factors that may 

affect the germline, and the exposure to prenatal factors that impact feto-placental interactions in 

utero. This biological transmission can be explained by investigating epigenetic mechanisms, since 

it has been shown that epigenetic modifications that occur in a germline cell can become stable in 

the next generation after fecundation (Bale, 2014). 

Work from animal models has shown that epigenetic marks can indeed be intergenerationally 

transmitted. For example, DNA methylation in genes involved in stress and emotion regulation 

persist in sperm cells from mice exposed to early life stress (Franklin et al., 2010). Alterations in 

miRNA expression – another epigenetic mechanism –, metabolism, and behaviour after early life 

stress up to the third generation in rodents were also described (Gapp et al., 2014; Gapp et al., 

2020). 

In humans, research has mostly focused on the effects of pregnancy stress on the upcoming 

offspring. Maternal stress exposure and depressive mood during pregnancy were associated with 

specific changes on DNA methylation within the FKBP5 and NR3C1 genes of the offspring, in 

newborns (Monk et al., 2016; Oberlander et al., 2008; Kertes et al., 2016) and in teenagers (Radtke 

et al., 2011). Moreover, newborns of mothers who had been socially isolated during the second 

pregnancy trimester exhibited less methylated OXTR in cord blood cells (Unternaehrer et al., 2016). 

Previous studies on the intergenerational transmission of the biological consequences of CM pose 

the limitation of not being able to distinguish between epigenetic intergenerational transmission 
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and postnatal environmental influences. Considering these findings, it remains unknown whether 

acquired premature epigenetic signatures due to environmental stressors (such as childhood or 

lifetime adversity) are transmitted to the next generation in humans through non-genomic (i.e. 

epigenetic) mechanisms, or independently from the psychosocial mother-infant interaction. To 

overcome this limitation, Studies II, III, and IV of this thesis assessed DNA methylation in 

isolated immune cells from umbilical cord blood from newborns whose mothers were exposed to 

varying levels of CM, i.e. from none to severe. This approach uniquely allowed us to address the 

question whether epigenetic alterations observed in mothers with CM had been transmitted to their 

newborns at the time of birth, before parenting factors had had influence on their epigenetic 

patterns.  
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1.5. Aims of this Thesis 

By targeting DNA methylation levels of mothers and their newborns, this thesis aims to extend the 

understanding of how epigenetic processes may contribute to the long-lasting consequences and 

intergenerational transmission of childhood maltreatment in a non-clinical cohort.  

Therefore, scientific article I (study I) is a selective literature review of the current knowledge of 

the consequences of lifetime trauma on biological and psychological levels. Study I aims at setting 

the literature basis for the research work of this thesis. It outlines epigenetic imprinting as a possible 

mechanism for long-lasting effects on health and for an intergenerational transmission of biological 

consequences of traumatic experiences. Consequently, studies II – IV investigate CM-associated 

changes of DNA methylation in mothers and their newborns, using data that were collected shortly 

after parturition (recruitment within less than one week) within the scope of the project “My 

Childhood – Your Childhood” (conducted from October 2013 to April 2016). Of particular interest 

is the impact of CM on the epigenetic regulation of the main genes involved in the response to 

stress (FKBP5, NR3C1, and CRHR1) in isolated immune cells (Study II), and of the oxytoginergic 

system (OXTR: Study III) – a physiological system that modulates maternal behaviour and 

mother-infant bonding. Beside from the consequences on stress-related physiological systems, a 

history of CM has been previously associated with increased risk for age-related disease, and 

premature aging – especially of the immune system. Thus, another aim of this thesis is to determine 

whether CM accelerates biological aging in terms of increased DNA methylation of a biomarker 

for age (i.e. ELOVL2; Study IV). As descendants from individuals with a history of CM also show 

an increased lifetime risk for stress-related behavioural and psychological disorders, this thesis will 

finally focus on the question whether DNA methylation patterns associated with CM are 
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transmitted to the next generation via the germline. For this aim, the infant’s DNA methylation 

patterns from isolated cord blood immune cells were examined (Studies II, III, and IV). 
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2. Summary of the Present Studies  

2.1. Epigenetic Alterations Associated with War Trauma and Childhood Maltreatment  

Study I: Ramo-Fernández et al. (2015) 

Individuals who experienced war trauma or childhood maltreatment show increased risk for stress-

related and trauma spectrum disorders (e.g. anxiety, depression, and PTSD; Li, et al., 2016; Neuner 

et al., 2004), and poorer general health (Herrenkohl, Hong, Klika, Herrenkohl, & Russo, 2013). 

The increased risk for physical and psychological disease might be mediated by alterations in the 

neuroendocrine and immune systems. The aim of Study I was to review and understand the 

molecular systems that mediate the associations between CM and physical and mental health 

outcomes. For that, this literature review focuses on how epigenetic alterations might account for 

trauma-associated alterations, including effects across generations. More specifically, this study 

describes epigenetic mechanisms with the focus on DNA methylation, and reviews: i) findings on 

consequences of war trauma and CM on physical and mental health, ii) how epigenetic mechanisms 

might account for the long-lasting effects of war trauma and CM, iii) intergenerational transmission 

pathways of the effects of trauma and violence, and iv) intergenerational epigenetics.  

The manifold consequences of lifetime trauma include PTSD, behavioural problems, re-

victimization and substance abuse (Barrios et al., 2013; Khoury et al., 2010; Norman et al., 2012; 

Thornberry, Henry, Ireland, & Smith, 2010). Some of these consequences might have a genetic 

component. However, genetic risk factors explain only small portions of the phenotypic variance 
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(Gershon & Alliey-Rodriguez, 2011). This missing heritability can be explained by the 

environmental shaping of genetic expression, i.e. epigenetic mechanisms. 

The importance of epigenetic alterations in the field of trauma is highlighted in this review, because 

they can flexibly adapt to environmental challenges and become stable throughout years. In 

particular, individuals with CM experiences or exposed to adult trauma show epigenetic alterations 

in genes regulating the hypothalamus–pituitary–adrenal axis as well as the immune system, as 

observed in targeted and epigenome-wide epigenetic studies (Mehta et al., 2013; Suderman et al., 

2017). These epigenetic modifications could explain the enduring alterations of the stress response 

as well as the physical health risk in survivors of lifetime trauma.  

This study also highlights animal studies showing that behavioural changes and DNA methylation 

patterns associated with early life stress can persist throughout generations (Franklin et al., 2010; 

Gapp et al., 2014). In humans, however, investigations of the transmission of epigenetic 

associations focus on pregnancy stress (Monk et al., 2016; Oberlander et al., 2008; Kertes et al., 

2016; Radtke et al., 2011) – when the offspring is directly exposed to the stress – rather than 

focusing on direct transmission of the biological effects of trauma during early life and adulthood 

via the germline.  

To conclude, Study I discusses that the biological consequences of adult trauma and childhood 

maltreatment might be mediated by epigenetic alterations. While non-affected offspring show 

increased risk for physical health and behavioural problems, whether the biological alterations can 

be transmitted via germline remains hardly investigated in humans. This study further proposes 

that epigenetic mechanisms may be the key for the intergenerational transmission of the biological 

effects of CM.   
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2.2. The effects of Childhood Maltreatment on Epigenetic Regulation of Stress-Response 

Associated Genes: an Intergenerational Approach 

Study II: Ramo-Fernández et al. (2019) 

Given the mounting evidence showing that childhood maltreatment is associated with biological 

alterations of the stress response and immune systems (as described in Study I), Study II 

hypothesized that CM-affected mothers show altered DNA methylation in genes involved in the 

regulation of HPA axis signalling when compared to CM-free controls. This study additionally 

accounted for the FKBP5 rs1360780 genotype, based on its modulatory role on the heterogeneity 

of HPA axis steroid signalling. For that, we assessed the DNA methylation of three targeted genes, 

namely FK506 binding protein 51 (FKBP5), glucocorticoid receptor (NR3C1), and corticotropin-

releasing hormone receptor 1 (CRHR1) in peripheral blood immune cells collected from 117 

mothers (58 CM+ and 59 CM-). CM was associated with decreased methylation of FKBP5 and 

CRHR1 and increased methylation of NR3C1. Gene expression levels of FKBP5 and NR3C1 were, 

however, not associated with CM or DNA methylation levels. We also observed a G × E 

(rs1360780 × CM) effect on DNA methylation of FKBP5 and on FKBP5/NR3C1 inter-regulation.  

Study I highlighted the potential role of DNA methylation in the intergenerational transmission of 

biological consequences of CM. Thus, Study II further investigated to what degree these 

alterations are biologically transmitted to the next generation by analysing DNA methylation levels 

in isolated neonatal immune cells from fetal cord blood (N=113 mother-newborn dyads), 

precluding any post-natal interaction. The results revealed no effect of maternal CM on the 

newborn’s DNA methylation levels of the targeted genes.  
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In sum, the results from Study II suggest that CM induces long-lasting alterations in the DNA 

methylation pattern of genes regulating the HPA axis of affected individuals. Moreover, it presents 

the first evidence in humans for a CM-associated decrease in the DNA methylation of the CRHR1 

gene. The epigenetic patterns observed in CM+ mothers might suggest attempted upregulation of 

the HPA axis and lower glucocorticoid receptor availability, which might in turn lead to sustained 

GR resistance and disruption of HPA axis feedback control. This is hypothesized to, at least 

partially, account for an increased risk to chronic hypercortisolism and related health outcomes in 

CM-affected individuals. There were, however, no phenotypic implications of methylation changes 

or CM on the level of FKBP5 and NR3C1 gene expression in our cohort, which is in line with 

previous studies showing that hypomethylation of FKBP5 intron 7 is associated with increased 

FKBP5 gene expression in vitro after steroid stimulation, but not under baseline conditions 

(Klengel et al., 2016; Yeo et al., 2017). The most important finding of this study was the fact that 

there was no evidence for any intergenerational transmission of CM-related methylation profiles. 

From these results, the higher risk for immune-related conditions that are often described in the 

offspring of women with a history of CM might be affected by CM-related variations in postnatal 

mother-child interactions or parenting behaviour.  
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2.3. Associations between Childhood Maltreatment and DNA Methylation of the 

Oxytocin Receptor Gene in Immune Cells of Mother-Newborn Dyads 

Study III: Ramo-Fernández et al. (2021) 

Study II found specific epigenetic patterns within stress-related genes associated with CM in 

immune cells. Another physiological system that interplays with the immune response to stress is 

the oxytocinergic system. The neuropeptide oxytocin (OXT) and its receptor (OXTR) can modulate 

social relationships and mother-child interactions. Furthermore, oxytocinergic signalling can buffer 

the effects of CM on emotion dysregulation (Bradley et al., 2011), and on the negative impact of 

adverse early-life experiences on maladaptive alterations in HPA axis functioning (Boeck et al., 

2018). The complexity of the associations between CM and OXT-signalling become evident based 

on two observations: CM is associated with epigenetic changes on the OXTR gene (Unternaehrer 

et al., 2015; Fujisawa et al., 2019; Smearman et al., 2016; Gouin et al., 2017), and the modulation 

between early-life environment and changes on oxytocinergic signalling seems to be further 

influenced by genetic factors, i.e. SNPs within the OXTR and the OXT genes (Kumsta & Heinrichs, 

2013; summarized in Toepfer et al., 2017). Despite the potential impact of alterations of the 

maternal oxytocinergic system on mother-child interaction, the potential direct biological 

intergenerational transmission of epigenetic changes on OXTR associated with CM remains 

uninvestigated. Consequently, Study III focuses on CM effects on OXTR DNAm in interaction 

with three SNPs: rs53576 and rs2254298 (OXTR), and rs2740210 (OXT) and possible 

intergenerational effects of maternal CM exposure on DNAm and OXTR gene expression.  

The cohort of this study was the same as for Study II (i.e. N=117 mothers and a total of N=113 

mother-newborn dyads). Using MassARRAY technology to assess OXTR DNA methylation, 
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Study III found single-site specific effects of CM on four CpGs, but no associations between CM 

and OXTR mean methylation in the mothers. In addition, Study III describes an interaction 

between CM and the OXTR rs53576 as well as the OXT rs2740210 genotypes in modulating mean 

OXTR methylation levels. With regards to the intergenerational effects of maternal CM on 

newborn’s OXTR methylation, the maternal CM status moderated the associations between 

maternal and infants mean methylation of the OXTR gene: maternal and newborns’ mean 

methylation of OXTR were positively associated within CM- dyads, but not in CM+ dyads.  

In sum, Study III suggested that own experiences of CM can affect the epigenetic regulation of 

OXTR, especially in interaction with the OXTR rs53576 and the OXT rs2740210 genotypes. Similar 

to the results from Study II, Study III did not find direct associations between maternal CM 

experiences and OXTR methylation in newborn’s cord immune blood cells. Study III, however, 

showed that maternal CM status seems to interfere with the biological inheritance of OXTR 

methylation because only CM- dyads had positively correlated OXTR methylation levels. This is 

the first study suggesting that the intergenerational comparability of methylation levels for OXTR 

is altered in infants of mothers with CM. Maternal bonding and postnatal interactions during the 

first months of the newborn’s life, which are presumably altered in CM+ mothers, might further 

shape the oxytocinergic system. Thus, this study highlights the importance of early interaction 

approaches in CM-affected mothers.  
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2.4. Characterization of the Effects of Age and Childhood Maltreatment on ELOVL2 

DNA Methylation 

Study IV: Ramo-Fernández et al. (2021) 

Increasing global life expectancy inevitably brings forth population aging. Study II and Study III 

assessed systemic mediators of the adaptation of the stress response after chronic or repeated 

exposure to early-life stress (i.e. biologically embedding via epigenetic alterations). Such frequent 

activation of the stress response can cause a higher wear-and-tear of the immune system, resulting 

in elevated levels of low-inflammation and acceleration of aging processes (Danese & McEwen, 

2012). Consequently, CM has been hypothesized to be one contributing factor to accelerated aging. 

While individuals with CM experiences have a higher risk for age-related disease, the cellular 

extent of the CM-experiences on accelerated aging concerning epigenetic patterns has not yet been 

investigated. Increasing age is associated with specific epigenetic patterns, such as ELOVL2 

methylation. More specifically, the increase of methylation of the ELOVL2 gene has been proposed 

as a robust estimate for chronological age. ELOVL2 methylation can estimate age with a mean 

absolute deviation ranging between 5 and 6.41 years (Garagnani et al. 2012; Bacalini et al., 2017). 

The remaining variance might be the result of environmental factors that potentially accelerate or 

slow down biological aging, like CM.  Thus, Study IV investigated, from the same cohort as for 

Studies II and III, whether CM- experiences contribute to premature epigenetic aging in terms of 

methylation of three regions from ELVOL2 gene; and whether the offspring of CM+ mothers also 

show this biomarker for accelerated aging already at time of birth. 

The first region analysed was the ELOVL2 5’end, the specific sequence that has been repeatedly 

described as one of the best biomarkers for biological aging currently available. This study showed 
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again the strong effect of aging on DNA methylation of this area of the ELOVL2 gene, which was, 

however, not influenced by CM. As an exploratory approach, Study IV further extended the 

assessed ELOVL2 region into intron 1 and exon 1. ELOVL2 intron 1 mean methylation increased 

with higher chronological age but was not associated with CM experiences. In contrast, ELOVL2 

exon 1 methylation increased with higher severity of CM but was not associated with chronological 

age. Maternal CM experiences and neonatal methylation of ELOVL2 were not correlated. 

Study IV shows that there is no effect of CM on the core biomarker region of ELOVL2 for 

biological aging. It furthermore suggests region-specific effects of chronological age and 

experienced CM on ELOVL2 methylation. This study shows a statistically positive effect of CM 

on ELOVL2 exon 1 methylation. Since ELOVL2 is responsible for the synthesis of omega n-3 and 

omega n-6, study IV suggests that an ELOVL2-mediated dysregulation of n-3 and n-6 PUFAs 

metabolism could explain the link between CM experiences and the observed higher risk for 

conditions related to fatty-acid metabolism and aging such as obesity, diabetes, cardiovascular 

outcomes, and Alzheimer’s Disease. However, the biological relevance of the findings in ELOVL2 

exon 1 seems to be relatively low for two reasons: first, the methylation values of the ELOVL2 

exon were very low; and second, the effects of CM were rather small in comparison to the effects 

of aging on the ELOVL2 5’end. A replication of the explorative analyses from this study is 

warranted by future studies. In sum, Study IV shows that years after CM exposure, CM is not 

associated with accelerated biological aging in terms of ELOVL2 5’end methylation, which is an 

encouraging finding for all individuals affected by CM.
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3. Discussion 

Childhood maltreatment remains a global phenomenon and a major public health concern (Gilbert 

et al., 2009). This dissertation adds to current knowledge regarding long-term biological 

consequences and potential intergenerational effects of CM. A broad number of studies have 

highlighted the consequences of CM on the subject’s DNA methylation patterns at several genomic 

regions, including stress-related genes. However, whether the epigenetic associations of CM are 

biologically transmitted to the next generation via germ cell lines remains largely unknown thus 

far. In elaboration, the present thesis focused on: i) associations between CM and epigenetic 

regulation of central genes involved in the stress response and oxytocinergic system, ii) potential 

acceleration of biological aging associated with CM in terms of DNA methylation of a specific 

biomarker for age; and iii) intergenerational effects of maternal CM on the infant’s DNA 

methylation patterns.  

To provide an overview of the literature basis for the hypotheses from this thesis, Study I first 

reviewed evidence for the somatic and psychiatric consequences associated with lifetime trauma. 

Study I also reviews potential mechanisms for the intergenerational transmission of CM and 

pregnancy stress as observed from animal and human studies and revealed that no study so far 

investigated whether DNA methylation changes associated with CM are transmitted to the next 

generation in humans. Study II linked CM to alterations in DNA methylation levels of the three 

key genes involved in the stress response (i.e. FKBP5, NR3C1, and CRHR1) and found G × E 

interactions of the FKBP5 genotype on FKBP5 and NR3C1 epigenetic inter-regulation. By 

addressing DNA methylation of the key regulator for the peripheral functioning of the 

oxytocinergic system (i.e. OXTR), Study III found effects of CM in the DNA methylation of four 
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CpG units within the OXTR gene. Furthermore, Study III showed that the OXTR rs53576 and OXT 

rs2740210 polymorphisms modulated OXTR mean DNA methylation levels in interaction with the 

severity of CM experiences, illustrating a G × E interaction. Following the hypothesis that CM 

accelerates biological aging, Study IV accessed DNA methylation of a promising biomarker for 

biological age, i.e. the 5’ end of the ELOVL2 gene.  Study IV showed for the first time that CM is 

not associated with accelerated biological aging in terms of methylation of the ELOVL2 5’ end. In 

an exploratory approach, Study IV further showed preliminary evidence for an association of the 

severity of CM with the DNA methylation of exon 1 of the ELOVL2 gene. Finally, Studies II, III, 

and IV’s assessment of DNA methylation in immune cells isolated from cord blood allowed for an 

intergenerational approach for this thesis. There were positive associations observed in OXTR 

methylation levels between mothers and their infants, but only in dyads with non-CM mothers. 

However, this thesis showed no main effects of maternal CM on DNA methylation levels of any 

of the targeted genes in the infants at the time of birth.  

Although the findings of this thesis reveal novel insights into the biological intra- and 

intergenerational effects of CM, they require further exploration and interpretation in the context 

of molecular psychopathology. Thus, the following sections will firstly discuss the biological 

implications of CM-associated epigenetic dysregulation (section 3.1), especially of the HPA axis 

(section 3.1.1) and oxytocinergic systems (section 3.1.2). The second section discusses the 

hypothesis-driven impact of CM on premature biological aging (section 3.2). The third section 

discusses the intergenerational effects of CM by focusing on the results from the next generation 

(section 3.3). Finally, limitations that should be kept in mind when interpreting the results from 
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this thesis are described (section 3.4), followed by final conclusions that summarize the 

contributions to the research of this thesis (section 3.5). 

3.1. Biological Associations of CM Effects on Biological Pathways  

Childhood is an especially sensitive developmental window when the physiology is being shaped 

in response to environmental challenges. As such, experiences of adverse events or early life stress 

during this phase of life can lead to persisting disruption of the biological response to stress. These 

adaptive mediators confer protective effects during acute psychosocial stress but might become 

detrimental in the case of chronic stress exposure. Studies II and III suggest that, in immune cells, 

this adaptation occurs at an epigenetic level, and in two important regulators of the stress response 

and the buffering of its effects, i.e. the HPA axis and the oxytocinergic system, as described in the 

following sections. 

3.1.1.  Implications of Epigenetic Changes within the HPA Axis associated with Childhood 

Maltreatment 

Among all investigated epigenetic targets that are associated with CM, Study II focused on the 

FKBP5, NR3C1, and CRHR1 genes because of their key role on GR signalling upon traumatic and 

repetitive stress. Study II replicates previous results showing CM-associated increased DNA 

methylation of NR3C1 exon 1F, and decreased DNA methylation of FKBP5 intron 1. It also 

provides a new candidate for CM-associated epigenetic alterations within the HPA axis, namely 

CRHR1. Hypermethylation and hypomethylation of regulatory genetic regions are usually 

associated with lower and higher gene expression of said gene, respectively (Jaenisch & Bird, 

2003). RNA expression is most often not analysed or reported on other studies targeting DNA 
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methylation in the context of CM. The gene expression analyses performed in this study showed 

no differences in gene expression of NR3C1 and FKBP5. Due to the limited PBMC quantity, the 

available sample size for gene expression analyses in our study was reduced to almost half of the 

maternal epigenetic sample size. However, in line with our results, previous studies already 

suggested that DNA methylation changes in FKBP5 are not related to baseline gene expression 

alterations (Klengel et al. 2013; Yeo et al. 2017). Another important consideration in understanding 

the results on gene expression from Study II is that our cohort consisted of postpartum women. 

The delivery of a child can embody particular and acute physiological adaptations that might mask 

the enduring effects of DNA methylation on the transcription of stress-related genes. For details on 

the HPA axis during pregnancy and birth, see the reviews from Duthie & Reynolds (2013), and 

Mastorakos & Ilias (2003). The results from Study II suggest an attempt for a molecular 

upregulation of the HPA axis in CM+ mothers, and potentially lower GR availability in their 

immune cells, as an adaptation and response to stress. However, longitudinal studies are warranted 

to disentangle the role of potential transcriptional changes of regulators of the HPA axis in disease 

development.  

The persistent steroid hormone regulation in response to early life stress is a promising and 

extensive research field. Here, the epigenetic regulation of the FKBP5 gene warrants detailed 

discussion because of two reasons: i) because of its evidenced G × E interaction with childhood 

maltreatment on various psychiatric phenotypes and ii) because of its modulatory role on the 

downregulation of the HPA response to stress after acute exposure (Binder et al., 2009; see the 

review by Zannas, et al., 2016).  Previous research has shown that the SNP rs1360780, located in 

intron 2 of FKBP5 enhances the adjacent GRE in response to GR-stimulation, especially in carriers 

of the T-allele (risk) compared to homozygotes of the C allele (“CC” protective genotype; Klengel 
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et al. 2013). Moreover, T-allele carriers showed decreased methylation of FKBP5, which in turn 

made the negative feedback of the FKBP5 product on GR stronger, ultimately leading to GR 

resistance and higher cortisol level over time (Binder et al., 2009; Klengel et al. 2013). Study II 

further strengthens the perspective of an interactive effect of the FKBP5 rs1360780 genotype and 

CM on FKBP5 mean methylation. Only T allele carriers showed hypomethylation of FKBP5 in 

association with CM and the molecular interrelation between FKBP5 and NR3C1 is influenced by 

the rs1360780 genotype as well (see Study II). These results support those from previous studies 

showing that the stress response and recovery in adults and children are rs1360780 genotype 

dependent (Buchman et al., 2014; Ising, et al., 2008; Luijk, et al., 2010); which, based on Study 

II, could be a consequence of the dysregulation of FKBP5 and NR3C1 interrelation. Thus, the 

consideration of genetic factors when studying steroid and hormonal alterations in association with 

CM is essential (see Study III as well). 

The observed molecular associations between CM and epigenetic regulation of the HPA-axis in 

immune cells suggest that environmental exposures during childhood might (re)program central 

signalling cascades that influence immune functions, and persist until adulthood (see Study II).  

Accordingly, it was recently proposed that higher FKBP51 levels promote inflammation via 

activation of nuclear factor-kappa B (NF-κB), a key immune regulator (Bouwmeester et al., 2004; 

Zannas et al., 2019). To sum up, Study II supports the hypothesis that the detrimental impact of 

childhood maltreatment on later mental health problems and behavioural difficulties can, at least 

partially, be explained by an (epi)genetic dysregulation of the HPA axis.  
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3.1.2. CM and Regulation of the Oxytocin Pathway – a Complex Relationship 

One buffering system of the inflammatory response to stress is the oxytocinergic system. So far, 

only few studies have examined long-term alterations of OXTR methylation in association with 

CM and the genetic makeup. Thus, Study III of this dissertation aimed at investigating OXTR 

regulation in the aftermath of CM with a comprehensive approach: testing OXTR DNA 

methylation, OXTR gene expression, and three key SNPs for the orchestration of oxytocinergic 

signalling. One CpG unit within the OXTR gene showed higher methylation in CM+ mothers, while 

3 CpG units showed lower DNA methylation levels when compared to CM-. Previous results have 

shown that childhood adversity is instead associated with higher OXTR methylation (Unternaehrer 

et al., 2019; Smearman et al., 2016; Gouin et al., 2017). In contrast, the results from Study III 

show that CM-associated epigenetic patterns are rather specific at a single-CpG site level, adding 

complexity to OXTR regulation after early life stress.  

Another factor that accounts for oxytocinergic signalling adaptation after facing early life stress is 

the individual’s genotype. Moreover, Studies I and II highlighted the importance of assessing 

genetic factors when investigating epigenetic associations of early life trauma. Accordingly, the 

levels of OXTR methylation in immune cells were regulated by an interaction of rs2740210 × CM 

exposure (see Study III), which complement previous evidence regarding the predictive role of 

rs2740210 on individual mothering behaviour (Jonas et al., 2013; Mileva-Seitz et al., 2013; see 

Toepfer et al. 2017 for a review). Moreover, only women with the OXTR rs53576 GG genotype 

showed a negative association with the severity of the CM experiences, suggesting a protective 

function of the rs53576 GG genotype. This reduction of DNAm might reflect the body’s attempt 

to increase the accessibility of the OXTR gene for transcription during the postpartum period when 



  Discussion 

   

 

 38 
 

 

  

 

parenting behaviour becomes especially important. In sum, the findings of this dissertation suggest 

that genotype can potentially shape the phenotypic plasticity of mothers who were exposed to CM 

shortly after postpartum. Maternal early life stress negatively impacts maternal behaviour, 

presumably via long-term adaptation to early environmental factors (Study I; also see meta-

analysis from Savage et al., 2019). Consequently, one could speculate that an increased maternal 

OXTR availability might support the infant’s development as an attempt to buffer stress response 

and to protect the developing neural structures by increasing oxytocin signalling; and thus affecting 

maternal behaviour once adulthood is reached. In this context, the epigenetic patterns in CM+ 

women from Studies II and III suggest an epigenetic adaptation of the immune cells to stress and 

oxytocinergic responses to the challenging early environment. The immune system is especially 

vulnerable during developing stages, leading to compromised immune function, alterations in the 

composition of peripheral immune cells, and high levels of inflammation, which ultimately can be 

reflected as premature biological aging of the immune cells. It is thus reasonable to speculate about 

a link between CM, stress response adaptation, and biological aging. Indeed, increasing age has 

been linked to decreased levels of FKBP5 DNAm (Zannas et al., 2019); and early life stress in 

combination with aging accelerated the decrease in FKBP5 methylation, which in turn can promote 

NF-κB peripheral inflammation (Zannas et al., 2019). Thus, the next section discusses whether CM 

can accelerate biological aging in terms of increasing ELOVL2 methylation, a well-established 

biomarker for age in humans.  
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3.2. Does CM Accelerate Biological Aging in Affected Individuals? The Role of ELOVL2 

Regulation  

Study IV showed for the first time that a history of CM experiences does not translate into 

accelerated biological aging in terms of ELOVL2 5’ end DNA methylation in immune cells, a 

strong biomarker for age. In contrast to these results, previous work does suggest accelerated 

immunological aging in CM+ individuals in terms of shorter telomere length (Boeck et al., 2018; 

Ridout et al., 2018; Tyrka, Carpenter, et al., 2015), as well as higher levels of ROS and oxidative 

stress (Boeck et al., 2016). Moreover, the ratio of memory/naïve lymphocytes increases with age 

and stress exposure (Chakravarti & Abraham, 1999; Weng, 2006). It is reasonable to speculate that 

the observed CM-associated higher DNAm of ELOVL2 exon 1 is rather an effect of a skewed 

distribution of the subcellular populations of PBMC (naïve versus memory cells). Further analysis 

showed no changes in the distribution of lymphocytes and monocytes in CM+ women in our cohort, 

but future studies should focus on compositional shifts and differential ELOVL2 DNAm in 

subcellular populations of those cell types. 

The exploratory analyses within Study IV on ELOVL2 exon 1 showed a small effect of CM on 

ELOVL2 exon 1 methylation, but not on ELOVL2 or intron 1. The main difference between intron 

and exon sequences is that only exon sequences encode for functional proteins; the biological 

function of intron sequences has not been fully understood but they seem to be involved in the 

regulation of gene expression, especially of proteins with essential cellular functions (Rose, 2019). 

So far, the physiological implications of increased methylation of ELOVL2 can be only speculated. 

An increase in methylation would affect gene expression of ELOVL2 using an interaction of the 

resulting mRNA of intron 1 with that of exon 1, which might lead to interference of translation. 
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Consequently, increased methylation of ELOVL2 might have an effect on gene expression as well 

as the quantitative availability of the gene product of ELOVL2. The precise biological 

consequences of these findings in the context of aging and childhood maltreatment require more 

research. 

ELOVL2 is involved in the elongation of very long fatty acid chains, including polyunsaturated 

fatty acids (PUFAs). PUFAs include omega-fatty acids and are essential components of plasma 

membranes. PUFAs predominantly accumulate in cellular membranes during brain development 

(Schuchardt, Huss, Stauss-Grabo, & Hahn, 2010; Bosch-Boujou & Layé, 2015). ELOVL2 is 

thereby important for the maintenance of membrane stability and the synthesis of omega-fatty acids 

(Jakobsson, Westerberg, Jacobsson, & 2006). Consequently, if the observed higher DNAm 

(associated with both age and CM in Study IV) of ELOVL2 at the targeted sites leads to 

translational downregulation and reduction of ELOVL2 protein levels, this might have implications 

for cellular and physiological functions. For example, ELOVL2 potentially influences membrane 

fluidity because it is responsible for the elongation of omega n-3 (the first unsaturated bond at the 

third carbon (C) relative to the terminal methyl end) and omega n-6 PUFAs (the first unsaturated 

bond at the sixth C) that are integrated into cellular membranes (Bandeira-Melo & Bozza, 2002; 

Bozza & Bandeira-Melo, 2005; Schmitz & Ecker, 2008). The major precursor of n-3 is the α-

linoleic acid (ALA), while the synthesis of n-6 PUFAs derives from the linoleic acid (LA). Both 

precursors (ALA and LA) have exclusive dietary origins. However, they have different functions: 

while n-3 derived PUFAs, such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), 

have been associated with an anti-inflammatory status, n-6 derived fatty acids like arachidonic acid 

(AA) are thought to be pro-inflammatory (Bagga, Wang, Farias-Eisner, Glaspy, & Reddy, 2003; 

Robinson & Stone, 2006; Swanson, Block, & Mousa, 2012). ALA and LA compete 
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for ELOVL2 enzymatic function to complete their elongation towards n-3 and n-6 PUFAs 

respectively and a higher dietary intake of LA can increase the preference of ELOVL2 towards the 

n-6 type elongation. Here, an ELOVL2 methylation-mediated downregulation combined with, for 

example, an increased dietary ratio of the n-6 to n-3 may decrease physiological levels of n-3 

derived PUFAs, which are essential for perinatal brain development, maturation, and normal brain 

functions (Schuchardt et al., 2010). This might have not only physical but also psychological 

consequences. For instance, a lack of n-3 PUFAs has been observed to increase the risk for 

depressive symptoms (Kiecolt-Glaser et al., 2007). Moreover, individuals with posttraumatic stress 

disorder (de Vries, Mocking, Lok, Assies, Schene, & Olff, 2016; Matsumura et al., 2017) and CM 

(Koenig, Karabatsiakis, et al., 2018) have alterations in serum levels of unsaturated fatty acids. 

Particularly, low levels of n-3 PUFAs further constitute a risk factor for the development of 

depressive symptoms in individuals with CM (Coryell et al., 2017). An ELOVL2-mediated 

dysregulation of n-3 and n-6 PUFA metabolism could explain the link between CM experiences 

and the observed higher risk for conditions related to fatty-acid metabolism such as obesity 

(Hemmingsson, Johansson, & Reynisdottir, 2014), diabetes (Huang et al., 2015; Basu, 

McLaughlin, Misra, & Koenen, 2017), and cardiovascular diseases (Basu et al., 2017) and could 

increase the risk for Alzheimer disease (Snowden et al., 2017). Thus, the CM-associated higher 

DNAm of ELOVL2 that we observe in Study IV might be part of a pathway towards adult physical 

and psychological pathology in combination with other environmental factors.  

Considering that n-6 and n-3 PUFAs are also precursors to endogenous ligands of the 

endocannabinoid receptors (Freitas et al., 2018), ELOVL2 might be an underlying factor for the 

regulation of the endocannabinoid system in association with lifetime trauma. Accordingly, the 

same cohort from this thesis showed that CM+ women had lower hair levels of the 
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endocannabinoid N-stearoylethanolamide (SEA; Koenig, Gao, et al., 2018), an anti-inflammatory, 

neuroprotective, and analgesic endocannabinoid (Dalle Carbonare et al., 2008; Iannotti, Di Marzo, 

& Petrosino, 2016). Even though the positive associations between CM and ELOVL2 exon 1 

showed in Study IV should be taken with caution until a consequent phenotypic alteration is 

demonstrated, higher ELOVL2 methylation might be a contributing molecular factor for the pro-

inflammatory and accelerated aging phenotypes observed in CM-affected individuals.  

3.3. The Intergenerational Perspective of CM Experiences 

Studies I, II, III, and IV showed associations between CM and epigenetic patterns on the exposed 

generation. Literature suggests that the biological effects of CM might be transmitted to the next 

generation (described in section 1.4). By investigating umbilical cord blood cells, the unique 

approach of this thesis allowed to investigate such intergenerational traces of CM in the next 

generation precluding any influence of parenting behaviour. The results from Studies II, III, and 

IV show for the first time in humans that the DNA methylation patterns on isolated immune cells 

associated with CM are not observable in the next generation at the time of birth, before any social 

interaction or exposure to parenting behaviour. When interpreting the directions of these findings, 

it is important to keep in mind that the DNA from germ cells undergoes demethylation after 

fertilization occurs in the uterus, and it occurs differently in sperm cells and oocytes (Stenz, 

Schechter, Serpa, & Paoloni-Giacobino, 2018). Maternal pro-nuclei can maintain some DNA 

methylation patterns due to the activity of the enzyme DNA-methyl transferase 1 (DNMT1) and to 

cis- and trans-acting factors that can re-establish the epigenetic marks after their deletion (Stenz et 

al. 2018; Yehuda & Lehrer, 2018). Thus, it is suggested that the erasure of methylation marks is 

incomplete and that some genetic regions can escape it, potentially transmitting acquired DNAm 
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tags to the next generation (Stenz et al. 2018; Yehuda & Lehrer, 2018). In contrast to the 

observations in animal studies, the results from this thesis do not show stable DNA methylation 

patterns in the offspring cells. This might be attributable to a tissue- or species-specificity of early 

life stress on DNA methylation patterns of the targeted genes. For example, it is well stablished 

that mice show a specific phenotype – attributable to DNA methylation patterns – when exposed 

to a specific odour that is stably transmitted to non-exposed offspring (Morgan, Sutherland, Martin, 

& Whitelaw, 1999), but these results could not be extended into humans because the affected gene 

is lacking in human genoma. Evidences for epigenetic inheritance of effects of traumatic 

experiences in animal studies were especially robust for the transmission of long RNA or micro-

RNA, while human studies focus mostly in DNA methylation of somatic cells due to 

methodological challenges. Finally, the effect of maternal traumatic experiences on the offspring 

might depend on maternal age at time of exposure and on the severity of the experiences. In this 

regard, the translation of age, type, and severity of traumatic stressor into animal models is 

challenging and presumably not accurate, which might explain the differences of the results 

between human and other mammals. A recent study showed that maternal exposure to severe 

traumatic experiences during the Holocaust was associated with decreased FKBP5 DNAm, but 

only if mothers were exposed (Bierer et al., 2020). There was no effect on the offspring methylation 

if only fathers were exposed (Bierer et al., 2020). In contrast, several animal (Gapp et al., 2014; 

Gapp et al., 2020)  as well as human studies indeed suggest that effects from exposed fathers might 

be transmitted via epigenetic changes in the sperm gametes (Binder et al., 2008; Chan, Nugent, & 

Bale, 2018; Roberts et al., 2018). In summary, these data highlight the complexity of the 

assignment of intergenerational of exposure to childhood negative experiences effects to DNA 

methylation, because human studies have not attributed intergenerational effects to a single set of 
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biological mechanisms to date (Yehuda & Lehrer, 2018). Future studies in humans are warranted 

to explore the role of the time and severity of exposure in the epigenetic inheritance of traumatic 

effects not only via DNA methylation, but also via non-coding RNAs. 

As discussed above, in this thesis none of the epigenetic patterns associated with CM of the stress- 

and oxytocinergic systems, nor those related to biological aging observed in the mothers were 

affected in the newborns (see Studies II, III, and IV), suggesting that maternal CM experiences 

do not directly affect the offspring’s epigenetic patterns. However, maternal CM status does seem 

to interfere with the biological inheritance of OXTR methylation: Study IV shows that only CM- 

dyads had positively correlated OXTR methylation levels. Thus, this study suggests for the first 

time that the intergenerational comparability of methylation levels for OXTR is altered in infants 

of mothers with CM. In line with these results, the number of critical life events experienced by 

mothers prior to pregnancy might predict OXTR DNAm of newborn’s cord blood (Unternaehrer et 

al., 2016), highlighting the regulatory role of the oxytocinergic system on the impact across 

generations. Other studies suggest that the maternal stress experienced during pregnancy can shape 

the oxytocinergic system of the developing fetus. Here, an activation of the oxytocinergic system 

via the placenta in dependency of maternal CM status cannot be discarded. However, even though 

the placenta can synthesize oxytocin, a study demonstrated that depressive symptoms during 

pregnancy were not associated with changes in placental OXTR DNAm (Galbally et al., 2018), 

suggesting that placenta OXTR regulation is not acutely regulated by maternal mood. Accordingly, 

maternal mood during the last 4 months before labour did not affect the newborn’s DNA 

methylation in the presented studies of this thesis. 
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In sum, while these results make for encouraging news for CM-affected mothers, one should 

cautiously consider that the potential intergenerational transmission of CM associations might 

occur via alternative mechanisms, not just maternal DNA methylation. Results on the same cohort 

as the one assessed in this thesis showed that neonatal hair hormone levels are associated with 

maternal CM in interaction with the FKBP5 genotype (Koenig, Ramo-Fernández et al., 2018); and 

while maternal and neonatal mitochondrial bioenergetics of immune cells were positively 

correlated, there was no direct effect of CM on neonatal mitochondrial activity (Gumpp et al., 

2020). These results highlight the complex regulation of maternal childhood environment and the 

next generation’s physiology. Moreover, the fetal programming of the HPA axis might indeed 

depend on the maternal glucocorticoid exposure during pregnancy, affecting the shaping immune 

system of the developing baby (Entringer, Buss, & Wadhwa, 2015; Solano, Holmes, Mittelstadt, 

Champan, & Tolosa, 2016). Some other factors that might contribute to how maternal CM can 

affect the offspring’s biology are the age when CM occurred and its chronicity. Also, when 

interpreting CM-dependent associations between maternal and neonatal OXTR methylation, it is 

important to consider that maternal venous and newborns’ cord blood cell composition differ in 

the presence of CD34+ (embryonic stem cells) in the umbilical cord blood. Consequently, the 

epigenetic signature from both groups might reflect the different cellular compositions. Thus, 

future studies are warranted to clarify the precise nature of the biological mechanisms underlying 

the intergenerational transmission of CM, if possible, in isolated cellular populations. Taken 

together, the results of this thesis suggest that the observed effects of parental traumatic stress on 

their child’s immune system and health outcome might mostly depend on the post-natal child’s 

environment, and highlight the importance of a caring, positive environment during childhood for 

upcoming generations. 
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3.4. Limitations and Future Perspectives 

This thesis expands on previous knowledge in the field of epigenetics in the context of CM and 

suggests that CM-associated epigenetic patterns are not embedded in the epigenome of the next 

generation. Some limitations should, however, be taken into account when interpreting these 

results. First, the findings from this thesis are based on a retrospective self-report measure of CM, 

namely the CTQ, which could be subject to recall bias. Moreover, our cohort reported relatively 

low levels of CM. CM levels might have been underestimated by individuals due to the nature of 

the time of their experiences (i.e. right after giving birth). Interestingly, even these low levels of 

CM experiences seem to be enough to trigger biological associations, as reported in Studies II, III 

and IV. It is, however, plausible to hypothesize that a more severely maltreated cohort might show 

effects on epigenetic levels that are not observable in the studies here presented. Future prospective 

studies, using a cohort with more severe CM or even clinically relevant traumatic experiences are 

surely warranted to validate the results presented in this thesis. 

Secondly, while these studies show associations between CM and methylation patterns of the 

FKBP5, NR3C1, CRHR1, OXTR, and ELOVL2 genes, the methylation changes were not associated 

with alterations in gene expression. Methylation levels at close proximity CpG sites are often 

highly correlated. Thus, the mean methylation levels across a number of CpG (e.g. in a CpG island, 

as the ones assessed in Studies II, III and IV) potentially have a larger impact on expression levels 

than methylation at a single site (Cao-Lei et al., 2013; McGowan et al., 2011). In contrast to 

previous studies, we used validated housekeeping genes for PBMC (Ledderose, Heyn, Limbec, & 

Kreth, 2011). Moreover, previous studies have already suggested that DNA methylation changes 

are not related to baseline gene expression alterations (Klengel et al., 2013; Yeo et al., 2017), which 
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is in line with our results. This argues for an additional systematic investigation of RNA expression 

in future studies. However, not many comparable studies in the field investigated whether 

methylation changes associated with CM also resulted in alterations in gene expression of the 

respective genes. Even though the relevance of DNA methylation of stress-related genes for mental 

health outcomes has been repeatedly proposed (Cicchetti et al., 2016; Monk et al., 2016; Suderman 

et al., 2014; Yang et al., 2013), whether this occurs via transcriptional changes has not yet been 

shown. Accordingly, the functional direction of differential methylation at a single CpG level 

compared to methylation differences in larger regions remains unclear (Vinkers et al., 2015). Future 

studies should investigate whether CM-associated epigenetic patterns represent a risk factor for 

psychological and physical health.   

Thirdly, we did not assess the role of paternal CM in our investigations of the intergenerational 

transmission of CM. Considering recent studies showing that early life trauma in men is associated 

with reduced levels of sperm microRNAs (Dickson et al., 2018), and research in humans suggesting 

differential effects of maternal and paternal diagnosis of PTSD on their children’s methylation 

patterns (Yehuda, Bell, Bierer, & Schmeidler, 2008), the psychobiological relevance of the father 

for an intergenerational transmission of CM driven in germ cells should be co-investigated in future 

studies.  

Another limitation is that the reported studies are not generalizable to other populations. The 

presented studies were conducted on a rather homogeneous and healthy cohort of Caucasian, 

middle-aged and well-educated women. Importantly for Study IV, the age range of our cohort was 

limited as it consisted of women of childbearing age only. Exposure to further stressors such as 
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maternity and parturition, as well as an increased chronological age might trigger the development 

of age-related health outcomes later in life, which are not observable in our cohort. 

In sum, although this thesis shows associations of CM on specific DNA methylation patterns, 

which are not directly transmitted to the next generation, future studies are warranted to replicate 

these results. Whether the epigenetic observations are risk or protective factors for health outcomes 

in CM-affected women remains unclear. Thus, prospective, longitudinal studies assessing 

epigenetic patterns would help to i) picture how environment continuously shapes the biological 

system, ii) elucidate potential epigenetic contributions on the predispositions for physical health, 

and iii) understand whether therapeutic intervention might reverse observed epigenetic shaping. 

Moreover, it would be promising to include more than two generations for a transgenerational 

approach (cf. Serpeloni et al., 2017). Finally, the comparability of epigenetic patterns between 

tissues is an essential question that should be further addressed in the future.  

3.5. General Conclusions 

The present thesis shows a unique pattern of epigenetic regulation associated with CM experiences. 

In a cohort of 113 mother-infant dyads, it also shows no evidence for a direct transmission of these 

DNA methylation patterns to the next generation. This thesis identifies that the regulation of the 

HPA axis and oxytocinergic system in the aftermath of CM might start at a molecular, epigenetic 

level and also shows that CM does not accelerate biological aging in terms of ELOVL2 DNA 

methylation. It also shows that pivotal genes for the stress response and emotion regulation can be 

orchestrated by the environment in combination with internal genetic factors. Based on the 

presented results, CM affects the biological response of the interaction between the endocrine and 
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the immune system, which possibly affects the duration and signalling of the stress response in the 

aftermath of CM. These results could be related to the increased risk for of physical illness in CM-

affected individuals. This thesis contributes to the current understanding of the pathways that 

underlie the biological consequences of CM and shows for the first time evidence in humans that 

the epigenetic effects of CM in immune cells are not biologically transmitted to the next 

generation– which is encouraging for the offspring of mothers with CM experiences. A 

comprehensive understanding of the role of CM-associated epigenetic patterns in the biological 

embedding of CM and their associated pathways should be a focus for future clinical research. In 

the era of precision medicine, specific and individual marks on DNA methylation might set 

potential starting lines for the development of new treatment approaches, for identifying 

individuals at risk, and for the allocation of preventive intervention. Thus, this thesis lays the 

groundwork for future studies that should further characterize the role of epigenetic mechanisms 

in risk and resilience for clinical problems in individuals who have experienced CM.
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Epigenetic Alterations Associated with War
Trauma and Childhood Maltreatment

Laura Ramo-Fernández, Lic.-Biol.*, Anna Schneider, Dipl.-Psych.†,
Sarah Wilker, Ph.D.† and Iris-Tatjana Kolassa, Ph.D.†

Survivors of war trauma or childhood maltreatment are at increased risk for trauma-
spectrum disorders such as post-traumatic stress disorder (PTSD). In addition, trau-
matic stress has been associated with alterations in the neuroendocrine and the immune
system, enhancing the risk for physical diseases. Traumatic experiences might even affect
psychological as well as biological parameters in the next generation, i.e. traumatic stress
might have transgenerational effects. This article outlines how epigenetic processes,
which represent a pivotal biological mechanism for dynamic adaptation to environmental
challenges, might contribute to the explanation of the long-lasting and transgenerational
effects of trauma. In particular, epigenetic alterations in genes regulating the
hypothalamus–pituitary–adrenal axis as well as the immune system have been observed
in survivors of childhood and adult trauma. These changes could result in enduring
alterations of the stress response as well as the physical health risk. Furthermore, the
effects of parental trauma could be transmitted to the next generation by parental distress
and the pre- and postnatal environment, as well as by epigenetic marks transmitted via
the germline.While epigenetic research has a high potential of advancing our understand-
ing of the consequences of trauma, the findings have to be interpreted with caution, as
epigenetics only represent one piece of a complex puzzle of interacting biological and
environmental factors. Copyright # 2015 John Wiley & Sons, Ltd.

INTRODUCTION

Reports of violent or traumatic events, such as the East Ukraine crisis or the Syria
conflict but also severe civilian violence, including childhood maltreatment or sexual
violence, dominate our daily newspapers. The ephemerality of such news creates a
sharp contrast to the long-lasting, but often invisible, consequences for the survivors
of trauma and violence.

Trauma survivors are at increased risk to develop disorders of the trauma spectrum
such as post-traumatic stress disorder (PTSD) or depression. While the latter can arise
in response to different environmental stressors, PTSD is unique among the psychiatric
disorders as it requires experience of a traumatic event to manifest. These psychological
disorders may take a chronic course and are associated with low levels of social and
economic functioning, higher rates of suicidality and less active societal participation
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(Sareen et al., 2005; Stansfeld, Clark, Rodgers, Caldwell, & Power, 2010). However,
the consequences of trauma and violence are not limited to psychosocial functioning,
but can be extended to physical health. Trauma survivors show changes in the immune
and the neuroendocrine system (Danese, Pariante, Caspi, Taylor, & Poulton, 2007;
Hunter, Minnis, &Wilson, 2011) and a higher risk for infections, diabetes, cardiovascu-
lar disease or even cancer (Norman et al., 2012). Epigenetic modifications might repre-
sent one piece in the puzzle of the link between traumatic stress exposure and associated
health consequences (Bick et al., 2012). Finally, the impact of traumatic experiences can
even be transmitted to the next generation, referred to as a transgenerational cycle of
trauma and maltreatment. Among the complex factors accounting for this
transgenerational transmission, epigenetic alterations could play a pivotal role.

After introducing the field of epigenetics to the reader, this selective literature review
describes the psychological and biological consequences of war trauma and childhood
maltreatment. It is followed by an explanation of how epigenetic alterations might
partially account for these trauma-associated alterations. The next section is devoted
to the transgenerational transmission of trauma, violence and PTSD. Again, we start
by explaining risk factors on the behavioral level and proceed with illuminating alter-
ations on the biological level, with a focus on how epigenetic processes could mediate
the transmission to the next generation.

An Introduction to Epigenetics

Shortly after Rosalind Franklin started her studies on deciphering the molecular
structure of DNA and James Watson and Francis Crick described the DNA double
helix structure (Watson & Crick, 1953), the belief that DNA carries important
biological information that flows in a unique single direction was widely disseminated.
The so called “central dogma” of molecular biology stated that biological information
is transcribed from DNA into RNA, which is translated into proteins (Crick, 1970).
However, the veracity of the central dogma was called into question for two reasons:
First, studies suggested the existence of DNA modifications that were acquired
throughout life—epigenetic mechanisms (Holliday & Pugh, 1975; Jaenisch & Bird,
2003); and second, because genetic risk factors alone did not completely explain the
estimated heritability for the majority of diseases and traits, commonly referred to as
the “missing heritability problem” (Chaufan & Joseph, 2013; Manolio et al., 2009).
As an example, according to twin studies, genetic factors were estimated to account
for at least 60% of individual variability in schizophrenia risk (Picchioni & Murray,
2007). However, the genetic risk factors reliably identified by large-scale meta-analyses
explained only a small proportion of the total phenotypic variance (Gershon, Alliey-
Rodriguez, & Liu, 2011). Explanations for the missing heritability include methodo-
logical issues (e.g., small sample sizes, inadequate selection of control groups,
imprecise definition of phenotypes, neglect of gene×environment interactions, and a
focus on samples with European ancestry) as well as reasons more inherent to genetic
association studies. The latter comprises (1) the small effect sizes of single genetic risk
factors, (2) the fact that genes act in pathways, which would require the modulation of
complex gene×gene interaction analyses, (3) the existence of non-additive genetic
effects (e.g. dominance and epistasis) and (4) the potential impact of rare variants or
structural variations such as copy number variations, which are much more difficult
to study in population-based studies (diLalla & Gottesman, 1991; Gershon et al.,
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2011; Manolio et al., 2009). Finally, epigenetic modifications of the genetic loci under
investigation might influence gene expression and hence mask the effects of the
genetic risk factor. Accordingly, the investigation of epigenetic modifications could
contribute to our understanding of the remaining variability in disorder liability
(Slatkin, 2009).

Epigenetic mechanisms are long-term DNA modifications that do not affect the
sequence but do modulate gene regulation and expression. The most extensively
described epigenetic mechanism in the context of psychiatry is DNA methylation,
which consists of the addition of a methyl group to a cytosine residue followed by
guanosine, referred to as “CpG sites” (Jaenisch & Bird, 2003). Since epigenetic
modifications are crucial for the cellular differentiation process (i.e., the fact that all
cells carry the same DNA but exert different functions; Morgan, Santos, Green, Dean,
& Reik, 2005), they need to be at least somewhat stable. However, epigenetic modifi-
cations could be also responsible for environmentally shaped gene expression in order
to adjust to life’s demands (Francis, 2011), which would imply at least partial flexibility.
The discovery of enzymes responsible for dynamic epigenetic changes, including DNA
methyltransferases and histone acetyltransferases (Ramchandani, Bhattacharya,
Cervoni, & Szyf, 1999; Rice & Allis, 2001; Strahl & Allis, 2000), provided the first
evidence that epigenetic processes could indeed flexibly respond to environmental in-
fluences. This idea is reflected in the concept of behavioral epigenetics, which describes
behavioral adaptations by epigenetically shaped gene expressions in response to diffi-
cult life experiences.

Among the complex interacting biological and environmental factors that could
account for the consequences of trauma and its transgenerational transmission (see
Fig. 1), this selective literature review predominantly focuses on the role of epigenetic
processes. Epigenetic processes could be of particular importance in the field of
trauma, as they can flexibly adapt to environmental challenges (in contrast to genes)
and these adaptions can also become at least partly stable (in contrast to mRNA and
proteins).

LONG-LASTING EFFECTS OF WAR TRAUMA AND
MALTREATMENT

Posttraumatic Stress Disorder and the Building Block Effect of War
Trauma

PTSD is characterized by (1) intrusive re-experiencing of the traumatic event in the form
of recurrent dreams, thoughts, sensations or flashbacks, (2) avoidance of potentially
trauma reminding thoughts or activities, (3) emotional numbing as well as persistent alter-
ations in mood and cognition and (4) a heightened state of alertness or arousal (American
Psychiatric Association, 2013). As indicated in the introduction, the experience of a trau-
matic event is a necessary condition to develop PTSD. Yet, the development of PTSD
after a single traumatic experience seems to be the exception rather than the rule. While
50–60% of study participants reported at least one potential traumatic experience in
western non-war countries, only 5–10% of them developed PTSD (Kessler, Sonnega,
Bromet, Hughes, & Nelson, 1995; Kessler et al., 2005). Studies investigating PTSD in

Epigenetics of trauma and violence 703

Copyright # 2015 John Wiley & Sons, Ltd. Behav. Sci. Law 33: 701–721 (2015)

DOI: 10.1002/bsl



war affected countries reported higher prevalence rates, ranging from 16% lifetime
prevalence reported in Ethiopia up to 37% in Algeria (de Jong et al., 2001). Another
survey showed current prevalence rates of up to 40% among West Nile refugees (Neuner
et al., 2004). The detrimental effects of war trauma on psychological well-being can be
explained by the so-called “building block effect” of traumatic load (Schauer et al.,
2003): It has been repeatedly shown that the number of different traumatic event types
experienced increases the risk of developing PTSD in a dose–response manner (Brewin,
Andrews, & Valentine, 2000; Dunmore, Clark, & Ehlers, 2001; Fawzi et al., 1997;
Kolassa, Kolassa, Ertl, Papassotiropoulos, & De Quervain, 2010; Neugebauer et al.,
2009; Neuner et al., 2004), while the likelihood of spontaneous remission from PTSD de-
creases with accumulating trauma exposure (Kolassa, Ertl, Kolassa, Onyut, & Elbert,
2010). Furthermore, there seems to be no ultimate resilience towards PTSD: Neuner
et al. (2004) investigated 3,339 West Nile refugees in Uganda and showed that the
probability of developing PTSD approximated 100% after having experienced extreme
levels of traumatic stress. Accordingly, this important environmental risk factor should
be included in every study examining individual risk factors for PTSD. However, one
important critical point is the lack of consistency when measuring “trauma load” (Maier,
2007). For instance, it is not clear whether the frequency of traumatic events, the severity
or the age should also be considered (Wilker et al., in press). It is also unclear whether it is
adequate to define trauma load as the unweighted sum of traumatic events, or whether
some events, such as interpersonal violence (Breslau et al., 1998) and sexual violence in

Figure 1. Epigenetic modifications represent one piece of the complex puzzle linking trauma experiences to
an elevated risk of psychopathology and adverse physical health consequences. The arrows indicate
interacting pathways between the biological and environmental factors that are more commonly described
in the literature. The dark grey color represents the major contributors to the transgenerational transmission
of the possible consequences of trauma, which include not only internal factors such as (epi)genetic variants,

but also behavioral responses such as lifestyle and parenting imitation.
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particular (Maercker, Michael, Fehm, Becker, & Margraf, 2004; Maercker et al., 2009;
Schoedl et al., 2010), should be given more weight, as they are associated with a higher
risk of PTSD.

Childhood Maltreatment and Associated Psychological Consequences

Childhood maltreatment comprises sexual, physical and emotional abuse as well as
physical and emotional neglect (Butchart, Harvey, Mian, & Furniss, 2006; Cicchetti
& Toth, 2005; Myers, 2011) and can have a detrimental impact on a child’s develop-
ment and psychological as well as physical health throughout life (Schury & Kolassa,
2012). In a U.S. survey with 4,503 children and adolescents (aged one month up to
17years), Finkelhor, Turner, Shattuck, and Hamby (2013) reported a lifetime
prevalence of 9.6% for physical abuse, 14.9% for emotional abuse and 14.6% for
neglect by caregivers, and 9.5% for any sexual victimization by adults and peers.
Thombs et al. (2006) reported a similar prevalence, with higher rates of physical and
emotional abuse among boys and higher rates of sexual abuse among girls. Concerning
child sexual abuse, a global meta-analysis based on 331 independent samples estimated
a general prevalence of 11.8%, with a prevalence of 18% in female samples and 7.6% in
male samples (Stoltenborgh, van IJzendoorn, Euser, & Bakermans-Kranenburg,
2011).

The potentially adverse consequences of childhood maltreatment are manifold: On
the one hand, experiencing maltreatment during childhood can lead to an increased
risk for internalizing behavioral problems (e.g., depression, anxiety), presumably more
common among women (Ackerman, Newton, McPherson, Jones, & Dykman, 1998;
Fergusson, Boden, & Horwood, 2008; Moylan et al., 2010; Norman et al., 2012),
and externalizing behavioral problems (e.g., aggressive behavior, delinquency), more
often observed in men (Ackerman et al., 1998; Evans, Davies, & DiLillo, 2008;
Moylan et al., 2010). On the other hand, the experiences of abuse can repeat
themselves: Victims of childhood maltreatment are at increased risk to be abused
during adulthood or to become involved in relationships with abusive partners
(Barrios et al., 2015; Bensley, Van Eenwyk, & Wynkoop Simmons, 2003). Moreover,
the risk of becoming perpetrators themselves and abusing their spouses and children
(Duke, Pettingell, McMorris, & Borowsky, 2010; Ehrensaft et al., 2003; Gil-González,
Vives-Cases, Ruiz, Carrasco-Portiño, & Álvarez-Dardet, 2008), or of becoming
involved in offending and violent crime, is elevated in childhood maltreatment survi-
vors (Thornberry, Henry, Ireland, & Smith, 2010). In addition, increased levels of
substance or alcohol abuse as well as engagement in risky sexual behaviors were
observed in survivors of childhood maltreatment compared with non-maltreated
individuals (Thornberry et al., 2010; Widom, Ireland, & Glynn, 1995; Wilson &
Widom, 2008).

Potential Health Consequences of Trauma and Childhood
Maltreatment

Both childhood maltreatment and war-related traumatic experiences can have negative
consequences on physical health. In particular, childhood maltreatment is associated
with an increased likelihood of cardiovascular disease, diabetes and obesity (Batten,
Aslan, Maciejewski, & Mazure, 2004; Danese & Tan, 2014; Suglia, Clark, Boynton-
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Jarrett, Kressin, & Koenen, 2014; Thomas, Hypponen, & Power, 2008). Similarly,
trauma survivors were found to be more vulnerable to infection, cancer, chronic lung
disease, diabetes and cardiovascular problems (Brown et al., 2010; Norman et al.,
2012). Furthermore, the risk of developing any physical disease increases with the
number of traumatic event types (Scott et al., 2013). Hence, the building block effect
seems not to be limited to mental disease, but also extends to the biological level.

Next to lifestyle factors associated with childhood and adult trauma exposure (in-
cluding smoking, alcohol and substance abuse, and poor nutrition), trauma-
associated neuroendocrinological as well as immunological alterations are likely to
contribute to the enhanced physical health risk. Upon trauma exposure, the
sympathetic nervous system and the hypothalamic–pituitary–adrenal (HPA) axis are
activated, resulting in the release of catecholamines and cortisol, respectively.
Furthermore, PTSD has been found to be associated with endocrinological deregula-
tions. While the literature consistently points towards increased catecholamine levels
in PTSD (Pervanidou & Chrousos, 2012; Yehuda, Southwick, Giller, Ma, & Mason,
1992; Young & Breslau, 2004), evidence regarding cortisol levels is more heteroge-
neous. Yet, the majority of studies points towards lower cortisol levels (Heim &
Nemeroff, 2009; Pace & Heim, 2011; Yehuda, Halligan, & Bierer, 2002) and
increased sensitivity of glucocorticoid receptors in PTSD (Yehuda, Golier, Yang, &
Tischler, 2004). However, adding to the complexity of the cortisol literature, child-
hood maltreatment survivors rather present a lower density of central and peripheral
glucocorticoid receptors, higher cortisol levels, general insensitivity to cortisol and
disrupted stress reactivity (Carpenter et al., 2007, 2009; Tyrka, Price, Marsit,
Walters, & Carpenter, 2012). These opposed findings in PTSD versus childhood
maltreatment could be due to a higher vulnerability of the developing brain structures
(Kellermann, 2013). Since the immune system and the endocrine system interact via
peptide hormones, neurotransmitters and cytokines, it is not surprising that trauma
survivors with PTSD show immunological alterations too. In more detail, traumatic
stress seems to be followed by a reduction in the count of naïve and regulatory T lym-
phocytes as well as an increase of memory T cells (Sommershof et al., 2009). More-
over, spontaneous production of pro-inflammatory cytokines by isolated leukocytes
(Gola et al., 2013) and circulating levels of pro-inflammatory cytokines (Carpenter
et al., 2010; von Känel et al., 2007) seem to be increased in association with childhood
maltreatment and PTSD.

Not only do individuals with PTSD present an increased risk and an earlier onset of
age-related diseases, but the aforementioned immunological alterations are also
indicative of a prematurely aged immune system. Similarly, the examination of age-
related biomarkers indicates premature aging in trauma survivors: Shorter telomere
length—a robust biomarker for premature aging—was associated with childhood
maltreatment and exposure to chronic stress (Epel et al., 2004; Tyrka et al., 2010).
Furthermore, increased DNA breakage accumulation has been observed in peripheral
blood mononuclear cells of trauma-exposed individuals with and without PTSD
(Morath et al., 2014). Moreover, comparing the GlycoAgeTest in individuals with
and without PTSD also pointed towards accelerated physiological aging in trauma
survivors with PTSD (Moreno-Villanueva et al., 2013).

But how can traumatic stress lead to long-lasting endocrinological and immunolog-
ical changes? The following section describes how enduring epigenetic modifications
might explain some of the observed alterations in trauma survivors.
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EPIGENETIC PROCESSES MAY ACCOUNT FOR THE
LONG-LASTING CONSEQUENCES OF TRAUMA

Epigenetics of War Trauma and PTSD

The majority of studies investigating survivors of adult trauma focused on epigenetic
correlates of PTSD. Since intrusive memories for the traumatic experiences form a
hallmark of the disease, and PTSD patients present distinct memory impairments,
the disorder has been conceptualized as a disorder of pathological memory formation
(Brewin, 2011). Recent work highlighted the essential mediating role of epigenetic
marks in the molecular mechanisms of memory formation (Levenson & Sweatt,
2005) and showed that inhibition of the DNA methyltransferase blocks long-term
potentiation and memory consolidation in rat hippocampi (Miller & Sweatt, 2007).
Moreover, mRNA levels of de novo DNA methyltransferase undergo upregulation after
fear conditioning (Miller & Sweatt, 2007). Since glucocorticoids are central players in
emotionally driven memory consolidation, they are essential for the biological charac-
terization of PTSD (de Quervain, Aerni, Schelling, & Roozendaal, 2009; Roozendaal,
Okuda, de Quervain, & McGaugh, 2006) and represent a pivotal target for epigenetic
investigations aiming to explain pathological memory formation in PTSD. In this
context, Vukojevic et al. (2014) investigated DNA isolated from human saliva and
found an association between epigenetic alterations in the gene encoding the glucocor-
ticoid receptor (NR3C1) and human healthy memory performance, as well as intrusive
memory symptoms in male PTSD patients. Moreover, higher DNA methylation at the
NR3C1 promoter exon 1F was associated with less intrusive memory symptoms in male
but not in female survivors of the Rwandan genocide (Vukojevic et al., 2014). The
gender-specific and complex interaction between methylation of NR3C1, memory for-
mation and PTSD risk is not yet completely understood, but represents an interesting
starting point for the investigation of epigenetic alterations in memory-related genes.

Within this framework, a greater number of glucocorticoid receptors in lymphocytes
and changes of circulating cortisol levels of war combatants with PTSD have been
observed (de Kloet et al., 2007; Yehuda, Lowy, Southwick, Shaffer, & Giller, 1991),
and reduced methylation of NR3C1 promoter has been assumed to account for the
observed alterations in glucocorticoid signaling (Seckl & Meaney, 2006). Consistently,
Labonté and colleagues reported an increased expression of glucocorticoid receptor
variants in T lymphocytes in individuals with lifetime PTSD compared with controls,
an effect that was accompanied by lower overall methylation of NR3C1 in individuals
with PTSD (Labonté, Azoulay, Yerko, Turecki, & Brunet, 2014). Similarly, Yehuda
and co-workers observed lower methylation in the promoter region of the NR3C1 gene
in peripheral blood mononuclear cells from veterans with PTSD and a 39% higher
relative expression of the glucocorticoid receptor gene in PTSD cases compared with
controls (Yehuda et al., 2015). Finally, a higher number of glucocorticoid receptors
in peripheral blood mononuclear cells of soldiers before war service has been indicated
as a vulnerability factor for PTSD development after deployment: The odds ratio for
the presence of PTSD symptoms after deployment increased 7.5-fold with every
increment of 1,000 receptors counted (van Zuiden et al., 2010).

As previously mentioned, PTSD-related health problems might stem from
alterations in immune function (Baker et al., 2001; Gola et al., 2013; Hoge et al.,
2009; von Känel et al., 2007), which might be partly mediated by epigenetic changes
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(Smith et al., 2011). A comparison of whole blood DNA methylation in more than
14,000 genes between PTSD cases and healthy controls showed epigenetic changes
of immune activation in PTSD patients, as some genes regulating the innate and the
adaptive immune system were significantly less methylated (Uddin et al., 2010).
Methylation signatures of immune activation mechanisms were also found in periph-
eral blood cells investigated in an African American population with a PTSD diagnosis
compared with healthy controls (Smith et al., 2011).

While these studies do not yet allow for causal interferences between PTSD, in-
creased expression of proinflammatory cytokine genes and decreased concentrations of
neuroprotective chemokines, they suggest a chronic immune system activation in PTSD
that correlates with corresponding alterations on the epigenetic level. Whether epigenetic
alterations represent a risk factor or a consequence of PTSD is not yet clear (Rusiecki
et al., 2013; Sipahi et al., 2014). Nevertheless, in interaction with the identified genetic
risk factors and the number of traumatic events experienced, epigenetic signatures could
contribute to the explanation of interindividual variance of psychiatric outcomes follow-
ing war-trauma exposure, thus representing a promising approach for future research.

Epigenetic Mechanisms Following Childhood Maltreatment

Pioneering studies by Meaney and colleagues presented experimental evidence for the
potential programming role of infant adversity in rats. They suggested as early as 1996
that early environmental regulation of glucocorticoid receptor gene (NR3C1) expres-
sion was mediated by mother–infant interaction. Offspring experiencing high maternal
care (in terms of licking and grooming in laboratory rats) had fewer anxiety-like
behaviors and responded with a decreased HPA-axis reactivity to stressful experiences
(Meaney et al., 1996). In order to understand why maternal care provoked a reduced
response to stress, the same group studied DNA methylation levels of the NR3C1
promoter and its hippocampal expression. The offspring of high-caring mothers
showed an increased NR3C1 expression rate and a lower methylation level (Weaver
et al., 2004; Weaver, Meaney, & Szyf, 2006). This observation could explain the
previously mentioned reduced stress reactivity in high maternal care pups. In more
detail, the negative feedback of the HPA axis, which is required for a timely termination
of the stress response, is strengthened by higher NR3C1 expression. Similar studies in
animal models support the idea that methylation could be a key modulator of the stress
response after early-life adversity (Fagiolini, Jensen, & Champagne, 2009; Murgatroyd
et al., 2009; Oh et al., 2013). Even more surprising are first indicators for changes of
DNA methylation in germline cells, suggesting transgenerational effects of early-life
adversity, as persistent and maintained across generations. For example, methylation
increase has been observed in sperm cells of male mice exposed to unpredictable
maternal separation combined with unpredictable maternal stress (Franklin et al.,
2010). Together, these data suggest that maternal behavior can have profound conse-
quences on the offspring’s behavioral and neuroendocrine response to stress.

Postmortem analyses in human brain mirrored the results from earlier animal
research regarding the effects of early-life stress (McGowan et al., 2009): Hippocampal
cells from suicide completers with a history of childhood maltreatment showed higher
methylation levels of the exon 1F NR3C1 promoter and significantly less expression of
NR3C1 mRNA compared with suicide completers without childhood trauma and con-
trols who died suddenly or accidentally (McGowan et al., 2009). Enhanced NR3C1
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promoter methylation after experiences of childhood maltreatment were also found in
several studies investigating peripheral tissue (see Daskalakis & Yehuda, 2014, for a
review). Moreover, a positive correlation between the severity, repetition and sexual
character of childhood abuse andNR3C1 promoter methylation levels has been observed
(Perroud et al., 2011, 2013), indicating a cumulative effect of childhood maltreatment,
similarly to the building block effect of traumatic load (Schury & Kolassa, 2012).

Contrary to these results, epigenetic analysis in war veterans with PTSD showed
lower methylation of the NR3C1 promoter (Labonté et al., 2014; Vukojevic et al.,
2014; Yehuda et al., 2015). This suggests that epigenetic modifications might differ
depending on the developmental timing of trauma exposure, resulting in either hypo-
or hyper-gene expression. Correspondingly, Mehta et al. (2013) compared the gene
expression and methylation profiles between PTSD patients with and without a history
of childhood maltreatment and found almost no overlap in the gene expression profile
of the two groups, an effect that was mirrored by distinct epigenetic signatures.

Another gene involved in HPA axis regulation that is found to be subject to trauma-
related epigenetic changes is FKBP5, which encodes for a chaperon-like protein that
downregulates cortisol binding and glucocorticoid receptor translocation into the cell
nucleus. Accordingly, FKBP5 decreases the sensitivity of the glucocorticoid receptor
to glucocorticoids. Since binding of glucocorticoids to the glucocorticoid receptor is
essential for a termination of the stress response via a negative feedback loop, increased
FKBP5 expression might be associated with a prolonged stress response (Binder,
2009). PTSD risk following childhood maltreatment has been associated with certain
genetic variations of the FKBP5 gene (Binder et al., 2008; Klengel et al., 2013; Xie
et al., 2010). Furthermore, lower methylation levels of the FKBP5 gene were observed
in individuals with childhood abuse who were also carriers of a genetic risk factor at the
FKBP5 locus (Klengel et al., 2013). Thus, the authors hypothesized that the increased
cortisol release resulting from early life events induces epigenetic changes in the
promoter area of the gene (Klengel et al., 2013). Accordingly, there seems to be a com-
plex interaction between genetic makeup, environment and consequent epigenetic
changes, which warrants further investigations.

While the aforementioned targeted epigenetic studies mainly focused on genes
involved in HPA-axis regulation, first epigenome-wide studies allow identification of
broad methylation changes that introduce new potential biological pathways related
to childhood adversity. So far reported pathways include, among others, cellular
signaling cascades (Naumova et al., 2012), neural communication (Naumova et al.,
2012), estrogen receptor response (Bick et al., 2012) and developmental pathways
(Khulan et al., 2014). Furthermore, a recent study investigating peripheral blood cells
aimed to establish genome-wide DNA methylation changes in the promoters of genes
that were mostly involved in embryonal development and inflammatory regulation
(Suderman et al., 2014).

TRANSGENERATIONAL TRANSMISSION OF TRAUMA AND
VIOLENCE

There is mounting evidence that the consequences of trauma and violence could be
transmitted to the next generation. For instance, children of Holocaust survivors with
PTSD are at increased risk to develop PTSD themselves (Yehuda, Bell, Bierer, &
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Schmeidler, 2008). Furthermore, parental early adversity is believed to be a risk factor
for maltreatment of their own offspring (Dixon, Browne, & Hamilton-Giachritsis,
2008). In a sample of 135 parents with a history of childhood maltreatment, 6.7%
abused their own children during the first 13months (Dixon et al., 2008) while only
0.4% of the non-abused control parents abused their offspring. Many different factors,
which are detailed hereafter, could account for this transgenerational transmission of
trauma and violence. Foremost, beginning with risk factors on the behavioral level,
the experience of trauma and violence, especially if it occurs in early development
stages, could repeat itself—a process termed re-victimization. Individuals who have
been sexually abused during childhood are at increased risk to experience sexual and
physical re-victimization as adults (Arata, 2000; Classen, Palesh, & Aggarwal, 2005;
Messman-Moore, Long, & Siegfried, 2000). Moreover, the experience of different
types of abuse increases the likelihood of abusive experiences in adulthood (Chiu
et al., 2013), including intimate partner violence. Additionally, experiencing childhood
abuse has been linked to a higher probability of engagement with a violent intimate
partner (Whitfield, Anda, Dube, & Felitti, 2003; WHO, 2005). Besides physical inju-
ries such as head, neck or facial injuries (Wu, Huff, & Bhandari, 2010), victims of
inter-personal violence showed stress-related symptoms including loss of appetite,
gastrointestinal dysfunction (Campbell, 2002; Coker, Smith, Bethea, King, &
McKeown, 2000; Leserman & Drossman, 2007) and hypertension (Coker et al.,
2000; Letourneau, Holmes, & Chasedunn-Roark, 1999; Silverman, Decker, Reed, &
Raj, 2006). Furthermore, higher prevalence rates of anxiety disorders, PTSD, sleeping
disorder and alcohol and drug abuse were observed in victims of intimate partner
violence (Campbell, 2002; Carbone-López, Kruttschnitt, & Macmillan, 2006; Krug,
Mercy, Dahlberg, & Zwi, 2002; Pico-Alfonso et al., 2006).

Intimate partner violence and childhood maltreatment are correlated, and individuals
who abuse their partners often also tend to maltreat their children (Appel & Holden,
1998). Indeed, parent–child interaction can be negatively affected by parental history of
childhood maltreatment and intimate partner violence (Buist, 1998; Malta, McDonald,
Hegadoren, Weller, & Tough, 2012). In more detail, abused mothers showed an
enhanced psychological aggression and physical punishment, less parental warmth and
problems in establishing boundaries (Banyard, 1997; Barrett, 2009; Letourneau et al.,
2011; Peled & Gil, 2011). To summarize, adults who were abused in childhood have a
higher probability of abusing their own children, and they more often become involved
in violent intimate relationships in which they re-experience victimization and may fail
to protect the children from their violent partner (Dixon, Browne, & Hamilton-
Giachritsis, 2005), which can be referred to as a ‘cycle of maltreatment’ (Widom, 1989).

Survivors of childhood maltreatment, especially survivors of sexual abuse, are not
only at increased risk to become violent towards their own family but are also more
likely to become involved in delinquency, to carry a weapon for self-protecting reasons,
to be arrested and to commit different types of crime (Currie & Tekin, 2012; Smith &
Thornberry, 1995; Widom, 1989). Nevertheless, it is important to emphasize that the
majority of childhood maltreatment survivors do not become perpetrators. As most
previous studies assessed violent outcome retrospectively, representative prospective
cohort studies are warranted to derive a valid estimate of the association between mal-
treatment and future violent behavior.

Another factor involved in the transgenerational transmission of violence is the
occurrence of violent behavior during pregnancy. Violent relationships are associated
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with higher rates of unintended pregnancies, which are in turn related to an increased
risk of inter-partner violence during pregnancy (Curry, Perrin, & Wall, 1998;
Gazmararian et al., 1995; Goodwin et al., 2000; Saltzman, Johnson, Gilbert, &
Goodwin, 2003). Exposure to stress and violence can lead to serious complications
during pregnancy as well as premature birth and low birth weight of the newborn,
associated with adverse effects on the child’s future psychological health (Cokkinides,
Coker, Sanderson, Addy, & Bethea, 1999; Curry et al., 1998; Fernandez & Krueger,
1999; Schmuel & Schenker, 1998; Silverman et al., 2006). Presumably, maternal stress
can program brain development and stress system plasticity of the fetus (DiPietro,
Novak, Costigan, Atella, & Reusing, 2006; O’Donnell et al., 2012). During pregnancy,
the developing fetus is protected from maternal glucocorticoid levels by enzymatic
inactivation of cortisol in the placenta. However, when maternal cortisol levels are
too high, the buffering function of the respective placental enzyme is reduced (Cottrell
& Seckl, 2009). Fetal cortisol exposure programs the activity of the HPA-axis (Seckl,
2004) and is associated with low birth weight, increased risk of impaired
neurodevelopment and psychiatric diseases later in life (Talge, Neal, & Glover,
2007). For instance, infants of mothers who experienced the September 11th event
during pregnancy and subsequently developed PTSD had a lower birth weight and
showed more severe depressive symptoms (Yehuda & Bierer, 2009; Yehuda et al.,
2005). Acute stress during pregnancy was furthermore associated with subsequent
development of PTSD and lower cortisol levels in mothers and their babies (Yehuda
et al., 2005). This data supports the aforementioned idea that maternal stress exposure
and hence elevated glucocorticoid levels during pregnancy can influence the child’s
reactivity to stress. The underlying epigenetic processes taking place during in utero
development after episodes of maternal stress will be discussed in the next section.

To conclude, on the behavioral level, trauma and maltreatment can have adverse
transgenerational consequences. As parents abused in childhood have a higher proba-
bility for re-victimization, trauma-related psychopathology and violent behavior, their
offspring is also at an increased risk for traumatic experiences. Observational learning
and imitation of poor lifestyle habits as well as sedentary lifestyle, smoking and alcohol
consumption could be additional behavioral mechanisms accounting for the cycle of
maltreatment, which also impact physical health. On a biological level, next to the
genetic transmission of risk (diLalla & Gottesman, 1991), violence or stress exposure
in utero is likely to impact the unborn’s stress system, presumably via epigenetic
mechanisms.

Transgenerational Epigenetics

If psychological and behavioral distress consequent to trauma and childhood maltreat-
ment can be passed on the next generation, how can this transmission be biologically
explained? This enigma could be partially solved by investigating epigenetics. It has
already been shown that epigenetic modifications occurring in a germline cell can
become stable in the next generation, if fecundation occurs (Bale, 2014).

Chronic and unpredictable maternal separation in mice induced behavioral alterations
not only in the affected offspring, but also in their own pups (Franklin et al., 2010). In
more detail, increased depression and anxiety-like behavior as well as methylation mod-
ifications of sperm cells in numerous stress- and emotion-regulation-related genes have
been observed, suggesting enduring epigenetic marks that can be transgenerationally
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transmitted (Franklin et al., 2010). Besides DNA methylation, microRNAs (miRNAs)
can also regulate gene transcription and have been implicated in the transmission of
the effects of early life stress (Gapp et al., 2014; Zucchi et al., 2013). An experiment
conducted by Zucchi et al. (2013) indicated that, if pregnant rats were exposed to
stressors such as restraint or forced swimming, 336 miRNAs were differentially
expressed in their offspring. When a miRNA binds to its mRNA-target, it represses ex-
pression through degradation of the mRNA (Khraiwesh et al., 2010). The putative gene
targets for miRNA that appeared differentially expressed were related to neurotransmis-
sion, neurodevelopment, brain pathologies and stress responsivity. This indicates that
the developing brain is particularly vulnerable to stress exposure during gestation
(Zucchi et al., 2013).

Another experiment showed alterations in miRNA expression, metabolism and
behavior after traumatic stress in early life up to the third generation in mice (Gapp
et al., 2014). In response to maternal stress and unexpected maternal separation, the
relative miRNA levels were altered in germ cells, serum and brain of the first genera-
tion. This was accompanied by behavioral alterations, including increased depressive
behavior and reduced fear in experimental tests (Gapp et al., 2014). The resulting off-
spring revealed upregulation of several miRNAs in serum, plasma and brain, but inter-
estingly not in sperm. However, the third generation showed behavioral symptoms
similar to those of the first and second generations of mice, except changes in miRNA
of the sperm cells. These findings suggest an alternative mechanism mediating the
transfer of adaptive changes to subsequent generations, which might include other
epigenetic marks such as histone modifications. Last, the authors injected sperm RNAs
purified from early-stress exposed mice into fertilized mouse oocytes, which reproduced
behavioral alterations (Gapp et al., 2014), suggesting the existence of a RNA-dependent
processes in the inheritance of acquired traits after early traumatic stress in mammals.

In humans, it has been reported that parental PTSD is not only a risk factor for
PTSD in the offspring, but also leads to transgenerational effects on the epigenetic level
(Yehuda & Bierer, 2009). In more detail, differential effects of maternal and paternal
PTSD on the methylation of their children’s NR3C1 1F promoter have been observed.
If only the father was diagnosed with PTSD the promoter region was hypermethylated,
while if both parents suffered from PTSD methylation was significantly decreased
(Yehuda et al., 2014). The authors discussed that mothers were the primary caregivers
in their sample and might have buffered the stress associated with parental PTSD,
while PTSD in both parents might lead to unpredictable stress in the offspring,
resulting in epigenetic changes mimicking those of individuals with PTSD (Yehuda
et al., 2014).

Psychosocial difficulties during pregnancy may also affect the methylation pattern and
stress responsiveness in developing babies. An increased depressed maternal mood in the
third trimester has been associated with increased neonatal methylation of exon 1F of the
NR3C1 promoter (Oberlander et al., 2008 ). Furthermore, maternal exposition to war or
rape during pregnancy has been associated with higher DNA methylation of the NR3C1
promoter region in newborns (Mulligan, D’Errico, Stees, & Hughes, 2012; Rodney &
Mulligan, 2014). Similarly, Radtke and colleagues (2011) reported a positive correlation
between maternal exposure to intimate partner violence during pregnancy and the
NR3C1 DNA methylation level in their teenage children (Radtke et al., 2011). Even
though the mental health status of the children was not assessed, these findings point
towards an epigenetic transmission of prenatal stress and children’s psychological health.
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In sum, parental and prenatal exposure to adversities such as war or partner violence can
lead to enduring changes in the next generation, partly via epigenetic processes. However,
the exact molecular mechanisms remain to be illuminated, since a genome-wide loss of
DNA methylation occurs following fertilization (Morgan et al., 2005). If methylation in
the DNA inherited from maternal and paternal stem cells is erased in the very first stage
of development and reprogrammed across next stages, why can parental methylation traces
be found in the offspring after birth? Although it is not entirely clear how the “memory” of
parental methylation pattern can bemaintained, broader epigenetic machinery is likely to in-
teract. Presumably non-coding RNAs or chromatin structure modifications could store the
information to later guide the methyltransferases and define where to add methyl groups to
the DNA (Yan, 2014). It is further important to ask whether the observed methylation pat-
terns in offspring are truly inherited or whether they appear as a consequence of a modified
parenting model in the event that parents went through adversities during their own child-
hood. Research indicates that both processes seem to be of importance. On the one hand,
animal models show changes in behavior up to two generations after early life trauma, which
could affect methylation in their offspring (Gapp et al., 2014; Weaver et al., 2004). On the
other hand, cross-fostering studies reveal that methylation marks at specific sites can be at
least partially reversed by environmental enrichment (Bredy, Zhang, Grant, Diorio, &
Meaney, 2004). In addition, maternal pregnancy stress has been shown to directly induce
methylation changes in babies (Mulligan et al., 2012; Oberlander et al., 2008; Radtke
et al., 2011). However, further investigations of parenting behavior after a history of child-
hood maltreatment and methylation changes in parents and their descendants are needed
to completely understand the transgenerational programming of the epigenome.

LIMITATIONS AND FURTHER DIRECTIONS

This review has summarized current literature regarding the effect of childhood and
war trauma on methylation status. The majority of the summarized studies investigated
peripheral blood cells. Since DNA methylation is a core mechanism for cellular
functional differentiation, it is difficult to clarify if methylation changes in blood cells
mirror the methylation status of the brain. While this empirical research question can
of course not be addressed in human studies, future animal research can help to clarify
whether the observed methylation changes are global or cell specific.

One caveat when interpreting the literature on the biological consequences of war
and childhood trauma is the aforementioned alterations in lifestyle frequently observed
in trauma survivors (Zhou, Enoch, & Goldman, 2014). As survivors of violence expo-
sure show higher rates of smoking, alcohol and drug consumption (Campbell, 2002;
Carbone-López et al., 2006; Krug et al., 2002; Pico-Alfonso et al., 2006), the effects
of adverse lifestyle are difficult to disentangle from the effects of the stress per se.
Therefore, when interpreting the literature, one should be aware of the complex
interplay of genetics, perinatal environment, lifestyle factors, observational learning
and associated epigenetic changes. Accordingly, it becomes obvious that epigenetic
processes only represent one piece in a very complex puzzle. Nevertheless, the flexibil-
ity in response to environmental demands as well as the potential heritability render
epigenetic processes an interesting candidate for future research.

Concerning the transgenerational aspects of trauma and childhood maltreatment,
most studies have focused on the mother–child transmission (prenatal and postnatal)
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of epigenetic marks. Initial evidence also highlights the important role of the father in
transmitting the potentially adverse effects of early trauma and war. Therefore, epige-
netic research on sperm cells from fathers exposed to war and on their children could
provide important hints about the transgenerationality of paternal trauma.

Epigenetic plasticity is thought to be of importance for the adaptation to adverse en-
vironments and might help to explain interindividual variation in behavior. As indicated
earlier in the article, the majority of trauma survivors shows a relative resilience and does
not respond with the development of psychological disorders. Furthermore, while female
childhood maltreatment and trauma survivors are at increased risk to develop internaliz-
ing behavior problems such as PTSD or depression, male survivors rather respond with
antisocial and violent behavior. However, it is still not exactly clear which processes
mediate the different behavioral consequences of trauma and childhood maltreatment
and the observed gender effects. A biological/epigenetic approach might help to promote
a better understanding of human development and behavior after traumatic experiences.

Furthermore, individuals vary not only in their reaction to traumatic experiences,
but also in their responsiveness to trauma-focused psychotherapy, with approximately
one-third of trauma survivors not benefitting from therapy (Bradley, Greene, Russ,
Dutra, & Westen, 2005). Preliminary evidence from 16 trauma survivors receiving psy-
chotherapy indicates that some epigenetic marks might represent predictors of therapy
success, while others can be modified in the course of successful therapeutic treatment
(Yehuda et al., 2013). Hence, research on the epigenetic processes accompanying
successful recovery from trauma-related disorders could shed light on the underlying
biological processes and help to develop personalized treatments for PTSD.

Finally, it is important to emphasize that epigenetic marks could help to draw
attention to the profound consequences of war trauma and childhood maltreatment,
which can even proceed to the next generation. While the public media rather focus
on the visible physical wounds and economic needs caused by war, terrorism or natural
disasters, the invisible, psychological wounds are at least as disastrous and can lead to
life-long impaired psychosocial functioning, increased risk of physical diseases and
even a transgenerational transmission of risk. With epigenetic research, it finally be-
came feasible to begin to shed light on these long-lasting consequences, and to support
the psychological findings with biological data. On a public health policy level, these
findings could support arguments for an enhanced awareness for the psychological
consequences of trauma in first help providers and physicians, as well as an increased
availability of mental health care services, especially for highly traumatized populations
such as refugees and asylum seekers.
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The effects of childhood 
maltreatment on epigenetic 
regulation of stress-response 
associated genes: an 
intergenerational approach
Laura Ramo-Fernández1, Christina Boeck1, Alexandra M. Koenig  1, Katharina Schury1,4, 

Elisabeth B. Binder2,3, Harald Gündel5, Jöerg M. Fegert4, Alexander Karabatsiakis1 &  

Iris-Tatjana Kolassa1

While biological alterations associated with childhood maltreatment (CM) have been found in affected 
individuals, it remains unknown to what degree these alterations are biologically transmitted to the 
next generation. We investigated intergenerational effects of maternal CM on DNA methylation and 
gene expression in N = 113 mother-infant dyads shortly after parturition, additionally accounting 
for the role of the FKBP5 rs1360780 genotype. Using mass array spectrometry, we assessed the 
DNA methylation of selected stress-response-associated genes (FK506 binding protein 51 [FKBP5], 

glucocorticoid receptor [NR3C1], corticotropin-releasing hormone receptor 1 [CRHR1]) in isolated 
immune cells from maternal blood and neonatal umbilical cord blood. In mothers, CM was associated 
with decreased levels of DNA methylation of FKBP5 and CRHR1 and increased NR3C1 methylation, 
but not with changes in gene expression profiles. Rs1360780 moderated the FKBP5 epigenetic CM-
associated regulation profiles in a gene × environment interaction. In newborns, we found no evidence 
for any intergenerational transmission of CM-related methylation profiles for any of the investigated 
epigenetic sites. These findings support the hypothesis of a long-lasting impact of CM on the biological 
epigenetic regulation of stress-response mediators and suggest for the first time that these specific 
epigenetic patterns might not be directly transmitted to the next generation.

Childhood maltreatment (CM) is so far an underestimated global phenomenon present in all societies and social 
classes. CM comprises experiences of physical, sexual and emotional abuse, as well as physical and emotional 
neglect during childhood and adolescence and constitutes a major threat to the child’s mental and physical devel-
opment with long-term consequences for both mental and somatic health1–4. The epigenetic alterations in DNA 
methylation occurring in the aftermath of CM are pivotal for the adaptation to the early life environment5, and 
can thereby affect gene expression levels6 and molecular responses to environmental stressors. Epigenetic alter-
ations within key player genes of the hypothalamic-pituitary-adrenal (HPA) axis, the main coordinator of the 
physiological stress response (Fig. 1), are discussed to biologically contribute to health consequences observed in 
CM-affected individuals7,8.

Accordingly, mounting evidence suggests that CM is associated with alterations in DNA methylation 
within the glucocorticoid receptor gene (NR3C1)9–13 and its regulatory co-chaperone FK506-binding protein 51 
(FKBP51), which is encoded by the FKBP5 gene13,14. As depicted in Fig. 1, a balanced regulation between the GR 
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and FKBP51 is essential for a normal physiological stress response. Another important regulator of HPA axis 
activity is the corticotropin-releasing hormone receptor 1 (CRH-R1, codified by the CRHR1 gene; Fig. 1)15,16. 
While rodent studies demonstrated an association between chronic mild stress and CRHR1 hypermethylation17, 
changes in epigenetic regulation within CRHR1 associated with CM in humans have not been investigated so far.

Besides the environmental exposure to CM, individual genetic variability might further account for vulner-
ability to health outcomes. Here, a single nucleotide polymorphism within the gene FKBP5 (rs1360780; T/C 
alleles) has gained scientific attention. Investigating gene × environment interactions, the rs1360780 T allele has 
been shown to interact with early life trauma to decrease FKBP5 methylation14, increase GR resistance14, and to 
predict adult psychopathology14,18,19.

Not only individuals who experienced CM, but also their offspring show an increased lifetime risk for 
stress-related behavioral20–22 as well as physiological disorders (e.g. asthma or allergies)23. Moog et al.24 further 
provided first evidence that newborns already show biological consequences of maternal CM and present with 
smaller brain size and lower grey matter volume24. While rodent studies suggested that epigenetic alterations 
associated with early life adversity might be stably inherited through the germ cells25–27, evidence for an intergen-
erational transmission of CM consequences28 via germ cells in humans is lacking so far.

We hypothesized that CM-associated epigenetic alterations involved in stress reactivity are directly transmit-
ted to the next generation. To test this, we assessed DNA methylation and gene expression profiles of selected 
stress-response related genes, namely FKBP5, CRHR1, and NR3C1 in peripheral and umbilical cord blood cells 
from mothers and their newborns, respectively. We additionally accounted for the moderating role of FKBP5 
rs1360780 on the impact of CM on epigenetic changes and genetic regulation.

Results
Descriptives. Mothers with CM experiences (CM+) and their infants did not differ in age, ethnicity, new-
born’s sex, relative blood cell composition, and rs1360780 allelic distribution from mothers without CM experi-
ences (CM−) and their infants. For a summary of demographic data see Table 1.

Maternal methylation profiling of FKBP5, CRHR1, and NR3C1. CM+ mothers showed lower mean 
methylation levels within intron 7 of FKBP5 (73.7% ± 10.2% vs. 78.4% ± 16.8%; W = 1994.5, p = 0.001, N = 109; 

Figure 1. Schematic representation of the HPA axis and its link to the immune system. (a) Upon acute stress 
exposure, the hypothalamus releases the neurohormone corticotropin release hormone (CRH) into the blood 
stream and eventually binds, among others, to the receptor 1 for corticotropin release hormone (CRH-R1) in 
the anterior pituitary glands. The complex CRH/CRH-R1 initiates the peripheral stress response by inducing 
the release of adrenocorticotropic hormone (ACTH). ACTH stimulates the secretion of cortisol from the 
adrenal cortex into the peripheral blood stream. Binding of peripheral cortisol to central glucocorticoid 
receptor (GR), expressed within the hypothalamus and the pituitary gland, induces a negative feedback loop 
that prevents the continuous secretion of glucocorticoids60. The cortisol-GR complex is additionally influenced 
by its co-chaperone FKBP51, which reduces GR sensitivity and thereby diminishes the GR-induced negative 
feedback inhibition of peripheral cortisol release61. (b) Tandem GR and FKBP51 regulation: On the one hand, 
the FKBP5 regulatory genetic region includes several glucocorticoid response elements (GREs) where GR, when 
bound to a glucocorticoid molecule, can directly activate FKBP5 transcription61. On the other hand, binding 
of FKBP51 to the GR reduces GR affinity to cortisol and inhibits its translocation into the nucleus61. Both 
mechanisms contribute to an ultra-short feedback loop, promoting GR resistance.
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Fig. 2a) compared to CM− mothers. Moreover, there was a significant negative association between mean FKBP5 
methylation and the CTQ sum score, a cumulative measure of the severity of CM experiences (maltreatment 
load) (τ = −0.18, p = 0.003, N = 109; Fig. 2d). CM+ mothers also showed less CRHR1 methylation compared to 
CM− mothers (4.7 ± 1.7% vs. 5.7 ± 2.1%; W = 2134, p = 0.004, N = 114; Fig. 2b) and with increasing maltreat-
ment load, the mean methylation of CRHR1 decreased (τ = −0.20; p = 0.002, N = 114; Fig. 2e). In contrast, CM+ 
mothers had a higher mean methylation in NR3C1 exon 1 F compared to CM− mothers (3.9 ± 0.7% vs 3.6 ± 0.9%; 
W = 1256, p = 0.026, N = 113; Fig. 2c), but maltreatment load was not positively correlated with NR3C1 mean 
methylation (τ = 0.05; p = 0.22, N = 113; Fig. 2f). When we included maternal age, glucocorticoid medication 
and the time interval (days) between delivery and PBMC isolation as covariates, the group-wise differences for 
NR3C1 (β = 0.16, p = 0.05, N = 113) and CRHR1 (β = −0.24, p = 0.007, N = 114) remained significant, whereas 
the CM-associated hypomethylation of FKBP5 (β = −0.15, p = 0.06, N = 109) and the negative association 
between FKBP5 (β = −0.14, p = 0.08, N = 109) and CRHR1 (β = −0.15, p = 0.09, N = 114) methylation and mal-
treatment load were reduced to a trend. Single CpG unit (fragments with one or more CpG sites, depending on 
the enzymatic cleavage) analyses are described in SI (section 7 and Table S2).

Maternal gene expression analyses in peripheral immune cells. As changes in methylation might trans-
late into alterations in gene expression, we next analyzed gene expression levels of FKBP5 and NR3C1 in PBMC. No  
significant difference was found for gene expression of FKBP5 or NR3C1 between women with and without CM 
(Table S3) and we did not find any significant correlations between DNA methylation and gene expression levels, 
neither for FKBP5 (τ = −0.11, p = 0.21; N = 66), nor for NR3C1 (τ = −0.08, p = 0.34; N = 66).

Comparison of methylation patterns and gene expression in mother-infant dyads. To test for 
an intergenerational transmission of the observed DNA methylation patterns, we correlated DNA methylation 
levels of the targeted genes in mother-infant dyads. Maternal and infant’s methylation levels were not significantly 
correlated for any of the candidate genes (FKBP5: τ = −0.03, p = 0.69, N = 104 dyads; CRHR1: τ = 0.05, p = 0.43, 
N = 112 dyads; NR3C1: τ = 0.04, p = 0.57, N = 93 dyads). Similar to the results in mothers, infants showed no 
correlation between the levels of DNA methylation and gene expression for NR3C1 (τ = 0.21, p = 0.11; N = 29) 

CM− CM+

Statistics pa(N = 59) (N = 58)

Socio-demographic characteristics

   Mean age (Mean ± SD, years) 33.1 ± 4.2 32.8 ± 4.6 t(115) = 0.36 0.72

   Maternal ethnicity Caucasianb (N (%)) 59 (100) 56 (96.6) χ2
(1) = 2.07 0.24

   Academic education (N (%)) 35 (59.3) 28 (48.3) χ2
(1) = 1.03 0.31

   Female sex of infantc (N (%)) 24 (40.7) 28 (48.3) χ2
(1) = 0.68 0.41

Gestational and neonatal conditionsc

   Birth weight (Mean ± SD, in g) 3460 ± 474 3312 ± 512 t(111) = 1.48 0.14

   Gestational age (in weeks ± SD) 39.7 ± 1.1 39.3 ± 1.6 t(111) = 1.58 0.12

Caesarean sectiond (N (%)) 20 (35.1) 13 (23.6) χ2
(1) = 3.44 0.27

   Smoked during pregnancy (N (%)) 5 (8.5) 5 (10.3) χ2
(1) = 0.12 0.73

Blood cell composition

   Maternal relative lymphocyte count (Mean ± SD, %) 18.7 ± 4.7 18.5 ± 5.0 t(105) = −0.67 0.50

   Children relative lymphocyte count (Mean ± SD, %) 30.4 ± 8.2 29.4 ± 7.0 t(89) = 0.59 0.55

   Maternal relative monocyte count (Mean ± SD, %) 5.8 ± 1.4 6.0 ± 4.7 t(105) = 0.28 0.78

   Children relative monocyte count (Mean ± SD, %) 8.3 ± 2.2 9.3 ± 3.2 W = 799.5 0.07

FKBP5 rs1360780 allelic distribution

   Mother T allele carrier (N (%)) 19 (32.2) 26 (44.8) χ2
(1) = 1.47 0.23

   Children T allele carrier (N (%)) 24 (41.4) 26 (47.2) χ2
(1) = 0.19 0.66

Childhood Maltreatment

   CTQ sum score (Mean ± SD) 27.1 ± 1.9 40.2 ± 12.1 t(115) = −8.16 <0.001

   Emotional abusee (N (%)) — 22 (37.9)

   Physical abusee (N (%)) — 16 (27.6)

   Sexual abusee (N (%)) — 16 (27.6)

   Emotional neglecte (N (%)) — 40 (69.0)

   Physical neglecte (N (%)) — 10 (17.2)

Table 1. Demographic characteristics and CM exposure. Group differences calculated with chi-square tests 
for binomial and t-tests for continuous variables. SD = Standard deviation; CM = Childhood maltreatment; 
CTQ = Childhood Trauma Questionnaire; CTQ sum score =  Childhood maltreatment load. aMain effect of the 
CTQ classification (t-tests or chi-square tests). bOne study participant of Brazilian origin and one of North-
American origin. cFor gestational and neonatal characteristics, only mother-infant dyads were included:  
NCM− = 58; NCM+ = 55. dIncluded planned (NCM− = 16, NCM+ = 12) and emergency (NCM− = 4, NCM+ = 1) forms 
of caesarean section. eAmount of women with at least mild experiences in this CTQ subscale.
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and FKBP5 (τ = −0.14, p = 0.26; N = 35; Fig. 3). Most importantly, infants of CM+ mothers showed no changes 
in DNA methylation of FKBP5, CRHR1 and NR3C1 (Fig. 3) or gene expression levels of FKBP5 and NR3C1 
(Table S3) compared to infants of CM− mothers. These findings remained unchanged when we accounted for 
gestational age at birth and gender of the infants as covariates. Additionally, the methylation analyses of single 
CpG units showed no significant mother-child correlation for any of the targeted sites (all p-values > 0.05).

The functional role of rs1360780 allelic variation in FKBP5 and NR3C1 regulation. To inves-
tigate whether rs1360780 genotype (C/T) and CM mediated the DNA methylation levels of the target genes, 
we conducted interaction analyses, which revealed an interaction between FKBP5 T carrier status and CM on 
mean FKBP5 methylation among mothers (β = 0.29, p = 0.038, N = 109). Post hoc analyses showed that, within 
mothers carrying at least one T allele, CM+ mothers had less FKBP5 methylation than CM− mothers (W = 328.5, 
p = 0.001, N = 41; Fig. 4a). CM+ and CM− mothers homozygous for the C-allele did, however, not differ signif-
icantly with respect to FKBP5 methylation levels (W = 694, p = 0.13; N = 68; Fig. 4a). FKBP5 gene expression 
was not altered depending on the rs1360780 genotype (Fig. 4b). Moreover, only in T allele carriers was a nega-
tive association between FKBP5 methylation levels and the CTQ sum score found (τ = −0.30, p = 0.006, N = 41; 
Fig. 4c). In contrast, there was no CM × rs1360780 interaction effect on maternal NR3C1 methylation (β = −0.09, 
p = 0.59, N = 113; Fig. 4d–f). In infants, maternal CM experiences did not interact with the infant’s rs1360780 
genotype on either FKBP5 (β = −0.13, p = 0.41, N = 113) or NR3C1 mean methylation levels (β = 0.06, p = 0.71, 
N = 103).

Based on the T allele and CM-dependent effects on FKBP5 mean methylation, we next investigated whether 
the regulatory interrelation between FKBP5 and NR3C1 might also be influenced by the FKBP5 rs1360780 gen-
otype. Indeed, we observed an allele-specific effect of rs1360780 on the association between NR3C1 and FKBP5: 
only women homozygous for the C allele showed a negative correlation between NR3C1 and FKBP5 mean meth-
ylation (τ = −0.19, p = 0.03, N = 65; Fig. 4g), and a positive correlation between NR3C1 and FKBP5 gene expres-
sion levels (τ = 0.33, p = 0.002, N = 38; Fig. 4h), while none of these associations were present among T carriers 
(Fig. 4g–h).

Discussion
The aim of this study was to investigate the intergenerational impact of CM on gene regulation of stress-response 
associated genes in mother-infant dyads. Our results suggest that CM induces long-lasting alterations in the DNA 
methylation pattern of genes regulating the HPA axis, namely FKBP5, CRHR1, and NR3C1, which are, however, 
not found in immune cells of the offspring. Increasing levels of maltreatment load were associated with lower 
mean methylation in the intron 7 of FKBP5 and the CRHR1 gene promoter, pointing towards a dose-dependent 
effect of CM. Furthermore, a higher mean methylation within exon 1 F of NR3C1 was found in CM+ women 
compared to mothers without CM. Most importantly, the infants of CM+ mothers showed no differences in the 
methylation of FKBP5, CRHR1, and NR3C1 compared to infants of CM− mothers. Similarly, the gene expression 
levels of NR3C1 and FKBP5 were not correlated between mothers and infants, suggesting that there is no inter-
generational transmission of methylation or gene expression patterns for these sites or transcripts in immune 
cells. The results provide first evidence that a history of CM does not affect immune cell methylation profiles of 
specific regulatory sites within stress-response-related genes in the offspring of maltreated mothers.

In line with previous studies9–14, our results show CM-associated hypomethylation of FKBP5 and hyper-
methylation of NR3C1. We extend the existing literature by also showing effects on CRHR1 methylation, thus 
providing a new candidate for CM-associated epigenetic alterations in HPA axis modulators. While the mean 
methylation levels of the three targeted genes differed in CM+ mothers compared to CM− mothers, detailed anal-
yses showed that these differences occur rather in specific CpG units. The observed mean methylation changes 
appeared not to be related to baseline gene expression alterations. Even though the sample size for gene expres-
sion analyses was smaller (47 mothers and 74 infant dropped out due to limited PBMC quantity) compared to the 
sample size for DNA methylation analyses, our results are in line with previous studies showing that hypometh-
ylation of FKBP5 intron 7 is associated with increased FKBP5 gene expression in vitro, but only in response to 
dexamethasone stimulation and not under baseline conditions14,29. Moreover, even though the role of DNA meth-
ylation of stress-related genes in mental health outcomes has been repeatedly proposed30–33, it has not yet been 
shown whether this occurs via transcription changes of FKBP5 and NR3C1. Our results show that CM-associated 
changes of FKBP5 and NR3C1 methylation are not necessarily associated to alterations in baseline expression 
of these genes. Regarding gene × environment interactions, our results further strengthen the perspective of an 
interactive effect of the FKBP5 rs1360780 genotype and CM on FKBP5 mean methylation14,34. Only T allele car-
riers showed a hypomethylation of FKBP5 in association with CM, confirming previous results13,14. While the 
genotypic variation in FKBP5 rs1360780 had no effect on NR3C1 epigenetic regulation, it influenced the regu-
latory interrelation between FKBP5 and NR3C1: We found a negative correlation between FKBP5 and NR3C1 
methylation and a positive correlation between FKBP5 and NR3C1 gene expression only among the individuals 
with the CC genotype, but not among T carriers. Accordingly, previous studies showed that the stress response 
and recovery35–37 are rs1360780 genotype dependent; which, based on our results, could be a consequence of the 
dysregulation of the FKBP5 and NR3C1 interrelation.

The fact that the biomolecular regulatory changes were observed in immune cells suggests that environmental 
conditions during childhood might persistently (re)program central signaling cascades that influence immune 
functions. The observed epigenetic alterations of FKBP5, CRHR1, and NR3C1 may translate to imbalanced 
immunology and thus provide a link between CM and the increased risk for somatic diseases in adulthood. 
Indeed, CM has been consistently associated with chronic low-grade inflammation38,39. A potential underlying 
mechanism is the CM-associated GR resistance phenotype and the consequently reduced cortisol-associated 
anti-inflammatory effect.
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Investigating immune cells, we provide the first evidence that CM-associated epigenetic alterations in the 
selected genetic regions are not evident in the offspring. In this study, neonatal biological data were obtained 
from umbilical cord blood cells, allowing an intergenerational perspective that excludes the influence of par-
enting behaviors. The higher risk for immune-related conditions, such as asthma, allergies and auto-immune 
diseases described in the offspring of CM-exposed mothers compared to non-exposed mothers23,40 might be, 
thus, more related to CM-associated variations in mother-child interactions. These parenting interactions might 
result in higher stress levels, negatively impacting not only the child’s stress response regulation, but also devel-
opment and health. In contrast to our observations, animal models have shown epigenetic changes in sperm cells 
in pups from early-life stressed26,27 and fear-conditioned25 mothers, which might be attributable to a tissue- or 
species-specificity of early life stress on DNA methylation patterns. Previous studies also described the impor-
tance of the intrauterine period in shaping the newborn’s development and DNA methylation patterns24,41. In 
particular, maternal stress exposure during pregnancy seems to be associated with specific DNA methylation 
changes in the NR3C1 and FKBP5 genes of the offspring, as shown in newborns42–44 and teenagers45. In our study, 
however, perceived maternal stress during the last 4 weeks prior to labor did not affect infants’ DNA methylation. 
Interestingly, grandmaternal interpersonal violence during pregnancy was recently found to be associated with 
altered DNA methylation patterns at specific CpG sites in their teenager grandchildren, highlighting the role 
of pregnancy stress on epigenetic regulation of the upcoming generations46. While the study, however, did not 
assess maternal methylation levels and multigenerational interactions, a generational gap of the transmission of 
CM-associated consequences could be hypothesized. In sum, our study design allows precluding the potentially 
biasing impact of the psychosocial mother-child interaction during the first years of life.

The following limitations need to be considered when interpreting our results: First, our study cohort com-
prised only mothers. When studying the intergenerational transmission of the effects of CM, the psychobiological 
relevance of the father also needs to be addressed. Indeed, research has shown differential effects of maternal and 
paternal diagnosis of posttraumatic stress disorder on their children’s NR3C1 methylation47. Second, the epige-
netic analyses were assessed in immune cells. Due to different biological material used across literature – most of 
them using whole blood for epigenetic analyses –, the comparability of our findings to those of other studies is 
difficult. It is unclear whether observations of environment-associated alterations of DNA methylation made in 
the periphery (immune cells) can be extrapolated to the central nervous system. New evidence suggests that an 

Figure 2. FKBP5, CRHR1, and NR3C1 methylation in mothers. (a–c) Group differences in the DNA mean 
methylation of the targeted genetic regions. FKBP5 (N = 109) and CRHR1 (N = 114) were hypomethylated in 
the aftermath of CM experiences while NR3C1 was significantly higher methylated in women with a history of 
CM (N = 113). (d–f) Dose-response effect of CM severity on methylation levels: the higher the CTQ sum score, 
the lower were the FKBP5 and CRHR1 mean methylation levels.
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inter-tissue concordance between blood and brain cells is CpG specific48. However, PBMC are an accepted model 
for investigating the effects of chronic and traumatic stress on the body and previous work showed similar results 
with respect to CM-associated NR3C1 hypermethylation in hippocampal cells from individuals who committed 
suicide9. Moreover, while our data suggest that the observed methylation changes of FKBP5, CRHR1, and NR3C1 
in PBMC from mothers with childhood maltreatment are not intergenerationally transmitted, these results can-
not be generalized to other genomic sites and to other cells than immune cells. Thus, future investigations should 
investigate whether this finding can be extrapolated to other biological tissues and other gene loci. In addition, 
sample sizes differed among the different analyses. These differences were caused by the relatively stringent qual-
ity criteria we applied, the sample availability, and rs1360780 allelic distribution. Another limitation is that the 
specific immune subcell (e.g. B cells, T cells) distribution was not available. Based on studies that showed the 
importance of the blood cell type49, inclusion of specific subpopulation distributions of PBMC should be taken 
into account in future studies. Moreover, our sample included mothers in the perinatal period. Pregnancy, and 
especially delivery, can be considered as physiological stressors and cortisol levels are rising during the course of 
pregnancy, with a peak in the third trimester50,51. However, studies on CM-related DNA methylation alterations 
in non-pregnant cohorts showed similar results with regard to NR3C1-1F methylation9,12,52 and FKBP5 methyla-
tion13,14, suggesting that these epigenetic alterations may be stable enough to persist under stressful circumstances 
(e.g., pregnancy and parturition).

In conclusion, this is the first study to assess methylation profile changes associated with CM in peripheral 
immune cells of both mothers and their offspring directly after birth. Our investigation of stress-response related 
genes that are pivotally involved in cortisol signaling cascades broadens the perspective of a long-lasting impact of 

Figure 3. FKBP5, CRHR1, and NR3C1 DNA methylation in infants. (a–c) DNA methylation did not differ 
statistically between infants from CM+ mothers and infants from mothers without CM experiences (FKBP5: 
N = 112, W = 1547, p = 0.96; CRHR1: N = 109, W = 1367, p = 0.48; NR3C1: N = 101, W = 1264, p = 0.95; all 
analyses conducted two-sided). (d–f) Severity of CM experiences did not statistically affect infants’ DNA 
methylation for any of the targeted genes. (g–i) Newborn’s DNA methylation did not correlate with maternal 
DNA methylation in any of the three targeted genes. For correlational analyses between mother and infant’s 
mean DNA methylation, only CpG sites that consistently survived quality criteria in both groups, mothers and 
infants, were included for analyses.
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CM on the interaction between the endocrine and the immune system, possibly affecting the duration and signa-
ling of the stress response in the aftermath of CM. DNA methylation of the candidate genes FKBP5, CRHR1, and 
NR3C1 in adaptive immune cells seems not to be intergenerationally transmitted from mothers with CM to their 
offspring. Although future studies are needed to confirm the results e.g. in an epigenome-wide approach, our 
results have an important implication: from the point of view of DNA methylation, the offspring of CM-exposed 
mothers does not seem to necessarily display the same epigenetic patterns as their mothers in the targeted CpG 
sites. In this case, professionals should focus on psychosocial factors during the first years of life, which might 
prospectively buffer the potential transmission of CM-associated consequences.

Figure 4. Rs1360780 genotype specific effects on FKBP5 and NR3C1 regulation in mothers. (a) Rs1360780 
genotype dependent alterations in FKBP5 methylation. Among the T allele carriers, CM+ women (N = 24) had 
significantly lower FKBP5 methylation levels compared to CM− women (N = 17) (W = 328.5, p = 0.001, total 
N = 41). In mothers with the CC genotype, experiencing CM had no effect on FKPB5 methylation (W = 694, 
p = 0.13, N = 68). (b) FKBP5 relative gene expression and CM status were not associated, independently of the 
rs1360780 genotype (CC: W = 225, p = 0.95, N = 43; CT/TT: W = 109, p = 0.37, N = 27). (c) Only among the T 
allele carriers, the hypomethylation of FKBP5 and the severity of the maltreatment were correlated (τ = −0.31, 
p = 0.006, N = 41). (d) The analysis of the rs1360780 × CM interaction showed that the FKBP5 genotype 
does not moderate NR3C1 methylation (β = −0.09, p = 0.59, N = 113) nor (e) gene expression (β = −0.20, 
p = 0.38, N = 69). (f) The severity of maltreatment experiences was not associated with NR3C1 methylation, 
independently of the genotype (CC: τ = 0.06, p = 0.52, N = 69; CT/TT: τ = 0.16, p = 0.15, N = 44). (g) The 
association between the methylation of NR3C1 and FKBP5 was genotype-dependent: in CC women, FKBP5 
and NR3C1 mean methylation were negatively associated (τ = −0.19, p = 0.03, N = 65) but this effect was not 
observed in T carriers (τ = −0.04, p = 0.74, N = 41). (h) Only CC women showed a positive association between 
relative levels of gene expression of NR3C1 and FKBP5 (τ = 0.33, p = 0.002, N = 43; T carriers: τ = −0.10, 
p = 0.48, N = 26). CM− CC: rs1360780 CC women without a history of CM; CM− CT/TT: T-carriers without a 
history of CM. CM+ CC: CC women with CM experiences; CM+ CT/TT: T-carriers with CM experiences. All 
analyses were tested two-sided.
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Methods and Materials
Study population and maternal CM exposure. Mother-infant dyads were recruited shortly after 
birth within the Department of Obstetrics and Gynecology of the Ulm University Hospital as part of the “My 
Childhood – Your Childhood” project. Umbilical cord blood was collected from infants born in the maternity 
ward of the Ulm University Hospital between October 2013 and December 2015 (N = 5426), transported to our 
laboratory and subjected to isolation of umbilical blood mononuclear cells (UBMC). Within one week after par-
turition, all mothers received a complete study description and were asked for participation. If the mothers did 
not fulfill any exclusion criteria (age under 18 years, insufficient knowledge of the German language, and severe 
health problems of mother or child during the course of pregnancy or labor) and gave written informed consent, 
venous blood drawing from the mothers was obtained. Infant UBMC were discarded immediately if mothers 
declined study participation. A total of 533 women provided written informed consent and basic socio-demo-
graphic data and completed a screening interview conducted by trained study personnel. The study was approved 
by the Ethics Committee of Ulm University and was conducted in accordance with the Declaration of Helsinki.

The history of CM experiences was assessed with the German short version of the Childhood Trauma 
Questionnaire (CTQ)53. Mothers with mild to severe experiences in at least one subscale of the CTQ (emotional, 
physical or sexual abuse, and emotional or physical neglect) were categorized as CM+, elsewise as CM− (accord-
ing to the cut-offs described in54). Because of sample availability reasons, epigenetic analyses were conducted 
in a selected subset of study participants (see Fig. 5a and Supplemental Information (SI), section 1, for detailed 
information). The final cohort consisted of 117 mothers and 113 infants, with a maternal CTQ sum score between 
25 and 85 (M ± SD = 33.6 ± 10.8).

Isolation of immune cells and DNA isolation. Maternal peripheral blood and fetal umbilical cord blood 
were collected into CPDA-buffered collection tubes (Sarstedt S-Monovette, Nürmbrecht, Germany). Peripheral 
blood mononuclear cells (PBMC) from mothers and UBMC from infants were isolated by Ficoll-Hypaque density 
gradient centrifugation (GE Healthcare, Chalfon St Giles, UK) according to the manufacturer’s protocol. Cell pel-
lets were resuspended into cryopreservation medium (dimethyl sulphoxide: Sigma-Aldrich, St. Louis, MO, USA; 
fetal calf serum: Sigma-Aldrich; dilution: 1:10) and stored at −80 °C until DNA isolation. An additional sample 
of whole blood collected into EDTA-buffered blood collection tubes (Sarstedt S-Monovette) was available from 
N = 108 mothers and N = 90 infants, which was used for standard blood cell counts at the Department of Clinical 
Chemistry and Central Laboratory of Ulm University. For the epigenetic and genotyping analyses, genomic DNA 
from PBMC and UBMC was isolated using the MagNaPure 96 system (Roche, Basel, Switzerland). DNA con-
centrations were quantified using a Qubit spectrophotometer (Life Technologies, Carlsbad, CA, USA). DNA was 
lyophilized in a CentriVap concentrator (Labconco Corp, MO, USA) and resuspended in DNAse-free water (Life 
Technologies) to obtain a final DNA concentration of approximately 40 ng/µl. Frozen DNA samples were handed 
over to Varionostic GmbH (Ulm, Germany) for mass array methylation analyses.

DNA methylation analyses. For NR3C1 and FKBP5, the targeted genomic regions for methylation analy-
ses were previously reported as regulatory areas, namely the intron 7 within FKBP514 and exon 1F of NR3C19,44. 
For the analyses of the CRHR1 gene, a CpG island (a genomic region rich on cytosine-guanine-dinucleotide 
sequences) in a known promoter region, 84 bp downstream from a transcription start point (Fig. 5b–d), was 
targeted for DNA methylation analyses.

After bisulfite treatment of 500 to 1000 ng of genomic DNA, PCR-based amplification, reverse transcrip-
tion and complete enzymatic cleavage with RNase A, mass spectrometry was performed according to the 
EpiTYPER protocol, which is technically based on Matrix-Assisted Laser Desorption/Ionization Time-of-Flight 
(MALDI-TOF) Mass Spectrometry (Sequenom Inc, San Diego, CA, USA). For detailed information on the tar-
geted CpG sites see SI, section 2. Samples were measured blinded to the experimenter.

Gene expression analyses. Gene expression analyses were conducted in a subsample of N = 70 mothers 
and N = 39 infants because of sample availability reasons (see SI, Section 1 for further details). RNA was purified 
using the Qiagen RNeasy Kit (QIAGEN, Hilden, Germany) and quantified with a Qubit spectrophotometer (Life 
Technologies). RNA was stored in RNase free water (Life Technologies) at −20 °C for up to seven days prior to 
cDNA transcription using a high-capacity cDNA reverse transcription Kit (Thermo Fischer Scientific, Darmstadt, 
Germany) following the manufacturer’s instructions. The assessment of gene expression by Real-time qPCR 
analyses was performed on a QuantStudio 6 (Life technologies) with TaqMan gene expression arrays (Thermo 
Fischer Scientific): Hs01561006_m1 for FKBP5 and Hs00353740_m1 for NR3C1. CRHR1 gene expression was 
not detected in PBMC and UBMC (see SI, section 3, for further information). Two internal controls were used as 
reference genes: succinate dehydrogenase complex, subunit A (SDHA; Hs00188166_m1) and Importin 8 (IPO8; 
Hs00183533_m1; SI, Section 4). Reactions containing 20 ng of cDNA in a total volume of 20 µl were performed 
in triplicates and separately for each target gene. After calculating the average Ct of the measured triplicates, the 
relative mRNA levels of FKBP5 and NR3C1 were defined with the 2−∆Ct equation, with ∆Ct = (mean Ct of the 
target) − (geometric mean of the Ct of the reference genes SDHA and IPO8). The resulting fold-change values – 
an estimate of relative mRNA expression levels – were used for statistical analyses.

FKBP5 rs1360780 genotyping. The rs1360780 genotype was assessed in a LightCycler® 480 (Roche 
Applied Science, Penzberg, Germany) using the Roche HybProbe system and melting curve technology (see SI, 
section 5 for more information). The minor allele (T) frequency (MAF) was 23% in mothers and 26% in infants. 
The rs1360780 genotype frequencies were in Hardy-Weinberg equilibrium (χ2

(2) = 2.08, p = 0.15) and the T allele 
frequencies here described are comparable to previous studies13,55,56. Since the frequency of the homozygote TT 
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genotype was relatively low (7.7% in mothers and 7.1% in infants), we dichotomized samples into “carriers” of the 
T allele (genotypes CT and TT) and “non-carriers” (CC), as reported in 14.

Data pre-processing and statistical analyses. Data processing and statistical analyses were conducted 
with R version 3.2.357. In order to pre-process the methylation data generated by the spectrometry, we applied 
two quality criteria to ensure high quality of the raw data (see SI, section 6). For each candidate gene, the mean 
percentage of methylation over all the CpG sites was calculated and used for statistical analyses.

Student t-tests and χ2-tests were used for demographic and clinical descriptive analyses. Normal distribu-
tion of the model residuals was tested with the Shapiro-Wilk test. All methylation data was skewed and thus the 
non-parametric Wilcoxon tests and Kendall’s tau correlations were used for group comparisons and correlation 
analyses, respectively. We further included potentially influencing factors as covariates: maternal age, reported 
maternal glucocorticoid medication intake (e.g. corticosteroid sprays or topical creams), and time from deliv-
ery until PBMC isolation in days when analyzing maternal data, and gestational age at birth and gender for the 
tests with infant’s data. Preparatory analyses showed no significant group differences in the relative amount of 
monocytes and lymphocytes between CM+ and CM− women (Table 1). Cell counts did not show a significant 
correlation with the methylation levels for any of the epigenetic sites and were thus not included as covariates. 
Since the assumptions for statistical testing under application of linear models were violated (e.g. not normally 
distributed residuals), non-parametric permutation tests58 were used to test for statistical effects of the covariates 
or interaction analyses. A detailed description of the permutation tests can be found in the SI (section 7). Based 

Figure 5. Schematic representation of the sample selection and the genetic targeted sequences. (a) Flowchart 
of inclusion criteria for epigenetic analyses. (b) For the NR3C1 exon 1 F, 702 base pairs (bp) were included for 
the DNA methylation analyses that were analyzed through two amplicons (see Table S1 in the SI for primer 
information). (c) The intron 7 of the FKBP5 genetic sequence has been especially under focus because it 
contains several GREs that potentially act as glucocorticoid-induced points for transcription start14. For the 
FKBP5 intron 7, one single amplicon with 468 bp and 7 CpG sites was analyzed. (d) Two amplicons which 
covered a promoter region with a total length of 804 bp were analyzed for the CRHR1 gene. All CpG sites 
included within the targeted sequence are highlighted in grey. CpG sites marked in bold generated a value by 
the mass spectrometry after high or low mass automatic discrimination. Underlined and up-lined are the CpG 
sites that remained for maternal and neonatal epigenetic analyses after the data preprocessing, respectively. 
Genomic and CpG islands annotations were based on the human UCSC Genome Browser (Feb. 2009, GRCh37/
hg19) assembly.
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on previous findings of a FKBP5 × CM interaction on FKBP5 methylation14 and of hypomethylation of FKBP513,14 
and hypermethylation of NR3C19–13 in association with CM, directed one-tailed tests were conducted for FKBP5 
and NR3C1 mean methylation analyses. Statistical analyses for CRHR1 and all other tests were performed with 
two-tailed tests. To counteract the risk of false positives, the False Discovery Rate adjustment (FDR59) was used 
for individual CpG analyses (SI, section 8). The level of significance was set at p ≤ 0.05.

Data Availability
The anonymized datasets generated during and/or analyzed during the current study are available from the cor-
responding author upon reasonable request.
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1. Study participants included for epigenetic and gene expression analyses 

A total of N=533 of women provided written informed consent for study participation. Out of all dyads that 

provided both maternal blood and fetal cord blood samples (N=153), all 58 pairs of CM+ women and their 

infants were included in epigenetic analyses. With the focus on those mothers who were willing to further 

participate in the overall project (mothers-infant-dyads were invited to participate in two more psycho-

diagnostic interviews: 3 months and 1 year after birth) and matching for maternal age, gestational week 

at the time of birth, birth weight, and gender of the infants, 59 CM- mother-infant-dyads were selected for 

epigenetic analyses as controls (CM-). CM- mothers that were included in the epigenetic analyses did not 

differ from CM- mothers that were not included (N=36) with respect to maternal age, CTQ sum score, 

gender, and weight of their newborns, ethnicity, cigarette smoking habits during pregnancy, chronic 

illnesses, lifetime psychological diagnosis or medication during pregnancy (all p-values>.05). Similarly, 

mothers who were included for epigenetic analyses (N=117) did not differ from mothers from the larger 

sample who were not included (N=416) in terms of maternal chronological age, gender and body weight 

of their newborns, ethnicity, cigarette smoking during pregnancy, chronic illnesses, lifetime psychological 

diagnosis or medication intake during pregnancy (all p-values >.05). After excluding the offspring of three 

mothers who gave birth to twins, the cohort included 114 infants. The cells from one of these infants 

were not available due to technical problems during cell isolation. Thus, the final cohort included 117 

mothers and 113 infants. Clinical characteristics and medication during pregnancy of the included 

mothers are described in Table S1. Regarding the samples included for gene expression analyses, RNA 

could be extracted from 70 mothers and 39 infants, since for some participants (N=47 mothers, N=74 

infants) the total number of isolated PBMC was limited, and therefore not available for RNA isolation (Fig 

1 in main text). After having performed FKBP5 gene expression analyses, there was no remaining cDNA 

left for gene expression analyses for NR3C1 from one mother and from two children. FKBP5 gene 

expression analysis from one of the children was missing because of technical failure during qPCR 

performance. 

2. Targeted CpG sites 



 

 

 

  3 

Genomic and CpG island annotations were based on the human UCSC Genome Browser (Feb. 2009, 

GRCh37/hg19) assembly. The targeted areas encompassed the following specific genomic regions: 

FKBP5, GRCh37/hg19 crh6: 35558612 – 35559080; CRHR1, GRCh37/hg19 crh17: 43697856 – 

43698660 and NR3C1, GRCh37/hg19 crh5: 142793522 – 142794224. For FKBP5, 7 CpG sites were 

analyzed. For the targeted CRHR1 region, the EpiTYPER yielded 40 CpG units that included between 

one and eight CpG sites, and for NR3C1 exon 1F analyses, 40 CpG units that included between one and 

seven CpG sites. Those DNA fragments that had low or high mass outside of the detection range of the 

Sequenom EpiTYPER were set as missing data (1 CpG unit in FKBP5, 11 CpG units in CRHR1, 10 CpG 

units in NR3C1). The primers that were employed for mass array-based DNA methylation analyses are 

described in Table S2. The special nature of the EpiTYPER-based technique does not allow the 

discrimination between DNA fragments with identical molecular weight and thus these cannot be 

measured independently (e.g.: CpG 2.3.34 from NR3C1). 

3. CRHR1 gene expression test in PBMC  

Since no study so far reported expression of CRHR1 in human PBMC, we initially tested CRHR1 

expression (Taqman gene expression array  Hs00366363_m1; Thermo Fischer Scientific) in PBMC 

together with selected commercially available human carcinogenic cell lines that served as positive 

controls (A549, human adenocarcinomic alveolar basal epithelial cells; LS174T, colon cancer human 

cells). While A549 and LS174T showed a fluorescent signal for CRHR1, no fluorescent signal was 

observed in PBMC, indicating no detectable baseline expression of CRHR1 in human PBMC. Thus, 

CRHR1 gene expression was not conducted. 

4. Selection of SDHA and IPO8 as RT-PCR reference controls 

The two housekeeping genes succinate dehydrogenase complex, subunit A (SDHA) and Importin 8 

(IPO8) were used as reference genes. They were pre-selected out of a total of            

five candidates genes (SDHA, IPO8, 18S, TBP, RPL13A) that were reported in the literature to be stably 

expressed in human PBMC (1). Using the program NormFinder (2), an algorithm-based test that 
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identifies the optimal normalization gene among the set of candidates, we ranked the candidates genes 

according to their expression stability in the given sample set and experimental design. Based on this 

algorithm, the combination of IPO8 and SDHA generated the strongest stability and were thus selected 

as reference genes. Both housekeeping genes were equally expressed in CM- and CM+ groups (N=70, 

tSDHA(64)=-0.93, p=.35;  tIPO8(66)=0.13, p=.90). 

 

5. FKBP5 rs1360780 SNP genotyping conditions 

For the genotyping of FKBP5 rs1360780, the LightCycler® 480 (Roche Applied Science, Penzberg, 

Germany) was employed. This real-time PCR technique allows genotyping assessment based upon the 

different melting temperatures for the two SNP alleles C (67 °C) and T (71°C). The Roche genotyping 

Mastermix and the following primers were employed for rs1360780 genotyping: forward primer: 

CCTTATTCTATAGCTGCAAGTCCC; reverse primer: TCTGAATATTACCAGGATGCTGAG; sensor 

probe: CAGAAGGCTTTCACATAAGCAAAGTTACACAAAAC-Fluorescein and anchor probe:  LC Red 

640-AAATTCTTACTTGCTACTGCTGGCACAAGAGA-Phosphate. The amplification protocol consisted 

of 45 cycles with 10 seconds each at 95 °C, 56 °C and then 72 °C followed by a melting curve analysis. 

Positive and negative controls were used for additional quality control. 

6. Pre-processing of the DNA methylation data 

In order to pre-process the methylation raw data for analyses, the following quality criteria were applied 

for each gene: First, CpG units with more than 30% of missing values in the raw data from the mass 

spectrometry were excluded from all analyses (3,4). This step was applied for all mothers and all infants 

separately. Six CpG sites remained for FKBP5 in mothers and infants, 27 CpG sites for CRHR1 in 

mothers (32 CpG sites in infants) and 29 CpG sites remained for NR3C1 analyses in mothers (41  CpG 

sites in infants). For a graphical representation of the included CpG units within each gene see Fig. 2. A 

second quality criterion was the exclusion of the data from individuals with more than 50% of missing 

values across all CpG units of each targeted gene. The final dataset consisted of 109 mothers and 112 
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infants for FKBP5, 114 mothers and 109 infants for CRHR1, and 113 mothers and 101 infants for 

NR3C1.  

7. Description of the permutation tests  

In case of not normally distributed model residuals, non-parametric permutation tests (5) were applied as 

they are rather robust to the violations of ordinary least square (OLS) model assumptions (i.e. normality 

of model residuals). We used permutation under the reduced model, i.e., a model reduced by the 

variable of interest was fitted, residuals were permuted randomly, the full model was fitted and the t 

statistic t’ was recorded. This t’ statistic was iterated 10,000 times. Finally, the t value obtained from the 

original data was compared to the distribution of the 10,000 t’ values obtained by the permutation test, 

and the p value was determined as the proportion of t’ values exceeding t, respectively (6). Standardized 

β coefficients and permutation-based p values are reported. 

 

8. Specific CpG  units analyses 

Since literature suggests that specific CpG units can be hyper- or hypo-methylated independently of the 

direction of the average methylation of the region, we decided to report all p-values as result of two-sided 

tests from single unit analyses. The detailed analyses of the association between DNA methylation and 

CM in the specific CpG units showed that not all CpG units but rather single units show group 

differences in mothers (Table S4). Within the FKBP5 targeted genetic region, CpG 2, CpG 4, CpG 5 and 

CpG 7 were significantly less methylated in CM+ mothers, while the CpG 3 was higher methylated in CM+ 

women compared to CM- women (cf. 7). Regarding CRHR1, only the CpG 60 was higher methylated in 

CM+ compared to CM- women. With respect to NR3C1, the unit CpG 4.12 was significantly lower 

methylated in CM+, while the CpG 5.6 and CpG 25.26.27 were higher methylated in CM+ mothers 

compared to CM- women. 
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Table S1. Clinical characteristics and medication during pregnancy a   

     

CM-  CM+  

  
 

          (N=59) (N=58) Statistics pb 
 

Self-reported psychiatric diagnosis (lifetime)       
 

 
Lifetime diagnosis (N (%)) 12 (20.3) 17 (29.3) χ2 

(1)=0.83 .36 
 

 
Depressive disorder (N (%)c 7 (11.9) 5 (8.6) χ2 

(2)=1.78 .41 
 

 
Anxiety disorder (N (%))d,e 

 
2 (3.6) 5 (8.9) χ2 

(2)=1.18 .55 
 

 
Eating disorder (N (%)) 

 0 2 (3.4) χ2 
(1)=0.53 .47 

 

 
Adjustment disorder (N (%)) 

 0 2 (3.4) χ2 
(1)=0.53 .47 

 

 

Other psychiatric diagnoses (N (%)) 3 (5.1) 3 (5.2) χ2 
(1)=0.19 .66 

 

Chronic illnessesf 
       

 
Thyroid dysfunction (N (%)) 

 
11 (18.6) 8 (13.8) χ2 

(1)=0.21 .65 
 

 
Allergy (N (%)) 

  
10 (16.9) 7 (12.1) χ2 

(1)=0.24 .63 
 

 
Neurodermatitis (N (%)) 

 
2 (3.4) 1 (1.7) χ2 

(1)<0.001 1 
 

 
Diabetes (N (%)) 

  
2 (3.4) 1 (1.7) χ2 

(1)<0.001 1 
 

Medication during pregnancy 
      

 
L-Thyroxin (N (%)) 

  
14 (23.7) 10 (17.2) χ2 

(1)=0.41 .52 
 

 
Glucocorticoids (N (%)) 

 
2 (3.4) 3 (5.2) χ2

(1)<0.001 1 
 

  Anti-depressants (N (%))   0 1 (1.7) χ2 
(1)< 0.001 .99 

 

Women with at least mild CM experiences in one subscale of the CTQ were categorized as CM
+
, otherwise as CM

-
. CM= 

Childhood maltreatment; CTQ= Childhood Trauma Questionnaire.   

a 
Disease and medication were listed when at least 2 individuals had the diagnosis or were medicated  

b
 Main effect of the CTQ classification  (chi-square tests).  

      
c
 Data regarding lifetime diagnosis of depression was not available for one CM

+
 women.  

   
d
 One woman from each CM group had a diagnosis of depression and anxiety disorder. 

   
e 
Data regarding lifetime diagnosis of anxiety disorder was not available for one woman of the CM

+
 group.  

   
f
 One CM+ women had asthma, neurodermatitis, and allergy; one CM+ had diabetes and thyroid dysfunction; one CM+ 
woman had an allergy and thyroid dysfunction.    

 

  



 

 

 

  8 

Table S2. Sequencing primers for EpiTYPER analyses  

Gene 
symbol Amplicon Sequencing primer (5'-3')a 

NR3C1 
NR3C1 Exon 1F #1 F: aggaagagagGTTTTTTGGGGAGGTTTTAGGG 

 

  R:cagtaatacgactcactatagggagaaggctAAAAAAATACAAAAAAATCCAACTC 

 

NR3C1 Exon 1F #2 F: aggaagagagTTTAATTTTTTAGGAAAAAGGGTGG 

  
  R:cagtaatacgactcactatagggagaaggctCCCTAAAACCTCCCCAAAAAAC 

FKBP5 FKBP5 Intron 7 #1 
F:  aggaagagagGTTGTTTTTGGAATTTAAGGTAATTG 

    
R: cagtaatacgactcactatagggagaaggct 

TCTCTTACCTCCAACACTACTACTAAAA  

CRHR1 CRHR1 #1 F: aggaagagagGTTGTTTTTGGTATTGGTGTTTTTG 

 
  R:cagtaatacgactcactatagggagaaggctCTTCTACCCCATTCCCATTATTAAA 

 
CRHR1 #2 F: aggaagagagTTTTTTTAATAATGGGAATGGGGTA 

    R:cagtaatacgactcactatagggagaaggctAAAACAAAAATAACAACACCCACTT 
a Capital letters: gene specific 
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Table S3. Gene expression analyses           

  Target Total (n=70) CM- (n=36) CM+  (n=34) Statistics  pa 

Mothers 
      

 

FKBP5  (M(SD)) 2.11 (0.92) 2.04 (0.75) 2.20 (1.07) W= 671 .49 

 

NR3C1b  (M(SD)) 1.43 (0.62) 1.60 (0.99) 1.39 (0.50) W= 629 .69 

Newborns 
     

 

FKBP5c (M(SD)) 3.62 (2.14) 3.61 (2.54) 3.62 (1.76) W= 158 .71 

  NR3C1d  (M(SD)) 2.54 (0.89 2.53 (0.88) 2.82 (1.52) W= 157 .71 

M= mean of fold change, relative mRNA levels. 
     a 

Statistics: Wilcox-test when data was not normally distributed. Main effect of the CTQ classification. 

b 
CM

-
: N= 35 

     c
 CM

-
: N= 18, CM

+
: N= 19 

     
d
 CM

-
: N= 17, CM

+
: N= 20 
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Table S4. Group-wise specific CpG unit analyses in mothers and infants             

  
Mothers 

  
Infants 

   
CM

-
  CM

+
  

    
CM

-
  CM

+
  

  

Gene CpG unit  N 

Mean % 
methylation 

(SD) 

Mean % 
methylation 

(SD) 
Statistics 

p-value 
FDR 

adjusted   N 

Mean % 
methylation 

(SD) 

Mean % 
methylation 

(SD) 
Statistics 

p-value 
FDR 

adjusted 

FKBP5 CpG 1 109 68.9 (34.6) 70.3 (24.2) W=1707 .18 
 

111 66.3 (25.3) 63.7 (27.3) W=1641 .96 

 
CpG 2 102 89.1 (10.7) 78.4 (9.2) W=2093.5 <.0001 

 
111 91.3 (8.8) 90.4 (12.2) W=1511.5 .96 

 
CpG 3 109 75.9 (15.9) 81.5 (12.2) W=978 <.01 

 
111 79.2 (12.2) 81.1 (8.3) W=1379 .96 

 
CpG 4 104 80.0 (14.8) 73.8 (6.6) W=2149 <.0001 

 
109 78.2 (8.3) 79.1 (7.8) W=1463 .96 

 
CpG 5 96 82.0 (20.9) 73.8 (10.4) W=1736.5 <.0001 

 
101 79.4 (14.6) 79.2 (16.7) W=1253.5 .96 

  CpG 7 105 84.8 (11.5) 69.6 (10.9) t(103)=6.94 <.0001   111 89.8 (5.9) 90.2 (5.9) W=1531 .96 

CRHR1 CpG 2
a
 - - - - - 

 
84 10.7 (9.1) 12.9 (10.7) W=793 .64 

 
CpG 4 83 0.8(1.9) 0.9 (2) W=776 .60 

 
92 3.3 (3.8) 2.1 (2.9) W=1724 .45 

 
CpG 5 83 3.8 (1.5) 3.8 (1.0) W=885.5 .87 

 
92 4.6 (1.6) 4.4 (1.6) W=1131 .72 

 
CpG 10.11.12.13  83 1.9 (2.9) 3.1 (5.6) W=681.5 .34 

 
92 2.1 (1.8) 1.9 (2.1) W=1165 .64 

 
CpG 14.15 83 7.4 (2.5) 7 (2.4) W=858.5 .98 

 
92 8.2 (2.2) 7.8 (2.1) t(90)=0.98 .60 

 
CpG 16.17 83 9.5 (3.2) 9.3 (3.8) t(81)=0.29 .77 

 
92 1.8 (1.1) 1.6 (1.2) W=1624 .64 

 
CpG 18

a
 - - - - - 

 
92 13.5 (7.2) 13.1 (9.1) W=1038 .78 

 
CpG 21 83 1.0 (2.6) 0.4 (0.9) W=873 .88 

 
92 1.0 (2.0) 1.2 (1.5) W=897 .46 

 
CpG 22

a
 - - - - - 

 
81 12.9 (7.2) 17.8 (10.3) W=526.5 .15 

 
CpG 35

a
 - - - - - 

 
87 13.1 (10.2) 15.8 (10.0) W=774 .45 

 
CpG 36.37 83 3.2 (4.0) 3.1(4.1) W=898 .82 

 
92 3.5 (2.8) 3.6 (4.2) W=1174.5 .64 

 
CpG 38 83 6.6 (5.0) 8.1 (5.7) W=737.5 .60 

 
92 6.0 (5.3) 7.6 (4.7) W=743.5 .18 

 
CpG 42.43 83 27.0 (11.35) 29.4 (12.9) W=792.5 .77 

 
92 24.0 (11.01) 26.3 (11.7) W=1247 .64 

 
CpG 44 83 0.8(1.9) 0.9 (2) W=776 .60 

 
92 3.3 (3.8) 2.1 (2.9) W=1131 .45 

 
CpG 49 83 3.7(2.2) 3.5 (2.4) W=903.5 .82 

 
92 4.3 (2.2) 4.1 (2.4) W=1165 .64 

 
CpG 56 108 0.9 (0.1) 1.2 (0.9) W=1222 .35 

 
109 1.9 (1.1) 1.6 (1.2) W=1724 .15 

 
CpG  57 85 1.7 (1.4) 1.9 (1.3) W=756 .62 

 
109 2.6 (1.9) 2.5 (1.9) W=1508 .82 

 
CpG 58.59 107 6.8 (2.8) 7.2 (2.4) W=1228.5 .49 

 
100 10.5 (7.0) 9.4 (7.3) W=1542 .46 
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CpG 60 108 0.8 (1.1) 1.3 (1.2) W= 991.5 .047 

 
109 1.7 (1.2) 1.8 (1.2) W= 1394 .63 

 
CpG 64 85 0.6 (0.9) 1.1 (1.0) W= 595 .13 

 
109 1.8 (1.1) 1.6 (1.2) W= 1624 .37 

 
CpG 67 107 13.8 (13.2) 5.3 (5.5) W= 1801 .13 

 
109 3.9 (1.2) 3.6 (1.3) W= 1766,5 .14 

 
CpG 68

a
 - - - - - 

 
90 4.7 (5.3) 4.8 (6.1) W= 1054 .93 

 
CpG 69 84 1.4 (1.4) 2.4 (2.4) W= 660 .33 

 
109 3.3 (2.1) 3.1 (1.9) W= 1575,5 .49 

  CpG 71 85 10.8 (7.9) 8.2 (4.5) W= 1026 .34   109 7.7 (2.9) 7.3 (2.9) W= 1642 .51 

NR3C1 CpG 2.3.24 - - - - - 
 

88 17.2 (6.8) 17.7 (6.6) t(86)= -0.37 .90 

 
CpG 4.12 80 16.7 (4.9) 13.4 (2.2) W= 1137.5 .001 

 
94 17.2 (3.0) 17.3 (3.0) W= 1040.5 .84 

 
CpG 5.6 79 1.8 (2.0) 2.4 (1.2) W= 365 .01 

 
95 1.2 (1.0) 1.9 (1.2) W= 755.5 .09 

 
CpG 11 80 0.5 (1.2) 0.5 (1.1) W= 791  .96 

 
95 0.6 (1.7) 0.5 (1.0) W= 1098 .88 

 
CpG 13 80 2.7 (1.0) 3.0 (1.2) W= 647 .46 

 
95 3.0 (1.4) 3.3 (0.9) W= 915.5 .49 

 
CpG 14.15.16

a
 - - - - - 

 
83 4.3 (2.6) 4.3 (2.7) W= 834.5 .88 

 
CpG 22.23

a
 - - - - - 

 
93 2.1 (1.4) 1.9 (1.4) W= 1151 .84 

 
CpG 25.26.27 79 4.4 (3.3) 6.5 (2.3) W= 365 .001 

 
95 5.2 (2.0) 5.4 (1.6) W= 1113 .92 

 
CpG 28

a
 - - - - - 

 
92 4.9 (4.5) 5.2 (4.4) W= 1005.5 .84 

 
CpG 30.31.32

a
 - - - - - 

 
93 3.8 (2.6) 4.2 (2.0) W= 887.5 .53 

 
CpG 34 113 0.7 (0.8) 1.2 (3.3) W= 1524.5 .96 

 
99 0.7 (0.9) 1.2 (1.1) W= 908 .14 

 
CpG 42.43  113 1.4 (0.8) 1.6 (0.8) W= 1358 .32 

 
99 1.7 (1.0) 1.7 (0.9) W= 1316 .84 

 
CpG 45 113 10.8 (4.0) 10.9 (3.4)  W= 1597 .99 

 
99 11.6 (2.5) 10.6 (3.0) W= 1397 .77 

 
CpG 46 108 11.7 (7.1) 11.8 (7.5) W= 1435.5 .99 

 
96 15.4 (4.7) 15.0 (5.2) t(94)= 0.43 .84 

 
CpG 47.55 113 3.2 (1.6) 3.2 (1.7) W= 1592.5 .99 

 
99 3.8 (1.7) 3.3 (2.6) W= 1538 .14 

 
CpG 60.61 113 1.1 (1.7) 1.14 (0.94) W= 1368 .36 

 
99 1.2 (1.4) 1.2 (2.0) W= 1281 .84 

 
CpG 62 110 1.4 (1.4) 1.4 (1.3) W= 1536 .99 

 
92 3.2 (2.9) 2.1 (1.6) W= 1350.5 .14 

 
CpG 63.64 113 1.0 (0.8) 1.4 (1.1) W= 1215.5 .07 

 
99 1.5 (1.1) 1.4 (1.1) W= 1318.5 .84 

 
CpG 67 113 0.2 (0.6) 0.2 (0.7) W= 1565 .99 

 
99 0.5 (1.0) 0.3 (0.7) W= 1281 .84 

 
CpG 68.69 113 2.0 (2.0) 1.9 ( 1.2) W= 1436 .59 

 
98 2.9 (1.7) 2.8 (1.9) W= 1276 .84 

 
CpG 76.77.78 113 4.4 (3.2) 4.7 (2.3) W= 1283 .19 

 
99 4.6 (2.2) 4.7 (1.7) W= 1196 .88 

  CpG 79.80 113 2.4 (1.4) 2.6 (1.0) W= 1292  .19   99 3.0 (1.5) 3.3 (1.3) W= 1148 .84 
a 
Maternal CpG units excluded from analyses following quality control 

All analyses tested two-sided. CM= childhood maltreatment. FDR= False discovery rate.  
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Associations between childhood maltreatment and DNA

methylation of the oxytocin receptor gene in immune cells of

mother–newborn dyads
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Iris-Tatjana Kolassa 1 and Alexander Karabatsiakis 1,4✉
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The neuropeptide oxytocin (OXT) and its receptor (OXTR) modulate interpersonal relationships, particularly mother–child

interactions. DNA methylation (DNAm) changes of the OXTR gene were observed in individuals who experienced Childhood

Maltreatment (CM). A modulatory role of single nucleotide polymorphisms (SNP) within OXTR in association with CM on the

regulation of OXTR was also postulated. Whether these CM-induced epigenetic alterations are biologically inherited by the

offspring remains unknown. We thus investigated possible intergenerational effects of maternal CM exposure on DNAm and OXTR

gene expression, additionally accounting for the possible influence of three SNP: rs53576 and rs2254298 (OXTR gene), and

rs2740210 (OXT gene). We used the Childhood Trauma Questionnaire to classify mothers into individuals with (CM+) or without CM

(CM−). Maternal peripheral immune cells were isolated from venous blood (N= 117) and fetal immune cells from the umbilical

cord (N= 113) after parturition. DNA methylation was assessed using MassARRAY. Taqman assays were performed for genotyping

and gene expression analyses. Among mothers, CM was not associated with OXTR mean methylation or gene expression. However,

four CpG sites showed different methylation levels in CM− compared to CM+. In mothers, the OXTR rs53576 and OXT rs2740210

allelic variations interacted with CM load on the OXTR mean methylation. Maternal and newborns’ mean methylation of OXTR were

positively associated within CM− dyads, but not in CM+ dyads. We show gene×environment interactions on the epigenetic

regulation of the oxytocinergic signaling and show the intergenerational comparability of the OXTR DNAm might be altered in

infants of CM+ mothers.

Translational Psychiatry          (2021) 11:449 ; https://doi.org/10.1038/s41398-021-01546-w

INTRODUCTION
Childhood maltreatment (CM) includes experiences of physical,
sexual and/or emotional abuse, as well as physical and emotional
neglect during childhood and adolescence [1]. CM often occurs
repetitively or even chronically and therefore, constitutes a major
threat to the physical, mental, and emotional development of a
child [2–5]. Consequences of CM can last into adulthood [2–6],
presumably via epigenetic mechanisms, e.g. via CM-associated
alterations in DNA methylation (DNAm). Higher DNAm can result
in less gene transcription activity, especially when DNAm occurs in
CpG-rich regions within the gene promoter [7]. Such gene-
expression changes were suggested to be one central mechanism
by which the individual’s physical and emotional systems adapt to
stressors like CM [8]. CM-associated changes in the epigenetic
regulation of gene products related to physiological stress
responses were already reported [9–16]. In contrast, the effects
of CM on emotion dysregulation seem to be buffered by the
oxytocinergic system [17] via its key players, the neuropeptide
oxytocin (OXT) and its receptor (OXTR).

The oxytocinergic system is considered a buffering factor of the
long-term consequences of CM on psychological and physical
health for several reasons: First, OXT activity is involved in
fostering interpersonal relationships (e.g. reproductive behavior,
mother–child bonding; [18]). Second, patients with higher OXT
plasma levels show fewer symptoms of major depression, post-
partum depression, and anxiety symptoms [19, 20]. Third,
alterations in oxytocin were also reported in the central nervous
system. For example, women with a history of child abuse showed
less OXT concentrations in cerebrospinal fluid [21]. On a
biomolecular level, we previously reported that OXT levels
modulate the physiological impact of CM on immunocellular
bioenergetics and telomere length stability [22, 23]. Moreover, the
oxytocinergic system might buffer the negative impact of adverse
early life experiences and CM on the maladaptive changes in HPA-
axis functioning [23]. Finally, OXT has immune-modulating effects
(reviewed in [24]). There is cumulating evidence for the impact of
CM on the immunoregulatory functions of the oxytocinergic
system. For example, the OXTR density in peripheral blood
mononuclear cells (PBMC) was reduced with increasing severity of
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CM experiences [25]. In the context of DNAm, higher methylation
of the OXTR gene was associated with depression [19, 26, 27] and
early life adversity [28, 29], suggesting that DNAm of the OXTR
might contribute to the pathophysiological transition from chronic
stress (i.e., CM) to stress-related pathology. Taken together, these
results demonstrate a complex relationship between the oxyto-
cinergic system and early life stress, which might affect OXTR
regulation not only on an epigenetic level but also on a
physiological and behavioral level.
In the last years, traumatic stress research work has focused on

the investigation of biological and physiological associations and
the potential mechanisms for direct, intergenerational transmis-
sion of CM-associated biological changes. If such transmission
occurs, inherited changes can impact the development, health,
behavior, as well as the psychopathological risk of the non-
affected offspring. Based on intergenerational observations, the
long-neglected evolutionary theory of Lamarckian inheritance is
currently being re-discussed. Epigenetic modifications, and the
consequent regulation of the gene expression, offer a plausible
mechanism for acquired biological traits and behavioral adapta-
tions to endure throughout generations [30]. Here, the oxytoci-
nergic system has been proposed as a possible mediator of these
CM-related intergenerational transmission effects, mainly because
it is a key modulator of parenting behavior, attachment, and risk of
post-partum depression [31–33]. The associations of CM-linked
methylation changes in the OXTR gene with translational
consequences on maternal behavior, maternal agression, and
mother–child bonding may contribute to an intergenerational
transmission or direct inheritance of CM-related effects (for a
review see ref. [34]). Indeed, children of mothers with CM have a
higher risk of emotional and behavioral problems [35]; and
newborns of mothers who had been socially isolated during the
second pregnancy trimester exhibited less methylated OXTR in
cord blood cells [36].
Stress research also started to address the relevance of genetic

variance for the intergenerational transmission of CM conse-
quences; especially focusing on gene×environment (G×E) inter-
actions, which occur when two or more genotypes respond to
environmental challenges with different sensitivity, specificity, or
physiological kinetics [17, 34, 37]. Depending on the individual
genotype of genes contributing to the oxytocin-signaling path-
way, which affects the release of OXT into the bloodstream and
the binding efficacy of OXT to its receptor (OXTR), CM experiences
might affect maternal oxytocin-related signaling differently. This
phenomenon is further discussed in the “differential susceptibility”
hypothesis, which suggests that genotypes that predispose to
pathology in the general population when associated with
adverse events can exert protective effects when associated with
favorable environmental conditions, particularly in relation to
positive parenting. This is different from the concept of resilience,
where genotypes are largely unresponsive to environmental
contingencies [38, 39]. This theory explains why genotypes
associated with susceptibility have remained throughout evolu-
tion. In the context of epigenetic modifications, some single
nucleotide polymorphisms (SNPs) in oxytocinergic genes may, in
combination with CM, be associated with molecular changes of
the oxytocinergic system regulation that might confer adaptation
in such challenging early life environment (reviewed in [40]).
Similarly, the transmission of biological associations of maternal
CM experiences may occur depending on the genotype suscept-
ibility of their offspring. On the behavioral scale, biological
alterations might lead to changes in parenting and bonding
towards their newborns [41]. Therefore, it is of importance to
additionally account for allelic variations in the context of
intergenerational studies [38].
Research on oxytocin-signaling pathway genes has mostly

focused on the sites rs53576 (G/A) and rs2254298 (G/A), both
located within intron 3 of the OXTR gene, and on rs2740210 (A/C),

located within the OXT gene. These three SNPs are involved in
several G×E interactions that modulate the risk for psychopathol-
ogy (reviewed in [42]). The GG genotype of OXTR rs53576 in
combination with CM was linked to emotion dysregulation [17]
and higher levels of internalizing symptoms [18]. Among
adolescent girls, the rs2254298 genotype interacts with familiar
psychopathology leading to a higher risk of depression and
anxiety symptoms [43, 44]. Finally, the rs2740210 polymorphism in
the OXT gene interacts with early life adversity to predict
depressive symptoms [45].
In a cohort of women who recently gave birth to a child, we

aimed to investigate whether maternal CM exposure accounts for
differences in OXTR gene methylation (across regions exon 1 to
exon 3) and OXTR gene expression. Also, we hypothesized that CM-
associated alterations in OXTRmethylation are modulated by allelic
variants of the OXTR gene (rs53576 and rs2254298) as well as the
OXT gene (rs2740210). To address the intergenerational aspects,
we first hypothesized that maternal CM experiences
are associated with DNAm changes in their newborns. We further
assessed associations between the OXTR-methylation profile in
immune cells collected from mothers and their newborns. By
addressing DNAm in immune cells isolated from cord blood from
newborns, our study approach allowed investigating the inter-
generational perspective minimizing the influence of post-partum
parenting behaviors. Finally, we tested for G×E interactions
between maternal CM and child’s SNP variants to investigate the
possible role of rs53576, rs2254298, and rs2740210 on the
intergenerational transmission of epigenetic consequences of CM.

MATERIALS AND METHODS
Study participants
In total, 533 women who gave birth at the maternity ward of Ulm
University Hospital between October 2013 and December 2015 were
included in the My Childhood–Your Childhood study (See Supplemental
Information [SI], section 1 for more detail). After receiving full
information about the study, mothers who agreed to participate and
did not meet any exclusion criteria (i.e., age under 18 years, insufficient
knowledge of the German language, and severe health problems of
mother or child during pregnancy or labor), gave written informed
consent and provided basic sociodemographic data (N= 533). Directly
after birth, a maximum of 45 mL fetal blood was collected from the
umbilical cord. Within one week following parturition, venous blood
was taken from mothers. Blood samples were collected into CPDA-
buffered tubes (Sarstedt S-Monovette, Nürmbrecht, Germany) and
transported to the laboratory of the Ulm University Department of
Clinical & Biological Psychology for the isolation of peripheral blood
mononuclear cells (PBMC) from mothers and umbilical blood mono-
nuclear cells (UBMC) from the newborns, respectively. The study
protocol and all the procedures were approved by the Ulm University
Ethics Committee and was conducted in accordance with the
Declaration of Helsinki (2013). All biological material was immediately
discarded if mothers did not provide informed consent to study
participation.
The German short version of the Childhood Trauma Questionnaire (CTQ;

[46]) was used to retrospectively assess CM experiences. Using the mild
cut-off criteria from Bernstein and Fink (1998; [47]), mothers who reported
at least mild CM experiences in at least one CTQ subscale (emotional,
physical or sexual abuse, and emotional or physical neglect) were
categorized as CM+, and mothers without a history of CM were
categorized as CM−. DNAm analyses were conducted in a subset of study
participants due to limitations in the availability of biomaterials as
described in detail in the SI section 1. The final cohort consisted of 117
mothers (n= 59 CM−, and n= 58 CM+) and 113 infants. See Table 1 for a
summary of the demographic and clinical characteristics of the study
cohort. CM+ and CM− mothers did not differ in maternal socio-
demographic (i.e. age, origin, academic education, stable relation status)
or pregnancy characteristics (i.e. primipara status, smoking status during
pregnancy, cesarean section), and none of the characteristics displayed in
Table 1 were associated with changes in OXTR methylation levels
(all p-values > 0.05).
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DNA methylation analyses
For a detailed description of the isolation of (U)PBMC from mothers and
newborns and of DNA preparation for mass array please see SI, sections 2
and 3, respectively. The EpiTYPER assay (Sequenom Inc, USA) was used to
quantitatively measure the DNAm levels at individual CpG sites. The
analyzed region of the OXTR gene spans across exons 1, 2, and 3 as well as
introns 1 and 2 (Fig. 1). For each CpG unit, the percentage of methylated
CpG sites over the sum of methylated and unmethylated CpG sites of the
pre-analytical PCR products was used for statistical analyses. As previously
reported [9], two quality criteria were applied for data processing: First,
CpG units with missing values in more than 30% of the samples were
excluded from analyses (Fig. 1). Second, samples with missing values in
more than 50% of the CpG units were also excluded, which resulted in the
exclusion of one newborn sample only. Thus, the final EpiTYPER dataset
consisted of samples from 117 mothers and 112 infants. For statistical
analyses of DNAm, the mean percentage of methylation across all
remaining CpG sites after data processing was calculated for each
individual. Samples were measured blinded to the experimenter.

Gene-expression analyses
Total RNA was purified from freshly thawed (U)PBMC using the Qiagen
RNeasy Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s

instructions. The RNA yield was quantified with the Qubit RNA broad range
(BR) assay in combination with a Qubit spectrophotometer (Life
Technologies). Samples were stored in RNase free water (Life Technologies)
at −20 °C for a maximum of 7 days prior to cDNA transcription (see SI,
section for further details). As previously reported [9] we selected
Succinate dehydrogenase complex, subunit A, flavoprotein variant (SDHA)
and Importin 8 (IPO8) as gene expression references. Detailed information
about the gene expression analyses and the selection procedure of
appropriate house-keeping genes for human (U)PBMC is given in the SI,
section 4.

Allelic discrimination of the SNPs rs53576, rs2254298, and
rs2740210
Taqman assays for SNP genotyping are based on the qPCR melting curve
approach, which was performed on a QuantStudio 6 platform (Life
Technologies, USA). See SI, section 5, for the conditions of thermal cycling.
In line with previous research [44, 48–52], we used a dominant model
contrasting A-allele carriers (AA/AG genotype) versus G homozygotes (GG)
for rs53576 as well as for rs2254298. Regarding OXT rs2740210, we
dichotomized the AA genotype versus C-allele carriers due to the low
frequency of the CC genotype (only 17 mothers were CC carriers). Among
the complete cohort, all three SNPs were distributed following the Hardy

Table 1. Demographic and biological characteristics.

Total cohort CM+ CM−

(N= 117) (n= 58) (n= 59) Statisticsa

Mean age in years (SD) 32.9 (4.4) 32.8 (4.6) 33.1 (4.2) t(115)= 0.36, p= 0.72

N Caucasian maternal ethnicity b (%) 115 (98.3) 56 (96.6) 59 (100) χ2 (1)= 2.07, p= 0.47

N academic educationc (%) 63 (53.8) 37 (48.3) 31 (59.3) χ2(1)= 0.52, p= 0.47

N female sex of infant d (%) 52 (45.2) 28 (48.3) 24 (40.7) χ2(1)= 0.68, p= 0.41

Mean birth weight (SD) in grams 3387 (497) 3460 (474) 3312 (512) t(115)= 1.62, p= 0.11

Mean gestational age (SD) in weeks 39.5 (1.4) 39.7 (1.1) 39.3 (1.6) W= 1978.5, p= 0.13

N cesarean section e (%) 34 (29.1) 21 (36.2) 13 (23.6) χ2(1)= 2.03, p= 0.15

N smokers during pregnancy (%) 11 (8.7) 6 (8.5) 5 (10.3) χ2(1)= 0, p= 0.98

N primiparae mothers (%) 58 (49.6) 23 (39.7) 35 (59.3) χ2(1)= 3.77, p= 0.50

N in a stable relationship (%) 116 (99.1) 58 (100) 58 (98.3) χ2(1)= 0, p= 1

OXTR rs53576 allelic distribution

N mother A allele carrier (%) 73(62.3) 37 (63.8) 36 (61.0) χ2(1)= 0.14, p= 0.90

N children A allele carrier (%) 59 (52.2) 30 (54.5) 29 (50.0) χ2(1)= 0.87, p= 0.77

OXTR rs2254298 allelic distribution

N mother A allele carrier (%) 21 (17.9) 10 (17.2) 11 (18.6) χ2(1)= 0, p= 1

N children A allele carrier (%) 24 (21.2) 12 (21.8) 12 (20.7) χ2(1)= 0, p= 1

OXT rs2740210 allelic distribution

N mother C allele carrier (%) 61 (52.1) 28 (48.3) 33 (55.9) χ2(1)= 0.41, p= 0.52

N children C allele carrier (%) 66 (58.4) 37 (67.3) 29 (50.0) χ2(1)= 1.0, p= 0.32

Childhood maltreatment

Mean CTQ sum score (SD) 33.6 (10.8) 40.2 (12.1) 27.1 (1.9) W= 103.5, p < 0.001

Emotional abuse f (N (%)) – 22 (37.9)

Physical abuse f (N (%)) – 16 (27.6)

Sexual abuse f (N (%)) – 16 (27.6)

Emotional neglect f(N (%)) – 40 (69.0)

Physical neglect f (N (%)) – 10 (17.2)

Group differences calculated with chi-square tests for binomial and t-tests for continuous variables.

SD standard deviation, CM childhood maltreatment, CTQ childhood trauma questionnaire, CTQ sum score childhood maltreatment load.
aMain effect of the CTQ classification (t-tests or chi-square tests).
bOne study participant of Brazilian origin and one of North American origin.
cThe education information from one CM+ mother was missing.
dFor gestational and children characteristics, only mother–infant dyads were included: nCM−

=58; nCM+=55.
eIncluded planned (nCM−

=16, nCM+=12) and emergency (nCM−
=4, nCM+=1) forms of cesarean section.

fAmount of women with at least mild experiences in the given CTQ subscale.
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Weinberg equilibrium (rs53576: χ2(2)= 0.014, p= 0.90; rs2254298: χ2(2)=
1.14, p= 0.29; rs2740210: χ2(2)= 2.77, p= 0.10).

Data pre-processing and statistical analyses
Data pre-processing and statistical analyses were conducted with the
statistical software R, version 3.2.3. Shapiro–Wilk tests were used to test the
normal distribution of model residuals. Descriptive differences between
groups were analyzed using χ2-tests and Student’s t tests in case of
normally distributed data; otherwise, Mann–Whitney U-tests were used. All
statistical models included potential confounders for DNAm measurements.
The following covariates for the analyses of maternal data were all included
in one model: age, percentages of monocytes and lymphocytes in whole
blood as separate covariates and days between parturition and isolation of
PBMC. For the analyses of infants’ OXTR DNAm, sex, smoking during
pregnancy, mode of delivery, and gestational age (in weeks) of the infant
were included as covariates. For the models testing associations between
maternal and infant’s OXTR DNAm, maternal age, sex of the infant, and
gestational age in weeks were included as covariates. Complete data for all
covariates were available for 107 women and 112 infants. None of the
covariates showed a main effect on OXTR DNAm (all p-values > 0.05).
Maternal OXTR DNAm residuals were distributed normally. Here, ANCOVA
and multiple linear regressions were used. Newborns’ DNAm and maternal
and newborns’ gene expression residuals were not normally distributed.
Thus, non-parametric permutation tests [53] of the Student’s t tests for
group comparisons, and of linear regression models for regressional

analyses were used for: (1) all tests including maternal gene expression
data, (2) all tests including infant’s DNAm data, (3) all tests including infant’s
gene expression data, and (4) interaction tests. Standardized β coefficients
are reported. For single CpG methylation analyses, the False Discovery Rate
(FDR; [54]) was used to correct for multiple testing. All tests were performed
two-tailed with a significance threshold of alpha ≤ 0.05 and a CI of 95%.

RESULTS
Association of CM experiences and OXTR methylation in
mothers
Across the targeted sequence of the OXTR, mean DNAm did not
differ significantly between CM+ (M ± SD= 7.7% ± 1.5%) and
CM− (M ± SD= 8.1% ± 1.8%; N= 107, F(1,101)= 0.34, p= 0.56; Fig.
2A) and did not correlate with CM load (R2= 0.014, p= 0.92; Fig.
2B), represented by the CTQ sum score. Finally, none of the CTQ
subscales showed associations with OXTR DNA methylation (all p-
values > 0.05.
For analyses on a single CpG level, we used permutation

analysis of the linear regression between CM and DNA methyla-
tion of all CpG units (a total of 76). Fifteen CpG units were
significantly associated with CM status (see Table S1 in SI for
results). After adjusting for multiple comparisons by FDR, 4 CpG

Fig. 1 Schematic view of the targeted sequence of the OXTR gene. All CpG units located within the targeted sequence (GRCh37/hg19,
chr3:8809305-8811438, sequence shown 3' to 5') are numbered consecutively. Underlined are the CpG sites that were included for analyses
after data cleaning for the analyses in mothers. Thereafter, 133 CpG sites remained from maternal samples and 142 from children (in contrast
to maternal analyses, the CpG 21, CpG 40.41, and CpG 115.116.117.118.119.120 remained for children’s analyses after applying the quality
criteria).
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remained significant: CpG 169, CpG 2, CpG 5, and CpG 6.
Methylation levels of the CpG 169 were significantly higher in
CM+ compared to CM− (β= 0.29, padj= 0.04). CpG 2 (β=−0.41,
padj< 0.0001), CpG 5 (β=−0.34, padj= 0.01), and CpG 6
(β=−0.40, padj< 0.0001) was significantly less methylated in
CM+ compared to CM−. There were no associations between
methylation levels of the targeted CpG units and CM load (all
padj> 0.05). See SI, Table S1 for detailed information on single CpG
results.
OXTR was not differentially expressed in PBMC depending on

CM status or CM load (Figs. 2C, D). OXTR methylation and OXTR
gene expression were not significantly associated in the mothers
(N= 73, β= 0.01, p= 0.92).

G×E interactions on OXTR methylation and expression among
mothers
Even though none of the SNP genotypes exerted main effects on
OXTR DNAm (Fig. 3A, C, E), the OXTR rs53576 genotype interacted
with CM load in modulating the mean OXTR methylation levels
(β= 1.24, p= 0.01; Fig. 3B). Subsequent allele-specific analyses
revealed that only mothers with the rs53576 GG genotype show a
negative association between CM load and OXTR mean methylation
(β=−0.40, p= 0.02), but not A-allele carriers (β= 0.19, p= 0.14).
There was also an interaction between OXT rs2740210 genotype and
CM load (β=−0.84, p= 0.02) that modulated OXTR methylation
levels (Fig. 3F), but not between the OXTR rs2254298 and CM load
(β= 0.38, p= 0.28; Fig. 3D). Only women with the AA genotype

(rs2740210) showed a tendency for a positive association between
the CM load and the OXTR DNAm (β= 0.26, p= 0.08).
OXTR gene expression was not modulated by the interaction

between any of the SNPs and CM status (N= 67; CM ⨯ rs53576: β
=−0.15, p= 0.52; CM ⨯ rs2254298: β=−0.20, p= 0.19; CM ⨯

rs2740210: β= 0.33, p= 0.11).

Effects of maternal CM experiences on newborns’ OXTR
methylation and gene expression
There were no differences in OXTR DNAm between boys or girls
(N= 112; W= 1427; p= 0.46). OXTR DNAm levels did not differ
(N= 112, β= 0.07, p= 0.45; Fig.4A) between infants of CM+

mothers (M ± SD= 6.5 ± 1.5%) infants of CM− mothers (M ± SD=

6.2 ± 1.4%). Among the complete cohort, the severity of maternal
CM experiences (CM load) was not associated with children OXTR
methylation levels (N= 112, β= 0.11, p= 0.28, Fig. 4B), also
independently of the sex. Single CpG unit analyses showed that
newborns’ DNAm levels at specific CpG sites were not associated
with maternal CM experiences for any of the analyzed CpGs
(all p-values > 0.05).
Overall mean OXTR DNAm levels of mothers and their offspring

were positively correlated (N= 112, β= 0.34, p < 0.001; Fig. 4C).
Permutation tests of the linear regression model showed an
interaction effect between OXTR methylation levels among
mothers and their CM status on infant’s OXTR methylation levels
(N= 112, β=−0.95, p= 0.03). Further analyses confirmed that
only CM− mother–infant dyads showed a positive association

Fig. 2 Association between CM and OXTR epigenetic regulation in mothers. A OXTR DNAm did not differ between mothers with childhood
maltreatment experiences (CM+; marked with dark points) and without (CM−; marked with light points) (N= 107, F(1,101)= 0.34, p= 0.56).
B The severity of CM experiences (measured as the CTQ sum score) did not correlate with maternal OXTR DNAm (R2= 0.014, p= 0.92). C, D The
relative OXTR-gene expression did not differ between CM+ and CM− mothers (N= 73, β=−0.01, p= 0.93) and did not correlate with the
severity of CM (N= 73, β=−0.07, p= 0.56). Whiskers indicate variability outside the upper and lower quartiles.
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between their mean OXTR DNAm levels (n= 57, β= 0.56, p <
0.001), but not CM+ mother–infant dyads (n= 55, β= 0.11, p=
0.45) (Fig. 4C). When we stratified by sex, again only CM− dyads
showed the mother–infant positive association between their

mean OXTR DNAm levels (Girls: CM− dyads: n= 24, β= 0.45, p=
0.02; CM+ dyads: n= 28, β= 0.08, p= 0.76/Boys: CM− dyads:
n= 33, β= 0.71, p < 0.001; CM+ dyads: n= 27, β= 0.10,
p= 0.43).
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We further analyzed the associations between the OXTR DNAm
of mothers and their newborns on a single CpG unit level. To this
end, we correlated maternal and infant’s DNAm only for those
CpG candidates for which an effect of CM exposure was found
among mothers (CpG 2, CpG 5, CpG 6, and CpG 169). Across the
complete cohort, CpG 2 DNAm levels were positively associated
between mothers and infants (N= 98, β= 0.27, p= 0.008). Further
analyses showed an interaction between maternal CpG 2 DNAm
and the CM status on the infant´s CpG 2 DNAm (N= 98,
β=−0.36, p= 0.02; Fig. 4D).
Relative OXTR RNA levels did not differ in the UBMC of infants of

CM+ mothers compared to those of CM− mothers (N= 38, β=
0.01, p= 0.96) and were not associated with maternal CM load
(N= 38, β= 0.06, p= 0.76). OXTR methylation and OXTR gene
expression were not significantly associated in infants (N= 38,
β= 0.12, p= 0.51).

G×E interactions on OXTR methylation and expression among
infants
None of the infants’ SNPs interacted with maternal CM status on
infants’ methylation levels (N= 112; rs53576: β=−0.12, p= 0.46;
rs2254298: β=−0.17, p= 0.23; rs2740210: β=−0.19; p= 0.24),
nor did maternal SNP variants (all p-values > 0.05). Moreover,
maternal and infants’ genotypes of the analyzed SNPs did not
modulate the association between infants’ and maternal OXTR
DNAm levels (all p-values > 0.05). Finally, OXTR gene expression
did not depend on the interaction between the analyzed SNPs
and maternal CM experiences (N= 34; all p-values > 0.05).

DISCUSSION
This study aimed at investigating the intra- and intergenerational
effects of CM on the epigenetic regulation of the OXTR gene. The
most important finding is that maternal and newborns mean OXTR
DNAm levels were positively associated in mothers without a
history of CM, but not in mothers with CM experiences. While CM
load had no main effect on maternal mean DNAm of the OXTR
gene, we observed a CpG-specific effect of CM on the
hypomethylation of CpG 169 and hypermethylation of CpG 2,
CpG 5, and CpG 6 within the OXTR gene of mothers. Finally, OXTR
rs53576 and OXT rs2740210 polymorphisms interacted with the
severity of CM experiences on OXTR mean DNAm in mothers: only
women with the GG genotype at rs53576 showed a negative
correlation between the CTQ sum score and OXTR methylation,
and only women with at least one C-allele in the rs2740210 SNP
showed a tendency for a positive association between CM load
and OXTR methylation.
Our results suggest that the intergenerational transmission of

the epigenetic regulation of the oxytocinergic system differs in
mothers with CM experiences and their newborns when
compared to controls, independently of the sex of the offspring.
These results can be interpreted from several perspectives: From
an evolutionary neo-Lamarckian point of view, our results suggest

that maternal epigenetic adaptations might only be perpetuated
across CM− dyads, and not across CM+. In CM− dyads, this
transmission may prepare the next generation to deal with stress.
However, in CM+ dyads it might not be evolutionary adaptive to
transmit the maternal adaptations, which were presumably
acquired to deal with severe, detrimental experiences and thus
do not provide evolutionary fitness under normal circumstances
[55]. Accordingly, a recent meta-analysis discusses the role of
natural selection in the developmental programming of oxytoci-
nergic after early life adversity and CM [39]. From a physiological
perspective, given the modulating role of the OXT-system on the
immune system, and our results in immune cells, one could
speculate that this is one of the multiple mechanisms explaining
why offspring from CM+ mothers are at increased risk for
psychological and physical health [56, 57]. In line with our results,
previous literature highlighted the regulatory role of the
oxytocinergic system on the impact of stress across generations.
For example, the total number of maternal critical life events up to
2 years before the second trimester predicted OXTR DNAm of
newborns’ cord blood cells [36]. Moreover, it has been suggested
that the OXT pathway starts preparing for parenting behavior
already during pregnancy [58]. With regards to the effects on
single CpG sites, of special interest is the CpG 2, as its methylation
correlated between mothers and their infants only in the CM-free
dyads. Regarding the role of the SNPs rs53576, rs2254298, and
rs2740210, in our study the CM-associated changes on the
comparability of OXTR DNAm between mothers and infants
occurred independently of the maternal or newborn’s genotype.
However, previous findings suggested that maternal transmission
of psychopathology depends on the OXTR rs2254298 genotype of
the daughters [44].
Among mothers, we observed associations of CM with altered

DNAm level in four CpG units but not on the mean DNAm of OXTR,
suggesting that CM-associated changes of OXTR methylation are
CpG-specific. CpG 169 methylation was higher among CM+

mothers, while the methylation of CpG 2, CpG 5, and CpG 6 was
lower among CM+ mothers compared to the CM− group. These
results showing a CpG-specific methylation pattern indicate a
complex epigenetic regulation of the OXTR gene. Previous studies
have associated childhood adversity with higher OXTR methyla-
tion [29, 59, 60]. However, the correlational directions of the
environment on gene methylation have been inconsistent [61].
This inconsistency might result from (i) differences in cohorts, (ii)
differences in CM assessment and classification, and (iii) differ-
ences in analytical methods used to measure DNAm (e.g.
MassARRAY vs. Illumina).
Previous studies suggested a higher sensitivity to the effects of

early life stress exposure in GG carriers for the rs53576 OXTR
genotype [34, 62, 63]. We found that only GG-homozygous
women showed lowered OXTR DNAm with increased CM load.
This rs53576-dependent reduction of the DNAm might reflect the
differential susceptibility reported in the literature [64], and the
body’s attempt to regulate OXTR expression during the post-

Fig. 3 Interaction of rs53576, rs2254298, and rs2740210 with childhood maltreatment (CM) load on maternal OXTR DNAm among
mothers. A OXTR mean DNAm did not differ significantly between mothers with the GG genotype for the OXTR rs53576 (n= 41) and A-allele
carrier mothers (n= 66) (β= 0.03, p= 0.78). B The OXTR rs53576 genotype modulated OXTR-methylation levels in interaction with the severity
of CM experiences (N= 107, β= 1.24, p= 0.01). Further analyses revealed that only mothers with the GG genotype of the rs53576 showed a
negative association between the CTQ sum score and OXTR methylation (n= 41, β=−0.40, p= 0.02), while A-allele carriers did not (n= 66,
β= 0.19, p= 0.14). C The OXTR DNAm did not differ between mothers carrying at least one A allele of the OXTR rs2254298 polymorphism (n=
18) and GG-homozygous mothers (n= 89, β=−0.04, p= 0.70). D The rs2254298 genotype did not interact with the severity of CM
experiences in predicting maternal OXTR DNAm (N= 107, β= 0.38, p= 0.28). E Mothers carrying a C-allele of the OXT-rs2740210 SNP (N= 56)
did not differ from AA-homozygous mothers (n= 51, β=−0.05; p= 0.59) with regard to OXTR methylation. F However, the rs2740210
modulated DNAm levels in interaction with CM severity (measured as the CTQ sum score) (N= 107, β=−0.84, p= 0.02). While AA-
homozygous women exhibited a trend of higher OXTR DNAm with higher CM severity (n= 51; β= 0.26, p= 0.08), no such association was
observed among women carrying a C allele (n= 56; β=−0.11, p= 0.41).
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partum period when parenting behavior becomes especially
important. Regarding the rs2740210 SNP, our results complement
previous genetic evidence about the predictive role of rs2740210
on individual mothering behavior [45, 65]. We provide the first
epigenetic evidence that the level of OXTRmethylation in immune
cells is regulated by an interaction of rs2740210 × CM exposure.
Yet, these results have to be interpreted with caution due to the
right-skewed distribution of the data and the low prevalence of
severely traumatized individuals in the sample that leads to
heteroscedasticity problems. Although we tried to counter this
problem by using robust permutation analyses of the linear
regression models, the strengths of the association of these
findings are relatively weak. Finally, we did not find any
associations between rs2254298 and CM-associated OXTR regula-
tion, which is in line with a study that found that rs53576 and
rs2254298 do not modulate the associations between CM and
depression or anxiety in adulthood [66]. In sum, our findings
indicate differential epigenetic adaptation of OXTR-DNAm levels in
immune cells to CM exposure depending on the OXTR rs53576,
and presumably OXT rs2740210, genotypes.
In this study, the observed methylation changes were not

associated with alterations in gene expression. In contrast to our

findings, one study using luciferase reporter gene expression assays
showed that higher methylation within the same CpG island
analyzed in our study resulted in lowered OXTR gene expression
[67]. It is important to note that the degree of suppression by DNA
methylation was tissue-dependent [67]. Using two house-keeping
genes as a reference we here show that, at least in PBMC, alterations
in the mean or site-specific DNAm of OXTR might not consequently
lead to alterations of its gene expression. In a recent study, we found
that CM-affected women showed reduced OXTR protein density in
PBMC compared to women without CM [24]. We thus speculate that
the OXTR is exposed to an additional level of genetic regulation in
immune cells. Indeed, OXTR gene expression is activated via the
inflammation regulator NF-kB in human macrophages [68], which
might protect immune cells under distress in the presence of external
stressors such as CM. In line with this hypothesis, previous studies
suggested immune-modulating effects of OXT [69] and higher
peripheral OXT levels were associated with a reduction of oxygen
consumption of immune cells and shortened telomere length
[22, 23]. Therefore, future studies should investigate the potential
effects of OXT regulation on stress-associated inflammatory disease
outcomes, and extend our results to cell sub-population levels to
elucidate the immunological implications of our observations.

Fig. 4 Effects of maternal childhood maltreatment (CM) experiences on infant’s OXTR DNAm levels. The severity of maternal CM
experiences was not associated with alterations in the DNA methylation among newborns. A DNAm did not differ between infants from CM+

(n= 55) and CM− mothers (n= 57) (β= 0.07, p= 0.45). B The severity of maternal CM experiences was not associated with newborns’ OXTR
DNAm (β= 0.11, p= 0.28). CMean OXTR DNAm of mothers and their offspring correlated positively (N= 112, β= 0.34, p < 0.001). There was an
interaction effect between maternal OXTR methylation and maternal CM on newborn’s OXTR methylation (N= 112, β=−0.95, p= 0.03).
Further analyses confirmed a positive association between maternal and newborns OXTR methylation specifically for CM− mothers (β= 0.56,
p < 0.001) but not CM+ mothers (β= 0.11, p= 0.45). D At OXTR CpG 2, maternal DNAm was linked to infants’ DNAm depending on maternal
CM: Maternal and infant’s CpG 2 DNAm levels were positively correlated only among dyads with CM− mothers (β= 0.41, p= 0.005), but not
among dyads with CM+ mothers (β=−0.18, p= 0.22).
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Some limitations need to be taken into account when
interpreting the findings. First, as sex-specific effects on the OXTR
regulation after early life adversities have been reported [29, 60],
future studies should also investigate father-newborn dyads.
Second, the data were generated with PBMC and cannot be
generalized to other tissues such as neurons. While other studies
used buccal cells, we used PBMC because they are physiologically
more comparable to neurons than any other peripheral tissue.
Accordingly, a previous genome-wide association study (GWAS)
showed similar patterns of OXTR regulation in immune cells and
brain tissue [70]. Third, one significant difference between
maternal venous and newborns’ cord blood cells is the presence
of CD34+ (embryonic stem cells) in umbilical cord blood. As a
consequence, the epigenetic signature from both groups might
reflect the different cellular composition. Future studies investi-
gating methylation change on the isolated blood-cell subsets, e.g.
T and B cells and CD34+ cells are warranted. Some limitations are
related to the special nature of our cohort, which included only
puerperal mothers. Pregnancy, and especially delivery, can
increase physiological oxytocin and cortisol levels, which usually
peak at the end of the third trimester [71–73]. Moreover, we did
not address breastfeeding status, lacerations, or whether mothers
received exogenous oxytocin during delivery. Delivery wounds,
lack of sleep, and perinatal hormonal fluctuations may impact
oxytocinergic physiological regulation. However, whether such
post-partum factors directly affect methylation of OXTR itself
remains uninvestigated. Our results do not show associations
between OXTR methylation and other perinatal factors like being
primipara mother and type of delivery. With regards to OXT
infusions, so far there are inconsistent findings on whether OXT
can transfuse through the placenta [74, 75]. Future studies are
warranted to investigate implications of breastfeeding, lacerations,
postnatal inflammatory status, and OXT infusions during delivery
on OXTR methylation. Lastly, our cohort consisted only of healthy
women who reported relatively low levels of CM load, which
might mask some effects of more severe CM experiences and
associated clinical outcomes on the OXTR methylation. Besides
negative CM experiences, future studies should also consider
alternative scales for CM assessments and especially the protective
role of positive parenting experiences.
In conclusion, this exploratory study showed rather specific

effects of CM exposure on the OXTR modulation in immune cells
of mother–newborn dyads. Most importantly, we found indica-
tions that the maternal CM status might interfere with the
biological inheritance of the OXTR regulation from the mother to
the child—at least on the level of immune cells. Regarding G×E
interaction, our results suggest a protective effect of the GG
genotype for the rs53576 SNP. We further provide first evidence
for a potential modulating role of the OXT rs2740210 polymorph-
ism on the regulation of the oxytocinergic system in women with
a history of CM experiences, but these results need future
replication. Our findings shed light on the complex regulation of
the OXTR gene in the context of CM and highlight the importance
of the oxytocinergic system as a potential candidate to further
investigate the psychobiological consequences of CM and how
maternal CM experiences might disrupt the normal transmission
of OXTR from generation to generation.
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1. Study participants included for epigenetic and gene expression analyses 

A total of 5426 women who gave birth in the maternity ward of Ulm University between October 

2013 and December 2015 were asked for participation in the project My Childhood-Your 

Childhood. From them, 533 mother-infant dyads were recruited in the study My Childhood – Your 

Childhood. After screening, n=58 dyads with a maternal history of CM (CM+) and blood samples 

available from both, mother and newborn, for analytical processing were included for epigenetic 

analyses (for a detailed description see Ramo et al. 2019; 1). A cohort of n=59 dyads without a 

history of CM (CM-) were selected as controls for epigenetic analyses. The two groups (were 

matched for maternal age, gestational week at the time of birth, birth weight, and sex of the infant. 

The number of infants in the dataset was reduced by 1 for the CM- group and 2 for the CM+ group 

because of twin birth, which was rated as an exclusion criterion afterwards, dropping the final 

cohort to 114 infants. One infant blood sample (CM+ group) had to be excluded due to technical 

failure during dense gradient isolation. Thus, the final sample size included 117 mothers (n=58 

CM+ and n=59 CM-), 113 infants (n=55 CM+ and n=58 CM-), and 113 mother-infant-dyads. One 

2.7 ml EDTA-buffered blood collection tube (Sarstedt S-Monovette, Nürmbrecht, Germany) was 

filled with venous blood to assess the percentages of monocytes and lymphocytes in the 

Department of Clinical Chemistry at the Ulm University Clinic. Mothers who were included in the 

epigenetic sub-study of the My childhood –Your childhood project (N=117) did not differ from 

mothers from the larger sample who were not included (N=416) in terms of maternal chronological 

age, gender and body weight of their newborns, ethnicity, cigarette smoking during pregnancy, 

chronic illnesses, lifetime psychological diagnosis or medication intake during pregnancy (all p-

values >.05).   

2. Isolation and cryopreservation of immune cells   

Isolation of (U)PBMC from mothers and infants was performed using Ficoll-Hypaque density 

gradient centrifugation (GE Healthcare, UK) and Leukosep tubes (Greiner Bio-One, Germany) 



following the manufacturer’s protocol. After resuspension into pre-chilled (4° C) cryopreservation 

medium (dimethyl sulfoxide: Sigma-Aldrich, USA; fetal calf serum: Sigma-Aldrich; dilution: 1:10 

v/v), cell aliquots were stored at -80° C and until DNA isolation. DNA from (U)PBMC was isolated 

using the MagNA Pure 96 system (Roche, Switzerland) for epigenetic and SNP genotyping 

analyses. 

3. DNA preparation for mass array analyses and genotyping analyses  

The concentration of isolated DNA was quantified using Qubit DNA Broad Range kits and a Qubit 

spectrophotometer (Life Technologies, USA). After lyophilization in a CentriVap concentrator 

(Labconco Corp, MO, USA), DNA was resuspended in DNAse-free water (Life Technologies, 

USA) to obtain a final concentration of 40 ng dsDNA per µl. DNA aliquots were stored at -20° C 

and provided frozen to Varionostic GmbH (Ulm, Germany) for MassARRAY analyses.  

4. Gene expression analyses and selection of housekeeping reference genes 

For a certain number of participants, the total amount of isolated PBMC/UBMC was not sufficient 

to isolate the appropriate amount of RNA needed for the gene expression analyses. Thus, their 

samples (n=50 mothers, n=79 newborns) were excluded from the processing for the isolation of 

RNA. As a result, RNA was isolated only from 67 mothers and 34 infants using the Qiagen 

RNeasy Kit (QIAGEN, Hilden, Germany). The RNA yielded was quantified with a Qubit 

spectrophotometer (Life Technologies) and stored in RNase free water (Life Technologies) at -

20ºC. Up to seven days after RNA isolation, cDNA transcription was performed using the high-

capacity cDNA reverse transcription kit following the manufacturer’s instructions (Thermo Fischer 

Scientific, Germany). Gene expression analyses for OXTR were performed on a QuantStudio 6 

qPCR platform (Life Technologies, USA) using the appropriate Taqman gene expression array 

(Hs00168573_m1; Thermo Fischer Scientific). Out of a total of five candidate genes (SDHA, 

IPO8, 18S, TBP, RPL13A) that were reported in  literature to be constantly expressed in human 



PBMC (2) and not influenced by CM, two internal controls were selected as reference genes: 

succinate dehydrogenase complex, subunit A (SDHA) and importin 8 (IPO8). Using the program 

NormFinder (3), an algorithm-based test that identifies the optimal normalization gene among a 

set of candidates, we ranked the candidate genes according to their expression stability in the 

given sample set and experimental design. Based on this algorithm, the combination of IPO8 and 

SDHA generated the strongest stability and were thus selected as reference genes for the gene 

expression analyses in the given study. Group comparisons revealed that both housekeeping 

genes were equally expressed between CM- and CM+ mothers (t(SDHA) (1,64)=-0.93, p=.35;  

t(IPO8)(1, 66)=0.13, p=.90). For Taqman-based real-time PCR, triplicates of 20 ng cDNA in a total 

volume of 20 µl were used. The average Ct of the triplicates was calculated and the relative mRNA 

levels of OXTR were defined with the 2-ΔCT equation, with ∆Ct = (mean Ct of the target) – 

(geometric mean of the Ct of the reference genes SDHA and IPO8). The resulting fold-change 

values – an estimate of relative mRNA expression levels – were used for statistical analyses.   

5. OXTR rs53576, OXTR rs2254298, and OXT rs274010 genotyping conditions 

In total, three SNPs were genotyped, namely rs53576 (C___3290335_20,) and rs2254298 

(C___2269915_10) within the OXTR gene, and rs2740210 (C___16061225_10) within the OXT 

gene. Thermal cycling conditions started with 10 min of enzyme activation at 95° C followed by 

40 cycles with 15 sec at 95° C, and 1 min at 60° C. Positive (DNA with known genotype) and 

negative (absence of DNA) controls were used for additional quality control. The minor allele 

frequency (MAF) was 38.4% for the rs53576 SNP (A allele), 8.9% for the rs2254298 (A allele), 

and 33.3% for the rs274010 (C allele) within the mothers and 33.6%, 11.9%, and 34.5% 

respectively within their infants. 
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Table S1. Specific CpG units analyses in mothers               

 Group-wise analyses  Association with CTQ sum score 

  CM-  CM+         

CpG unit  Na 

Mean % 
methylation 

(SD) 

Mean % 
methylation 

(SD) Statisticsb 
not adjusted 

p-value 
p- value BH 
adjusted d   Statistics 

not 
adjusted p-

value 
p- value BH 

adjusted 

CpG 2 114 23 (19) 10 (9) -0.41 < 0.001 <0.0001  -0.15 0.13 0.39 

CpG 5 113 3 (2) 2 (1) -0.34 < 0.001 0.01  -0.20 0.05 0.24 

CpG 6 114 8 (9) 3 (3) -0.40 < 0.001 <0.0001  -0.21 0.04 0.24 

CpG 7 114 3 (1) 3 (2) -0.02 0.81 0.89  -0.08 0.41 0.80 

CpG 8 114 3 (2) 3 (2) 0.01 0.90 0.93  0.05 0.63 0.84 

CpG 10.26 114 6 () 6 (2) 0.01 0.95 0.96  0.09 0.39 0.80 

CpG 11.12 114 2 (2) 3 (1) 0.04 0.73 0.89  -0.05 0.60 0.84 

CpG 13.14 110 5 (6) 4 (3) -0.17 0.08 0.29  -0.07 0.45 0.80 

CpG 15.16 113 3 (2) 3 (2) -0.09 0.37 0.70  -0.02 0.84 0.90 

CpG 22.23.24.25 114 3 (1) 4 (2) 0.22 0.03 0.16  0.07 0.45 0.80 

CpG 29 114 2 (1) 2 (1) -0.25 0.01 0.11  -0.03 0.77 0.88 

CpG 30.31 113 8 (6) 7 (4) -0.02 0.85 0.89  0.06 0.51 0.80 

CpG 32 113 5 (6) 3 (7) -0.12 0.28 0.65  -0.04 0.65 0.84 

CpG 33 113 4 (2) 3 (1) -0.09 0.35 0.70  0.07 0.52 0.80 

CpG 34.35.36.37.38 105 12 (3) 12 (3) -0.04 0.70 0.89  0.05 0.65 0.84 

CpG 39 115 15 (6) 12 (5) -0.18 0.06 0.27  -0.20 0.04 0.24 

CpG 42.54 113 20 (6) 20 (5) 0.05 0.64 0.89  0.10 0.30 0.68 

CpG 44.55 115 11 (3) 10 (3) -0.13 0.19 0.54  0.07 0.50 0.80 

CpG 46 115 12 (4) 10 (3) 0.22 0.02 0.15  -0.18 0.07 0.27 

CpG 48.49 110 10 (3) 11 (3) F(1.95)=5.91 0.02 0.14  r=0.11 0.15 0.43 

CpG 47.52 115 29 (1) 28 (7) -0.06 0.57 0.88  0.02 0.82 0.90 

CpG 50 93 17 (5) 15 (5) F(1.78)=0.87 0.35 0.70  r=0.04 0.72 0.87 

CpG 51.53 114 41 (13) 39 (10) F(1.99)=0.12 0.73 0.89  r=0.07 0.50 0.80 

CpG 56 115 14 (5) 13 (5) 0.02 0.84 0.89  0.03 0.74 0.87 



CpG 59 112 16 (7) 16 (6) F(1.97)=.01 0.72 0.89  r=0.07 0.47 0.80 

CpG 60 115 4 (2) 4 (3) 0.01 0.96 0.96  0.25 0.01 0.14 

CpG 61 115 6 (4) 6 (6) 0.03 0.79 0.89  0.27 0.01 0.13 

CpG 62.63.64 115 3 (2) 3 (2) 0.06 0.52 0.86  0.21 0.04 0.24 

CpG 65 102 5 (2) 5 (3) 0.05 0.60 0.89  0.29 0.01 0.13 

CpG 66 115 13 (6) 13 (8) 0.04 0.70 0.89  0.16 0.11 0.34 

CpG 67.68 114 4 (3) 5 (6) 0.14 0.16 0.48  0.23 0.02 0.19 

CpG 69.76 115 12 (5) 13 (5) 0.16 0.12 0.41  0.31 0.00 0.13 

CpG 70.71 115 12 (4) 12 (6) 0.02 0.84 0.89  0.27 0.01 0.13 

CpG 72.73 115 10 (3) 11 (4) 0.21 0.03 0.17  0.19 0.05 0.24 

CpG 74 115 7 (3) 8 (4) 0.02 0.85 0.89  0.04 0.65 0.84 

CpG 75 115 5 (2) 4 (3) F(1.99)=0.679 0.41 0.75  r=0.06 0.52 0.80 

CpG 78 109 3 (5) 5 (8) 0.17 0.08 0.29  0.14 0.17 0.47 

CpG 79 115 3 (2) 3 (2) -0.14 0.16 0.48  -0.03 0.74 0.87 

CpG 80.77 115 9 (4) 8 (4) -0.05 0.61 0.89  0.05 0.60 0.84 

CpG 81.82.83 99 5 (2) 5 (2) -0.12 0.25 0.64  -0.06 0.57 0.84 

CpG 84 113 3 (3) 3 (3) 0.03 0.78 0.89  0.19 0.05 0.24 

CpG 85.86 115 2 (2) 3 (3) 0.22 0.03 0.16  0.16 0.10 0.33 

CpG 91 115 2 (2) 2 (2) 0.03 0.78 0.89  0.17 0.07 0.27 

CpG 92 104 17 (12) 13 (10) -0.13 0.23 0.61  -0.01 0.89 0.92 

CpG 93.94 112 8 (4) 8 (5) 0.11 0.28 0.65  0.04 0.67 0.85 

CpG 95.96 113 3 (1) 4 (2) 0.20 0.05 0.23  0.28 0.01 0.13 

CpG 97 112 5 (2) 4 (2) -0.10 0.33 0.69  -0.18 0.08 0.27 

CpG 98.99.112.113 113 4 (2) 4 (3) -0.07 0.51 0.86  -0.08 0.40 0.80 

CpG 100 113 3 (2) 4 (3) 0.07 0.46 0.81  -0.13 0.20 0.53 

CpG 101.102 111 5 (2) 5 (2) -0.14 0.19 0.54  -0.12 0.24 0.60 

CpG 103 105 7 (9) 9 (12) 0.05 0.65 0.89  0.02 0.84 0.90 

CpG 104 113 2 (1) 3 (2) 0.19 0.06 0.27  0.27 0.01 0.13 

CpG 105.106 113 8 (2) 9 (3) 0.28 0.00 0.06  0.19 0.06 0.24 

CpG 107.108 113 7 (5) 11 (9) 0.27 0.01 0.06  0.18 0.07 0.27 

CpG 109.110.111 113 5 (2) 5 (1) -0.02 0.84 0.89  0.01 0.91 0.94 



 

CpG 114.121.138 109 10 (5) 11 (5) F(1.94)=0.502 0.48 0.83  r=0.09 0.37 0.80 

CpG 122.123 113 4 (5) 5 (6) 0.09 0.37 0.70  0.06 0.52 0.80 

CpG 124.125.126 113 2 (1) 3 (1) 0.10 0.32 0.69  0.20 0.04 0.24 

CpG 128.129.130 107 5 (2) 5 (2) 0.11 0.28 0.65  0.12 0.22 0.56 

CpG 131 95 7 (4) 6 (3) -0.10 0.39 0.72  -0.06 0.60 0.84 

CpG 132 105 4 (1) 4 (2) 0.18 0.07 0.28  0.23 0.03 0.22 

CpG 133 107 3 (3) 2 (4) -0.02 0.83 0.89  0.11 0.27 0.63 

CpG 141.142 113 3 (2) 3 (3) -0.04 0.67 0.89  -0.13 0.19 0.52 

CpG 143 113 4 (1) 4 (2) -0.06 0.56 0.88  -0.05 0.60 0.84 

CpG 144 113 8 (3) 10 (5) 0.24 0.01 0.06  0.24 0.03 0.21 

CpG 145.146 113 3 (2) 3 (2) 0.02 0.85 0.89  0.00 0.98 0.98 

CpG 147 90 7 (3) 7 (2) -0.04 0.74 0.89  0.04 0.74 0.87 

CpG 149 113 11 (4) 12 (3) 0.18 0.07 0.27  0.08 0.41 0.80 

CpG 150 113 7 (4) 7 (2) 0.04 0.66 0.89  0.08 0.45 0.80 

CpG 151.160.168 113 10 (5) 9 (4) -0.11 0.28 0.65  -0.03 0.78 0.88 

CpG 153.154.155.156.157 113 8 (3) 8 (2) -0.06 0.57 0.88  0.00 0.97 0.98 

CpG 158.159 113 9 (5) 7 (4) -0.11 0.29 0.65  0.02 0.88 0.92 

CpG 161.162.163 113 8 (3) 9 (2) 0.18 0.06 0.27  0.04 0.68 0.85 

CpG 164.165 113 9 (3) 10 (3) 0.22 0.03 0.16  0.07 0.46 0.80 

CpG 166.167 113 22 (6) 21 (5) -0.04 0.66 0.89  0.02 0.83 0.90 

CpG 169 113 11 (3) 13 (3) 0.29 < 0.01 0.04  0.07 0.45 0.80 

a Different N for each site is due to missing data 

b Standarized β from permutation tests of Student t-tests for group comparisons. For CpG sites with normally distributed DNA methylation data, ANCOVAs were used (F-values)  
C Standarized β from linear regression models were used for the analyses of CM load associations used. For CpG sites with normally distributed DNA methylation data, results 
from multiple linear regressions are shown. 

d The false discovery rate was used to correct for multiple comparison  

CpG sites that show significant DNA methylation associations with CM are highlighted in bold       
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Regular Article

Characterization of the effects of age and childhood maltreatment
on ELOVL2 DNA methylation

Laura Ramo-Fernández1 , Alexander Karabatsiakis1 , Christina Boeck1, Alexandra M. Bach1 , Anja M. Gumpp1 ,

R. Nehir Mavioglu1, Ole Ammerpohl2 and Iris-Tatjana Kolassa1

1Department of Clinical & Biological Psychology, Institute of Psychology and Education, Ulm University, Ulm, Germany and 2Institute for Human Genetics, Ulm

University and Ulm University Medical Center, Ulm, Germany

Abstract

DNA methylation of the elongation of very long chain fatty acids protein 2 (ELOVL2) was suggested as a biomarker of biological aging,
while childhood maltreatment (CM) has been associated with accelerated biological aging. We investigated the association of age and
CM experiences with ELOVL2 methylation in peripheral blood mononuclear cells (PBMC). Furthermore, we investigated ELOVL2 meth-
ylation in the umbilical cord blood mononuclear cells (UBMC) of newborns of mothers with and without CM. PBMC and UBMC were
isolated from 113 mother–newborn dyads and genomic DNA was extracted. Mothers with and without CM experiences were recruited
directly postpartum. Mass array spectrometry and pyrosequencing were used for methylation analyses of ELOVL2 intron 1, and exon 1
and 5′ end, respectively. ELOVL2 5′ end and intron 1 methylation increased with higher age but were not associated with CM experiences.
On the contrary, overall ELOVL2 exon 1 methylation increased with higher CM, but these changes were minimal and did not increase with
age. Maternal CM experiences and neonatal methylation of ELOVL2 intron 1 or exon 1 were not significantly correlated. Our study suggests
region-specific effects of chronological age and experienced CM on ELOVL2 methylation and shows that the epigenetic biomarker for age
within the ELOVL2 gene does not show accelerated biological aging years after CM exposure.

Keywords: childhood maltreatment, epigenetics, psychoneuroendocrinology, accelerated aging, DNA methylation
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Introduction

The biological age of an organism can be estimated based on
endocrine, immunological, or molecular observations (Jin, 2010).
Accelerated aging occurs when biological age is higher than chro-
nological age and it has been observed in various conditions that
are related to impairments in quality of life, morbidity, and mortal-
ity. On the psychological level, chronic and traumatic stressors have
been identified as mediators of accelerated aging. Childhood mal-
treatment (CM) (i.e., experiences of physical, sexual, and/or emo-
tional abuse as well as physical or emotional neglect during
childhood) has been hypothesized to be a contributing factor to
accelerated biological aging (Danese & McEwen, 2012) as it consti-
tutes a major threat to psychological and physical health (Batten,
Aslan, Macjejewski, & Mazure, 2004; Danese & Tan, 2014;
MacMillan et al., 2001; Springer, Sheridan, Kuo, & Carnes,
2007). In particular, premature onset of age-related diseases has

been observed after CM, including cardiovascular diseases, diabe-
tes, and immune dysfunction (Batten et al., 2004; Castle, 2000;
Danese et al., 2008; Danese et al., 2009; Danese & McEwen,
2012). One possible explanation for this association is the allostatic
load that impacts the immune system: chronic or repeated exposure
to stress, especially during critical stress-sensitive developmental
stages, could constantly trigger the activation of the immune sys-
tem. This may ultimately result in elevated levels of inflammation
as well as accelerated aging processes (Danese & McEwen, 2012.
CM has been consistently linked to shorter telomere length, a well-
established biomarker of cellular age (Boeck et al., 2018; Ridout
et al., 2018; Tyrka et al., 2010, 2015). Moreover, alterations of mito-
chondrial biogenesis (Tyrka et al., 2010, 2016), which are important
in cellular aging, apoptosis, and higher levels of reactive oxygen
species were found in association with CM (Boeck et al., 2016).

The biological aging of cells, tissues, and organs is character-
ized by diverse biomolecular changes, such as alterations in the
proteome, the metabolome (reviewed by Hoffman, Lyu,
Pletcher, & Promislow, 2017), and the epigenome (Horvath,
2013; Weidner et al., 2014). Healthy aging has been associated
with highly defined DNA methylation (DNAm) patterns
(Drinkwater, Blake, Morley, & Turner, 1989; Fuke et al., 2004;
Jones, Goodman, & Kobor, 2015; Wilson, Smith, Ma, & Cutler,
1987), which have been proposed as biomarkers of chronological
age (Horvath, 2013; Weidner et al., 2014). One promising
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candidate is the gene that codifies for the elongation of very long
chain fatty acids protein 2 (ELOVL2), a gene located on chromo-
some 6, for which an age-related increase in DNAm has been
repeatedly observed as a robust estimate for chronological age
(Bysani et al., 2017; Garagnani et al., 2012; Johansson, Enroth,
& Gyllensten, 2012; Naue et al., 2018; Park et al., 2016;
Zbieć-Piekarska et al., 2015). ELOVL2 encodes for the fatty acid
elongase 2, an enzyme involved in the synthesis of long polyun-
saturated fatty acids (PUFAs; Leonard et al., 2002) in the endo-
plasmic reticulum, and it plays a key role in the structural
organization of the cellular membrane (Jump, 2002). In an
epigenome-wide approach, Garagnani et al. (2012) showed that
ELOVL2 DNAm in whole blood displayed the strongest correla-
tion with chronological age in a cohort of 501 individuals ranging
from newborns to 99 years of age. The results were replicated in
several different cell types, such as white blood cells and liver
cells (Bysani et al., 2017; Johansson et al., 2012; Naue et al.,
2018; Park et al., 2016; Zbieć-Piekarska et al., 2015). In sum,
ELOVL2 DNAm has emerged as a promising marker for age esti-
mation, with a mean absolute deviation from chronological age
ranging between 5 and 6.41 years (Bacalini et al., 2017;
Johansson et al., 2012; Park et al., 2016; Spólnicka et al., 2018).
The remaining variance might be the result of other – so far
unknown – environmental factors that potentially accelerate or
slow down biological aging, like lifetime chronic or traumatic
stress exposure.

Lifetime stress has been associated with accelerated epigenetic
aging (Zannas et al., 2015). In a longitudinal study, Boks et al.
(2015) showed that war-associated trauma exposure during adult-
hood was related to an increased epigenetic age, as measured by
an established so-called “epigenetic clock” based on Illumina
450 K DNAm analyses (a whole methylome approach; Horvath,
2013) in peripheral whole blood samples (Boks et al., 2015).
Similarly, using this “epigenetic clock,” experiencing violence dur-
ing childhood was also associated with increased epigenetic age in
DNA extracted from saliva samples of school-age children
(Jovanovic et al., 2017).

Considering these findings, it is still unknown whether
acquired premature epigenetic aging due to environmental stress-
ors (such as childhood or lifetime adversity) is transmitted to the
next generation. Previous studies on the intergenerational trans-
mission of the biological consequences of CM were limited in
that they were not able to distinguish between epigenetic intergen-
erational transmission and postnatal environmental as well as
psychosocial influences. To overcome this limitation, we assessed
immune cells from umbilical cord blood. This approach allowed
us to uniquely address the question of whether epigenetic alter-
ations observed in mothers with CM have been transmitted to
their newborns at the time of birth, before other environmental
factors have had an influence on their epigenetic pattern.

Based on previous findings, we assessed potential accelerated
biological aging by analyzing the association between DNAm of
the well-established biomarker for biological age (ELOVL2) and
CM. In a first substudy, we targeted ELOVL2 5′ end (slightly
upstream of the 5′ end of the gene) DNAm, a region that has
been previously identified as a strong biomarker for age (Bysani
et al., 2017; Garagnani et al., 2012; Johansson et al., 2012; Naue
et al., 2018; Park et al., 2016; Zbieć-Piekarska et al., 2015). We
then conducted explorative analyses of DNAm in an extended
area of the ELOVL2 gene: we examined the DNAm within
exon 1, which is located within the CpG (cytosine–phosphate–
guanine dinucleotide) island of the ELOVL2 gene promoter and

encompasses one transcription start site (TSS), and intron 1,
which extends from the downstream region into the 3′ shore of
the CpG island (Figure 1). We chose these regions for two rea-
sons: (a) DNAm within CpG islands (DNA sequences rich in
CpG sites) has special importance in the regulation of transcrip-
tion activity (Deaton & Bird, 2011) and (b) DNAm within the
CpG island located in the promoter of the ELOVL2 gene is espe-
cially dependent on chronological aging (Bysani et al., 2017;
Garagnani et al., 2012; Johansson et al., 2012; Naue et al., 2018;
Park et al., 2016; Zbieć-Piekarska et al., 2015). Furthermore, we
investigated whether the associations between ELOVL2 DNAm
patterns and CM experiences of mothers could also be observed
in the cord blood cells of their newborns. For this purpose, this
study assessed the DNAm of the ELOVL2 gene of immune cells
from women with and without CM experiences, as well as from
their newborns. Immune cells were isolated shortly after parturi-
tion to avoid the influence of psychosocial interaction as a possi-
ble factor for stress-associated methylation changes in the
offspring. In order to assess potential phenotypic implications
of the ELOVL2 DNAm, we additionally analyzed ELOVL2 gene
expression in peripheral blood mononuclear cells (PBMC).

Method

Recruitment of study participants and assessment of
sociodemographic and psychological data

The study was part of the “My Childhood – Your Childhood” pro-
ject conducted in Ulm, Germany. The study was approved by the
ethics committee of Ulm University and was conducted in accor-
dance with the Declaration of Helsinki. Umbilical cord blood from
infants born in the maternity ward of Ulm University
Gynecological Hospital (N = 5426) was collected between October
2013 and December 2015 and was transported directly to the
Department of Clinical & Biological Psychology at Ulm
University. During their stay on thematernity ward, women received
information about the study within the first week after parturition.
The following exclusion criteria were applied: mothers below
18 years of age, mothers with insufficient knowledge of the
German language, mothers with severe complications during partu-
rition, and mothers and/or infants with severe health problems. All
women who agreed to participate in the study provided written
informed consent (N = 533) and specific consent for processing
umbilical cord blood from their newborns. Collected infant blood
samples were immediately discarded if the mother met any of the
exclusion criteria, declined participation in the study, or declined
the use of their newborn’s cord blood. The participantmothers com-
pleted a screening interview that included the German version of the
Childhood Trauma Questionnaire (CTQ; Bader, Hänny, Schäfer,
Neuckel, & Kuhl, 2009) conducted by trained study personnel.
Basic sociodemographic data were also assessed.

The CTQ sum score (Bernstein & Fink, 1998) was used to test
the associations between DNAm and the severity of CM (or CM
load). For description of demographic and clinical data of the
study participants (Table 1), the mild cutoff criterion (Bernstein
& Fink, 1998) of the CTQ was used to classify mothers with
(CM+) and without a CM history (CM−). Mothers with mild
to severe traumatic childhood experiences in at least one subscale
of the CTQ (emotional, physical or sexual abuse, and emotional
or physical neglect) were categorized as CM+; the others were cat-
egorized as CM−. Demographic data based on the moderate CTQ
cutoff are reported in section 1 of the Supplementary Material.
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Here, mothers with at least moderate childhood experiences in one
or more subscales were categorized as CM+, otherwise as CM−.

Due to sample availability, analyses of DNAm were conducted
in a subset of study participants selected as follows: of the N = 533
women agreeing to participate, N = 153 provided both maternal
blood and fetal cord blood samples. The project “My
Childhood – Your Childhood,” from which the cohort for this
study was selected, used the mild cutoff of the CTQ for the cate-
gorization of mothers according to their CM experiences.
Accordingly, the mild CTQ cutoff was used for selection and
characterization of the epigenetic cohort analyzed in this study
as follows: all 58 pairs of mild CM+ women and their infants
who provided both maternal and fetal cord blood samples were
included in epigenetic analyses. With the focus on those mothers
who were willing to further participate in the overall project
(mother–infant dyads were invited to participate in two more
psycho-diagnostic interviews, 3 months and 1 year after birth)
and matching for maternal age, gestational week at the time of
birth, birthweight, and sex of the infant, 59 CM− mother–infant
dyads were selected for epigenetic analyses as controls. CM−

mothers who were included in the epigenetic analyses did not dif-
fer from CM− mothers who were not included (N = 36) with
respect to their age, CTQ sum score, sex of their newborns, eth-
nicity, smoking habits during pregnancy, chronic illnesses (thy-
roid dysfunction, allergies, neurodermatitis, diabetes, asthma, or
coagulation disorders), lifetime psychological diagnosis, or medi-
cation during pregnancy (all p values > .05). From the 117 dyads
included for epigenetic analyses, data from the offspring of three
mothers who gave birth to twins were excluded and the blood cell
isolation from one infant failed. Thus, the final cohort included
117 mothers (mild CTQ cutoff: N = 58 CM+ and N = 59 CM−;

moderate CTQ cutoff: N CM+ = 33 and N CM− = 84) and 113
infants (mild CTQ cutoff: N CM+ = 55 and N CM− = 58; moderate
CTQ cutoff: NCM+ = 32 and N CM− = 81). CM+ mothers did not
differ from CM− mothers in terms of age, duration of the preg-
nancy, ethnicity, newborn’s sex, chronic illnesses, or lifetime psy-
chiatric disorders (Table 1). The demographic and clinical
characteristics of the participants were obtained from clinical
diagnostic interviews in which mothers were asked to report
their chronic health outcomes and lifetime psychiatric diagnoses
(Table 1). None of the self-reported lifetime diagnoses (depressive
disorder, anxiety disorder, eating disorder, or adjustment disor-
der) had a main effect on methylation of ELOVL2 5′ end,
exon 1 or intron 1 (all p values > .05).

Sample collection and DNA extraction

Venous blood from mothers and umbilical cord blood from new-
borns were drawn into collection tubes (Sarstedt S-Monovette,
Nürmbrecht, Germany) buffered with CPDA (citrate-phosphate-
dextrose solution with adenine). Maternal PBMC and umbilical
cord blood mononuclear cells (UBMC) from infants were isolated
by Ficoll-Hypaque density gradient centrifugation following the
manufacturer’s instructions (GE Healthcare, Chalfont St Giles,
UK). Cells were suspended in cryopreservation solution (dimethyl
sulfoxide, Sigma-Aldrich, St. Louis, MO, USA; heat-activated fetal
calf serum, Sigma-Aldrich, dilution 1:10), placed in isopropanol-
filled cryocontainers (Mr. Frosty, Nalgene, USA) and stored at
−80°C until further analysis.

In addition, another small volume of whole blood from
N = 108 mothers and N = 90 infants was collected into collection
tubes (Sarstedt S-Monovette) buffered with EDTA (ethylene-
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Figure 1. Schematic representation of the targeted sequence of the ELOVL2 gene. Bold and underlined are the CpG (cytosine–phosphate–guanine dinucleotide)

sites that were included for analyses after data cleaning. The region analyzed in our substudy is shown in grey in the figure, at the 5′ end of the ELOVL2 gene.

This 5′ end region lies approximately 250 bp upstream from the region targeted within the exon 1 and covered 9 CpG sites, all included in the analyses. The

10 CpG sites of the ELOVL2 exon 1 DNA methylation (DNAm) were analyzed. Regarding ELOVL2 intron 1, 44 CpG sites were covered by the mass spectrometry

approach. After data processing, 39 CpG sites remained for analyses (underlined). TSS = transcription start site. Genomic and CpG islands annotations were

based on the human UCSC Genome Browser assembly (February 2009, GRCh37/hg19).
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Table 1. Demographic and biological characteristics

Whole study cohort CM+ CM−

Statisticsb(N = 117) (N = 58)a (N = 59)

Caucasian maternal ethnicityc, N (%) 115 (98.3) 56 (96.6) 59 (100) χ2(1) < 0.001, p = 1

Higher education, N (%) 68 (58.1) 31 (53.4) 37 (62.7) χ2(1) = 0.52, p = .47

Living in partnership, N (%) 115 (98.3) 58 (100) 57 (96.6) χ2(1) = 0.49, p = .48

Categorized mean monthly household incomed (SD) 7.3 (1.8) 7.2 (1.9) 7.4 (1.7) t(1,116) = 1.42, p = .16

Female sex of infante, N (%) 52 (45.2) 28 (48.3) 24 (40.7) χ2(1) = 0.40, p = .52

Mean lymphocyte cell count in % (SD) 18.7 (4.8) 18.5 (5.0) 18.7 (4.7) t(105) =−0.67, p = .50

Mean monocyte cell count in % (SD) 5.9 (1.5) 5.8 (1.4) 6.0 (4.7) t(105) =−0.45, p = .65

Mean birthweighte in grams (SD) 3387 (497) 3312 (512) 3460 (474) t(111) = 1.48, p = .14

Mean gestational agee in weeks (SD) 39.5 (1.4) 39.3 (1.6) 39.7 (1.1) t(111) = 1.58, p = .12

Caesarean sectione,f, N (%) 33 (28.7) 20 (35.1) 13 (23.6) χ2(1) = 2.44, p = .30

Smokers during pregnancye, N (%) 10 (8.7) 5 (8.5) 5 (10.3) χ2(1) = 0.12, p = .73

Self-reported psychiatric diagnosis (lifetime)

Depressive disorder, N (%) 12 (10.2) 5 (8.6) 7 (11.9) χ2(1) = 0.78, p = .38

Anxiety disorderg, N (%) 7 (6.0) 5 (8.9) 2 (3.6) χ2(1) = 0.12, p = .73

Eating disorder, N (%) 2 (1.7) 2 (3.4) 0 χ2(1) = 0.53, p = .47

Adjustment disorder, N (%) 2 (1.7) 2 (3.4) 0 χ2(1) = 0.53, p = .47

Other psychiatric diagnosis, N (%) 6 (5.1) 3 (5.2) 3 (5.1) χ2(1) = 0.19, p = .66

Chronic illnessh

Thyroid dysfunction, N (%) 19 (16.2) 8 (13.8) 11 (18.6) χ2(1) = 0.21, p = .65

Allergy, N (%) 17 (14.5) 7 (12.1) 10 (16.9) χ2(1) = 0.24, p = .63

Neurodermatitis, N (%) 3 (2.6) 1 (1.7) 2 (3.4) χ2(1) < 0.001, p = 1

Diabetes, N (%) 3 (2.6) 1 (1.7) 2 (3.4) χ2(1) < 0.001, p = 1

Medication during pregnancy

Corticosteroidsi, N (%) 5 (4.3) 3 (5.2) 2 (3.4) χ2(1) < 0.001, p = .98

L-thyroxin, N (%) 24 (20.5) 10 (17.2) 14 (23.7) χ2(1) = 0.41, p = .52

Antibiotics, N (%) 11 (9.4) 6 (10.3) 5 (8.5) χ2(1) < 0.001, p = .97

Progesterone, N (%) 4 (3.4) 2 (3.4) 2 (3.4) χ2(1) < 0.001, p = 1

Mean CTQ sum score (SD)a 33.6 (10.8) 40.2 (12.1) 27.1 (1.9) t(115) = −8.16, p < .0001

Emotional abusej, N (%) — 22 (37.9)

Physical abusej, N (%) — 16 (27.6)

Sexual abusej, N (%) — 16 (27.6)

Emotional neglectj, N (%) — 40 (69.0)

Physical neglectj, N (%) — 10 (17.2)

Note: Group differences calculated with chi-square tests for binomial and t tests for continuous variables. SD = standard deviation; CM = childhood maltreatment; CTQ = Childhood Trauma

Questionnaire; CTQ sum score = childhood maltreatment load.
aThe group comparisons presented in this table were assessed using the mild cutoff of the CM classification.
bMain effect of CTQ classification (t tests or chi-square tests).
cOne study participant of Brazilian origin and one of North American origin.
dTwo CM+ did not provide income data. Monthly household income (in €) was ranged between 1 and 9 as follows: 1 < 400; 2 = 400–1000; 3 = 1000–1500; 4 = 1500–2000; 5 = 2000–2500; 6 =

2500–3000; 7 = 3000–3500; 8 = 3500–4000; 9 > 4000.
eFor gestational and neonatal characteristics, only mother–infant dyads were included: NCM− = 58; NCM+ = 55
fIncluded planned (NCM− = 16, NCM+ = 12) and emergency (NCM− = 4, NCM+ = 1) forms of caesarean section
gOne woman from each CM group had a diagnosis of depression and anxiety disorder
hOne CM+ women had asthma, neurodermatitis, and allergy; one CM+ had diabetes and thyroid dysfunction; one CM+ woman had an allergy and thyroid dysfunction.
iOnly taken medication with more than one occurrence included
jAmount of women with at least mild experiences in this CTQ subscale.
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diamine-tetraacetic acid). These samples were used for hemo-
grams at the Department of Clinical Chemistry of Ulm
University. Genomic DNA was extracted from freshly thawed
PBMC and UBMC using a semiautomatic MagNaPure 96
System (Roche, Penzberg, Germany). DNA concentrations in
the eluates were quantified using a Qubit spectrophotometer
(Life Technologies, Darmstadt, Germany). DNA was lyophilized,
resuspended in DNAse-free water (Life Technologies) to a final
concentration of 40 ng/μl and stored at −20°C. Frozen DNA sam-
ples were transported on dry ice to the lab facilities from the
Institute for Human Genetics at Ulm University for pyrosequenc-
ing analyses of the ELOVL2 5′ end and to Varionostic GmbH
(Ulm, Germany) for ELOVL2 exon 1 and intron 1 methylation
analyses.

Identification of epigenetic targeted regions

In order to replicate previous results on a region from the ELOVL2
that showed strong correlations with age, in a substudy (N = 116
mothers and 112 newborns) we targeted nine CpGs that are located
approximately 250 bp upstream from one TSS, in the 5′ end of the
ELOVL2 gene (GRCh37/hg19 chr6:11044843-11044967; Garagnani
et al., 2012; Bacalini et al., 2017). For details regarding the pyrose-
quencing analyses of the 5′ end, please refer to section 3 of the
Supplementary Material.

We then performed explorative analyses on an extended area
of the ELOVL2 gene: mass array spectrometry was used for the
examination of the ELOVL2 intron 1 DNAm. Due to methodo-
logical reasons, mass array spectrometry could not be applied for
the evaluation of DNAm of exon 1; pyrosequencing was thus
performed (see section 4 of the Supplementary Material for
more details). About 500–1000 ng of genomic DNA were
bisulfite-treated and PCR-amplified before downstream
processing.

Assessment of intron 1 DNAm using mass array spectrometry

The EpiTYPER assay (Sequenom Inc., San Diego, CA) was used to
quantify the DNAm levels of individual CpG sites in ELOVL2
intron 1. Two primers were used to amplify the region GRCh37/
hg19, chr6:11043624-11044155. PCR products were processed fol-
lowing the manufacturer’s protocol. For each CpG unit, the percent-
ages of methylated CpG sites over the sum of methylated and
unmethylated CpG sites were obtained and used for statistical anal-
yses (Ehrich et al., 2005). Details regarding data processing of the
mass array data are provided in section 5 of the Supplementary
Material. The mean percentage of gene methylation over all remain-
ing CpG sites after data processing was calculated and used for stat-
istical analyses.

Assessment of exon 1 DNAm using bisulfite pyrosequencing

We further assessed DNAm levels at the TSS within exon 1
of ELOVL2 (GRCh37/hg19, chr6:11044523-11044584). Using
the pyrosequencing technology, 10 CpG units were analyzed
(Figure 1). PyroMark Q24 software (Qiagen) was used for
sequencing analyses and quantification of the DNAm at each
CpG site. All CpG units and samples fulfilled the data processing
criteria (<50 % of samples with missing data and 70 % of cover-
age). Thus, all 10 CpG units within ELOVL2 exon 1 and all sam-
ples (N = 117 mothers and 113 children) were included in the
analyses.

ELOVL2 gene expression analyses

A detailed description of the ELOVL2 gene expression analyses
using the qPCR-based Taqman assay is given in section 6 of
the Supplementary Material.

Data processing and statistical analyses

Data processing and statistical analyses were conducted with R
version 3.2.3 (R Core Team, 2014). For demographic and clinical
descriptive analyses, student t tests and χ2 tests were applied. The
Shapiro–Wilk test was used to test the normal distribution of
model residuals. Averaged DNAm data residuals from the sub-
study on ELOVL2 5′ end methylation were normally distributed
within the mothers, but not within the newborns. Pearson corre-
lations were used for correlation analyses of the maternal data. For
analyses that included the newborns’ ELOVL2 5′ end data, the
nonparametric Kendall’s tau correlation was used. Regarding
exploratory analyses, all methylation data from the ELOVL2
exon 1 and intron 1 data were skewed, and thus nonparametric
Kendall’s tau correlations were used for correlation analyses.
We further included potential confounding factors as covariates
for maternal analyses, analyzing intron 1 and exon 1 separately.
For analyses of the effects of age, the covariates were CM load
(operationalized by the CTQ sum score) and the relative counts
of blood cell types (percentage of monocytes and percentage of
lymphocytes in whole blood as separate covariates). For analyses
of the effect of CM, the covariates were age and relative cell counts
of monocytes and lymphocytes. For analyses of the effects of
maternal CM and maternal age on infants’ ELOVL2 5′ end,
exon 1, and intron 1 DNAm, the sex of the infant and gestational
age (in weeks) were included as covariates. Since the criteria for
the application of standard linear models were not fulfilled (e.g.,
not normally distributed residuals), nonparametric permutation
tests (Freedman & Lane, 1983) were used to test for statistical sig-
nificance when the effect of a covariate or interaction analysis was
tested (standardized β coefficients are reported). The multiple
testing adjustment procedure false discovery rate (FDR;
Benjamini & Hochberg, 1995) was used for the original p values
in individual CpG analyses to counteract the risk of false positives.
Samples were measured blinded to the experimenter. All tests
were performed two-tailed, with α≤ .05.

Results

DNAm of ELOVL2 sequence previously described as a
biomarker for age (5′ end)

There was a positive correlation between age and the DNAm of
the ELOVL2 5′ end (r = .79, p < .001, Figure 2a). This effect
remained significant when the covariates CTQ sum score and
cell counts of monocytes and lymphocytes were included in the
analyses (r = .57, p < .001). All nine analyzed CpG units showed
a positive correlation with age after FDR adjustment (Pearson’s
r ranged from .60 to .82; all padj values < .001). There were, how-
ever, no associations between the mean DNAm of this region and
the CTQ sum score (r =−.04, p = .65, as shown in Figure 3a).
Single CpG unit analyses showed no correlational associations
with the CTQ sum score (all p values > .05). Regarding intergen-
erational effects, we used nonparametric tests because the new-
borns’ ELOVL2 5′ end residuals were not normally distributed.
The mean methylation of this ELOVL2 sequence was not corre-
lated between mothers and their newborns (τ = .02, p = .77).
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There were no associations between maternal CTQ sum score and
children’s ELOVL2 methylation (τ = -0.09, p = .15). (See section 7
of the Supplementary Material for CM-associated group
comparisons).

Associations between ELOVL2 exon 1 and intron 1 DNAm and
chronological age in mothers

Correlation analyses showed that the mean DNAm of ELOVL2
intron 1 increased with chronological age in mothers (mean of
DNAm (%) ± SD = 8.5 ± 1.4%, τ = .15, p = .03; Figure 2c). This
effect remained significant (βage = .22, p = .02) when CTQ sum
score and cell counts of monocytes and lymphocytes were included
as covariates in the analysis. The individual analysis of each single
CpG site showed that the methylation levels of the units CpG 2.4
(τ = .16, p = .03), CpG 16 (τ = .14, p = .04), and CpG 39.40
(τ = .14, p = .04) were positively associated with chronological
age. However, the associations of age with these CpG single units
did not remain after the FDR correction for multiple testing
( pFDR > .05)

In contrast, the mean DNAm of exon 1 (mean of DNAm (%)
± SD = 1.8 ± 0.5%) was not significantly associated with maternal
chronological age (τ =−.04, p = .56; Figure 2b) and none of the
single CpG units analyzed within ELOVL2 exon 1 correlated
with maternal chronological age (all p values > .05).

Association between ELOVL2 methylation in exon 1 and intron
1 and CM in mothers

The mean DNAm across ELOVL2 intron 1 did not correlate with
the severity of CM experiences (τ =−.10, p = .13; Figure 3c). No
significant associations between CTQ sum score and ELOVL2
intron 1 methylation levels were found at any individual CpG
unit (original p values > .05). Adjustment for the covariates age
and monocyte and lymphocyte cell counts did not alter the
results.

In contrast to intron 1, ELOVL2 exon 1 mean methylation
(mean ± SD = 1.8 ± 0.4 %) was positively associated with the
severity of CM experiences assessed as CTQ sum score (τ = .18,
p = .004; Figure 3b). The inclusion of age, monocyte cell count,
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Figure 2. Associations of DNA methylation (DNAm) of ELOVL2 5′ end, intron 1, and exon 1 targeted regions with chronological age in mothers. (a) ELOVL2 5′ end

mean DNAm in maternal peripheral blood mononuclear cells (PBMC) strongly correlated with chronological age (N = 116). (b) ELOVL2 exon 1 mean DNAm was not

associated with chronological age (N = 117). (c) ELOVL2 intron 1 mean DNAm in maternal PBMC increased with chronological age (N = 110). Mothers with a child-

hood maltreatment (CM) history (CM+) were classified according to the moderate Childhood Trauma Questionnaire (CTQ) cutoff.
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Figure 3. Association between childhood maltreatment (CM) and mean DNA methylation (DNAm) of ELOVL2 5′ end (N = 116), exon 1 (N = 117), and intron 1 (N =

110) in mothers. (a)–(c) Correlational analyses showed that an increased CM load (CTQ sum score) was associated with higher DNAm of the ELOVL2 exon 1, but not

of ELOVL2 5′ end or intron 1. CTQ = Childhood Trauma Questionnaire. CTQ sum score = Childhood maltreatment load. CM+ mothers classified according to the mod-

erate CTQ cutoff.
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and lymphocyte cell count as covariates in one model did not
alter the significance of the results (CM severity: βCTQ sum score

= .19, p = .05). CM+ mothers showed significantly increased
ELOVL2 exon 1 mean methylation compared with CM− mothers
(see section 7 of the Supplementary Material). Regarding the
associations between individual CpG sites within ELOVL2
exon 1 and the severity of CM experiences, the methylation levels
of CpG 2, CpG 3, CpG 4, CpG 6, and CpG 8 were positively cor-
related with the CTQ sum score (Kendall’s τ ranged from .13 to
.21; p = .02 to .001). After inclusion of the covariates (age, mono-
cyte cell count, and lymphocyte cell count), CpG 3 and CpG 8
remained positively associated with the severity of CM experi-
ences (see Table S4 of the Supplementary Material), but these
associations were reduced to statistical trends (CpG 3) or became
non-significant (CpG 8) after FDR correction (Table S4).

ELOVL2 gene expression in PBMC

ELOVL2 gene expression was not detectable, either in the mater-
nal PBMC or in the newborns’ UBMC (see section 6 of the
Supplementary Material).

ELOVL2 DNAm of exon 1 and intron 1 in newborns from
CM-exposed mothers

The infants’ mean DNAm of ELOVL2 intron 1 and exon 1 were
6.6 ± 1.2% and 2.8 ± 1.2%, respectively. Mean DNAm levels of
ELOVL2 within intron 1 as well as exon 1 were not associated
with the severity of maternal CM experiences (intron 1:
βCTQ sum score =−.10, p = .29; exon 1: βCTQ sum score = .07, p = .42)
or with maternal age (intron 1: βage =−.002, p = .98; exon 1: βage
=−.008, p = .93). Neither mean methylation of ELOVL2 intron 1
(τ =−.01, p = .85) nor ELOVL2 exon 1 (τ = −.08, p = .23) were
correlated between infants and their mothers.

Discussion

This is the first study to investigate the potential effect of a history
of CM experiences on the ELOVL2 gene DNAm pattern, a gene
associated with biological aging. The results of DNAm on the
5′ end of the ELOVL2 gene replicated previously described asso-
ciations between chronological age and ELOVL2 methylation at
a sequence considered as a biomarker for age (Bacalini et al.,
2017 Garagnani et al., 2012). However, there were no effects of
CM on the DNAm of the ELOVL2 5′ end. Our explorative testing
of DNAm of intron 1 and exon 1 ELOVL2 regions showed higher
mean and site-specific methylation levels of ELOVL2 exon 1 in
CM+ compared with CM− women. However, these differences
might not be biologically relevant because the overall DNAm
changes were very small and the effects of CM were rather min-
imal in comparison with the effects of age on the ELOVL2
5′ end – the core biomarker region of ELOVL2 for biological
aging. Moreover, mean DNAm levels of ELOVL2 intron 1 were
not associated with CM experiences, but were significantly posi-
tively associated with chronological age. Importantly, there was
no dose-dependent effect of maternal CM experiences on neona-
tal ELOVL2 5′ end, intron 1, and exon 1 methylation levels.

The results suggest associations between ELOVL2 DNAm pat-
terns and both age and CM: while mean DNAm of the ELOVL2
5′ end and intron 1 increased with chronological age, DNAm of
ELOVL2 exon 1 and the severity of CM experiences were posi-
tively correlated. Our results of 5′ end replicated the strong

evidence of age-related increased DNAm of the ELOVL2 gene
(Bacalini et al., 2017; Garagnani et al., 2012; Spólnicka et al.,
2018; Zbieć-Piekarska et al., 2015). Interestingly, since the
5′ end DNAm did not show differences associated with CM status
or the severity of CM experiences, our results suggest that expo-
sure to CM does not exert accelerated epigenetic aging in
PBMC in this genomic region. Moreover, we found the associa-
tion between age and DNAm changed within ELOVL2 in other
noncoding regions, namely the intron 1 region. Our results thus
extend the number of CpG sites of ELOVL2 that are influenced
by chronological age and contribute to the understanding of the
interplay of DNAm, aging, and environment. In contrast to
ELOVL2 5′ end and intron 1, ELOVL2 exon 1 – which encom-
passes the TSS – was significantly higher methylated with increas-
ing severity of maternal CM experiences. While our results on
exon 1 DNAm are preliminary and need replication, they broaden
the perspective of ELOVL2 regulation by factors that are consid-
ered to accelerate biological age, such as CM. ELOVL2 exon
1 DNAm might be more sensitive to environmental factors
(e.g., CM) than to chronological age. CpG 2 and CpG 3 seem
to be of particular interest since they are respectively located at
the TSS sequence and immediately after it. CpG 3 showed a stat-
istical trend to increase with higher severity of CM experiences.
To summarize, different loci are associated with chronological
age and CM in different ways, suggesting that the position of
the CpG within the gene sequence is critical.

The most direct implication of changes in DNAm in intron 1
and exon 1 of the ELOVL2 gene is that, when added to a TSS like
the one within exon 1, the methyl group (CH3) can physically
impede the transcription (Suzuki & Bird, 2008). Here, in tissues
other than PBMC, an ELOVL2 methylation-mediated downregu-
lation may decrease physiological levels of n-3 derived PUFAs,
which are essential for perinatal brain development, maturation,
and normal brain functions (Schuchardt, Huss, Stauss-Grabo, &
Hahn, 2010). In contrast, the molecular associations of age on
ELOVL2 methylation occur in the non-expressed areas of the
5′ end and intron 1. While methylation of introns can also inter-
act with gene expression and with regulatory elements such as
enhancers and promoters (Wiench et al., 2011), this interaction
is not as clear because it sometimes requires complex tridimen-
sional conformations of the DNA strand (Binder, 2009). These
tags might be a consequence of other upstream molecular mech-
anisms associated with age and might regulate alternative splicing
(Maunakea, Chepelec, Cui, & Zhao, 2013) as an adaptation of the
immune system to increasing age. We were not able to detect gene
expression of ELOVL2 in PBMC, confirming previous results
(Sibbons et al., 2018). We speculate that the small differences in
DNAm found for ELOVL2 in human PBMC can also be a reflec-
tion of more significant changes in other cell types and tissues,
especially in those where ELOVL2 activity is essential for fatty
acid metabolism and therefore for physiological activity (e.g.
energy metabolism in the liver). Several studies suggest that
DNAm of age-related genes in PBMC represents regulation in
the liver (Bysani et al., 2017; Naue et al., 2018), where ELOVL2
mostly exerts its function.

An epigenetically mediated dysregulation of the ELOVL2
enzyme might have implications for cellular and physiological
functions. ELOVL2 is responsible for the elongation of omega
n-3 (anti-inflammatory; first unsaturated bond at the third carbon
relative to the terminal methyl end) and omega n-6
(pro-inflammatory; first unsaturated bond at the sixth carbon)
PUFAs (Bandeira-Melo, Bozza, & Weller, 2002; Bozza &
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Bandeira-Melo, 2005; Schmitz & Ecker, 2008) in the liver. An
ELOVL2-mediated dysregulation of n-3 and n-6 PUFAs metabo-
lism could explain the link between CM experiences and the
observed higher risk for conditions related to fatty acid metabolism
such as obesity (Hemmingsson, Johansson, & Reynisdottir, 2014),
diabetes (Basu, McLaughlin, Misra, & Koenen, 2017; Huang
et al., 2015), and cardiovascular outcomes (Basu et al., 2017), and
could increase the risk for Alzheimer’s disease (Snowden et al.,
2017) and major depression (Coryell et al., 2017; Kiecolt-Glaser
et al., 2007). Thus, the higher methylation of exon 1 ELOVL2
observed with increasing CM severity might be part of a pathway
towards adult physical and psychological pathology in combination
with other environmental factors. Our cohort consisted of a more
or less representative group of individuals of the population from
Ulm and were rather clinically healthy. Therefore, future studies
should address the role of ELOVL2 epigenetic regulation on clinical
disease outcomes in the context of severe CM.

Even though DNAm patterns are tissue-specific (Sielker,
Relton, Gaunt, Slagboom, & Heijmans, 2018), recent studies
showed that age-associated ELOVL2 methylation increases excep-
tionally in a systemic manner, including observations in immune
cells (Bader et al., 2009; Sielker et al., 2018). Accelerated immuno-
logical aging in CM+ individuals has been suggested due to sev-
eral findings: shorter telomere length (Boeck et al., 2018; Ridout
et al., 2018; Tyrka et al., 2015), higher levels of reactive oxygen
species and oxidative stress (Boeck et al., 2016), and an increase
in the ratio of memory/naïve lymphocytes with age and stress
exposure (Chakravarti & Abraham, 1999; Weng, 2006). One
could thus speculate that the observed CM-associated higher
DNAm of ELOVL2 exon 1 in our study could rather be an effect
of a skewed distribution of the subcellular populations of PBMC
(naïve vs. memory cells). While we did not observe any changes in
the distribution of lymphocytes and monocytes in CM+ women,
future studies should focus on compositional shift and differential
ELOVL2 DNAm in subcellular populations of those cell types.

In contrast to the results in maternal PBMC, we did not see
any significant differences in ELOVL2 mean DNAm levels,
neither in exon 1 nor intron 1 in UBMC, between the children
of CM+ and CM− mothers. The use of fetal immune cells
obtained from umbilical cord blood allowed us to compare, in a
unique way, whether there is an intergenerational transmission
of epigenetic signatures from mothers to their offspring
(Ramo-Fernández et al., 2019). This is important as it suggests
that the ELOVL2 DNAm of stem cells might not be affected by
and does not directly transmit the maternal epigenetic effects of
aging and CM to the next generation. In contrast, our results
within the mothers suggest that own CM experiences and
age-associated wear and tear seem to influence exon 1 and intron 1
DNAm of the ELOVL gene, starting from birth. Previous results
showed an increase of more than 80% in ELOVL2 DNAm in a
cohort including newborns to nonagenarians (Bacalini et al.,
2017; Garagnani et al., 2012). Although our results need to be rep-
licated in larger cohorts and in epigenome-wide studies, they indi-
cate that newborns from mothers with and without CM
experiences initially have the same epigenetic age with respect to
the ELOVL2 gene DNAm, regardless of maternal age or CM status.
How childhood rearing conditions influence ELOVL2 methylation
and affect vulnerability for changes in fatty acid metabolism in
these children needs to be investigated in future studies.

Some limitations of this study need to be kept in mind:
First, the results cannot be generalized to other ethnicities and
need further replication in an independent cohort. Second, even

though statistically significant, the differences in DNAm within
the exon 1 of the ELOVL2 gene between CM+ and CM− mothers
(reported in the Supplementary Material) were relatively small.
These results need future replication. The biological relevance of
such small differences for physiological effects of ELOVL2
activity is questionable because of the small effect observed.
Moreover, it cannot be excluded that other cell types or tissues
show effects of CM that cannot be seen in PBMC and that
might reflect relevant changes in those cell types (e.g., in the
liver). The observed changes in DNAm might reflect a small per-
centage of a specific cell type within the PBMC fractions that
show clear biological effect of CM on their methylation patterns,
but that might be diluted with the overall PBMC cell population.
To account for this, we included the relative amounts of mono-
cytes and lymphocytes as covariates in our analyses.

Third, we used PBMC isolated from maternal peripheral blood
and fetal blood collected from the umbilical cord. These blood
types differ in the amount of memory immune cells, hematopoi-
etic cells, and progenitor cells. Future studies should investigate
how different immune cell compositions might influence
ELOVL2 DNAm by investigating cell-type specific differences in
DNAm in isolated immune cell subsets.

Another limitation of this study was the relatively low range of
CTQ sum score reported by our cohort, which might not allow us
to statistically detect site-specific effects of high maltreatment load
on CpG mean methylation of the ELOVL2 gene. The increased
risk for psychiatric and other physical diseases in CM-affected
individuals is well established, but presumably increases with
aging (i.e., from middle adulthood onwards, when aging processes
in the body become visible). The project “My Childhood – Your
Childhood” is a study of risk and resilience factors in the inter-
generational transmission of CM and the participants range
from having no experiences of CM to high CM load in rare
cases. As a consequence, our cohort is more representative of
the general population and does not consist of a high-risk popu-
lation for psychological and physical diseases. Our cohort showed
no associations between CM and disease outcomes, possibly
because (a) our study design included only healthy women and
(b) because of the skewed distribution of CM load (many partic-
ipants with low CTQ sum scores, relatively few with very high
scores) experienced by the participants. Another limitation from
our cohort is that it included only women of childbearing age,
which limited assessments of CM on psychiatric and physical
health outcomes throughout the life span. Exposure to further
stressors such as maternity and parturition, as well as increased
chronological age, might trigger the development of health out-
comes later in life. Finally, the physiological relevance of
CM-associated changes in ELOVL2 methylation of exon 1 needs
further investigation. Especially, the physiological role of
omega-3 and omega-6 fatty acids is of interest in the context of
CM. Previous studies suggested a buffering role of dietary
omega-3 intake on the inflammatory response to acute stress
(Hantsoo et al., 2019), and individuals with CM have altered
serum levels of unsaturated fatty acids (Koenig et al., 2018).
Nevertheless, the specific metabolic effects of changes in
ELOVL2 exon 1 methylation with CM need detailed future
investigations.

Conclusion

Our results replicate previous evidence of a strong correlation
between chronological age and the DNAm of the ELOVL2
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5′ end – a region that has been previously identified as a robust
marker for biological age. Moreover, we found that, in PBMC,
the ELOVL2 5′ end did not show increased methylation in associ-
ation with CM. We extended these associations between age and
DNAm to the intron 1 region of the ELOVL2 gene. Furthermore,
we found preliminary evidence for a CM-associated increase of
ELOVL2 exon 1 methylation in PBMC. Our results indicate region-
specific effects of aging and CM on the DNAm of ELOVL2 intron 1
and 5′ end, and exon 1, respectively. Most importantly, for the chil-
dren of mothers with varying degrees of CM experiences, the
CM-associated alterations in ELOVL2 exon 1 DNAm seem not
to be transmitted to the next generation. Therefore, no indication
was found that a mother’s CM affects the biological regulation of
ELOVL2 in her infant. The functional relevance of the effects
observed in our study needs to be elucidated in future studies,
which have to clarify whether CM changes DNAm directly or
whether the observed changes are secondary effects of
CM-associated stress (e.g., changes in PBMC composition and/or
physiological adaptations due to differences in energy metabolism
and oxidative stress).
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be found at https://doi.org/10.1017/S0954579420001972

Acknowledgments. We thank Traudl Hiller for her contribution to blood

processing and PBMC isolation. We also acknowledge Nico Preising (UPEP,

Ulm University) for providing access to technical resources required for lyoph-

ilization of biomaterial. We acknowledge the general support of Dr Frank

Reister, the whole maternity ward staff at Ulm University Hospital and all

the women who participated in our study. Finally, we also thank the whole

“My Childhood – Your Childhood” team for their cooperative teamwork.

AK is now at the Department of Clinical Psychology at the University of

Innsbruck, Austria.

Financial Statement. This work was funded by a grant from the Federal

Ministry of Education and Research of Germany (funding number:

01KR1304A). AMB and AMG were supported by a scholarship of the

Konrad Adenauer Foundation and CB was supported by a scholarship of

the Carl Zeiss Foundation.

Conflicts of Interest. None.

Authors’ Contributions. AK and ITK conceptualized the epigenetic study in

the project “My Childhood – Your Childhood.” LR performed the selection of

ELOVL2 regions to be epigenetically analyzed, and supervised and performed

the biological sample processing with support from CB and AK. RNM per-

formed biological sample processing of the substudy on ELOVL2 5′ end meth-

ylation with support from AMG. OA performed the pyrosequencing testing of

the ELOVL2 5′ end methylation. AMB organized recruitment of the partici-

pants, performed screening interviews, and preprocessed clinical data. LR per-

formed all data analysis. LR interpretated the results, together with AK, AMB,

CB, AMG, and ITK. LR wrote the manuscript with substantial input from all

coauthors. All authors read, critically revised, and approved the final version of

this manuscript.

References

Bacalini, M. G., Deelen, J., Pirazzini, C., De Cecco, M., Giuliani, C., Lanzarini,

C., … Garagnani, P. (2017). Systemic age-associated DNA hypermethyla-

tion of ELOVL2 gene: In vivo and in vitro evidences of a cell replication pro-

cess. Journal of Gerontology Series A: Biological Sciences and Medical

Sciences, 72, 1015–1023. doi:10.1093/gerona/glw185.

Bader, K., Hänny, C., Schäfer, V., Neuckel, A., & Kuhl, C. (2009). Childhood

Trauma Questionnaire –Psychometric properties of a German version.

Zeitchrift für Klinische Psychologie, Psychiatrie und Psychotherapie, 38,

223–230. doi:10.1026/1616-3443.38.4.223.

Bandeira-Melo, C., Bozza, P. T., & Weller, P. F. (2002). The cellular biology of

eosinophil eicosanoid formation and function. Journal of Allergy and

Clinical Immunology, 109, 393–400. doi:10.1067/mai.2002.121529.

Basu, A., McLaughlin, K. A., Misra, S., & Koenen, K. C. (2017). Childhood

maltreatment and health impact: The examples of cardiovascular disease

and type 2 diabetes mellitus in adults. Clinical Psychology, 24, 125–139.

doi:10.1111/cpsp.12191.

Batten, S. V., Aslan, M., Macjejewski, P. K., & Mazure, C. M. (2004).

Childhood maltreatment as a risk factor for adult cardiovascular disease

and depression. Journal of Clinical Psychiatry, 65, 249–254. doi:10.4088/

jcp.v65n0217.

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: A

practical and powerful approach to multiple testing. Journal of the Royal

Statistical Society: Series B (Statistical Methodology), 57, 289–300.

Bernstein, D. P., & Fink, L. (1998). Manual for the childhood trauma question-

naire. New York, NY: The Psychological Corporation.

Binder, E. B. (2009). The role of FKBP5, a co-chaperone of the glucocorticoid

receptor in the pathogenesis and therapy of affective and anxiety disorders.

Psychoneuroendocrinology, 34, S186–95. doi:10.1016/j.psyneuen.2009.05.021.

Boeck, C., Koenig, A. M., Schury, K., Geiger, M. L., Karabatsiakis, A., Wilker,

S., … Kolassa, I.-T. (2016). Inflammation in adult women with a history of

child maltreatment: The involvement of mitochondrial alterations and oxi-

dative stress. Mitochondrion, 30, 197–207. doi:10.1016/j.mito.2016.08.006.

Boeck, C., Krause, S., Karabatsiakis, A., Schury, K., Gündel, H., Waller, C., &

Kolassa, I.-T. (2018). History of child maltreatment and telomere length in

immune cell subsets: Associations with stress- and attachment-related hor-

mones. Development and Psychopathology, 30, 539–551. doi:10.1017/

S0954579417001055.

Boks, M. P., van Mierlo, H. C., Rutten, B. P. F., Radstake, T. R. D. J., De Witte,

L., Geuze, E., … Vermetten, E. (2015). Longitudinal changes of telomere

length and epigenetic age related to traumatic stress and post-traumatic

stress disorder. Psychoneuroendocrinology, 51, 506–512. doi:10.1016/

j.psyneuen.2014.07.011.

Bozza, P. T., & Bandeira-Melo, C. (2005). Mechanisms of leukocyte lipid body

formation and function in inflammation. Memórias do Instituto Oswaldo

Cruz, 100, 113–120. doi:10.1590/s0074-02762005000900020.

Bysani, M., Perfilyev, A., de Mello, V. D., Rönn, T., Nilsson, E., Pihlajamäki, J.,

& Ling, C. (2017). Epigenetic alterations in blood mirror age-associated

DNA methylation and gene expression changes in human liver.

Epigenomics, 9, 105–122. doi:10.2217/epi-2016-0087.

Castle, S. C. (2000). Clinical relevance of age-relate immune dysfunction.

Clinical Infectious Diseases, 31, 578–85.

Chakravarti, B., & Abraham, G. N. (1999). Aging and T-cell-mediated immu-

nity. Mechanisms of Ageing and Development, 108, 183–206. doi:10.1016/

s0047-6374(99)00009-3 .

Coryell, W. H., Langbehn, D. R., Norris, A. W., Yao, J.-R., Dindo, L. N., &

Calarge, C. A. (2017). Polyunsaturated fatty acid composition and child-

hood adversity: Independent correlates of depressive symptom persistence.

Psychiatry Research, 256, 305–311. doi:10.1016/j.psychres.2017.06.036.

Danese, A., & McEwen, B. S. (2012). Adverse childhood experiences, allostasis,

allostatic load, and age-related disease. Physiology & Behavior, 106, 29–39.

doi:10.1016/j.physbeh.2011.08.019.

Danese, A., Moffitt, T. E., Harrington, H. L., Milne, B. J., Polanczyk, G.,

Pariante, C. M., … Caspi, A. (2009). Adverse childhood experiences and

adult risk factors for age-related disease: Depression, inflammation, and

clustering of metabolic risk markers. Archives of Pediatrics and Adolescent

Medicine, 163, 1135–1143. doi:10.1001/archpediatrics.2009.214.

Danese, A., Moffitt, T. E., Pariante, C. M., Ambler, A., Poulton, R., & Caspi, A.

(2008). Elevated inflammation levels in depressed adults with a history of

childhood maltreatment. Archives of General Psychiatry, 65, 409–415.

doi:10.1001/archpsyc.65.4.409.

Danese, A., & Tan, M. (2014). Childhood maltreatment and obesity:

Systematic review and meta-analysis. Molecular Psychiatry, 19, 544–554.

doi:10.1038/mp.2013.54.

Deaton, A. M., & Bird, A. (2011). CpG islands and the regulation of transcrip-

tion. Genes & Development, 25, 1010–1022. doi:10.1101/gad.2037511.

Drinkwater, R. D., Blake, T. J., Morley, A. A., & Turner, D. R. (1989). Human

lymphocytes aged in vivo have reduced levels of methylation in

Development and Psychopathology 9

https://doi.org/10.1017/S0954579420001972
https://doi.org/10.1017/S0954579420001972


transcriptionally active and inactive DNA. Mutation Research, 219, 29–37.

doi:10.1016/0921-8734(89)90038-6.

Ehrich, M., Nelson, M. R., Stanssens, P., Zabeau, M., Liloglou, T., Xinarianos,

G., … van den Boom, D. (2005). Quantitative high-throughput analysis of

DNA methylation patterns by base-specific cleavage and mass spectrome-

try. Proceedings of the National Academy of Sciences of the United States

of America, 102, 15785–15790. doi:10.1073/pnas.0507816102.

Freedman, D., & Lane, D. (1983). A nonstochastic interpretation of reported

significance levels. Journal of Business & Economic Statistics, 1, 292–298.

doi:10.2307/1391660.

Fuke, C., Shimabukuro, M., Petronis, A., Sugimoto, J., Oda, T., Miura, K., …

Jinno, Y. (2004). Age related changes in 5-methylcytosine content in

human peripheral leukocytes and placentas: An HPLC-based study. Annals

of Human Genetics, 68, 196–204. doi:10.1046/j.1529-8817.2004.00081.x.

Garagnani, P., Bacalini, M. G., Pirazzini, C., Gori, D., Giuliani, C., Mari, D., …

Franceschi, C. (2012). Methylation of ELOVL2 gene as a new epigenetic

marker of age. Aging Cell, 11, 1132–1134. doi:10.1111/acel.12005.

Hantsoo, L., Jasarevic, E., Criniti, S., McGeehan, B., Tanes, C., Sammel, M. D.,

… Epperson, C. N. (2019). Childhood adversity impact on gut microbiota

and inflammatory response to stress during pregnancy. Brain, Behavior, and

Immunity, 75, 240–250. doi:10.1016/j.bbi.2018.11.005.

Hemmingsson, E., Johansson, K., & Reynisdottir, S. (2014). Effects of child-

hood abuse on adult obesity: A systematic review and meta-analysis.

Obesity Reviews, 15, 882–893. doi:10.1111/obr.12216.

Hoffman, J. M., Lyu, Y., Pletcher, S. D., & Promislow, D. E. L. (2017). Proteomics

and metabolomics in ageing research: From biomarkers to systems biology.

Essays in Biochemistry, 61, 379–388. doi:10.1042/EBC20160083.

Horvath, S. (2013). DNA methylation age of human tissues and cell types.

Genome Biology, 14, R115. doi:10.1186/gb-2013-14-10-r115.

Huang, H., Yan, P., Shan, Z., Chen, A., Li, M., Luo, C., …, Liu, L. (2015).

Adverse childhood experiences and risk of type 2 diabetes: A systematic

review and meta-analysis. Metabolism, 64(11), 1408-1418. doi:10.1016/

j.metabol.2015.08.019

Jin, K. (2010). Modern biological theories of aging. Aging Disorders, 1, 72–74.

Johansson, A., Enroth, S., & Gyllensten, U. (2012). Continuous aging of the

human DNA methylome throughout the human lifespan. Plos One, 8,

e67378. doi:10.1371/journal.pone.0067378.

Jones, M. J., Goodman, S. J., & Kobor, M. S. (2015). DNA methylation and

healthy human aging. Aging Cell, 14, 924–932. doi:10.1111/acel.12349.

Jovanovic, T., Vance, L. A., Cross, D., Knight, A. K., Kilaru, V., Michopoulos,

V., … Smith, A. K. (2017). Exposure to violence accelerates epigenetic aging

in children. Scientific Reports, 7, 8962. doi:10.1038/s41598-017-09235-9.

Jump, D. B. (2002). The biochemistry of n−3 polyunsaturated fatty acids. Journal

of Biological Chemistry, 277, 8755–8758. doi:10.1074/jbc.R100062200.

Kiecolt-Glaser, J. K., Belury, M. A., Porter, K., Beversdorf, D. Q., Lemeshow, S.,

& Glaser, R. (2007). Depressive symptoms, omega-6:omega-3 fatty acids,

and inflammation in older adults. Psychosomatic Medicine, 69, 217–224.

doi:10.1097/PSY.0b013e3180313a45.

Koenig, A. M., Karabatsiakis, A., Stoll, T., Wilker, S., Hennessey, T., Hill, M., &

Kolassa, I.-T. (2018). Serum profile changes in postpartum women with a

history of childhood maltreatment: A combined metabolite and lipid finger-

printing study. Scientific Reports, 8, 3468. doi:10.1038/s41598-018-21763-6.

Leonard, A. E., Kelder, B., Bobik, E. G., Chuang, L.-T., Lewis, C. J., Kopchik, J.

J., … Huand, Y–S. (2002). Identification and expression of mammalian

long-chain PUFA elongation enzymes. Lipids, 37, 733–740. doi:10.1007/

s11745-002-0955-6.

MacMillan, H. L., Fleming, J. E., Streiner, D. L., Lin, E., Boyle, M. H., Jamieson,

E., … Beardslee, W. R. (2001). Childhood abuse and lifetime psychopathol-

ogy in a community sample. American Journal of Psychiatry, 158, 1878–

1883. doi:10.1176/appi.ajp.158.11.1878.

Maunakea, A. K., Chepelec, I., Cui, K., & Zhao, K. (2013). Intragenic DNA

methylation modulates alternative splicing by recruiting MeCP2 to promote

exon recognition. Cell Research, 23, 1256–1269. doi:10.1038/cr.2013.110.

Naue, J., Sänger, T., Hoefsloot, H. C. J., Lutz-Bonengel, S., Kloosterman, A. D.,

& Verschure, P. J. (2018). Proof of concept study of age-dependent DNA

methylation markers across different tissues by massive parallel sequencing.

Forensic Science International: Genetics, 36, 152–159. doi:10.1016/

j.fsigen.2018.07.007.

Park, J. L., Kim, J. H., Seo, E., Bae, D. H., Kim, S. Y., Lee, H. C., … Kim, Y. S.

(2016). Identification and evaluation of age-correlated DNA methylation

markers for forensic use. Forensic Science International: Genetics, 23,

64–70. https://doi.org/10.1016/j.fsigen.2016.03.005.

Ramo-Fernández, L., Boeck, C., Koenig, A. M., Schury, K., Binder, E. B.,

Gündel, H., … Kolassa, I–T. (2019). The effects of childhood maltreat-

ment on epigenetic regulation of stress-response associated genes: An

intergenerational approach. Scientific Reports, 9, 983. doi:10.1038/

s41598-018-36689-2.

R Core Team. (2014). R: A language and environment for statistical computing.

Vienna: R Foundation for Statistical Computing. Retrieved from http://

www.R-project.org/

Ridout, K. K., Levandowski, M., Ridout, S. J., Gantz, L., Goonan, K., Palermo,

D., … Tyrka, A. R. (2018). Early life adversity and telomere length: A meta-

analysis. Molecular Psychiatry, 23, 858–871. doi:10.1038/mp.2017.26.

Schmitz, G., & Ecker, J. (2008). The opposing effects of n 3 and N 6 fatty

acids. Progress in Lipid Research, 47, 147–155. doi:10.1016/j.plipres.2007.

12.004.

Schuchardt, J. P., Huss, M., Stauss-Grabo, M., & Hahn, A. (2010). Significance

of long-chain polyunsaturated fatty acids (PUFAs) for the development and

behavior of children. European Journal of Pediatrics, 169, 149–164.

doi:10.1007/s00431-009-1035-8.

Sibbons, C. M., Irvine, N. A., Pérez-Mojica, E., Calder, P. C., Lillycrop, K. A.,

Fielding, B. A., & Burdge, G. C. (2018). Polyunsaturated fatty acid biosyn-

thesis involving Δ8 desaturation and differential DNA methylation of

FADS2 regulates proliferation of human peripheral blood mononuclear

cells. Frontiers in Immunology, 9, 432. doi:10.3389/fimmu.2018.00432.

Sielker, R. C., Relton, C. L., Gaunt, T. R., Slagboom, P. E., & Heijmans, B. T.

(2018). Age-related DNA methylation changes are tissue-specific with

ELOVL2 promoter methylation as exception. Epigenetics Chromatin, 11,

25. doi:10.1186/s13072-018-0191-3.

Snowden, S. G., Ebshiana, A. A., Hye, A., An, Y., Pletnikova, O., O’Brien, R.,…

Thambisetty, M. (2017). Association between fatty acid metabolism in the

brain and Alzheimer disease neuropathology and cognitive performance:

A nontargeted metabolomic study. Plos Medicine, 14, e1002266.

doi:10.1371/journal.pmed.1002266.

Spólnicka, M., Pośpiech, E., Pepłońska, B., Zbieć-Piekarska, R., Makowska, Ż,

Pieta, A., … Branicki, W. (2018). DNA methylation in ELOVL2 and

C1orf132 correctly predicted chronological age of individuals from three

disease groups. International Journal of Legal Medicine, 132, 1–11.

doi:10.1007/s00414-017-1636-0.

Springer, K. W., Sheridan, J., Kuo, D., & Carnes, M. (2007). Long-term phys-

ical and mental health consequences of childhood physical abuse: results

from a large population-based sample of men and women. Child Abuse

& Neglect, 31, 517–530. doi:10.1016/j.chiabu.2007.01.003.

Suzuki, M., & Bird, A. (2008). DNA methylation landscapes: Provocative insights

from epigenomics. Nature Reviews Genetics, 9, 465–476. doi:10.1038/nrg2341.

Tyrka, A. R., Carpenter, L. L., Kao, H–T, Porton, B., Philip, N. S., Ridout, S. J.,

… Price, L. H. (2015). Association of telomere length and mitochondrial

DNA copy number in a community sample of healthy adults.

Experimental Gerontology, 66, 77–20. doi:10.1016/j.exger.2015.04.002.

Tyrka, A. R., Parade, S. H., Price, L. H., Kao, H.-T., Porton, B., Philip, N. S., …

Carpenter, L. L. (2016). Alterations of mitochondrial DNA copy number

and telomere length with early adversity and psychopathology. Biological

Psychiatry, 79, 78–86. doi:10.1016/j.biopsych.2014.12.025.

Tyrka, A. R., Price, L. H., Kao, H–T, Porton, B., Marsella, S. A., & Carpenter,

L. L. (2010). Childhood maltreatment and telomere shortening: Preliminary

support for an effect of early stress on cellular aging. Biological Psychiatry,

67, 531–534. doi:10.1016/j.biopsych.2009.08.014.

Weidner, C. I., Lin, Q., Koch, C. M., Eisele, L., Beier, F., Ziegler, P., … Wagner,

W. (2014). Aging of blood can be tracked by DNA methylation changes

at just three CpG sites. Genome Biology, 15, R24. doi:10.1186/gb-2014-

15-2-r24.

Weng, N. P. (2006). Aging of the immune system: How much can the adap-

tive immune system adapt? Immunity, 24, 495–499. doi:10.1016/

j.immuni.2006.05.001.

Wiench, M., John, S., Baek, S., Johnson, T. A., Sung, M–H, Escobar, T., …

Hager, G. L. (2011). DNA methylation status predicts cell type-specific

10 L. Ramo-Fernández et al.

http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/


enhancer activity. The EMBO Journal, 30, 3028–3039. doi:10.1038/

emboj.2011.210.

Wilson, V. L., Smith, R. A., Ma, S., & Cutler, R. G. (1987). Genomic 5-meth-

yldeoxycytidine decreases with age. Journal of Biological Chemistry, 262,

9948–9951.

Zannas, A. S., Arloth, J., Carrillo-Roa, T., Iurato, S., Röh, S., Ressler, K. J., …

Mehta, D. (2015). Lifetime stress accelerates epigenetic aging in an urban,

African American cohort: Relevance of glucocorticoid signaling. Genome

Biology, 16, 266–278. doi:10.1186/s13059-015-0828-5.

Zbieć-Piekarska, R., Spólnicka, M., Kupiec, T., Parys-Proszek, A.,

Makowska, Ż, Pałeczka, A., & Branicki, W. (2015). Development of a foren-

sically useful age prediction method based on DNA methylation analysis.

Forensic Science International: Genetics, 17, 173–179. doi:10.1016/

j.fsigen.2015.05.001.

Development and Psychopathology 11



 

 

Characterization of the effects of age and childhood maltreatment 

on ELOVL2 DNA methylation 

Supplementary Information 

 

1. Sample selection for DNA methylation analyses: 

A total of N=4376 women who just gave birth at the Ulm University Hospital were approached within 

the first week after parturition and informed about the study. N=533 women agreed to participate. As 

described in the methods of the main manuscript, the final epigenetic cohort included 117 mothers and 

113 newborns. Mothers included in the epigenetic analyses (N=117) did not differ from mothers who 

were not included (N=416) in terms of maternal age, sex, and weight of their newborns, ethnicity, 

chronic illnesses, lifetime psychological diagnosis or medication during pregnancy (all p-values>.05). 

Table S1 describes the demographic and biological characteristics of our cohort when the moderate CTQ 

cutoff is used.         
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Table 1. Demographic and biological characteristics using the moderate cut off for the CTQ 

  
Whole study 

cohort  
CM+ CM- 

  

  (N=117) (N=33)j (N=84) Statisticsa 

N Caucasian maternal ethnicity b (%) 115 (98.3) 33 (100) 82 (97.6) χ2(1)=0.01, p=.92 

N higher education (%) 68 (58.1) 14(42.4) 54 (64.3) χ2(1)=5.41, p=.07 

N living in partnership (%) 115 (98.3) 33 (100) 82 (96.6) χ2(1)=0.01, p= .92 

Categorized monthly household income 
c (Mean(SD)) 7.3 (1.8) 6.8(1.9) 7.5 (1.7) W= 1614, p= .06 

N female sex of infant d (%) 52 (45.2) 17 (51.5) 35 (41.7) χ2(1)=0.40, p=.53 
     

Mean lymphocyte cell count (SD) in % 18.7 (4.8) 19.5(4.3) 18.4 (5.1) t(105)=-1.02, p=.31 

Mean monocyte cell count (SD) in % 5.9 (1.5) 5.8 (1.4) 6.0 (4.7) t(105)=-0.63, p=.53 
     

Mean birthweight d  (SD) in g 3387 (497) 3254 (533) 3472 (454) t(111)=2.19, p=.03 

Mean gestational aged  (SD) in weeks 39.5 (1.4) 39.9 (1.9) 39.7 (1.1) W=1524, p=.13 

N caesarean section d,e (%) 33 (28.7) 7 (21.9) 26 (32.5) χ2(1)=1.25, p=.53 

N smokers during pregnancy d (%) 10 (8.7) 5 (5.9) 5 (15.6) χ2(1)=1.5, p=.22 
    

Self-reported psychiatric diagnosis (lifetime)     

   Depressive disorder (N (%) 12 (10.2) 4 (12.1) 8 (9.5) χ2(1)<0.001, p= 1 

   Anxiety disorder  f (N (%))  7 (6.0) 4 (12.1) 3 (3.6) χ2(1)=1.72, p= .19 

   Eating disorder (N (%)) 2 (1.7) 2 (3.4) 0 χ2(1)=0.53, p= .47 

   Adjustment disorder (N (%)) 2 (1.7)  0 2 (2.4) χ2(1)=0.01, p= .92 

   Other psychiatric diagnosis (N (%)) 6 (5.1) 3 (5.2) 3 (5.1) χ2(1)<0.001, p= 1 
    

Chronic illnesses g     

   Thyroid dysfunction (N (%)) 19 (16.2) 3 (9.1) 16 (19.0) χ2(1)=1.1, p= .30 

   Allergy (N (%)) 17 (14.5) 3 (9.1) 14 (17.9) χ2(1)=0.57, p=. 45 

   Neurodermatitis (N (%)) 3 (2.6) 1 (3.0) 2 (2.4) χ2(1)<0.001, p=.99 

   Diabetes (N (%)) 3 (2.6) 1 (3.0) 2 (2.4) χ2(1)<0.001, p=.99 
    

Medication during pregnancy     

   Corticosteroids h (N (%)) 5 (4.3) 0 (0) 5 (5.9) χ2(1)=0.85, p= .36 

   L-thyroxin (N (%)) 24 (20.5) 5 (15.1) 19 (22.6) χ2(1)=0.42, p=. 52 

   Antibiotics (N (%)) 11 (9.4) 3 ( 9.1) 8 (9.5) χ2(1)<0.001, p=. 98 
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Note. Group differences calculated with chi-square tests for binomial and t-tests for continuous variables. 
  

SD= standard deviation; CM= Childhood maltreatment; CTQ= Childhood Trauma Questionnaire; CTQ sum score= childhood maltreatment load.  

a Main effect of the CTQ moderate classification (t-tests or chi-square tests).  

b One study participant of Brazilian origin and one of North-American origin.  

c One CM- and one CM+ mother did not provide income data. Monthly household income in €was ranged between 1 and 9 as follows: 1<400; 
2:400-1000; 3:1000-1500; 4:1500-2000; 5: 2000-2500; 6: 2500-3000; 7:3000-3500; 8: 3500-4000; and 9>4000. 

d For gestational and neonatal characteristics, only mother-infant dyads were included: NCM-=81; NCM+=32 

e Included planned (NCM-=22, NCM+=6) and emergency (NCM-=4, NCM+=1) forms of caesarean section 

f One woman from each CM group had a diagnosis of depression and anxiety disorder 

g One CM- women had asthma, neurodermatitis, and allergy; one CM- had diabetes and thyroid dysfunction; one CM- woman had an allergy and 

thyroid dysfunction.  

h Only taken medication with more than one occurrence are included 

i Amount of women with at least moderate experiences in this CTQ subscale. 

 

 

2. CTQ dichotomization 

The Childhood Trauma Questionnaire (CTQ) consists of 28 items subdivided into five classes, namely 

physical, emotional and sexual abuse, and physical and emotional neglect. There is a five-point Likert 

scale for each item (1 = “never” to 5 = “very often”). The sum of the five items for each subscale ranges 

from 5 to 25. To allow the dichotomization into two groups, a cutoff was established at mild (low) 

trauma experience for each subscale, following the widely used Bernstein and Fink (1998) cutoff 

criteria: 

Table S2: Bernstein & Fink cutoff criteria for the CTQ. 

 None Low Moderate Severe 

Emotional Abuse 5-8 9-12 13-15 16+ 

Physical Abuse 5-7 8-9 10-12 13+ 

Sexual Abuse 5 6-7 8-12 13+ 

Emotional Neglect 5-9 10-14 15-17 18+ 

Physical Neglect 5-7 8-9 10-12 13+ 

 

   Progesterone (N (%)) 4 (3.4) 2 (6.1) 2 (2.4) χ2(1)=0.18, p=.67 

     

Mean CTQ sum score (SD)j 33.6 (10.8) 40.2 (12.1) 27.1 (1.9) t(115)=-8.16, p<.0001 

    Emotional abuse i (N (%)) - 10 (30.3)   

    Physical abuse i (N (%)) - 6 (18.2)   

    Sexual abuse i (N (%)) - 13 (39.4)   

    Emotional neglect i (N (%)) - 15 (45.5)   

    Physical neglect i (N (%)) - 6 (18.2)     
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Consequently, the women who reached at least mild trauma in one of those five subclasses were defined 

as CM+ according to the mild CTQ cutoff, whereas CM- did not experience any type of trauma. This 

explains why a mother scoring, e.g. 9 for emotional neglect and 5 for the rest of the subscales, would 

have a CTQ sum score of 29 but would be classified as CM- according to the mild cutoff. In contrast, a woman 

reporting 5 in all subscale except 6 for sexual abuse would score a CTQ of 26 and would be classified as 

CM+. 

3. Sub-study: using pyrosequencing to test ELOVL2 5’ end 

The final cohort for the sub-study was N=116 mothers and 112 infants after the exclusion of one mother 

from which not enough biological material was available. Using duplicates, the DNAm of the ELOVL2 

region that has previously been described as a biomarker for age (Garagnani et al., 2012; Bacalini et al., 

2017) was analyzed using pyrosequencing technique (PyroMark ID; Qiagen). The DNAm value (in %) of 

the duplicates for each subject was averaged. One maternal sample with missing values in more than 

50% of the CpG units was excluded. 

4. Mass array specifications 

The mass array method for DNA methylation quantification consists on a bisulfite treatment of genomic 

DNA prior to a PCR-based amplification is performed, and followed by a reverse transcription and 

enzymatic cleavage with RNase. The resulting fragments are then analyzed using the MALDI-TOF 

technology (Suchiman et al., 2015). The special nature of this technique does not allow the 

discrimination between enzyme-restricted fragments of DNA with the same molecular weight and thus 

these cannot be measured independently. Thus, depending on the cleavage pattern, the DNAm values 

are given for individual CpG sites or multiple CpG sites that are analyzed together as CpG units. Exon 1 

of the ELOVL2 gene could not be measured by mass array because the enzymatic cleavage with RNase 

would have generated too big fragments, which could not be read by MALDI-TOF. RNase cuts the RNA 

strand after each adenine (A) within the sequence. Because of the high density of aligned CpG units 

within the exon 1, the fragments generated would exceed or not reach the length threshold for mass 

identification. Alternatively, we used pyrosequencing, which does not include the RNase cleavage step. 

Pyrosequencing quantifies non-converted (methylated) Cytosines using a luciferin/luciferase-based 

method (Delaney et al. 2016). 
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5. Data cleaning of DNAm analyses using mass array 

Two criteria were applied for data processing in order to assure a high quality of raw data: CpG units 

with missing values in more than 30% of the samples were removed (CpG 11 and CpG 41.42.43.44). 

Thereafter, 39 CpG sites remained for ELOVL2 intron 1. For a graphical representation of the assessed 

ELOVL2 CpG sites see Figure 1. Furthermore, samples with missing values in more than 50% of the CpG 

units were also excluded. This exclusion step resulted in a final ELOVL2 intron 1 DNAm dataset of 110 

mothers and 107 infants. 

6. ELOVL2 gene expression assessment 

Total RNA was purified from PBMC cell pellets using the Qiagen RNeasy Kit (Qiagen), quantified with a 

Qubit spectrophotometer and eluted in RNase-free water according to the manufacturer’s instructions. 
cDNA was synthesized using a high-capacity cDNA reverse transcription Kit (Thermo Fischer Scientific,) following the manufacturer’s instructions. The assessment of gene expression by Real-time qPCR 

analyses was performed on a QuantStudio 6 (Life technologies) with TaqMan gene expression arrays 

(Hs00366363_m1, Thermo Fischer Scientific). 

A first run with 5 maternal and 5 newborns samples showed no signal on ELOVL2 specific amplification. 

A positive control experiment showed that the gene expression of the housekeeping genes succinate 

dehydrogenase complex, subunit A (SDH) and Importin 8 (IPO8) was detectable. Following runs with 

greater sample number confirmed that ELOVL2 gene expression in PBMC was under the limit of 

detection. 

7. Results from CM-associated group comparison analyses  

There were no CM-groups differences in the ELOVL2 5’UTR methylation when the mild cutoff criteria 

was used to classify mothers in CM+ and CM- or when the moderate CTQ cutoff was used (Figure S1 A, 

Table S3).  Single unit analyses showed no differences between DNAm of any of the 9 CpG between CM+ 

and CM- mothers, regardless the cutoff used for CM classification (all p-values > .05).  

The ELOVL2 exon 1 mean methylation (mean ± SD = 1.8 ± 0.4 %) was significantly associated with CM 

status: when using a mild CTQ cutoff, CM+ mothers (2.0 ± 0.5 %) showed significantly increased ELOVL2 

exon 1 mean DNAm levels compared to CM- mothers (1.7 ± 0.3 %; Table S3). If CM experiences had been 

categorized using the moderate CTQ cutoff criterion, group differences on ELOVL2 exon 1 methylation 
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would have remained significant (Figure S1 B, Table S3). The analyses of DNAm at specific CpG units 

within ELOVL2 exon 1 showed that CpG 2, CpG 3, CpG 4, CpG 6 and CpG 8 were significantly higher 

methylated in CM+ mothers. These results remained significant after correction for multiple 

comparisons (all pFDR <.05). When the moderate CTQ cutoff was used, the CM-associated group 

differences in the targeted CpG units remained significant with the exception of CpG6, which was 

reduced to a trend (Figure S2). After adjusting for the three covariates in the same model (age and 

relative cell counts of monocytes and lymphocytes) group differences of single CpGs remained 

significant when the mild CTQ cutoff was used (Table S4). When the moderate CTQ cutoff was used, 

however, the statistical differences were reduced to a trend after correction for multiple comparisons 

(Table S4). 

The mean DNAm across ELOVL2 intron 1 did not differ between CM+ (8.6 ± 1.6 %) and CM- women when 

the mild CTQ cutoff was used to classify the CM status (8.5± 1.2 %, Table S2). These results would have 

remained unchanged if the moderate cutoff criterion of the CTQ had been used to classify women in CM+ 

compared to CM- (Figure S1 C, Table S3). No significant differences in methylation levels were found at 

any individual CpG unit (original p values>.05). 

Regarding group-analyses in the offspring, DNAm did not differ between children from CM+ and 

children from CM- mothers in any of the targeted regions of the ELOVL2 gene. The group comparison 

results using both, mild and moderate cutoff of the CTQ, are described in table S3. 

 

Figure S1. Association between moderate CM status and the mean DNA methylation of ELOVL2 5’ end 

(N=116), exon 1 (N=117), and intron 1 (N=110) in mothers. 
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Table S3: Group comparison analyses with the mild and moderate CTQ cutoff.  

 Mothers Newborns 

 Milda Moderateb Mildc Moderated 

  Statistic p Statistic p 
Statistic 
(βCM) 

p 
Statistic 
(βCM) 

p 

ELOVL2 5'UTR F=1.007 0.32 F=1.76 0.19 βCM=-.03 0.76 βCM=-.05 0.59 

ELOVL2 exon 1 βCM=.31 0.001 βCM=.25 0.01 βCM=.09 0.93 βCM=.09 0.40 

ELOVL2 intron 1 βCM=.02 0.82 βCM=.03 0.76 βCM=-.02 0.83 βCM=-.12 0.25 
  

βCM=standardized coefficient for childhood maltreatment is reported for not-normally distributed data. For the 

analyses in mothers, the covariates age and relative cell counts of monocytes and lymphocytes were accounted for. 

For newborns, sex of the infant and gestational age in weeks were included as covariates. 
a N=58 CM+ vs N=59CM- 
b N=33 CM+ vs N=84CM- 
c N=55 newborns from CM+ mothers  vs N=58 newborns from CM- mothers 
d N=32 newborns from CM+ mothers  vs N=81 newborns from CM- mothers 

  

 

 

Figure S2. Moderate CM status and DNA methylation of CpG sites within the ELOVL2 exon 1 

Corresponding p-values are listed at Table S3. *p<.05; ** p <.01; *** p <.001.  

CM+: women with reported moderate childhood maltreatment, CM-: mothers with mild or none 

history of childhood maltreatment. 
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 Table S4. Effects of the CM and maltreatment load on the targeted CpG sites within the ELOVL2 exon 1 

in mothers. 

 

 Mild CTQ cutoff Moderate CTQ cutoff    

 CM+ (n=58) vs CM- (n=59) CM+ (n= 33) vs CM- (n=84) CTQ sum score 

  βCM p pcorrected βCM p pcorrected βCTQ p pcorrected 

CpG 1 0.01 0.59 0.76 0.01 0.29 0.32 0.08 0.34 0.49 

CpG 2 0.24 0.01 0.04 0.19 0.04 0.10 0.04 0.69 0.76 

CpG 3 0.27 0.004 0.03 0.22 0.03 0.09 0.21 0.03 0.10 

CpG 4 0.31 <.001 0.02 0.25 0.009 0.09 0.13 0.17 0.34 

CpG 5 0.13 0.19 0.35 0.11 0.24 0.30 0.04 0.69 0.76 

CpG 6 0.27 0.005 0.03 0.18 0.06 0.12 0.16 0.11 0.28 

CpG 7 0.15 0.13 0.29 0.13 0.19 0.28 0.11 0.26 0.43 

CpG 8 0.28 0.003 0.03 0.22 0.02 0.09 0.19 0.05 0.14 

CpG 9 0.11 0.30 0.46 -0.11 0.07 0.12 0.03 0.77 0.76 

CpG 10 0.04 0.69 0.76 -0.01 0.90 0.90 0.04 0.72 0.77 

 
 

βCM=standardized coefficient for childhood maltreatment; p=original p-values before FDR correction; 

pcorrected =p-values after FDR correction. The reported analyses in this table include the covariates age and relative 

cell counts of monocytes and lymphocytes. 
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